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A b s t r a c t

This thesis has collated and consolidated existing datasets on natural resources and pollution for the 
Negril and G reen Island watersheds in W estern Jamaica. It developed techniques to assess the state o f  the 
environm ent and management needs o f  the watersheds using these datasets. In particular, it focused on 
evaluating GIS as a tool for establishing and explaining the relationships between water quality and 
watershed characteristics. The thesis developed study area specific methods for GIS-based 2.5D digital 
elevation modelling, hydrological and hydrogeological modelling, visualisation, interpolation and 
developm ent o f  environm ental indices. The analyses were carried out using ArcView, A rclnfo and Erdas 
Imagine GIS software. Statistical correlation and regression analyses were also carried out between the 
water quality and watershed characteristics data.

W hile the available data needed to assess natural resource in Jam aica were limited, sufficient data were 
available to establish relationships between the observed water quality and watershed characteristics, and 
the GIS technology greatly aided the cross-referencing o f  all available spatial information. Significant 
positive statistical correlations were found between anthropogenic land-use and nutrient and faecal 
coliform  contamination. Similar relationships were also found between untreated sewage toilet facilities 
and nutrients and coliform counts. The development and use o f  waterbody vulnerability indices and 
pollution load potential indices also allowed differentiation between areas that are currently likely to pose 
significant threats to the water quality o f  the watersheds based on their current land-use and 
hydrogeological conditions. Proposals and recommendations are made as to how the results o f  the study 
may be used to address environm ental management within the Negril and Green Island watersheds. 
Recom m endations are also made as to how the methodology may be applied in an organisational context 
both  within the watershed and in other Jam aican watersheds.
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A b b r e v i a t i o n s  a n d  A c r o n y m s

ADP Adenosine Diphosphate
AMP Adenosine Monophosphate
AQ-FEM Groundwater potential analysis model based on finite element modelling
ASCII American Standard Code for Information Interchange
ATP Adenosine Triphosphate
BOD Biological Oxygen Demand
C Clay
CAM Coastal Area Management
CARIBTIC Caribbean Integration of Information Technologies and Regional Cooperation
CBO Community-Based Organisation
Cl Confidence Interval
CL Clay Loam
COMIS Coastal Management Information System
CWIP Coastal Water Quality Improvement Project
CWRAI Coastal Water Risk Area Index
CWV Coastal Water Vulnerability
CWVI Coastal Water Vulnerability Index
CZ Coastal Zoning
CZM Coastal Zone Management
DEM Digital Elevation Model
d f Degrees of Freedom
DHM Diffusion Hydrodynamic Model (Computational Hydrological Institute)
DIN Dissolved Inorganic Nitrates
DIP Dissolved Inorganic Phosphates
DNA Deoxyribonucleic Acid
DO Dissolved Oxygen
DR3M Distributed Routing Rainfall-Runoff Model (U.S. Geological Survey)
DRASTIC A GVI deriving its name from: Depth to water table. Recharge, Aquifer media. Soil

media, Topography, Impact o f the vadose zone, hydraulic Conductivity (Aller et al., 
1987)

DTM Digital Terrain Model
ED Electoral Division
EEZ Economic Exclusion Zone
ENSO El Nifio-Southem Oscillation
EPA Environmental Protection Area
EPA The Jamaican Environmental and Planning Agency
EPIK A GVI deriving its name from: Epikarst, Protective cover. Infiltration conditions, Karst

drainage (Doerfliger and Zwhalen, 1997)
ERI Environmental Risk Index
ESI Environmental Sensitivity Index
ESRI Environmental Systems Research Institute (GIS software producers)
ET Evapotranspiration
FAO United Nations Food and Agriculture Organisation
FC Faecal Coliforms
FD Forestry Department (under MOA)
FEMVAL Interface program used to integrate MICRO-FEM with ILWIS (acronym origin

unknown)
FLDWAV Flood Wave Model (U.S. National Weather Service)
FORTRAN Formula Translation
FSCD Forestry and Soil Conservation Department
GDP Gross Domestic Product
GIF Graphics Interchange Format (image file format)
GIS Geographical Information Systems
GO Government Organisation
GO Governmental Organisation
GOJ Government of Jamaica
GPS Global Positioning System
GRASS Geographic Resources Analysis Support System
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G U I G raphical U ser Interface
G V l G roundw ater V ulnerab ility  Index
G W R A I G roundw ater R isk A rea Index
G W V  G roundw ater V ulnerability
G W V I G roundw ater V ulnerab ility  Index
H EC  H ydrological E ngineering  C en ter o f  the U .S. A rm y C orps o f  E ngineers
H EC -1 A flood hydrograph  m odelling  package (H E C )
H E C -2 A refined version o f  HEC-1 (H E C )
H W M  H igh W ater M ark
IC ZM  Integrated  C oastal Z one M anagem ent
ID W  Inverse D istance W eighting
IFA D  International Fund fo r A gricu ltu ra l D evelopm ent
IL FE N  Interface program  used to in tegrate M IC R O -FE M  w ith  ILW IS (acronym  orig in

unknow n)
IL L U D A S  Illinois U rban D rainage S im ula to r (Illinois S tate W ater Survey)
IL W IS  In tegrated  Land and  W ater Inform ation System
IT Inform ation T echnology
JC D T  Jam aica C onservation  and D evelopm ent T rust
JPG  Join t Photographic  E xperts G roup  (im age file fo rm at)
LW M  Low  W ater M ark
L ZW  L em pel-Z if-W elch  (data  com pression  techn ique)
M C M ixed C ultivation
M IC R O -F E M  M icro-F in ite  E lem ent M odel (fin ite-e lem en t program  for m u ltip le -aqu ife r steady-sta te  

and transien t g round  w ater flow  m odelling)
M O A  M inistry  o f  A gricu ltu re
M O D F L O W  M odular fin ite-d ifference groundw ater flow  m odel
M PN  M ost p robable  num ber o f  o rganism s in a sam ple
n.d. N o t dated  (pertain ing  to literature references)
N C C  N egril C ham ber o f  C om m erce
N C R P S  N egril C oral R eef Preservation  Society
N D P  N egril D evelopm ent Plan
N D V I N orm alised  D ifferential V egetation  Index
N E P A  N egril E nvironm ental P rotection A rea
N E P T  N egril E nvironm ental A rea P rotection T rust
N G O  N on-G overnm en ta l O rganisation
N G O  N on-G overnm ental O rganisation
N H 3 A m m onia
NH3-N A m m onia-N itrogen
NO3 N itrates
NO3-N N itrate-N itrogen
N R C A  N atu ral R esources C onservation  A uthority
N W C  N ational W ater C om m ission
O-PO4 O rtho-Phosphates
PCJ P etro leum  C orporation  o f  Jam aica
PII Pentium  2
PL P Pollu tion  Load Potential
PL Pl Pollu tion  Load Potential Index
PO4 Phosphates
PR M S P recip ita tion -R unoff M odeling  System  (U .S. G eologica l S urvey)
R A D A  Rural A gricultura l D evelopm ent A uthority
R A M  random  access m em ory
R D C  R ecreational D evelopm ent C orporation
R N A  R ibonucleic A cid
R -Phos R eactive Phosphates
RS R em ote Sensing
SC L  Silty C lay Loam
SH E  System e H ydro log ic  E uropeen - E uropean H ydro log ical System  (D an ish  H ydrau lic

Institute, U.K. Institu te  o f  H ydrology, French SO G R E A H )
SI System e In ternational d 'U nites Scientific
SPA W  Specially  P rotected  A reas and W ildlife



StL Stony Loam
SW R A I Surface W ater R isk A rea Index
SW V Surface W ater V ulnerability
SW VI Surface W ater V ulnerab ility  Index
TDN Total D issolved N itrates
TD P Total D issolved Phosphates
TDS T ripod  D ata System s (d ig itising  equipm ent p roducers)
T IFF T agged  Im age File Form at (im age file fo rm at)
TIN T riangu la ted  Irregular N etw ork
T-PO4 Total Phosphates
TSS Total S uspended  Solids
UDC U rban D evelopm ent C orporation
UN U nited N ation
U N EP U nited N ations E nvironm ental Program m e
US EPA U.S. E nvironm ental Protection  A gency
U SA ID U nited S tates A gency  o f  International D evelopm ent
UTM U niversal T ransverse  M ercator (geographic  reference  system )
UWI U niversity  o f  the W est Indies
W H O W orld H ealth  O rganisation
W Q CA W ater Q uality  C ontro l A rea
W RA W ater R esources A uthority
W RAI W aterbody R isk A rea Index
W Vl W aterbody V ulnerab ility  Index
ppt Parts per thousand
a.s.l. A bove sea level
spp. Species (p lural)
sp. Species (singular)
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G l o s s a r y

This glossary contains an overview o f the main technical GIS terms used in the thesis. For more detailed 
information and/or for technical expressions not included in this glossary, the reader is referred to the 
following online GIS glossaries:

ESRI's GIS Glossary - www.esri.com/library/glossary/glossary.html
AGI's GIS Dictionary - www.geo.ed.ac.uk/agidict/welcome.html
Nicolas Chrisman's GIS Glossary - www.wiley.com/college/chrisman/glossary.html

The glossary included below is based on the information held in these glossaries, as well as that held in 
the ArcView's Helpfiles (ESRJ, 1997).

Arc
Attribute data

Breakline

Buffer

DEM

DTM
GIS

Grid

IDW

Interpolation

Intersect

Krieging

Node
Overlay

A digital line made up o f  a start node, one or m ore vertices, and an end node.
A characteristic o f a geographic feature described by numbers and characters/text, 
typically stored in tabular format and linked to the geographic feature by a user- 
assigned identifier
A linear feature that defines and controls the surface behaviour o f a TIN  in terms 
o f smoothness and continuity. Features frequently used include river networks, 
ridges and shorelines, as these often define clear breaks in the topographic surface.
A zone constructed outwards from an isolated object to a specific distance. The 
buffer zones form polygon-areas that define areas inside or outside o f the specified 
buffer distance from each feature. These are therefore useful for proximity 
analysis (e.g. finding all houses within 300 m o f the main road)
Digital Elevation Model, a computer derived model o f  surface topography, often 
delineated from a limited data set through TIN, g rid  or contour algorithms.
Digital Terrain Model, see D EM
Geographical Information Systems, a system for capturing, storing, checking, 
manipulating, analysing and displaying geographically referenced data, the 
procedures o f which can be either manual or computerised.
A regular angular grid or a regularly spaced triangular, square or rectangular mesh, 
with each triangle, square or rectangle being characterised by a unique x,y,z co
ordinate. Grids are one o f the basic data input and storage formats used in GIS, 
and are often referred to as raster data.
Inverse Distance W eighting, an interpolation  method that assumes that each input 
point has a local influence that diminishes with distance. It weights the points 
closer to  the processing cell greater than those farther away.
A collective term for various mathematical estim ation techniques to estimate z- 
values o f a surface at an unsam pled point based on the known z-values o f 
surrounding points. Common interpolation techniques used in GIS are IDW , 
Krieging  and Spline.
A  type o f overlay procedure. The topological integration o f  tw o spatial data sets 
that preserves features that fall within the area comm on to both input data sets.
An advanced geostatistical interpolation  method based on the regionalised 
variable theory, which assumes that the spatial variation in the phenomenon 
represented by the z-values is statistically homogeneous throughout the surface 
(i.e. the same pattern o f  variation can be observed at all locations on the surface). 
It involves an interactive investigation o f  the spatial behaviour o f the phenomenon 
represented by the z-values before the best estim ation method for generating the 
output surface can be selected. The spatial behaviour is quantified statistically 
through the computation o f a semi-variogram based on the input point dataset.
The start and end points o f an arc, of^en referred to  as start node and end node.
The process o f superimposing two or more maps, through registration to a 
common co-ordinate system, such that the resultant maps contain the data from 
both maps for selected features. This provides an analysis procedure for 
determining the spatial coincidence o f geographic features. There are several types 
of overlay procedures, e.g. intersect and union.
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Peak

Proximal
tolerance
Raster

Sink

Spline

TIN

Union

V ector

Vertex
W eed (or weed 
tolerance)

x,y-location 
z-value

A grid-cell having a higher data value than that o f any of its surrounding cells. 
This phenomenon is important in D E M  generation, particularly when slope and 
hydrological flow velocities are to be derived, as peak cells often cause extreme 
slope angles.
In GIS interpolation procedures: Distance from a point within which other points 
falling within this distance will be ignored in the interpolation procedure.
One o f two main types o f data entry and storage formats used in GIS, also referred 
to as grid  (see this). The other data format is vector.
A grid-cell having a lower data value than that o f any of its surrounding cells. This 
phenomenon is important in D E M  generation and associated hydrological 
modelling, as sink cells will prevent the modelled flow entering the cell to flow 
out again. Some GIS software has algorithms to bypass sink cells, and thus 
prevent the abrupt cut-off o f flow.
An interpolation  method that fits a minim um-curvature surface through the points 
o f known z-value. It can be compared to bending a sheet o f rubber to pass through 
the input points. This method is generally best for gently varying surfaces such as 
elevation, water table heights, or contamination concentrations. If large changes in 
the surface occur within a short horizontal distance, it tends to overshoot the 
estimated values.
Triangulated Irregular Network, a meshwork o f irregular triangles, each com er 
point (or node) o f which has a unique known x,y,z co-ordinate. TINs can be used 
to describe any data set consisting o f  x,y,z co-ordinates, but is most often used to 
describe the topology o f a surface from a limited data set.
A topological overlay o f  two polygonal spatial data sets which preserves features 
that fall within the spatial extent o f either input data set (i.e. all features from both 
coverages are retained).
A co-ordinate-based data model using geometric features (point, line and 
polygon). Each linear feature is recorded as an ordered list o f vertices. The 
polygon features are recorded in the same w ay as linear features, while point 
features are recorded as a list o f simple co-ordinates.
Individual segments o f an arc.
(a) In general GIS editing: Distance from vertex point or node within which other 
vertex points or nodes will be ignored, thus generalising the resulting arc.
(b) In GIS interpolation procedures: Distance from an arc or vertex  point within 
which other arcs or vertex points falling within this distance will be ignored in the 
interpolation procedure.
The spatial co-ordinates o f  a point or feature.
Usually refers to the value o f  a surface at a particular (e.g. elevation).
The z-value does not have to refer to a topographic value, but can refer to all 
numeric type data that have a single value at a particular x,y-location  (e.g. 
contamination concentration or w atertable level).
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The start o f  a new era:
" It was a desperate plan, but there seemed nothing else left fo r  the government to try. The country was 

bankrupt. Sugar cane was no longer a jackpot commodity in a world where a billion people were on 
low-sugar diets, and bauxite hadn't developed into the big winner the mineral companies assured the 
government it would be when they demanded the compulsory purchase o f  large tracts o f  fertile land in 
the '60s.

Everyone knew, even the government, that tourism in the capital was a non-starter. Kingston was, after 
all, the gun capital o f  the world, and proclaimed itself the baddest city on the globe, not without some 
pride. So in its time o f  need, the City o f  Kingston, once preeminent in the Caribbean, had to call upon 
the rural parishes fo r  help. It was a national act offaith in the obscure towns and fishing villages o f  the 
sandy north coast, which were instructed to play host to the white man and his dollar.

Far to the west, tarmac was laid across the twenty-mile swamp called the Morass, to Negril, an isolated 
hamlet on a seven-mile white sand beach, whose entire population o f  twenty-six came out to watch 
when the first bulldozer crashed through the mangrove, all wondering why anyone wanted to connect 
them by road to Montego Bay. They soon found  out. [...] Within a few  years Negril underwent a crazy, 
uncontrolled expansion. Wave upon wave o f  tourists broke on its delicate shore. It was a village cursed 
by a win on the lottery. They soon had to call it a town, but it actually had all the features o f  a Third 
World city: dereliction at its centre, grotesquely opulent and heavily guarded suburbs around its 
middle, and a shanty town multiplying on its boundaries. It developed chronic water, power and traffic 
problems, and a sewage crisis so serious that when rain farl Negril was virtually marooned on a lake o f  
ordure.

While the big people dem built shoddy concrete hotels in Negril fast, the little people dem slowly 
erected bamboo sheds along the Main (as the coast road was called), and enthusiastically painted signs 
that read ONE STOP BEER JO INT FRY FISH, with a few  even going as fa r  as getting some beer and  
frying  some fish, though these were invariably consumed by the owners o f  the sheds and their bredren, 
while they watched tourists pass by, in air-conditioned coaches, speeding directly between the airport 
and the hotel lobbies. The white faces gazed back at them through windows with varying degrees o f  
boldness, the way they'd later gaze into the deep water under the hotel's glass-bottomed boat."

Guy Kennaway (1997)
"One People"
Payback Press, Edinburgh

The Tourist Paradise:
" “You'll never understand”, Winder said, "because you weren't born here. Compared to where you came 

from, this is always going to look like paradise. Hell, you could wipe out every last bird and butterfly, 
and it's still better than Toledo in the dead o f  winter. ""

Carl Hiaasen (1991)
"Native Tongue"
MacMillan, London

The prom otion o f environm ental decline.
"In a world o f  bad air, poisoned water and litter, there are still a few  virginal places. Enjoy. Quickly."

Jamaica Tourist Board 
(on a promotional poster)
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1. In t r o d u c t io n

1.1 I n t r o d u c t i o n

Over the past two decades, coastal management has undergone a revolution from focusing on 

highly specific management issues to considering the coast as a dynamic environment with 

num erous processes that cannot be managed in isolation. W ith this realisation, understanding 

the coastal environment and all its processes has become the main issue in coastal management 

research. Achieving this level o f  understanding necessitates the collection o f data describing a 

wide range o f coastal characteristics and the completion o f extensive analyses prior to 

implementation o f  any management efforts. Frequently, the data necessary are unavailable, have 

never been collected, or are not o f adequate quality to meet the requirements. Consequently, 

extensive and costly data gathering and sampling exercises are often needed to satisfy the initial 

data needs.

Along with the rise o f the integrated, holistic environmental management approach, the use o f 

sophisticated technology has become commonplace to fill in gaps in the available data, to assist 

the analysis and to aid the decision-making process. One o f  the technologies gaining popularity 

is Geographical Information Systems (GIS). This is a digital tool that is purported to provide 

powerful solutions to geographic data integration, storage, updating and analysis needs, and is 

thus considered to provide invaluable assistance when collating and analysing the various data 

needed for coastal management projects. The strengths o f  this technology have been proven in 

num erous studies, and many environmental management funding bodies are these days 

unwilling to provide support if  GIS technology is not included as one o f the main tools in the 

management project. However, the use o f this technology requires careful thought and 

consideration as to the functions it is to cover in the m anagement programme. There is also a 

need for trained personnel who can make the most out o f  the technology, and the GIS itself 

requires both a technical and an organisational infrastructure on which to operate. The 

integration o f  GIS in a management project, therefore, m ay incur considerable costs, and will
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only be useful to the manager if  a series o f issues are considered and various conditions are met. 

It is, sadly, not a magic box.

In the developed world, both the organisational and technical infrastructure are usually present, 

or, if  not, can be established relatively easily. Frequently, there are organisational and legislative 

frameworks designed specifically for environmental m anagement on which to base the 

m anagem ent effort. Technical infrastructure and know-how are readily available, albeit often at 

a price. In the developing world, on the other hand, the situation is frequently quite different. As 

local economic activity is often linked with extraction or dependence on natural resources, 

sustainable management o f these resources is generally o f  vital economic importance. 

Unfortunately, the development o f organisational and legislative frameworks for integrated 

environmental management is frequently given low priority in such developing countries. 

Effective management is further hampered by a lack o f relevant and adequate data, suitably 

trained personnel, and access to technical know-how and infrastructure. Even in countries where 

environmental management is given high priority, efforts are impeded by lack o f  funds and 

relevant data. Some re lief is provided by international aid organisations, which may provide 

funding, equipment, trained personnel and education. Over the past decade, some o f the 

environmental management programmes initiated by international aid organisations have 

concentrated on small-scale and large-scale implementation o f  GIS technology, with a view to 

empowering the scientists and environmental managers in developing countries with the same 

technology used in the developed world. However, this implementation o f GIS technology 

raises the question o f  whether the technology can be used effectively in developing countries 

despite the low level o f technical know-how and organisational and technical frameworks.

1.2 C h o i c e  o f  S t u d y  A r e a

This study looks at the issues discussed above with particular reference to the Jamaican 

situation. As with most o f  the Caribbean, Jamaica is classed as a developing country. The 

m ajority o f its GDP is reliant on natural resources prim arily in terms o f agriculture and coastal- 

based tourism. The tourism trades on the richness o f  the country's natural beauty, with lush 

rainforests, extensive coral reefs and sandy beaches. However, these lures are threatened by 

unrestrained tourism development, rapid population increases, overcrowding in the main 

tourism  centres, lack o f  sewage and waste treatment, and agricultural practices. Furthermore, the 

country's second largest industry, bauxite extraction, is further putting pressure on the 

environment. The result is that many o f the previously healthy coral reefs are now dying, and 

the once extensive rainforests are rapidly shrinking to make room for new tourism development 

schemes and agricultural activities. Consequently, there is an urgent need for management to 

ensure sustainable use o f  the resources. Several management schemes have been initiated in
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various parts o f the country, with varying degrees o f success, and varying levels o f 

commitment, funding and long-term visions.

It is believed that Jamaica may provide a good example o f  the range o f development-related 

environmental problems experienced by many developing countries, both from the point o f 

view o f the environmental problems experienced, and the lack or inadequacy o f environmental 

m anagement implementation and administration. In addition, several development aid agencies 

are currently attempting to introduce the GIS technology into the Jam aican management 

process. However, this is a slow process, and the technology is currently only used by foreign 

experts and at the highest levels o f national environmental resource management organisations. 

It is hoped, however, that, in the long term, the use o f the technology will be extended to 

include regional and local environmental management organisations (both GOs and NGOs), and 

that it will be used directly as a part o f  the management decision-making process.

One o f  the first areas in which it is hoped that GIS will be implemented as part o f  local coastal 

management efforts is the Negril and Green Island area on the W est Coast o f  Jamaica, and this 

area has consequently been chosen for this study. In addition to the fact that the implementation 

o f GIS is imminent in the area, there were several other reasons for choosing this area. Firstly, 

the area has been the focus o f numerous studies on water quality, coral reef health, and tourism 

development potential. Consequently, the data relating to this area were extensive (in Jamaican 

terms), and more easily available than in many other areas o f  the island. In addition, some o f 

these data had already been collected and rendered digital for a previous study. Secondly, the 

area recently received protection status, and is currently in the initial stages o f  integrated coastal 

watershed m anagement implementation. As a consequence, extensive and vital support for 

further data collection was available, and information gathering was aided by the general 

goodwill towards the environmental management efforts, and hence towards this project.

1.3 A i m s  &  M e t h o d s

This study attempts to assess the benefits (if  any) o f using GIS in Jamaican coastal watershed 

management. In particular, it looks at water quality management in the Negril and Green Island 

area. To achieve this, it will:

(1) Produce a geographic database o f the Negril and Green Island area using all 

currently available datasets.

(2) Derive methods that will allow the GIS technology to be used to extract 

information from these datasets. In particular, the establishm ent o f 

relationships between watershed characteristics and observed water quality 

will be attempted.
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(3) Derive easily transferable methods that will allow the GIS technology to be 

used for initial management decision-making with respect to management area 

and management issue prioritisation.

(4) Evaluate the usefulness and limitations o f each o f these datasets.

(5) Evaluate the usefulness and limitations o f the GIS technology.

(6) Address the issues o f GIS implementation for coastal management both on a 

local and national scale.

The integration and analysis o f  the data collected for the Negril and Green Island area will be 

carried out using Arclnfo v.7.2.1 and ArcView v.3.0a GIS software. The study is carried out

over three years from 1999 to 2001, and roughly follows the schedule outlined in Table 1.1.

Table 1.1 Study schedule showing main activities and time spent on each of these.

Oct

Jul
Jun
M ay
Apr
Mar
Feb
Jan
Dec
Nov
Oct
Sep
Aug
Julo

Jun<N

M ay
Apr
M ar
Feb
Jan
Dec
Nov
Oct

Aug
Jul
Jun
M ay
Apr
Mar
Feb
Jan

T3

Q.

T3 ^ Q .
-o -a

c  Q
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As the overall aim is one o f exploring and assessing the GIS technology as a tool for water 

quality and watershed management, rather than one o f  exhaustively and conclusively assessing 

the water quality o f  the study area, some o f the water quality investigations have not been 

pursued to their ultimate limits. Consequently, it was felt that it was more important to illustrate 

and assess the GIS capabilities whilst acknowledging some o f the data limitations and 

m odelling caveats (Chapters 5 and 6).

1.4 E x p e c t e d  O u t c o iv ie s  a n d  B e n e f i t s  o f  t h e  S t u d y

This study is largely an evaluation o f the technical aspects related to and the methodologies 

needed for applying the GIS technology to coastal watershed management in Jamaica. 

Consequently, the study will provide methodological templates for using the GIS technology to 

obtain a digital coastal watershed management database, and establishing watershed 

characteristics-water quality relationships and environmental risk areas particularly customised 

for the Jam aican coastal environment. W hile these will not be tested on unrelated study areas, it 

is expected that the methodological templates could be successfully transferred to other, similar 

Jam aican coastal watersheds with very few adjustments necessary.

Once completed, the digital database and the analysis results o f this study will be presented to 

the various GOs and NGOs involved in the Negril and Green Island area environmental 

management, and the GO and NGO scientific personnel is to be given training in the use o f the 

data and the technology. Consequently, it is anticipated that the analysis outputs o f  this study, 

the digital database and the technology will all be incorporated into current and future 

management efforts. The success o f the integration and use o f  the GIS technology in the local 

environmental management efforts will be assessed in a larger study carried out by Dr. 

Rybaczuk.

The hope is, then, that this study will be o f benefit to the Jam aican environmental management 

effort on three levels:

(1) It will assess the technical aspects o f the technology's use as an aid to coastal

watershed management.

(2) It will aid the local coastal watershed management effort by providing an

integrative tool with which to collate and assess data.

(3) It will aid the national coastal watershed management effort by providing

templates on which to base further GIS aided coastal management efforts.
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1 . 5  T h e s i s  a n d  C h a p t e r  S t r u c t u r e

The thesis consists o f  a literature review, which includes an introduction to the study area 

(Chapters 2 to 3), methods and results (Chapters 4 to 7), and discussion, conclusions and 

recom m endations (Chapter 8).

Chapter 2 introduces the concepts o f coastal environmental management, water quality 

m anagement and GIS. It commences by defining the coastal area or coastal zone, and progresses 

to discuss what types o f  management models are currently in use within coastal management 

projects, including the different approaches o f  coastal zone  and coastal watershed  management, 

and the issue o f public participation. A large section o f the chapter deals with how the water 

quality o f  coastal watersheds can be managed. In particular, the different environmental issues 

concerning water quality (e.g. water quality parameters, hydrology, hydrogeology and land-use) 

are discussed, and the different tools available to the water quality m anager (e.g. monitoring, 

m odelling and indices) are introduced and assessed.

The second h a lf o f  Chapter 2 concentrates on one particular technological tool, GIS. This tool 

has been suggested as one o f the more powerful ways o f integrating and managing data, and is 

currently being used in a wide range o f environmental management programmes. The GIS 

section o f  Chapter 2 attempts to introduce the reader to the methodological issues, as well as the 

benefits and limitations, o f  applying GIS to coastal water quality management. In particular, it 

looks at data interpolation, elevation and hydrological modelling, and index generation using 

GIS.

Chapter 3 provides an introduction to the Jamaican environm ent and the current environmental 

problems experienced in this country. In particular, it looks at the Negril and Green Island area, 

and the environmental problems associated with the development o f  the area into a tourist resort 

from the 1960s onwards. It specifically discusses the interrelationships between many o f the 

param eters identified as contributing to the current environmental decline, and the adverse 

effects these have had on the local freshwater and coastal water quality.

Chapters 4 to 7 deal with the actual collation, analysis and manipulation o f the available data. 

As the methods used in this study are based on distinct steps, and each step builds on the 

findings o f  the previous step, the methods and results have been divided into three distinct 

chapters. Each o f these chapters contains sections on methods and results, as well as discussions 

on the suitability o f  the methods used, and the validity o f the results obtained. This structure 

(rather than the more formal structure o f individual chapters being assigned to one o f Methods, 

Results and Discussion) has been adopted to allow easy flow o f the arguments.



Chapter 4 gives an overview o f the general methodology to be followed for the study. It does 

not describe the actual methods in detail, but attempts to give the reader an idea o f how the 

different stages o f  the study are connected, and what the aims o f  each individual stage are.

C hapter 5 describes the construction o f the geographic database o f the study area. It assesses the 

data available, and the methods o f data entry, with respect to the spatial and temporal accuracy. 

It explores ways o f using the available data to model the topography, hydrology and 

hydrogeology, and concludes by assessing the overall accuracy, reliability and usability o f the 

various datasets in the geographic database.

Chapter 6 uses the GIS technology to analyse the water quality data with respect to spatio- 

temporal intra and inter-parameter relationships and relationships between the water quality and 

watershed characteristics using the water quality and watershed characteristics datasets held in 

the geographic database. In particular, it looks at four GIS methods o f spatial analysis; (a) 

spatial visualisation, (b) spatial interpolation visualisation and data extrapolation and overlay, 

(c) geometric overlay analysis and (d) statistical correlation calculation based on advanced GIS 

overlays and data extraction. The results o f  the statistical analyses are discussed in some depth 

as these form the basis for part o f the analysis carried out in Chapter 7.

Chapter 7 looks at the possibility o f using the available data and the understanding o f the 

watershed characteristics-water quality relationships established in Chapters 4 to 6 for 

recognising areas o f environmental concern. It does this through establishing three 

environmental indices (Pollution Load Potential Index, W aterbody Vulnerability Index, 

W aterbody Risk Area Index) for the study area, and discussing how these may provide 

assistance in the initial stages in the management policy/programme development.

Chapter 8 attempts to pull together the various analyses carried out, and assess their 

applicability in the Jamaican situation. This includes a discussion on the suitability and 

applicability o f  GIS analysis for Jamaican watershed management given the identified issues o f 

data availability and data accuracy. Improvements to the m ethodologies derived are suggested, 

and issues relating to local and nation-wide environmental GIS implementation, including costs 

and staff training, are discussed.

For easy reference, the figures and plates have been included in Appendices A and B.
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2. In t e g r a t e d  C o a st a l  M a n a g e m e n t

- T h e o r y  & T o o l s  -

2.1 I n t r o d u c t i o n  - W h y  M a n a g e ?

In any type o f  environmental m anagement, the question o f  why manage, or w hat is the rationale 

behind the m anagem ent need, is a fundamental issue, firstly for its importance in providing both 

political and local interest and support, but also for the design o f  the m anagem ent plan or effort. 

The fundamental issue is to determine what values or resources to preserve, and on what 

g rounds to preserve them.

In 1962, in an effort to stress the need for m anagem ent to allow for growing econom ic  pressures 

and sustained exploitation on the coastal environment in Oceania, W iens wrote that:

the popu la tion  p ressu re  upon the a to ll fo o d  resources [ is ]  g radu a lly  increasing  - 
in som e a to lls a t ra p id  rates. Man's effect upon a to ll land  a n d  m arine eco lo g y  w ill 

fu r th er increase as rising popu la tion  num bers com pel an in tensified  effort to  extract 
m ore fo o d  from  the land, the r e e f  an d  the w aters arou n d  them. C onservation  p ra c tices  
to  preven t destructive  exploita tion  an d  to  p reserve  a  maximum su sta in ed  y ie ld  becom e  
a ll the m ore essen tia l a n d  must com m and the v ig ilan t a tten tion  o f  loca l a n d  h igher 
authorities alike."

A decade later, D w yer and Harris (1973) solicited quite different reasons for m anaging and 

preserving the Great Barrier R eef  outside the Australian coast, stating that:

"We n eed  the R ee f a ll o f  it, because it is the on ly  one an d  because w e do  not 
understand. We need  it to  look at, to  touch, to  fee l, to  learn from. This is the only  
ra tionale  f o r  conserving  the R e e f  a n d  it is not b a sed  in ecology; there m ay be  an  
eco log ica l ra tionale  but i f  there is w e have not y e t  g ra sp e d  it. O ur n eed  to  con serve the 
R eef is fou n ded  in the human condition an d  conservation  o f  the R e e f  fo r  m ankind is the 
only responsib le  w ay w e can act. "

Thus, for Dwyer and Harris, the aesthetic and educational qualities, and the conservation o f  

these for the benefit o f  everybody, including com ing generations, becom e the prime goals o f  

preservation and management. It is also a highly philosophical call to arms in that it stresses that



we do not know anything about the resource in question, and that we are not even able to grasp 

what information can be gained from, and what richness is concealed in, that particular 

ecosystem.

The main difference from Wiens's approach, however, is one of economy and the economic 

state of the country to which the resource belongs. As a developed country, no longer dependent 

on the primary sector alone for economic gain and survival, Australia can afford to preserve the 

Great Barrier Reef for its aesthetic qualities alone, and will be applauded for it. In an 

underdeveloped or developing country, highly dependent on its natural resources for food and 

raw materials, the need for preservation o f these natural resources has to be balanced against the 

need for economic gain and prosperity in a nature versus nurture battle. Subsequently, the Great 

Barrier Reef can be subjected to complete protection type management schemes, while equally 

prolific ecosystems in developing countries may only receive partial protection and 

management.

A third example of management rationale was given by Harris and Williams (1975), arguing 

that:

"The proper fram ework fo r  natural resource management should be based on a 
comprehensive understanding o f  ecology with its so le valid foundation o f  evolutionary 
biology. [ . . . ]  The sole valid aim o f  natural resource management, [ . . . ]  must be to 
safeguard and prom ote the continuing successful functioning o f  the evolutionary 
process and the harmonious diversity it has produced in the biosphere"

Here, the rationale is one of preserving ecological values with the view to let the environment 

continue its natural processes unhindered. It is possible to derive two quite opposing 

implications from this statement. Either humans should be seen as an integral part of the natural 

and evolutionary process, with no more right than other organisms to use the available 

resources, or humans should not be seen as part of these processes and consequently be 

completely excluded from the management areas. Both these implications have serious 

consequences for the management procedure. If humans are to be seen as part of the 

evolutionary processes, then the implication is (if taken to its extreme) that they are given carte 

blanche to do with nature as they please. With survival of the fittest also comes a complete lack 

of sympathy for the less strong, as humans have out-competed most other species in the 

evolutionary arms race, humans are no longer in harmony with the rest o f the ecological 

processes. Environmental management from an evolutionary point o f view will consequently 

not make sense. If humans are to be excluded altogether, e.g. through a complete ban on the use 

of a management area's resources, very few areas, if any, will be put under management. The 

management effort, moreover, will be spatially fragmented, and hence offer little effective
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protection for many species. Nevertheless, management on an ecological basis can be relatively 

successful if human interactions with nature are included in the management process.

In coastal management, then, preservation or management may be needed for a variety o f  

reasons, including aesthetic, ecological and economic reasons, and the list can be extended a J  

infinitum  with multiple examples from the literature. It seems though, that the rationale is 

greatly dependent on the eyes that see and the people that make the decisions. To argue an 

ecologically-based rationale where no prior knowledge of the local ecology exists is difficult, if 

not impossible, and is unlikely to gain approval by already financially struggling governments 

who put guaranteed rapid economic growth before possible long-term ecological gain. 

Moreover, the ecological agenda so warmly solicited by Harris and Williams may not be 

appropriate in many situations, especially in highly degraded or multi-use environments. 

Regardless o f  the philosophy behind the management effort, various management tools and 

approaches have been developed.

This chapter first looks at the main approaches and tools, and discusses them in the general 

context o f  integrated coastal management. It then looks at the more specific topic o f  water 

quality management from a watershed viewpoint, and discusses the information needs and 

management tools available for this. Finally, it introduces the concept o f  Geographic 

Information Systems, and how this technological tool may be used to aid integrated coastal 

management.

2 .2 C o a s t a l  M a n a g e m e n t  A p p r o a c h e s  

2.2.1 D efin ing  the Coastal A rea

Before one can approach the question o f  how to manage a coast, it is important to understand 

what constitutes the coast. The definitions used are many, and depend to a large degree on the 

purpose or rational for the definition and its use.

The simplest approach would be to look at the coast as a single line, with land on side and sea 

on the other. However, both the land and the sea are dynamic systems, changing both in time 

and space, and both will exert a certain amount o f  influence on the other. The coast, therefore, 

cannot be taken as a single line, but must rather be considered a transitional zone or area 

between land proper and sea proper. This is in accordance with Ketchum's (1972) definition, 

stating that:
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"[The coast is] the hand o f  dry land and adjacent ocean space (water and subm erged  
land) in which terrestrial processes and land uses directly affect oceanic processes and  
uses, and vice versa . "

Based on this definition, Kay and Alder (1999) developed a concept o f "coastalness'', where the 

transitional band between land and sea is more or less coastal depending on the amount of 

terrestrial or oceanic influence. Their definition o f  coastal areas thus became areas that (Kay and 

Alder, 1999, p. 3):

"  -  contain both land and ocean components;
- have land and ocean boundaries that are determ ined by the degree o f  influence o f  

the land on the ocean and the ocean on the land; and
-  are not o f  uniform width, depth, or height."

in addition, Kay and Alder {idem) distinguish between definitions o f  coastalness depending on 

the factors o f  interest. Figure 2.1 is their example o f  degrees o f  coastalness o f  a sandy beach 

coast based on physical, biological and administrative perspectives. Although this is a 

hypothetical, schematic representation, there is clearly a distinction as to the landwards and 

seawards extent o f  the coast o f  the three perspectives. Rarely, if ever, do these entirely match.

This, then, begs the definition o f  coastal areas from the different perspectives mentioned by Kay 

and Alder. The administrative definitions are many and varied, depending on a country's local, 

regional and national policies, as well as international agreements. Generally, though, the 

definitions are based on either physical parameters, such as mean high water mark (HWM) and 

continental margin, or on predefined distances from these.

Physical characteristics are more universal, with mean HWM and low water mark (LWM), salt 

spray zone, continental margins, and watershed boundaries some examples o f  boundaries 

between physical sub-zones o f  the coast. The extent o f  each will depend on geographical 

location, topography and energy levels o f  the coastal waters. In general, the location o f  the 

HWM and LWM, and the distance between the two, will depend on local tidal ranges and the 

location o f  tidal nodes. The distance between the HWM and LWM will also be affected by the 

topography o f  the coastline, with a steeper topography resulting in a smaller distance. The salt 

spray zone is determined by the energy level o f  the coastal water, i.e. the velocity o f  surface and 

tidal currents and associated waves. This will also determine the storm wash limit. Again, both 

the salt spray zone and storm wash limit is also greatly influenced by topography.

The biological definitions are more complex, but largely based on the physical ones. For 

instance, in ecological terms, one often refers to the supralittoral zone, the littoral zone and the 

suhlittoral zone (e.g. Thompson, 1995). The littoral zone is the strip between high and low tides, 

and all parts o f  this zone will at least twice a year be exposed to the air, and therefore be dry.



1'lie littoral zone is essentially marine in its faunal and floral characteristics, but its inhabitants 

are highly specialised to the tidal cycles and to longer or shorter exposure to the air. The 

sublittoral zone starts at the lower margin o f  the littoral zone, and is usually seen to end at the 

continental shelf margin, where the pelagic (i.e. deep-sea) environment commences. The seabed 

o f  this area is never exposed to the air, but turbulence is relatively great, and light penetration is 

often such that it allows some photosynthetic activity, giving this area a lower productivity than 

the littoral zone, but markedly greater than the pelagic zone. The supralittoral zone is the land 

area immediately adjacent to the upper margin o f  the littoral zone. It is usually characterised by 

salt tolerant flora, and the larger faunal species are often dependent on the sea for food, in low- 

energy coastal systems and estuarine systems the transition from littoral to supralittoral is 

generally not well defined, with, for instance, saltmarshes or mangrove forests stretching from 

well inside the littoral zone to the upper reaches o f  the supralittoral zone. The upper margin of 

the supralittoral zone is taken as the boundary between truly maritime ecosystems and truly 

terrestrial systems. In undeveloped areas, this margin may be highly difficult to define, as 

transitional ecosystems may be present, including marshes and halophytic assemblages.

From a management point o f  view, it may be best to regard the coast as comprising three 

separate bands, built on the ecological zones outlined above. The three bands become;

-  The M arine Band: This is the sea area some distance away from the coastline, 

and is usually seen as beginning either at the littoral-subiittoral margin, or the 

sublittoral-pelagic margin, and comprising the marine area however many 

meters or kilometres outwards from this line as necessary. Depending on the 

upper cut-off, it may be characterised by either sublittoral or pelagic 

conditions.

-  The Littoral Band: This is the area from the high water mark to the sub-littoral 

or the pelagic margin. It is often characterised by shallow areas, sometimes 

giving rise to intertidal pools, or forming littoral lagoons. The environment 

can be anything from rocky to sandy to marsh-like, depending on the physical 

energy levels o f  the littoral environment and the on-coming sea. In many 

instances, this zone also includes estuarine environments, and will always be 

greatly influenced by the land areas above the high water mark. The littoral 

zone is therefore often less saline than the marine zone, and may exhibit 

higher levels o f  contaminants and pollutants. In tropical systems, it is often 

most convenient to use the pelagic margin as the lower boundary o f  the littoral 

realm as this often coincides with the outer limits o f  shallow-water reef 

building corals. Moreover, many of the pools and lagoons formed by the coral
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reefs are not truly intertidal, and therefore exhibit sublittoral rather than littoral 

biological and physical characteristics.

-  The H interland Band: This area is the land above the high water mark. It is 

generally entirely terrestrial, but can, in flat, lower-lying areas, be subject to 

saline flooding. How far inland this area stretches depends again on the 

purpose o f the definition, but can generally be seen as the immediate 

watershed feeding into the littoral waters (often termed the coastal watershed).

Taken to its logical extreme, all land areas feeding into the coastal watershed 

can be included in the hinterland realm.

This classification is in essence the same as the ecological division, but is not limited to the 

upper supralittoral and lower sublittoral margins. It can be stretched to accom m odate the scope 

o f  each m anagement effort, as well as overcome the strict ecological definitions which look at 

the coast in terms o f its physical and biological characteristics and not in manageable 

m anagem ent terms. Most often, the upper and lower margins o f  the m anagement area will be 

influenced by administrative boundaries or zones, or be taken as arbitrarily set distances. This 

will also depend to some extent on the management model to be applied.

2 .2 .2  M an ag em en t M odels and A pproaches

Before entering into a discussion on the various methods and approaches available, it is 

im portant to recognise that the area to be managed, and the methods to employ, vary from site 

to site and country to country. They also vary with time, as new techniques and approaches are 

being tested out and, if successful, adapted by other projects. Thus, what was seen as state-of- 

the-art 10 years ago, may not be what is preached today, it is also important to stress that there 

are no "right" or "wrong" methods, as the best approach will vary depending on the site and the 

m anagem ent aim(s).

O 'Riordan and Vellinga (1993) gave an overview o f the approaches and philosophies o f coastal 

m anagem ent models from the 1950s until the present (Table 2.1). There is a clear trend from 

basing management on economic benefits in the middle o f the century towards an ecological 

and sustainable basis at the end o f the century. There is also a tendency towards decentralisation 

and increased public participation allowing local concerns and conditions to be an integrated 

part o f  the management. These trends in philosophy and participation seem to have been 

reflected in the abandonment o f  small well-defined management areas, in favour o f larger, more 

holistically focused management areas. There has also been a trend o f abandonment o f 

engineering type management in exchange for restoration and sustainability-enhancing methods.
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Table 2.1 Development of coastal management approaches and philosophies (adapted from O'Riordan 
and Vellinga, 1993).

P e r i o d K e y  F e a t u r e s

1950-1970 • Sectoral approach
• Man-against-nature ethos
• Public participation low
• Limited ecological considerations
• Reactive focus

1970-1990 • Increased in environmental assessment
• Greater integration and co-ordination between sectors
• Increased public participation
• Heightened ecological awareness
• Maintenance of engineering dominance
• Combined proactive and reactive focus

1990-Present • Focus on sustainable development
• Increased focus on comprehensive environmental management
• Environmental restoration
• Emphasis on public participation

Future • Establish coastal area management based on ecological empathy, precautionary 
management and shared governance

These trends are also stressed in Kenchington's (1988) statement that marine management needs 

to address four changes in the relationship between man and the marine environment;

-  the ability to over-use the renewable resources

-  the ability to pollute significant areas o f the seas

-  increased awareness that the resources o f the m arine environment are limited 

and interconnected

-  increasingly significant use o f  the marine environment for recreation, leisure 

and tourism

There is thus a need for management models that incorporate these relationships, assessing the 

degree o f  interaction, the degree to which these are a threat to the resources, and the degree o f 

management needed to keep any interaction at a sustainable level.

The management models currently used to incorporate both the relationships stressed by 

Kenchington and the current philosophies and trends identified by O'Riordan and Vellinga will 

each be discussed below. These management models may be divided into two main groups

based on the extent o f  the coast they consider, and then further subdivided based on the methods

or approaches used.

2.2.2 (a) The Coastal Zone Management model
Coastal Zone M anagement (CZM ) is often used as general term for managing a coastal area or 

zone, with no particular reference either to the extent o f  the zone or to the management
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techniques or approaches employed (Juhasz, 1991). On the other hand, it is also used to describe 

the management approach consisting o f  dividing the management area into zones with varying 

degrees o f  management and types of activities associated with them (Section 2.2.2 (d)). This 

overlap o f  jargon is confusing, and in the former case, a better term might be simply Coastal 

Area Management (CAM), and in the latter, Coastal Zoning (CZ). In this document, CZM will 

be synonymous with CAM and is defined as the management o f  a clearly defined coastal area 

consisting o f  at least two o f  the ecological coastal zones; sublittoral, littoral, and supralittoral. It 

may or may not include a marine or terrestrial buffer. CZM often takes a particular activity, 

landscape or species as the rational for management, generally with the aim o f  protecting said 

activity, landscape or species from a perceived or actual threat. In some cases, especially in the 

case o f  industrial activities in the coastal area, the aim is more one of monitoring the activities 

o f  the industrial unit to assess potential risks and, if the risks become reality, then remove or 

manage the threat, i.e. the industrial unit.

CZM, then, becomes the classic way o f  defining the coastal management area, and has been 

used in most early management efforts. There has been a development, however, from 

geographically very limited CZM areas in the 1950s to 1970s, towards wider and more 

extensive CZM areas in the 1980s and 1990s (Doody, 1995; French, 1997). This has followed 

the advent o f  the holistic and integrated management philosophy, which recognises the coastal 

environment as dynamic and infiuencing more than a particular, clearly defined stretch of 

coastline. This idea o f  integrated management was formalised with Agenda 21 in 1992, which 

requires the signatories to \m p\em tn t integrated  CZM and provide for sustainable development 

o f  coastal and marine environments under their jurisdiction (French, 1997). This has led to the 

development o f  the concept o f  Integrated Coastal Zone Management (ICZM), which 

encompasses a much wider scope than the original CZM philosophy. The coastal zone is 

recognised as having a finite set o f  resources (Millard and Brady, 2000). Any harm done in one 

part o f  the coastal system may have an impact on other areas, and the management o f  all 

activities, therefore, becomes crucial for the sustainability o f  the coastal system as a whole 

(Julien, 1996). As a consequence, ICZM is often taken to dictate the inclusion o f  all 

stakeholders o f  the coastal zone into the management effort. This includes the general public 

(Section 2.2.2 (e)). The exact requirements of  an ICZM plan, however, may very from country 

to country, and legislative policy, if in place, may be insufficient to impose true ICZM 

implementation. The new 2000 EU directive, for instance, is based more on voluntary 

compliance than forced statures (Jewell et al., 2000). While this may be positive within the EU 

region as this allows member states more flexibility, it also provides a loophole for individual 

member states to postpone or even opt out o f  national compliance. A similar scenario can be
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envisaged  on a national level; if  no firm ICZM policy is adopted by a nation, local regions may 

not feel it is necessary to follow this type o f  m anagem ent structure.

in practice, the CZM  model, even though still often focusing on the m anagem ent o f  one 

activity, landscape or species, also considers ramifications m anagem ent efforts m ay have on 

areas outside the specific m anagem ent area in accordance with the ICZM philosophy. For 

instance, an effort to prevent beach erosion in a m anagem ent area might cause increased erosion 

or loss o f  sediments for beach accretion in coastal areas down-current from the m anagem ent 

areas. In this case, even though the m anagem ent appears a success in the particular area 

concerned, it cannot be considered a success on the larger scale, and thus fails as an integrated 

C Z M  initiative (Granja, 1996).

2.2.2 (b)The Coastal Watershed Management model
A new er model o f  coastal m anagem ent is the Coastal W atershed M anagem ent (C W M ) model. 

In addition to the ecological zones, it looks at the entire watershed feeding into the coastal 

w aters as the m anagem ent area (French, 1997). Thus, the m anagem ent area consists o f  the three 

ecological zones, plus the coastal watershed, and may or may not have a marine buffer. It 

should not only limit itself to surface waters, but also include groundwater reserves. This is 

particularly  important in areas where groundwater re-enters the surface water network, or where 

it d ischarges directly into coastal waters (Brocard, 1998). The model is mainly used directly or 

indirectly for water quality and quantity managem ent, with drinking water and bathing water 

quality  as exam ples o f  direct needs for water quality m anagem ent, and riverine and coastal 

species conservation exam ples o f  indirect needs.

The actual defining o f  the coastal watershed may be difficult, as:

(1 )  a w atershed may consist o f  both surface and groundwater, and these m ay not 

have the same geographic extent

(2 )  the surface watershed may extend hundreds or thousands o f  kilometres inland, 

as in the cases of, for instance, the Mississippi in North America, the N ile in 

Africa, and the A m azons in South America

(3 )  a coastal watershed may be linked to other watersheds through groundw ater 

pathways.

For m anagem ent purposes, it m ight therefore be necessary to make an artificial watershed 

boundary, but it should be well argued, and should, in relatively small surface watersheds (e.g. 

less than 50 km river length) in the very least encom pass the entire surface watershed. In the 

sam e way, if  the groundwater catchment area is known, clearly defined and relatively small (e.g.
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less than 300 km^), it should be possible to use its boundary as the CWM terrestrial boundary. 

Often, though, the practical inland extent o f  CWM areas are in the order o f  2 km from the 

defined coastline (French, 1997). In cases where the groundwater catchment area and/or the 

surface watershed is too large for management purposes, it may be beneficial with a terrestrial 

buffer zone outside the defined CWM area. This buffer zone would not be managed in the same 

way as the CWM area, but should be monitored regularly and some activities could possibly be 

limited or excluded depending on the aims of the management effort. This buffer would be 

crucial in karst terrains if water quality was the management variable.

The CWM approach satisfies the current ideal o f  holistic and integrated approaches to 

management as it looks at the entire influence area to the coastal realm, and considers all factors 

that may influence the management variable. In this respect it is a much more suitable solution 

from the point o f  view o f  environmentalists than the CAM model, which only looks at a limited 

zone o f  the coast. The model is not widely used, however, mainly due to the logistical and 

managerial difficulties and costs of managing such large areas watersheds represent. The former 

two problems are illustrated by Gillies's (1998, p. 236) comparison o f  managing the small 

Muddy River (Boston, Massachusetts) and the Mississippi River;

"As a microcosm, the Muddy River with its badly ensnarled problem s invokes the 
though: What must it be like to try to clean up the Mississippi? The Muddy River passes 
though ju st two municipalities — not 6 states, 14 counties, and 30 towns and cities. But 
somehow responsibility fo r  this pollution becomes entangled among 40 different 
bureaucracies [ ...] ."

If 40 agencies are involved in the management o f  the Muddy River, then how many are 

involved in that o f  the much larger Mississippi? The amount o f  integration and co-ordination 

necessary seems a logistical nightmare.

The managerial and logistical problems o f  CWM can be overcome, however, and one country 

where it has been integrated into the national coastal management programme with some degree 

o f  success is the United States. Here, Section 6217 o f  the federal Coastal Zone Management Act 

o f  1990 targets the management of  non-point source pollution entering into the coastal waters 

(Smith et al., 1998). Such non-point source pollution includes agricultural and forestry-related 

nutrient, bacteria, sediment, pesticide and fertiliser releases, urban storm-water and other 

wastes, deleterious modifications o f  wetlands and hydromodifications. In this way, managers 

can combat coastal water quality problems through an integrated watershed management plan. 

Smith et al. {idem) reported that the state o f  Massachusetts has successfully implemented such a 

model with the division of its 27 watersheds into 5 management units and management 

strategies following a 5-year cycle and a final evaluation at the end of each cycle.
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There does seem to be some confusion as to the difference between CWM and CZM, however. 

For instance, Doyle-Breen (1998) reported the successful implementation o f  a watershed-based 

program m e in the state o f Georgia, the Georgia Coastal Zone M anagement Plan. This 

program me did not take advantage o f Section 6217, and did not, in fact, appear to be a true 

watershed management model. The programme looks at marine fisheries management, 

petroleum exploration and production, legislative framework for protection o f estuarine and 

m arine renewable biological resources, mariculture, and public education to facilitate 

ecotourism . The management is primarily based on zones and protection areas (see the 

following two sections), but these are limited to the coastal strip and coastal waters, and do not 

include the coastal watersheds. Management, moreover, has focused on off-shore pollution from 

oil production, and no reference is made to terrestrial-derived pollution.

2.2.2 (c) The Protection Area approach
W ithin both the CZM and CWM models it is possible to adopt a series o f different management 

approaches. One o f the possibly best known approaches is to declare the whole o f or part o f the 

area as a protected  area. The protection status given will depend on the aim o f the management 

effort, the significance o f the area in relation to local, regional, national or international 

com parable areas, and the legislative framework o f the country. Table 2.2 gives an overview o f 

the types o f protection status an area can be given, and the purpose o f the protection. This table 

is not specific to one type o f environment (e.g. terrestrial, coastal, marine), and each category 

can easily be adapted to most environments. The actual term used for the different protection 

status categories may vary from country to country (unless it is an international category such as 

World Heritage Site), but it is likely to find most o f  the categories covered in each individual 

country's legislature. Note, though, that in principle, o f  the categories given in this table, only 

one, the "M ultiple Use M anagement Area/Managed Resource Area" category, allows for current 

econom ic gain and relatively unrestrained human activity and development. With the trend 

towards integrated management, however, more and more parks and protected areas tend 

towards the "M ultiple Use M anagement Area/M anaged Resources Area" category while still 

being classified under one o f the other categories. Harmon (1994, p .l)  sums up this new trend:

"Gone are the days when parks and reserves were expected merely to safeguard a few  
popular wildlife species, or preserve a beauty spot or dramatic landscape feature, or 
embalm the site o f  some historic event. Now, protected areas are expected to help 
conserve entire ecosystems and ecological ways o f  life, spearhead local economic 
development, even solidify the cultural identity o f whole groups ofpeople. "



Table 2.2 Categories and management objectives o f  protected areas (after Kenchington, 1988).

P r o t e c t io n  St a t u s P u r p o s e

Scientific Reserve/ 
Strict N ature Reserve

N ational Park

N atural M onument/ 
N atural Landmark

M anaged Nature Reserve/ 
W ildlife Sanctuary

Protected Landscape

Resources Reserve

N atural Biotic Area/ 
Anthropological Reserve

M ultiple Use M anagement Area/ 
M anaged Resource Area

Biosphere Reserve

W orld Heritage Site

To protect nature and maintain natural processes in an undisturbed 
state in order to have ecologically representative examples o f  the 
natural environm ent available for scientific study, environmental 
monitoring, and education, and for the m aintenance o f  genetic 
resources in a dynamic and evolutionary state.

To protect natural and scenic areas o f  national or international 
significance for scientific, educational, and recreational uses.

To protect and preserve nationally significant natural features 
because o f  their special interest o f  unique characteristics.

To assure the natural conditions necessary to protect nationally 
significant species, groups o f  species, biotic communities, or 
physical features o f  the environm ent, where these require specific 
human manipulation for their perpetuation.

To maintain nationally significant natural landscapes which are 
characteristic o f  the harmonious interaction o f  man and the 
environm ent (land) while providing opportunities for public 
enjoyment through recreation and tourism  within the normal life
style and economic activity o f  these areas.

To protect the natural resources o f  the area for future use, and 
prevent or contain developm ent activities that could affect the 
resource pending the establishm ent o f  objectives, which are based 
upon appropriate knowledge and planning.

To allow the way o f  life o f  (human) societies living in harmony with 
the environm ent to continue undisturbed by m odern technology.

To provide for the sustained production o f  water, timber, fish, 
invertebrates, wildlife, pasture, and outdoor recreation, with the 
conservation o f  nature primarily oriented to the support o f  the 
economic activities (although specific zones may also be designed 
within these areas to achieve specific conservation objectives).

To conserve for present and future use the biodiversity and integrity 
o f  representative biotic communities o f  plants and animals within 
natural ecosystems, and to safeguard the genetic diversity o f  species 
on which their continuing evolution depends.

To protect the natural features for which the area was considered to 
be o f  W orld Heritage quality, and to provide inform ation for world
wide public enlightenment.

This is particularly true in developing countries, where the need to focus on sociological and 

economical issues is important (Machlis, 1992), rather than the scientific aspects often favoured 

in the developed world (Shafer, 1999a).

While the outlook given by Harmon can become quite a tall order, the advantage o f giving an 

area protection status is that there usually is a set o f  legislations concerning the management and 

enforcement already in place. For instance, in a Fisheries Reserve, there might be a ban on 

fishing during the months March to June. The protection status may therefore require duly 

appointed wardens or rangers to patrol the area and report anybody caught fishing in the 

moratory period. In the rest o f the year, there might be a minimum size for fish caught, and 

therefore a ban on certain fishing techniques or equipment. Again, wardens or inspectors might
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be required to carry out inspections and checks. In both cases, persons caught doing anything 

illegal can easily be prosecuted and punished. Thus the protection status and the associated 

guidelines and legislation make it easy for the managers when deciding on m anagement models 

and approaches to monitoring and enforcement. M oreover, there is often national or 

international funding available to help overcome the costs o f  managing the protected area, thus 

reducing or minimising the need for local or private funding, possibly increasing local goodwill. 

In addition, some protection categories may give the option o f complete closure o f the area for 

longer or shorter periods, preventing use and development, and thus providing complete 

protection, allowing the area to serve as a sanctuary and providing the opportunity o f complete 

recovery in cases where an area has been greatly degraded.

In this way, protection status is a highly powerful tool for environmental managers, but, at the 

same time, it is highly dependent on the political climate at any given time. The protection is 

only as strict as the enforcement o f the guidelines and the legislation. If there is political will, 

for instance, to grant exemptions either to the guidelines themselves (e.g. the need for monthly 

m onitoring or resident rangers) or to the protection status o f the area (e.g. by allowing extensive 

logging in a Forestry Resource Reserve or fishing in a Fishery Sanctuary Reserve), then the 

protection status is not upheld, and consequently does not serve its purpose. Also, if  there is a 

decline or complete stop in public funding o f a protected area dependent on these funds, the area 

may be left with insufficient management, monitoring and inspection. In a worst-case scenario, 

this may result in a complete free-for-all situation where any violations will be left unattended. 

Equally, in many cases the enforcement and punishment o f violations is insufficient. For 

instance, fishing in closed seasons or with banned equipment must be punished with a fine that 

greatly exceeds the economic gain and possibly with prison sentences for the punishm ent to be 

effective.

Protection status may not always be advantageous, desirable or applicable. The existing 

guidelines may be overly strict, allowing little or no individual choice in approaches employed. 

Perhaps the protection statuses available do not include that particular species or landscape or 

condition, or the area in question is too small, or contains too much industry. It may be that the 

application process is so longwinded the protection may not be implemented in time to have the 

desired impact. Or, simply, there may not be a need for strict protection status, rather, the aim o f 

the management is to change certain processes which are perceived to pose a threat, or possibly 

to allow certain developments or activities, but at the same time ensure they do not constitute a 

hazard.

20



Thus, it may be concluded that managing an area by protection status may be beneficial where a 

resource, landscape or activity is at risk, and where the protection o f  the area hosting said 

resource, landscape or activity limits or eliminates the threat. The success is largely seen as a 

result o f  removal or minimisation o f  particularly human impact, and therefore is not applicable 

or appropriate in densely populated areas, areas o f  developmental expansion or areas entirely 

economically dependent on one or two local natural resources. In such cases, it might be 

beneficial to approach conservation and environmental management with the emphasis on 

humans rather than nature, while, o f  course, still ensuring the sustainability o f  the natural 

resources is not compromised.

2.2.2 (d ) T h e  C oasta l Z on ing  approach

One way o f  ensuring both the preservation o f  resources and economic prosperity may be the 

zoning approach (or Coastal Zoning - CZ). This is a highly adaptable approach as it can include 

most known environmental management techniques within any one management area. As 

opposed to the protection area approach which takes the whole management area and gives it 

one type o f  status with one set o f  management rules, the coastal zoning approach looks at the 

needs o f  humans as well as the need for resource conservation, and subsequently divides the 

management area into suitable zones, each with an individual status and an individual set o f  

rules. The idea is that if human use and impact are controlled within specified limits, the 

environment will be protected from damage and may in some situations be restored from the 

effects o f  unreasonable use (Gomez and Yap, 1988). In this way, the resources can be conserved 

at the same time as humans can carry out their activities, be they economy or leisure-driven. It is 

a way for the environmental manager to "please everybody".

The area to be managed by zoning must be sufficiently large for sub-areas or zones to justify 

different forms o f  management. The ideal zoning system can be represented by a series of 

concentric circles, the most highly restricted area being at the centre and the least restricted on 

the outside (Figure 2.2). Such an ideal system is generally not feasible in nature, and decidedly 

not in coastal areas, as many of the features of  interest are arranged linearly parallel to the 

shoreline.

The zones should be designed and adapted on the basis o f the local environment and the aims o f  

the management effort. In one area, the objective may be the recovery o f  a threatened resource, 

while in a different area, the aim is to allow extensive use, while at the same time conserve 

certain resources. The zones and management techniques should incorporate these different 

needs. Examples o f  possible zones are (White and Alcala, 1988):
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-  Core and buffer areas', which differentiate two general quantitative uses 

within a reserve whereby the core represents a strictly protected area for 

whatever reason, and the buffer zone a transition space between the inner core 

and the outside area where no management is applied

-  Biological zones', where ecosystems, habitats, processes and genetic diversity 

is protected

-  Species zones: where particular animal and/or plant species are protected

-  Sustained y ie ld  harvest zones: where exploitation is allowed at a sustainable 

level using ecologically-sound methods

-  Water quality control zones: where potential or existing forms o f pollution are 

closely monitored and controlled

-  Tourism management zones: where recreational uses o f  an area are allowed

which are consistent with the carrying capacity o f an area

-  Scientific research zones: where ecologically sound research is allowed in a

relatively undisturbed, pristine area

-  Education zones: where instructional activities are permitted for the benefit o f 

students, the general public and tourists, sometimes in combination with other 

zones

-  Cultural zones: where cultural activities or monuments are preserved

The list is, o f  course, expandable, and, even though not included on White and Alcala's list, the 

two extrem es total exclusion zones and no management zones may also be included. An 

argum ent for a no management zone could be the presence o f a town in the middle o f  the 

managem ent area. Instead o f excluding the town from the management plan, and thus leaving a 

donut hole in the management area, it could be zoned in initially as a no managem ent zone. If it 

later became apparent that this particular zone had an adverse effect on other zones in the 

m anagem ent area, it could be re-zoned into a managed zone where, for instance, industrial 

developm ent was restricted. The idea is that it is easier to change the status o f  an already 

included area than to extend the management area beyond what has already been approved.

It is also possible to use CZ within the more strict protection area approach. W hite and Alcala 

(1988) give an example o f possible zoning objectives within marine reserves. (Table 2.3). in 

this way, it is possible to envisage CZ being used to provide a more user-friendly protection 

status, as particular uses can be maintained in certain areas o f  the reserve. M anagement logistics 

also become less difficult as all activities no longer need to be monitored and managed in the 

whole reserve.

22



Table 2.3 M anagement objectives in various types o f  marine reserves (Adapted from White and Alcala, 1988).

P r i .m .ar  ̂ O b je c t iv e s : M.xrine R e s e r \  e C l a s s ih c a t io n s :

Biosphere Reserves, Regional 
and/or M unicipal

Ecosystem , H abitat and Species 
Reserve, N ational and/or 

M unicipal
Sectoral Reserves, National and/or M unicipal

M arine Park (may Sustained T ' -  U W ater Coastal
include Ecosystem , Cultural Biological W ildlife Resource Yield

Fisheries
Quality Tourism

Zoning
Habitat and M onum ent Reserve Reserve Reserve Harvest M anagem ent

Control
M anagem ent

M anagem ent
Species Reserve) Zone ^^one

Zone Zone
Scheme

Protect Ecosystem s 1 4 1 1 4 1 1 4 2 2
Protect Processes 1 3 1 1 1 1 1 4 2 2
M aintain Diversity 1 3 2 1 4 2 2 4 2 2
Education, Research 1 2 1 2 4 4 4 I 1 4
Environm ental M onitoring 2 1 1 4 3 3 1 2 2
W ater Q uality 3 3 3 4 4 4 1 4 2
Prevent Erosion 3 3 3 4 4 4 1 4 2
Produce Protein 4 4 4 4 1 1 4 4 3
Recreation and Tourism 2 4 4 4 4 4 4 3 1 3
Sustain Yield 4 4 4 4 1 1 3 4 2
Protect C ultural Sites 4 1 2 3
Protect Aesthetics 1 2 3 3 4 4 4 4 1 2
Open Resource O ptions 1 3 3 2 4 3
Rational Use and Developm ent 3 3 3 3 4 I 1 3 4 I

1 Objective prevails in m anagem ent o f  w hole reserve.
2 O bjective prevails in m anagem ent o f  some parts o f  the reserve.
3 Objective is accom plished in parts or all o f  the reserve in relation to o ther m anagem ent objectives.
4  O bjective may or may not have relation to o ther objectives and resource characteristics o f  specific area under consideration.



2.2 .2  (e) P u b lic  partic ipa tion

Another aspect o f integrated coastal management that is becoming more and more important is 

that o f  public participation. This may be particularly important in developing countries, as the 

environmental management will often affect the local population and their economic basis. The 

reasons for including the public are many:

(1) Traditional users often have a good idea o f  the resource basis and distribution, 

which can be o f value to researchers and resource managers lacking the 

necessary inside knowledge (Johannes, 1988; Kay and Alder, 1999).

(2) M oney and personnel available for m onitoring and enforcement may be 

limited, especially in developing countries. Local population input into these 

actives may overcome financial restraints (Johannes, 1988).

(3) Locals are aware o f how their community works and may therefore suggest 

workable solutions not considered by the managers (Baines, 1985; Stein and 

Edwards, 1996). In this way, cultural blunders and public opposition may be 

reduced to a minimum (W ells and Brandon, 1992; Pratt and McNitt, 1998).

(4) By being part o f  the management process, public awareness is raised. Also, 

public alienation is minimised, and the public sense o f stewardship and 

responsibility is maximised (Drijver and Sajise, 1993).

(5) By involving the public, different stakeholder groups may be formed. This 

ensures a more organised community, where the different stakeholders 

become more easily reached through their respective interest groups, and 

hence facilitate community-wide communication and co-operation (Kay and 

Alder, 1999).

(6) The public themselves feel strongly about the resources and management, and 

feel entitled to be involved in the planning, implementation and running or the 

management area (Nickels et al., 1992).

Gawel (1988) lists a series o f  possible local sources o f  information (Table 2.4). This is by no 

means an exhaustive list, but gives an idea o f the multitude o f local sources there may be in a 

local community. Based on this list o f  local sources o f  information Gawel {idem) also lists the 

phases o f management plan development in which the local community could successfully 

provide input:

setting o f goals

-  surveying resources 

assessing resource use

-  reviewing pre-plan alternatives
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Table 2.4 Possible local sources o f  information relevant to coastal management (Gawel, 1988).

M a i n  s o i r c e s S u b - g r o u p s

Civil service officials

Elected officials

Community leaders

Commercial exploiters -  fishery companies and organisations
-  sand and coral dredgers and extractors
-  marine oil producers
-  salvage companies
-  shipping companies
-  mariculture developers
-  businesses supporting tourism
-  aquarium and aquarium fish sellers
-  coral and shell harvesters
-  diving schools

Local interest groups -  boat owners and their organisations
-  shell clubs
-  other natural history or conservation clubs
-  SCUBA organisations
-  scientific researchers
-  science teachers
-  subsistence fishing clans
-  groups supporting traditional rights

-  reviewing of the draft plan

-  implementation of the plan

-  revision of an enacted plan 

In essence, this corresponds to all phases of the management plan development. Such a 

statement automatically raises the question of the degree to which the public should be included 

in the management process. While this again is a question that depends on the national structure 

and policy framework, as well as on cultural aspects, current practices can again be represented 

as a continuum, cf. Cicin-Sain's (1993) policy integration continuum, or as Amstein (1969, in 

Kay and Alder, 1999) did, as a ladder where the lowest rungs represented complete participation 

and the highest rungs no participation (Figure 2.3). Up until recently, the main focus has been 

aimed at the upper half o f this ladder, with little or no public consultation or integration. With 

the current environmental philosophies of sustainable management and economic viability, 

however, most schemes should be aimed towards the bottom half o f the ladder. This would 

ensure the inclusion of local knowledge and therefore reduce the feeling o f enforcement and 

alienation.

The form such public participation can take are many, but two major forms may be recognised;

(1) Collaborative

(2) Community-based
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In the first type, all statceholders should be consulted and allowed their say on the choice of 

management models and approaches. The government or other regulative body should retain 

responsibility for overall policy design and co-ordination, (Whitee/ al., 1994). The second form 

(community-based management) gives full responsibility o f  the management to the community 

and local population. The initiative is often local, with an informal organisational structure 

(Jentoft, 1989). The government or other regulative body may be consulted and may have a 

monitoring capacity, but will not control the management (Kay and Aider, 1999). Moreover, the 

management will focus not only on i\\Qphysical or ecological aspects o f  coastal management, 

but also on socio-economic and cultural considerations {idem).

These forms o f  public participation have proved successful in several countries, e.g. the 

Philippines (Christie and White, 1994), Fiji (Walker, 1996), the Caribbean (Smith and Homer, 

1994; Smith and van't Hof, 1991) and Australia (Kay and Alder, 1999). There are also examples 

o f  public participation efforts that have failed, although often this had been a consequence of 

lack o f  funding or failure to include all involved parties in the management process. Smith and 

van't H of (1991), for instance, reports an effort o f  reef protection on Soufriere, St. Lucia, 

through the declaration of a Marine Protection Area in 1986. Though the area was managed to 

some degree through collaborative public participation, the fishing community had not been 

involved in the management planning and subsequent enforcement. As a consequence, either 

through lack o f  knowledge or sense o f  stewardship, unsuitable fishing methods were continued 

used, with detrimental effects for the local reefs.

The problem often encountered when developing a community participation management 

scheme is a certain resistance or unwillingness on the part o f  scientists, planners and managers 

to involve the general public. Gawel (1988) found that some planning officials felt that, since 

the public had no training in planning, they would be unable to provide useful inputs to the 

plans. In this way, the experts alienate the public by ignoring their existence or talking above 

their heads. The results are management plans not taking cultural and social factors into 

account.

There is also a problem with the dissemination o f  information down to the public and the 

resource users, in that the experts often consider the public incapable of  understanding (a) the 

data, (b) the scientific conclusions that can be drawn from it, and (c) the uncertainties around 

those scientific conclusions. One Jamaican scientist in Kingston, mentioned to the author that 

more detailed data and a spatially denser sampling program were needed in order to convince 

the local interest organisations and policy makers that the bathing water in an area was in fact 

highly polluted. The available data were, according to said scientist, sampled too far away from
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the bathing area, and showing too low values o f the contaminant for the local interest 

organisations and policy makers to realise the implications. The author herself did not encounter 

the same problem when discussing similar data with locals o f the same area. Simple 

explanations o f the relationship between the contaminant source, the pathway and the values 

observed, as well as the general principle o f dilution provided the locals with enough 

understanding to become both interested and concerned.

A nother incident involved construction workers o f  a new hotel on a beach in the Negril area. 

The architects, planners and owners had been advised by a local interest organisation that some 

o f  the mature trees on the site should be left standing to provide soil retention and erosion 

m inimisation. Nobody had informed the construction workers about why the trees should be left 

standing, however, and they saw their presence as a nuisance and a hindrance to their work. 

Once explained about the erosion hazard and the relationship between sedimentation and coral 

re e f health, one o f  the workers became interested enough to decide to go to the next public 

m eeting with the local interest organisation to get a greater understanding o f the local 

environment.

There thus seem to be a "dumbification" o f the locals by the experts. This may be a way o f 

protecting their domain, their power, ensuring that they will be needed in their expert capacity. 

This is understandable enough, but hinders a potentially effective way o f  ensuring sustainable 

coastal management. Such issues, therefore, need to be resolved, and close co-operation and 

communication between the experts and the locals throughout the management process is 

essential.

2 .3  M a n a g i n g  C o a s t a l  W a t e r s h e d s  f o r  W a t e r  Q u a l i t y

As discussed above, coastal management may be necessary for a variety o f  reasons. In this 

section, one particular type o f management purpose, water quality management, will be 

discussed in more detail, and seeks to provide a general background for some o f the analysis 

work which is discussed in Chapters 5 and 6. This type o f management is in itself fundamental 

for ensuring the health o f the coastal waters, and is often an integral part o f  any type o f  coastal 

management, as once the coastal water health is deteriorating, most other parts o f the coastal 

environment will experience deterioration o f their overall health or functioning. This discussion 

on water quality management will be carried out within the framework o f coastal watersheds 

and not coastal areas, as water quality management often involves the entire influence (or 

drainage) area. M oreover, as will be discussed in more detail in Chapter 3, the coastal watershed 

is the most natural management unit o f  the Jamaican environmental landscape.
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2.3.1 W ate r Q u a lity  P aram eters
W hat encompasses important water quality parameters varies somewhat from area to area. It 

depends largely on what the aim o f the management is, and on local environmental conditions. 

For instance, in heavily cultivated areas, fertilisers and pesticides may cause the greatest threats 

to the water quality, while in urban areas, various types o f industrial and domestic effluents may 

cause problems. In the same way, in the natural environment, there may be clear variations in 

certain parameters due to variations in bedrock and land cover characteristics. For instance, 

areas dominated by acidic rock types and coniferous forests tending to have naturally low pH 

waters, while limestone areas with deciduous forest cover may exhibit high pH waters.

There are a series o f  standard parameters that usually will be included in most water quality 

studies, however. These are generally diagnostic o f different problems, and can be used to 

determine the types o f problems a watershed are experiencing (Table 2.5). Often, these 

parameters are also important in that they give an indication as to the general quality o f the 

water in relation to guidelines, standards and legislation governing the use o f water for various 

purposes such as drinking water and bathing water (Table 2.6). This section will briefly look at 

the most commonly measured parameters so as to provide a general background for the 

discussion o f their behaviour and distribution within the watershed systems (Sections 2.3.2 and 

2.3.3).

2.3.1 (a) N u trien ts

Nitrogen and phosphorus, along with minor elements such as iron, magnesium, calcium and 

zinc, are essential to plant growth (O'Neill, 1993). Atmospheric nitrogen can be transformed 

from inorganic nitrogen to various organic forms through nitrogen fixation carried out by plants 

and micro-organisms (Powlson, 1993). This usually transforms the inorganic nitrogen into the 

less stable nitrogen compound ammonia (NH 3 ) (Chapman and Kimstach, 1996), and ammonium 

ions (NH 4 ^) can subsequently be oxidised to nitrate (NOa') and nitrite (NO 2 ') w ithin the m icro

organisms or plants. As a result o f these processes, about 80% o f the nitrogen fixed is excreted 

in the form o f bio-available nitrogen (e.g. ammonia and ammonium ions) (O'Neill, 1993) which 

can then be taken up by other plants. N itrogen compounds that are not taken up by plants and 

m icro-organisms may leach out o f  the soil and into water bodies (Chapman and Kimstach, 

1996). Once released into the waterways, ammonia may be adsorbed onto colloidal particles, 

suspended solids, and bed sediments (Powlson, 1993). The adsorbed particles may then be put 

into storage as lake or ocean sediments and later re-released into the environment by biological 

or physical processes, or enter the atmosphere as dust particles by evaporation o f water (O'Neill, 

1993).
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T able 2 .5  S u itab ility  o f  se lec ted  variab les for the a ssessm en t o f  w ater quality  in relation  to non-industrial 
p o llu tion  sou rces. B ased  on Chapm an and K im stach , 1996. ind icates lo w  to  h igh lik e lih o o d  that the 
concen tra tion  o f  the variab le w ill be a ffec ted , and the im portance o f  its in c lu sion  into a m onitorin g  
program m e. L ocal variation in im portance m ay occur, and sh ou ld  be taken into consid eration  w h en  
se lec tin g  variab les.

S e w a g e  a n d  M u n i c i p a l  
W a s t e w a t e r

U r b a n

R u n o f f

A g r i c u l t u r a l

A c t i v i t i e s

G e n e r a l  v a r ia b le s :
T em perature + ♦ *
C olour ♦ * *
O dour * *
R esid u es * *
S u sp en d ed  so lid s
C on d u ctiv ity * *

A lk a lin ity

pH * *

Eh * ♦ *
D isso lv e d  o x y g en
H ardness * * *

N u tr ie n ts :
A m m o n ia ***
N itrate/N itrite ** ***
O rgan ic N itrogen *** ** ***
P hosp horous com poun ds

O r g a n ic  m a t te r :
TO C * * *
C O D ♦
B O D

M icro b io lo g ic a l  in d ica to r s :
Faecal co lifo rm s ** ♦ ♦
O ther path ogen s

Phosphorus is m ainly  present in the w aters and w astew aters as dissolved o rthophosphate  and 

polyphosphates, and in the lithosphere is found bound in insoluble com pounds such as apatite, 

calcium  phosphate, alum inium  phosphate and iron (III) phosphate, or as com ponent o f  organic 

m olecules, especially  ATP, A D P, A M P, DNA and RNA (C hapm an and K im stach, 1996). 

Phosphorus can be released into the environm ent through w eathering  o f  phosphate rocks,anim al 

excretion , decom position o f  organic m aterial, and re-release from  lake and ocean sedim ents 

{idem).  In addition , an thropogenic releases such as fertiliser additions to  agricultural lands and 

sew age effluents m ay be im portant influxes o f  phosphorus into w ater bodies (F lanagan , 1992). 

A s soil re ta ins phosphorus in the form  o f  organic m atter (K eup, 1968), transfer from  soil to 

w ater bodies is generally  w ith eroded soil (C ooke, 1988). Som e o f  the phosphorus m ay en ter the 

atm osphere  as dust particles and salt spray, and m ay then be redeposited  w ith dry and w et 

precip itation  (O 'N eill, 1993).
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Table 2 .6  Suitability o f  selected variables for the assessm ent o f  water quality in relation to non-industrial 
water use. Based on Chapman and Kimstach, 1996. indicates low  to high likelihood that the
concentration o f  the variable w ill be affected, and the importance o f  its inclusion into a monitoring 
programme. Local variation in importance may occur, and should be taken into consideration when  
selecting variables.

B a c k g r o u n d

M o n i t o r i n g

A q u a t i c  L i f e  

AND F i s h e r i e s

D r i n k i n g  W a t e r  
S o u r c e s

R e c r e a t i o n  
AND H e a l t h

G eneral variables:
Temperature *

Colour ** * *

Odour * *

Suspended solids *** * * *

Turbidity/Transparency * * * * *

Conductivity ♦ *

T otal d issolved  solids *

pH * *

D isso lved  oxygen *** *

Hardness * * *

C hlorophyll-^2 * * * * *

Nutrients:
A m m onia * *

Nitrate/Nitrite *
Phosphorous compounds * *

O rganic matter:
TO C >)>* * *

C O D ♦ ♦
B O D * * * * *

M icrobiological
indicators:

Faecal coliform s * * * * * *

T otal coliform s **>*1 * * *

Other pathogens * * *

High levels o f biologically available nitrogen (nitrite and nitrate) and phosphorus (phosphates) 

in waters are usually indicative o f  agricultural pollution, particularly from fertiliser runoff, but 

may also originate from industrial and domestic effluents (Chapman and Kimstach, 1996). 

Excessive amounts o f these compounds in waters may cause eutrophication, which can, in turn, 

cause release o f toxins into the water and/or the onset o f  anaerobic conditions leading to 

extensive death o f aerobic organisms, thus upsetting the ecological balance {idem). It has been 

found that as little as 0.2 mg.l'' NO3-N in lakes is enough to encourage algal growth {idem). 

Phosphorus levels in natural surface waters are usually very low (0.005 - 0.020 mg.l ' PO4-P), 

however, as it is actively taken up by plants {idem). Excessive amounts o f nitrate may also be 

detrimental to human health (Daly and Daly, 1984), and the World Health Organisation (WHO) 

has set the recommended maximum limit for nitrate in drinking water to 50 mg.l ' (or 11.3 

mg.r' as NO3-N) (Flanagan, 1992). High levels o f  ammonia are normally associated with 

animal wastes, silage liquors, sewage and fertiliser runoff, and may at very high concentrations 

be toxic at certain levels o f pH (Chapman and Kimstach, 1996).
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2.3.1 (b) Chlorophyll
The chlorophyll concentration o f  a water body is an indirect measure o f  its phytoplancton 

biomass, and hence trophic status (Chapman and Kimstach, 1996). The trophic status will 

depend on nutrient status and light regime o f  the water body, and, in riverine systems, on the 

velocity o f  the water. In general, productivity is either nutrient or light limited. In a tropical 

environment, light is unlikely to be limiting unless the water body has an excessive sediment 

load, or if the productivity is high enough to block out light to the lower levels o f  the water 

body.

2.3.1 (c) Total suspended solids
Total Suspended solids (TSS) is a measure o f  the concentration o f  silt, clay and fine particles or 

organic and inorganic matter carried in suspension by the water (Chapman and Kimstach, 

1996). The TSS load will influence the visibility in the water, and thus the light penetration and 

transparency o f  the water {idem). TSS will be high in areas prone to erosion or with unstable 

riverbanks.

2.3.1 (d)pH
pH is a measure o f  the acid balance of a solution (Chapman and Kimstach, 1996), and is defined 

as the negative logio o f  the solution's hydrogen ion concentration (Flanagan, 1992). It is 

controlled by the balance between carbon dioxide, carbonate and bicarbonate ions and by other 

natural compounds (e.g. humic and fulvic acids) (Chapman and Kimstach, 1996). The pH o f  a 

water body will hence be influenced by the geology and soil regime of the catchment, the pH of 

atmospheric inputs, and any effluents received by the water body (O'Neill, 1993), and will 

typically range from 6.0 to 8.5 in natural waters (Chapman and Kimstach, 1996). pH has an 

influence both on the biota and chemical processes within the water body {idem).

2.3.1 (e) Temperature
The temperature o f  surface waters is mainly dependent on the local climate, altitude, season, 

time o f  day, velocity and depth o f  the water body, and the temperature may fluctuate in response 

to a change in any of these factors (Chapman and Kimstach, 1996). As with pH, temperature 

will affect biological and chemical processes within the water body {idem). In general, high 

temperatures will encourage and speed up biological processes (e.g. growth rates, metabolic 

rates), increase evaporation and volatilisation o f  substances in the water, and increase the rate o f  

chemical processes (O'Neill, 1993). The solubility o f  most gases, however, will decrease with 

increasing temperatures {idem).
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2.3.1 (f) D isso lv ed  oxygen

Dissolved oxygen (DO) is a measure o f the concentration o f oxygen in the water (Flanagan, 

1992). DO concentration will vary with temperature, salinity, flow rates, turbidity, 

photosynthetic activity o f algae and plants, biological respiration, and atm ospheric pressure 

(Chapm an and Kimstach, 1996). High flow rates, turbidity and photosynthetic activity will 

increase the DO concentration, while high temperature, salinity, biological activity and 

atm ospheric pressure tend to reduce it {idem). As with tem perature and pH, the oxygen 

concentration is important in most biological and chemical processes (Flanagan, 1992). A DO 

deficit, for instance, will cause anaerobic conditions in the water, severely limiting the range o f 

biological processes possible (Chapman and Kimstach, 1996).

2.3.1 (g) C onductiv ity

Conductivity is a measure o f the water's ability to conduct an electric current, and is dependent 

on the concentration o f ions, and in particular dissolved mineral salts (Flanagan, 1992). Local 

geology and soil regime will to a large extent determine the conductivity o f a water body, but 

effluent discharges may also have an important influence on its conductivity (Chapman and 

Kimstach, 1996).

2 .3 .2  In fluence o f  H ydro logy  and  H ydrogeo logy  on W ater Q uality

On a global scale, the water moves cyclically through a series o f different stages, driven by 

various processes such as precipitation, evaporation, transpiration, percolation and infiltration 

(M iller, 1977; Battan, 1984; Barry and Chorley, 1992). On a local scale, the cycle can short- 

circuit several o f  these stages, and the process involved can be reduced to simply evaporation 

and precipitation (W ilson, 1990). Water from the sea, for instance, can be evaporated from the 

sea surface, then precipitated directly back down on the sea where it is re-evaporated. The 

com plexity o f  the cycle in an area will be dependent on a number o f factors, the most important 

o f  which are local climate, topography, geology and soil cover (Barry and Chorley, 1992). The 

variations in hydrological and hydrogeological factors will also greatly influence the water 

quality and the associated vulnerability o f a water body to contamination.

In a watershed, the amount o f precipitation reaching the ground depends on the vegetation 

cover, with dense and leafy covers tending to intercept large proportions o f the rainfall. This 

water is either directly assimilated by the plants, or re-released into the atmosphere though 

evaporation. The water that reaches the ground, however, o f  the water reaching the ground, 

some will be taken up by the soil and/or enter the underlying bedrock to become part o f  the 

groundwater part o f the system. If  the soil and bedrock are already saturated by water, or the
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groundwater part of the system. If the soil and bedrock are already saturated by water, or the 

precipitation falls directly on impervious bedrock or other surfaces, most o f the water will be 

discharged as surface runoff or overland flow.

In the wet-dry tropics, there is normally a clear distinction between the dry and wet seasons 

when it comes to water movement through the watershed (Figure 2.4) (Foster, 1993). During the 

dry season, evaporation from the soil and open water bodies, along with evapotranspiration (ET) 

from vegetation, will be significant (Barry and Chorley, 1992). Rainfall will generally rapidly 

infiltrate into the soil and enter the groundwater part of the system through percolation, while 

stream bed recharge will mainly be from underlying aquifers (Foster, 1993). Many streams may 

be ephemeral, thus drying up as the water table lowers (Falkland, 1993). During the wet season, 

aquifers will fill up rapidly, and the water table be raised to a level close to the land surface 

(Foster, 1993). Excess rainfall will drain off as overland sheet-flow, while excess groundwater 

may be discharged as seepage in riparian and wetland areas, and also as spring flow in karst 

areas {idem). ET will still be significant (Barry and Chorley, 1992).

The water movement m a watershed is thus governed by two systems; surface water and 

groundwater. During dry seasons, the velocity and volume of flow through both are limited due 

to lack o f water input. During wet seasons, on the other hand, the groundwater storage will be 

filled up rapidly, and both groundwater and surface water throughput will be greater and the 

associated water flow more rapid. The factors influencing surface and groundwater flow, and 

particularly how it is possible to estimate and model flow paths, velocities and pollution loads, 

will be discussed in more detail in Section 2.4.2. At the present stage, however, it suffices to 

keep in mind that surface water flow is mainly characterised by sheetflow and channel flow, 

while groundwater can either be characterised by porous flow (porous bedrocks) or conduit 

and/or channel flow (karst bedrocks). Karst groundwater quality will in many instances 

resemble that of surface water quality, and be influenced by the same set of hydrological and 

hydrogeological factors (Ford and Williams, 1989).

In a pristine environment, the quality and composition of surface and groundwater are governed 

largely by the soil and parent bedrock types, land cover, and atmospheric and climatic 

conditions. The most important of these are probably the hydrological and hydrogeological 

factors, notably precipitation intensity and steepness of the watershed, as these govern the 

quantity and velocity of flow, as well as influence the dissolution and transport o f chemical and 

organic matter into the surface waterways (Wilson, 1990).
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Primarily, the seasonal differences in overland- and throughflow volume and velocity will have 

a significant impact on the water quality. Trudgill et al. (1981) suggested that slow soil water 

flow would allow prolonged solid-solvent contact, thus keeping the dissolution o f soil chemical 

constituents at a chemical equilibrium. Rapid soil water flow, however, would only allow 

rapidly soluble chemical constituents to be dissolved, thus resulting in a preferential leaching o f 

the most rapidly soluble chemical constituents {idem). This can satisfactorily explain the 

increased high flow concentration o f nitrogen compounds noted by several authors (e.g. 

Sharpley and Syers, 1981; Burt et al., 1988; Cooke and Cooper, 1988; Osborne and Wiley, 

1988; Neill, 1989), as these compounds generally are rapidly soluble (Daly and Daly, 1984). 

The solubility is temperature dependent, however, with increased solubility with higher 

tem peratures (Laudelout, 1977). Some o f the nitrogen compound increase may also be 

attributed to the fact that, during high flow events, stream networks will be at their greatest 

extent, and nutrient from the basins losses will therefore be at their greatest (Hill, 1978).

Phosphorus compound concentrations seem generally to decrease with increased flow (e.g. 

M acgregor et al., 1979; Cooke, 1988; Osborne and W iley, 1988), although this is not an entirely 

clear-cut pattern (Cooke, 1988; D'Angelo and W ebster, 1991). This decrease may be put down 

to dilution effects o f  the increased flow (Osborne and Wiley, 1988). W hen a clear increase in 

phosphorus compound concentration is observed, it has been suggested that immobilised 

phosphorus compounds in the streambed sediments may have been re-mobilised with the 

increased flow (Keup, 1968; Cooke, 1988). The solubility o f phosphorus compounds will often 

depend on the presence or absence o f calcium with which is can form precipitates (Keup, 1968; 

Broberg, 1984; Fox et al., 1989; House, 1990). However, this reaction is in term dependent on 

the pH o f the water, with decreasing solubility associated with increasing pH (Diaz et al., 1994)

Increased flow will also increase the turbidity and TSS concentrations o f stream water as a 

result o f  increased erosion in the watershed (Chapman and Kimstach, 1996). pH may be 

affected by the increased flow, either as a result o f  dilution effects, or increased inputs of, for 

instance, humic and fulvic acids and calcium carbonates (R ebsdorf et al., 1991; O'Neill, 1993). 

It must be noted that at low flows, concentration (as opposed to dilution) may occur, and thus 

result in increased concentration o f some elements (Cooke, 1988; Osborne and W iley, 1988). It 

may also be worth noting that although high flow and low flow is generally a concern in 

seasonality studies, it will occur on a smaller scale throughout the year as a function o f slope 

rather than precipitation (D'Angelo and W ebster, 1991). Thus, some o f the differences that may 

be observed between highland and lowland waters are the same as those observed during high 

and low rainfall events.
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2.3 .3  Inf luence o f  A nthropogen ica l  L and-C over  on  W ate r  Quality

As seen in the previous section, the slope o f  a surface and the characteristics o f  the material 

covering the surface largely dictate the hydrological behaviour o f  water falling on the surface. 

The surface-cover can be roughly divided into a series of  land-cover or land-use types based on 

common characteristics. It must therefore be inferred that each o f  these different types o f  land- 

cover represents different inputs, both quantitatively and qualitatively, into any surrounding 

water body. This section looks at three anthropogenically altered land-cover types (deforested 

land, cultivated land and urban areas), and briefly discusses how each different type may 

influence the local water quality.

2.3.3 (a) D efores ta tion

As most o f  the nutrients in the rain forest ecosystem are contained in the aboveground biomass, 

removal o f  timber will automatically lead to removal o f  large parts o f  the nutrient pool 

(Sutherland, 1981; Pomeroy and Service, 1986). Removal o f  vegetation will also leave the soil 

prone to erosion (Tuan, 1993), and nutrients left in the soil may more readily leach out 

(Whitmore, 1990). Erosion and leaching will further be encouraged as evapotranspiration from 

the area will be reduced (Waterloo et al., 1993), thus increasing the amount of  precipitation 

reaching the ground (Whitmore, 1990).

In general, rotational slash-and-burn agriculture will only have a minimal effect on nutrient loss 

and erosion, as the nutrients are not removed as such, but mobilised and made available for 

subsequent crops in the ash (Sutherland, 1981; Pomeroy and Service, 1986). The immediate 

cultivation after clearing reduces the runoff from the area, and thus the losses o f  nutrients and 

soil in runoff (Fritsch, 1993). Selective logging also has a relatively minor effect on the 

ecosystem and watershed (Whitmore, 1990). Clear-felling, however, usually leaves large areas 

devoid o f  vegetation for relatively long periods of time, causing substantial nutrient removal 

(Lamb, 1990; Whitmore, 1990), decreased ET (Waterloo et al., 1993) and increased runoff 

(Foster, 1993; Fritsch, 1993; Tuan, 1993). As clear-felling often involves the use o f  heavy 

machinery, runoff and sheet erosion is further increased by compaction o f  the soil (Van der Plas 

and Bruijnzeel, 1993). As the forest vegetation grows back, runoff and erosion will decrease 

(Lamb, 1990; Fritsch, 1993; Van der Plas and Bruijnzeel, 1993). If the cleared area is used for 

permanent agriculture, the nutrient pool will eventually be depleted (Sutherland, 1981), and the 

soils become more acidic (Whitmore, 1990).
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2.3.3 (b) Agriculture
Common to all the cultivated lands is that clearing of land for agricultural purposes will, at least 

for a period, increase the amount o f  rainfall reaching the ground as well as the resulting 

overland and throughflow. Provided the area was forested prior to clearing, the overland flow is 

likely to be greater than pre-clearing, even after new crops have been planted. The flow will 

depend largely on the type o f  crop grown, however (D'Angelo and Webster, 1991; Powlson, 

1993; Shepherd et al., 1993). The increased flow will generally imply more erosion, greater 

sediment transport, and greater leaching potential (Williamse/ al., 1980; Whitmore, 1990), and 

leaching o f  nutrient will increase with increased intensity o f  cultivation (Keup, 1968; Dillon and 

Kirchner, 1974; Neill, 1989, Edwards et al., 1990). If the land is left fallow for any period of 

time before or in-between crops, the soil will be particularly susceptible to erosion and leaching 

(Powlson, 1993; Shepherd e ta l., 1993).

In addition to increased flow and erosion, agricultural activities are associated with fertiliser 

additions, and therefore with increased nutrient and trace element concentrations in drainage 

water (Loehr, 1979; Sharpley and Menzel, 1987, Neill, 1989, Edwards e/ al., 1990). If animal 

and/or human excreta is used for fertiliser purposes, coliforms may also be leached out into the 

waterways (Gray, 1989). Interplanting o f  crops or rotational agriculture may reduce the need for 

added fertilisers (Williams e? al., 1980). In addition, certain types o f  legumes and some tropical 

grasses, such as sugar cane (Saccharum officinalis) and elephant grass {Pennisetum purpureum), 

have a symbiotic relationship with the hacterxa Rhizohium  spp., which is capable o f  nitrogen 

fixation (Dobereiner, 1977; Edwards, 1977), making nitrogen fertiliser additions to these crops 

to some degree unnecessary.

Animal rearing may also cause increased nutrient and coliform concentration in drainage water 

(Macgregor et al., 1979; Turner et al., 1979; Jarvis, 1993). Ryden el al. (1984) found that this 

was largely due to direct addition of urine and dung onto the land, but also to some degree by 

increased disturbance o f  the soil. The increases are greatest in situations where the animals are 

put to graze along river banks or where riparian vegetation has been cleared (for example to 

extend the cultivated area) as natural attenuation will be limited.

2.3.3 (c) Urban areas
Urban areas represent a deviation from the natural landscape in several respects. Firstly, the land 

surface is usually altered to suit human life. This includes the removal o f  natural vegetation, 

excavation in connection with building and construction activities (Hotzl, 1999), and 

compacting and/or paving of surfaces (Schick et al., 1999). This in turn may have profound 

consequences for the local hydrology and hydrogeology. As discussed in the beginning of
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Section 2.3, the decrease in natural vegetation decreases natural evapotranspiration and 

attenuation, causing more precipitation to reach the ground. The increase in paved surfaces 

decreases infiltration into the ground, causing increased surface water and decreased 

groundwater flow. This may ultim ately result in a reduced dilution capacity o f groundwater, 

while causing increased flows in nearby streams and rivers, and consequently increasing the 

local erosion and flooding potentials.

A second deviation from the natural state is that urban areas are areas o f high human 

populations, thus also areas o f  high human waste production, including sewage, domestic and 

industrial wastes. These wastes alone pose a danger to the water quality, with leaching and 

discharge into water pathways a constant threat (Crawford et al., 1997). W ith the decrease in 

infiltration and increase in surface water flow, moreover, the dissolution and transport o f waste 

into surrounding surface waters increases, especially after periods o f heavy and/or prolonged 

rainfall. Stormwater runoff is consequently one o f the most serious direct threats to local water 

quality, with a large proportion o f waste-derived pollution (including nutrients, coliforms, heavy 

metals and hydrocarbons) being transported into water pathways (Ellis and Hvitved-Jacobsen, 

1998; Larsen et al., 1998; Faulkner et al., 2000). In addition, in karst areas, the intrinsic 

vulnerability o f the groundwater system is further increased by the removal o f what few natural 

barriers (e.g. soil cover, vegetation) there may be between the surface and groundwater systems. 

Natural water cleaning processes such as attenuation, adsorption, filtration and biodegradation 

(Appello and Postma, 1993; Domenico and Schwartz, 1990), which generally are relatively 

inefficient in karst areas, are removed completely. Lack o f adequate treatment and disposal o f 

both liquid and solid wastes, therefore, poses serious risk to both surface and groundwater.

A series o f  indirect impacts also follow urbanisation. For instance, the need for building 

m aterials often causes deforestation (Day, 1993) and an increase in the number o f quarries 

nearby (Hotzl, 1999). The destruction o f  land surface in this fashion is further aggravated by 

increased transport to and from the logging sites and quarries. Similarly, the increased demand 

for food may cause an increase in the local agricultural output (Drew, 1996), resulting in more 

conversion o f land, and added nutrient and coliform  threats to the surrounding water bodies. 

Overall, therefore, the hydrological and contaminant changes caused by urbanisation do not stop 

abruptly at the urban borders (W ear et al., 1999), but can be significant at great distances away 

from the urban area as well.

37



2.3 .4  Selected  Tropica l Coastal E cosystem s and T he ir  Sensitiv ity  to W ater  Q uality

2 .3 .4  (a) M angroves

The mangrove systems are highly resilient (Citron-Molero, 1990), r-strategist (Tomlinson, 

1986) systems o f  waterlogging-tolerant trees, providing stabilisation to water boundary 

substrates (Stafford-Deitsch, 1996). Many classifications o f  mangrove systems have been 

suggested. Lugo and Snedaker (1974), for instance, developed a classification scheme relating 

forest physiognomy and functional characteristics to hydrology and geomorphology. Cintrone/ 

al. (1985) suggested a simplified classification based on that o f  Lugo and Snedaker, dividing 

mangroves into three main systems depending on the environment in which they form, namely 

riverine, basin and fringe mangroves. Riverine mangroves occur in river estuaries where the 

environment is characterised by brackish water and high nutrient and mineral loads. These are 

the optimum conditions for mangrove development and growth, and riverine mangrove systems 

are usually the most productive, and are productive in terms o f  nursery grounds for fish stocks. 

Basin mangroves develop in poorly drained, flat coastal areas, characterised by saline intrusion 

and seasonal water flows, often resulting in stagnant water conditions. This system is generally 

less productive than the riverine system, but can be highly productive if it receives periodic 

Hooding by freshwater runoff. Fringe systems are found along protected shorelines, with the 

mangroves growing in seawater. Nutrients are mainly received from adjacent land, and can 

therefore be the main limiting factor to growth. This system is frequently associated with 

seagrass beds and coral reef systems.

Each o f  these mangrove systems plays an important part in their associated watershed 

environment. The extensive root system o f  the mangrove trees provide an important bank 

stabilisation function, while at the same time trapping and settling sediments suspended in the 

water passing through the system (Stafford-Deitsch, 1996). In this way, they can retain large 

amounts o f  inorganic nutrients, heavy metals and pesticides, reducing the possible pollution and 

smothering impact these may have on the littoral and sub-littoral environments (Tomlinson, 

1986). They also assimilate large quantities o f  inorganic and organic nutrients, thus further 

reducing the possible coastal eutrophication potential o f  the nutrients (Cintron-Molero, 1990).

The removal or reduction o f  mangrove type vegetation can be devastating to the offshore 

environment, de Albuquerque (1991), for instance, studying the effect o f  dredging and filling of 

mangrove/salt pond areas for condominium and marina projects in Antigua, made the following 

observations on the nearshore environment o f  Jolly Hill Salt Pond and McKinnons Salt Pond 

after reclamation had taken place:
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(1) High levels o f  suspended sediments (mostly sand and mud), with a visibility 

during dives of 2-4 m.

(2) Heavy siltation from dredging, with reduced turtle grass and calcareous algal 

health and death o f  most soft and hard coral (brain, rose, star and fmger).

(3) Very few fish present, and largely restricted to damselfish, squirrel fish, 

parrotfish and grunts.

(4) Noticeable absence o f  long-spined black sea urchins.

Although most o f  the suspended sediments observed were likely to be directly caused by the 

dredging, some may have originated from land, both resulting from lack o f  retention and 

filtration by the mangroves, and from reduced stabilisation o f  the coastal fringe. While the 

ecosystem may recover from a single dredging episode, the removal o f  mangroves and other 

fringe vegetation is likely to cause continued high sediment inputs and consequently high 

turbidity and ultimately reducing the likelihood o f  a return to the previous ecological state.

In addition to extensive shoreline and water quality protection, mangrove systems provide 

important habitats for a variety o f  animals. They are, for instance, important breeding and 

nursery grounds for many kinds o f  fish and shellfish, providing necessary food supply and 

protection from larger predators. Bossi and Cintron (1990) reported that estimates show that 80- 

90% o f  all commercial fish in the Gulf o f  Mexico spend part o f  their lifecycle in mangrove 

environments. Mangroves also provide habitats to marine invertebrates and algae spending their 

entire life within the forest system. Larger animals also inhabit the mangrove systems. They are, 

for instance, hosts to a whole series of  birds, both seasonal and year-round residents, as well as 

crocodiles, turtles and porpoises.

2.3.4 (b)Coral reefs
Corals are small polyp animals forming large colonies, often covering areas many square 

kilometres in size. Hermatypic (reef-forming) corals live in symbiosis with unicellular 

Zooxanthellae algae (Goreau et a i ,  1979). The algae enter into the corals' gastric cavity, and 

lodge into the gastrodermal cell layer. The algae subsequently receive nutrients and carbon 

dioxide from the corals, while at the same time providing the corals with oxygen through 

photosynthesis (Guilcher, 1988). For the Zooxanthellae to produce oxygen, sunlight must be in 

plentiful supply, and corals are therefore usually found in shallow waters, generally between 

low tide level and 25-30 m depth (Nybakken, 1997). Some hermatypic corals have been 

reported as deep down as 115 m, but these are rare (Guilcher, 1988).

In areas o f  heavy development, few, if any, reefs survive. These have been subject to 

anthropogenically-induced stresses such as:
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Overfishing (Salm, 1988; W hite and Alcala, 1988)

Use o f  destructive fishing methods such as coral blasting (Kenchington and 

Salvat, 1988; Goreau, 1994a)

Eutrophication by nutrients from sewage, waste water and fertilisers 

(Kenchington and Salvat, 1988; Goreau, 1994a)

Sedimentation (Smith and van't Hof, 1991; Fabricius and De'ath, 2001)

Physical damage from recreational (anchoring, diving) and commercial use 

(coral gathering, shellfish gathering) (Goreau, 1994a)

Dredging (Kenchington and Salvat, 1988; Smith and van't Hof, 1991)

It must be noted that some o f these threats, such as sedimentation and increased nutrient levels, 

may also be naturally induced, often as a result o f hurricanes and other adverse weather events. 

The effects o f these stresses have been observed both in the Caribbean and world-wide. Coral 

bleaching (Goreau, 1964; M arszalek, 1981), scouring, burying, overgrowth by weedy algae 

(Nai'm, 1981), reduced species diversity o f reefs and associated organisms (Amesbury, 1981; 

Galzin, 1981), loss o f grazing organisms, dominance o f a handful o f hardy species and/or r- 

strategists (Nai'm, 1981; Ricard, 1981), and ultimately death (Chansang et al., 1981; Marszalek, 

1981) have all been proven to be a direct consequence o f increased sedimentation from 

terrestrial-derived erosion, dredging and coral blasting. Localised turbidity and physical damage 

has been seen as a result o f anchoring (Chansang et al., 1981; Tilmant and Schmahl, 1981), 

while eutrophication has been responsible for increased numbers of, and in some cases complete 

dominance and overgrowth by, weedy algal species (M ergner, 1981).

The individual coral's resistance and survival to the different threats evidently depends on the 

species and its various environmental adaptations. In general, corals cannot sustain temperatures 

below 17-18°C and above 33-34°C for more than short periods at a time, although a few species 

are known to survive beyond this temperature range, albeit only for limited periods (Guilcher, 

1988). The higher growth rates are usually obtained at higher temperatures. The general 

tolerance range for salinity is between 30 and 38 ppt, although, again, some species can sustain 

higher or lower concentrations {idem). There are, for instance, extensive coral reefs in the Red 

Sea, where salinity averages about 40-41 ppt (idem). M ost importantly, though, is the clarity or 

the turbidity o f the water, as this determines the rate o f  Zooxanthellae photosynthesis (Goreau et 

al., 1979), and, in general, the higher the insolation, the higher the rate o f photosynthesis {idem).

It seems that in most cases o f  severe stress the corals' response is to expel the Zooxanthellae 

from their tissue, resulting in loss o f colour. This is known as coral bleaching. Such bleaching 

have been observed resulting from high temperatures (Glynn and D'Croz, 1990), low 

temperatures (Steen and M uscatine, 1987), high insolation (Hoegh-Guldberg and Smith, 1989),
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low insolation {idem), high salinity {idem), low salinity (Goreau, 1964) and high turbidity 

(Trench, 1986). However, large-scale bleaching (i.e. not associated with a limited environment) 

seems to be directly correlated with sea surface tem peratures 1“C above the normal monthly 

average (Goreau et al., 1992). Goreau et al. (1997) calculated that the observed increase in sea 

surface temperatures in the Caribbean waters from 1989 to 1996 amounted to 0.0067627 

±0.0030081°C per month, or 0.811°C per decade. This trend was probably slowed down 

somewhat by the eruption o f M ount Pinatubo in 1991, causing three years o f  global cooling. 

A lthough most researchers agree this kind o f climatic change is damaging for coral reefs, some, 

such as Lough (1994), point out that the observed climatic phenom ena are not unique in the 

history o f the earth. Even though already damaged, the climatic change modulates the reef 

community, and it is more often than not resilient enough to cope with such changes given 

enough time. The Great Barrier R eef o ff Australia, for instance, currently encompasses a range 

o f different meteorological and oceanographic conditions, and is subject to El Niiio-Southem 

Oscillation (ENSO) events {idem). Nonetheless, the reef seems to have survived these and other 

conditions for a very long time, indeed.

While coral bleaching is a biological response to physiological stress, reefs can also be 

physically damaged by wave and sediment scouring and burying. Although water mixing 

through turbulence is important as a way o f providing the coral ecosystem with oxygen and 

food, and as a means o f removing metabolic products and transporting larvae and eggs (Massel, 

1994), it can also act as a destructive force against the coral reefs. High turbulence may destroy 

or degrade corals through wave impact, or may carry large amounts o f sediments scouring over 

the corals, causing damage and loss o f outer tissue (Guilcher, 1988). Although most corals are 

able to remove some sediment from their surface, with large input o f  sediment into and 

movement o f sediment within the system, the corals will ultim ately be buried. This will result in 

a cessation o f feeding due to inhibition o f cilia movement, and a loss o f  photosynthetic 

production owing to the lack o f  light penetration (Chansang et al., 1981).

Regardless o f  the cause o f damage, coral reef recovery is slow at best, and non-lethal bleaching 

or damage may take several years to recover fully (Goreau, 1994b). In this reduced state o f 

health, corals are also less resistant to other stresses (Guilcher, 1988). Thus, even though the 

primary stress may not outright kill them, secondary stresses might. This is particularly a 

problem in areas where multiple stresses may occur at the same time, or where a m ajor stress 

event like a thermally-induced bleaching event might be superseded by seasonal stresses (e.g. 

increased sediment transport during rain season).
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2.3.4 (c) Seagrasses
Seagrasses are found on relatively sandy or m uddy substrates, and are able to grow on these 

unstable substrates through rhizomal growth, i.e. through an extensive root-system o f  roots and 

nodules (rh izom es) forming thick mats up to 1 m below the sea bottom. In this way, they are 

able to provide support for plants and sessile animals otherwise unable to attach them selves to 

the  bottom substrates. The grasses also provide important refuges for sm aller animals, and are 

important fm-fish and shell-fish nursery grounds (Nybakken, 1997). Due to their rhizomal 

growth, seagrasses also play an important role in stabilising the coastline, both indirectly by 

w ave breaking effects and directly by preventing washing aw ay o f  sediments. The presence o f  

seagrasses also improves the overall water quality by prom oting settlement o f  suspended 

particles and removal o f  nutrients from the water column for use in photosynthetic production.

The main threats to seagrasses are high turbidity and eutrophication. The increase in turbidity 

rates experienced in most seagrass areas is frequently associated with dredge and fill operations 

related to ports, marinas and navigation channels, coastal zone developm ents with the removal 

o f  littoral and supralittoral vegetation, wastewater and s torm w ater discharges, and industrial 

effluent discharges especially from the mining industry. As with coral reefs, increasing turbidity 

m eans decreasing insolation through the water column, and reduced insolation leads to lower 

photosynthesis  rates, in Jamaica, for instance, it has been noted that seagrass growth in the 

highly turbid Rockfort area is ha lf  that o f  the relatively undisturbed Portland Bight area (NRCA, 

1996). A lowering o f  the productivity o f  the grasses m ay increase eutrophication o f  some 

waters, as the grasses will no longer utilise all nutrients present in the water column. Moreover, 

the loss o f  productivity will mean a decreased ability to promote suspended particle settlement, 

further aggravating the turbidity-related problems.

Eutrophication m ay also occur as a direct result o f  high nutrient inputs from land-based sources, 

such as agricultural runoff  and storm waters. In either case, eutrophication may result in the 

seagrasses being out-competed by weedy algal species, which ultimately will result in loss o f  

b iodiversity and possibly promote anoxic conditions.

2.3.5 Managing for Water Quality
As seen in the discussions above, a series o f  factors m ay influence the water quality o f  a coastal 

watershed. W hat is evident, is that some characteristics (e.g. agricultural practices and urban 

settlements) o f  the watershed will be more detrimental to water quality, while others (e.g. 

wetlands and rainforest) will help maintain the natural or baseline w ater quality. While it may 

seem obvious that keeping a system as pristine and natural as possible is the best solution for the 

coastal system and its water quality, it cannot be ignored that hum ans are very m uch part o f  this
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system, and their survival and quality o f  life should not be factored out. There is, therefore, yet 

again a need to balance human needs against the need for sustainable development and 

inanagement.

The factors affecting the overall water quality can be roughly divided into the following 

categories:

Physical (e.g. topography and climate)

Chemical (e.g. geology)

Ecological (e.g. land-cover)

Anthropogenic (e.g. agriculture/forestry, urbanisation, industry, and other 

modifications o f  the physical and chemical categories)

Some o f  these categories (e.g. physical and chemical) cannot be changed, and should, therefore, 

provide the framework in which the management effort should be set. Within this framework, 

the ecological and anthropogenic factors can to some degree be manipulated. The challenge 

becomes to identify which factors within these categories affect the water quality, and in what 

ways these can be modified or eliminated to reduce the water quality impact. It is generally 

recognised that the anthropogenic factors are by far the easiest manipulated, and the most likely 

to have adversely affected the water quality (or at least upset whatever balance there was 

between water quality and ecological communities). To assess this impact and to determine 

sources o f  impact, however, monitoring the current situation with comparison to expected 

natural conditions is needed. There is thus a need to also put the management into a scientific 

framework, and from there determine the structure o f  the management.

2 .4  C o a s t a l  W a t e r s h e d  M a n a g e m e n t  T o o l s  

2.4.1 Monitoring
Environmental monitoring can be defined as the collection of data relating to the state o f  the 

environment. Hellawell (1991), and later Meybecke/ al. (1996), distinguish between three types 

o f  environmental monitoring or observation:

(a) Monitoring: long-term, standardised measurement and observation o f  the 

environment to define its status and establish trends.

(b) Survey, intensive sampling programme of short and finite duration to measure 

and observe the quality o f  an environment or environment factor for a specific 

purpose.

(c) Surveillance', continuous, specific measurement and observation for 

management and operational activities.
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While no distinction will be made between these three types of environmental observations in 

this document, it is important to note their temporal and applicational distinctions and 

implications, as these will affect the interpretative value of the information obtained.

It is also important to stress that as a carefully designed monitoring programme provides an idea 

o f the current state o f the management area, monitoring may be considered the most useful tool 

available to environmental management. Moreover, if it is designed as a long-term programme, 

it will act as a quality assurance of the management programme itself, and can be used to assess 

whether implemented strategies have the desired effect. The issues discussed in this section will 

be revisited in later chapters when assessing the available data and future data needs in Jamaica.

2.4.1 (a) A im s and design
The implementation of a monitoring programme necessitates the establishment of answers to 

the questions of why, what, where, when (and how often) and how. The why is generally 

answered by the aims of the management effort, e.g. why are we managing this area? Generally, 

this is linked to one of three broad aims: (a) assessing the effectiveness o f a management 

programme, policy or legislation, (b) meeting a regulatory standard (performance or audit 

function), and (c) detecting change (Hellawell, 1991). In the same way, what should be 

monitored may be answerable through the aims. Nevertheless, to answer the question o f what, a 

clear idea of the information needs must be established. In management programmes aimed at 

meeting specific standards, establishing the information needs is relatively straightforward. For 

instance, if the aim is for a beach to meet the bathing water directive's set water quality 

standards, then the need is for data relating to coliform concentrations in the water. On the other 

hand, if  the management aim is to reduce coastal erosion or promote the survival of the local 

fish species diversity, the information needs are more complex and less obvious. Often, the 

establishment of information needs in itself requires a detailed once-off survey of most of the 

environmental parameters likely to affect the management variable in question. An 

indiscriminate collection o f all data available, as favoured by some researchers and dictated by 

the serendipity method, is generally neither economically feasible, nor necessarily desirable 

(Hellawell, 1991). A close examination of the needs of the programme, therefore, is a general 

necessity to most programmes.

The where and when will depend to a large degree on the why and what. These two questions 

are directly related to the design of the programme, and refer to its sampling density and 

frequency. In general, a high or dense number of sampling stations gives a good indication of 

the spatial variability of the phenomenon studied, while a high sampling frequency provides 

information about temporal trends, e.g. diurnal, seasonal or annual variations (Meybeck et a l.
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1996). The exact spatial and temporal density of the sampling programme will, of course, be 

determined largely by what is being sampled, the purpose o f the sampling and the extent of the 

management area. It is logical that a high density, high frequency design will provide the most 

information and, therefore, (hopefully) the greatest understanding of the environmental 

phenomena taking place. Nevertheless, such high density, high frequency designs may not be 

possible due to financial and/or time constraints, nor truly desirable due to the amount of data 

generated and its implications for data analysis and interpretation efficiency (Usher, 1991).

The final question of how is important in several respects. It should answer questions like how 

to get to the sampling site, how to collect a sample, how  to analyse the sample and how to 

interpret the resulting dataset(s) (Barcelona, 1988). It therefore addresses the logistics and 

standards of the monitoring programme (Usher, 1991), and without a clear idea of how to 

implement the sampling and analysis part of the monitoring programme, the programme will 

fail before it has even started.

2.4.1 (b) Indicators o f  environm ental stress
While the overall aim of the monitoring programme varies, there is often a need to assess the 

current state of the environment or the environmental factor versus a baseline of "pristine" 

situation, that is to say, whether the current situation is indicative o f environmental stress or not. 

If stress is observed, then it may be important to establish its spatial and temporal variability or 

trends. This will be reflected in the design of the programme, and particularly with regards to 

the issue of sampling density and sampling frequency.

One of the main problems with monitoring for stressed versus pristine conditions, however, is 

that o f defining pristine or non-stressed. Often, the area under management is already stressed, 

and no information may be available regarding the pristine state. When looking at water quality 

in relation to drinking water or bathing water directives, the definition of pristine is quite 

simple; anything below the threshold or guideline value dictated by the directives constitute 

pristine. When assessing pristine in relation to, for instance, the health and survival of marine 

organisms, the definition is less clear. First it has to be decided what the effect o f stress is on the 

organism, then, if stress is observed, what particular factor causes the stress. It must be kept in 

mind that a substance may not adversely affect an organism until it reaches a certain threshold 

level, and thus just monitoring for water quality may not necessarily provide the information 

needed as to assess whether the organisms are stressed or not.

Gomez and Yap (1988), discussing the management o f tropical reefs, stressed that the 

fundamental assumption in reef studies is that all the components of the reef system are inter-
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related. Consequently, a factor that affects one species may eventually adversely affect other 

species within the system. The aim o f a monitoring effort will in such a situation be to 

determ ine the species that is most likely to exhibit stress at low levels o f  any given contaminant 

or adverse condition (Underwood and Peterson, 1998), thus providing the managers with an 

indicator as to whether the system is experiencing stress or not. These species are called 

indicator organisms, and it is often possible to establish a set o f  indicator organisms, each being 

slightly less sensitive than the previous, thus giving the m anager an indication to the level of 

stress currently affecting the system. The presence and/or increase in abundance o f some 

organisms may also be used as an indication o f environmental stress and can successfully be 

included in the indicator organism group (Abel, 1996). Such indicator organisms can be found 

in most ecosystems, and may include either faunal or floral species, or a combination o f the two. 

Faunal species are often the most useful indicators, however, as these are generally mobile, and 

consequently may resort to avoidance tactics in case o f both sudden and prolonged stress events 

(Jones and Kaly, 1996). Plants and sessile animals may, nevertheless, be useful, particularly for 

prolonged stress events (Christie, 1985; Bilyard, 1987). In these cases, the presence and absence 

o f various floral or sessile faunal species can be used as an indicator to a particular stress factor 

or a set o f factors. A good example o f  this is the presence o f weedy, fleshy algae and the 

absence o f  calcareous algae in tropical waters suffering from eutrophication (Goreau, 1994a; 

Jones and Kaly, 1996). In some cases, plants may also be used as indicators o f acute stress 

events by, for instance, rapid discoloration o f leaves or fronds due to high levels o f pollutants 

such as heavy metals (Fletcher, 1991). Jones and Kaly (1996) suggested a double-ended criteria 

list for choosing indicator organisms with the selection rules depending on the situation and 

pollutant in question (Table 2.7). They also gave examples o f  general organisms that can be 

chosen in various ecosystems (Table 2.8).

Table 2.7 Double-ended criteria for choosing indicator organisms (after Jones and Kaly, 1996).

Stress 
Abundance 
Distribution 
Population stability 
Life history 
Habitat
Mobility_________

tolerant 
common •<- 

cosmopolitan 
stable 

long-lived -4- 
specialist 

sessile ■<-

moderate

sedentary

susceptible
rare
localised
unstable
short-lived
generalist
mobile

If  indicator organisms can be established in the marine o f freshwater system (i.e. if  the dosage 

responses o f  the organisms are well known), then the need for water sampling is reduced or 

com pletely eliminated. This may therefore greatly decrease the costs associated with 

monitoring, especially the part o f  the costs associated with analysis andinterpretation, but will 

require solid design o f the monitoring process and well-trained staff able to recognise the
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Table 2.8 Key macro-organisms o f  shallow benthic marine habitats for use in water quality indices (after 
Jones and Kaly, 1996).

H a b i t a t O r g a n i s m

Temperate subtidal kelp forest Kelp, grazing urchins, micro-crustacea, fish
Temperate and tropical intertidal rock platforms Micro-algae, grazing molluscs, sessile invertebrates
Tropical subtidal reefs Corals, algae, fish, grazers
Tropical and temperate subtidal soft-sediments Bivalves, crustaceans
Tropical and temperate seagrass beds Seagrass, micro-crustacea, fish
Tropical mangrove communities Mangrove, crabs, fish

indicator species and their stress signals. Moreover, water sampling may be necessary when 

indicator organisms show signs o f stress, in order to establish spatial distribution and possible 

sources o f  the stress factor (Gomez and Yap, 1988). Adequate provision for such sampling 

programmes should also be included in the monitoring design.

2 .4 .2  H ydro log ica l M od ellin g

A second set o f  tools available for coastal management, and which will be discussed when 

assessing possible data analysis techniques for the Negril and Green Island study area in 

Chapter 5, is hydrological modelling. A model can be defined as "a sim plified representation o f  

an object o f  investigation fo r  purpose o f  description, explanation, forecasting  or planning" 

(W egener, 1999, p. 116). In hydrology, then, models are concerned with the hydrological 

processes taking place in the watershed, such as overland flow, throughflow, groundwater flow, 

percolation and infiltration, and can model each o f these for large areas based on limited 

knowledge o f the actual hydrological characteristics o f  the area.

The objectives o f hydrological modelling can be divided into three main categories (Peck et a i ,  

1988):

(1) Prediction: used to predict the behaviour o f water or other solute from a 

limited range o f information, and include temporal and spatial flow patterns, 

contam inant dispersion, pumping rates, well yields and movements o f  saline- 

freshwater interface due to groundwater abstraction.

(2) Identification or evaluation: often employed to assess and calibrate the 

prediction model, or to establish boundaries or thresholds of, for instance, an 

aquifer.

(3) Management: this can be based on a purely numerical prediction model 

computing different scenarios and choosing the best one based on predefined 

criteria, although, often, these models must be far more complex and require 

extensive sets o f criteria and user-input to be considered true management 

models.
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The hydrological models available come in many forms and span from basic equations 

governing flow or dispersion to complex finite element models and fractals. Sahimi (1995) 

divides w ater flow models (and particularly groundwater models) into continuum  and discrete 

models. The former he defines as those based on classical, well established equations o f flow 

and transport, while the latter he sees as those that consider a system as a discrete set o f 

elem ents using large-scale simulations, e.g. Monte Carlo simulations, and statistical methods to 

analyse the flow. The most common types o f  models will be discussed below in the context o f  

surface and groundwater modelling, dispersion modelling and vulnerability modelling.

2 .4 .2  (a ) S u rface  w a te r m o d ellin g

The m odelling o f surface water is concerned with a range o f issues including channel 

developm ent (Yasi and Keller, 1998), velocity and discharge rates (Aguilar et al., 1998; 

Yannopoulos and Demetracopoulos, 1998), erosion and sediment transport (Cheng et al., 1998; 

H adj-Rabia et al., 1998), flooding (Fread, 1993; Pilgrim and Cordery, 1993), and hillslope and 

land-use change processes (Calder, 1993). The basic models concerning velocity, discharge 

erosion and transport were developed during the 19th and early 20th centuries, while more 

complex models requiring extensive data processing have mainly been developed, or at least 

extensively used, along with computer technology over the last thirty years. The models range 

from sim ple one-dimensional models to complex four-dimensional models taking both spatial 

and tem poral factors into account, and are generally based on modified versions o f  basic 

hydrological equations.

The m odels concerned with rainfall-runoff events (e.g. velocity, discharge and flooding) can be 

divided into three broad classes (DeVries and Hromadka, 1993):

(1) Simple, single-event rainfall-runoff models - based on the flood hydrograph, 

using this to estimate average sub-basin precipitation rates, stream flow 

routing, reservoir routing, hydrograph analysis and excess surface runoff 

generation

(2) Continuous stream flo w  simulation models - based on precipitation 

m easurements, catchment parameters (e.g. soil moisture, evapotranspiration 

rates, infiltration rates, subsurface flows) and associated hydrologic response, 

and used for describing the water movement through a catchment, including 

param eters such as overland flow, channel flow, interflow, saturated and 

unsaturated subsurface flow, canopy interception, evapotranspiration and 

snowm elt

(3) Flood-hydraulics models - are only concerned with channel flow and 

floodplains, often subdivided into steady-flow models (generally assuming
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one-dimensional, gradually varied flow in one direction) and unsteady-flow 

models (two- or three-dimensional models taking into account the non-steady 

state o f  most natural streams and rivers)

For the first category o f  models, a range o f  computer models exists, including HEC-1 Flood 

Hydrograph Package, developed by the Hydrological Engineering Center o f  the U.S. Army 

Corps o f  Engineers (Feldman, 1981), Illinois Urban Drainage Simulator (ILLUDAS) developed 

initially by the British Road Research Laboratory and subsequently modified by the Illinois 

State Water Survey (Tsihrintzis and Sidan, 1998), and the Distributed Routing Rainfall-Runoff 

Model (DR3M) developed by the U.S. Geological Survey (DeVries and Hromadka, 1993). All 

these models provide simple simulations and predictions o f  rainfall-runoff events, and are 

usually only valid for single event modelling. In addition, HEC-1 provides flood routing and 

associated flood damage and dam safety calculations.

Examples o f  the more complex continuous stream flow models include another U.S. Geological 

Survey model, the Precipitation-Runoff Modeling System (PRMS) which gives the option o f  

dividing individual catchments into hydrological response sub-units based on their physical 

characteristics determined by a variety o f  factors such as vegetation, slope, soil type, aspect and 

elevation, and can simulate runoff events with time-increments down to 1 minute. Another 

continuous stream flow model is the Systeme Hydrologic Europeen (SHE - European 

Hydrological System) jointly developed by the Danish Hydraulic Institute, the U.K. Institute of  

Hydrology and the French SOGREAH (Abbot, 1986a; Abbot, 1986b). It is a relatively holistic 

model able to simulate a wide range o f  hydrological processes, including subsurface flow, and 

can be applied to irrigation simulation, land-use change scenarios, erosion and sediment 

transport, and flood modelling.

The third type o f  models, flood models, are numerous, and often couple topographic models 

with channel flow and infiltration rates and saturation equations. The Computational 

Hydrological Institute's Diffusion Hydrodynamic Model (DHM), for instance, includes a two- 

dimensional topographic-flow model coupled with an unsteady-flow model, thus including both 

overland flow and channel flow (DeVries and Hromadka, 1993). HEC-2, the Hydrological 

Engineering Center o f  the U.S. Army Corps o f  Engineers' second flow model, computes water 

surface profiles o f  natural rivers and streams, providing important information on stream levels 

under varying conditions, including when flowing through weirs, bridges and culverts {idem). 

The U.S. National Weather Service's Flood Wave Model (FLDWAV) gives extensive modelling 

capabilities for inundation and floodplain mapping, flood forecasting, dam failure simulations, 

and storm sewer system capabilities calculations. It is based on unsteady channel flow
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calculations, and allows the operator to set various boundary conditions for the simulation, 

hence increasing the accuracy o f the model output (Fread and Lewis, 1988).

These models are all based on relatively limited field data input, and often the data derived on a 

local scale is being extrapolated to the regional scale (Loague and Freeze, 1985). The output is 

therefore unlikely to be more than an indication o f what may be observed in nature. Some 

modelling techniques, e.g. moving grids (Zegeling e/ al., 1998) and finite elem ent modelling 

(Heng et al., 1986), attempt to bypass the obstacle o f spatially poor data input through 

sophisticated input parameter modelling. Marrocu and Ambrosi (1998), for instance, found that 

adaptive, non-uniform grid approaches to parameter modelling was a great improvement over 

standard uniform grid models often used in standard parameter modelling. This is also a popular 

technique when modelling the interactions between river flow and tidal currents in estuaries 

(e.g. Dalsecco et al., 1986; Lynch and Werner, 1986).

2.4.2 (b) Groundwater modelling
While overland flow, put very simplistically, is a relatively uncomplicated system governed by 

slope and surface roughness, groundwater systems are characterised by a whole series o f 

influencing factors and the description o f flow and associated parameters becomes more 

com plicated and complex. One o f  the main factors o f groundwater flow is the porosity o f the 

bedrock (Price, 1996). Most bedrock types contain pores or voids within the rock matrix {idem). 

The percentage o f pore space depends on the chemical composition o f the rock, the environm ent 

in which the rock was formed, and on the consolidation stage (i.e. the degree o f  com paction and 

sedim entation) o f the rock (Todd, 1980). Many rocks also exhibit faults, fractures or fissures 

caused by faulting, folding or weathering. Distinction is therefore generally made between 

primary (pore space) and secondary (fractures and fissures) porosity in rock m aterials {idem). If 

the primary or secondary porosity features are further widened through dissolutional processes, 

these features may be referred to as tertiary porosity features (Ford and W illiams, 1989). The 

different porosity features all determine the overall porosity, and the presence o f such porosity 

features, and the interconnectedness o f  these, allow water to enter the bedrock. Once water has 

entered into the rock, it can either flow through it (groundwater flow) and be discharged or 

stored elsewhere, or be stored within the rock itself (groundwater storage).

Water will travel vertically through a permeable bedrock until it reaches an impermeable layer, 

and then start travelling horizontally. If  enough water is entering the bedrock, the horizontal 

movement will be slower than the vertical infiltration, and groundwater starts accumulating. It is 

hence possible to distinguish between two distinct zones within the bedrock; the saturated zone, 

where inflow exceeds outflow, and water is being stored in available pore spaces, and the
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ab o v e-ly in g  unsaturated or vad ose zon e, w here ou tflow  ex ceed s in flow , and w ater is fed into the 

saturated zon e  (Ford and W illiam s, 1989). The boundary betw een  the tw o  zon es is called  the 

w ater table or phreatic surface, and the exact vertical p lacem ent o f  this w ithin  the bedrock w ill 

depend on the am ount o f  w ater infiltrating into the rock at any given  tim e (Price, 1996). 

C onsequ en tly , the water table is not static.

The flo w  through the bedrock w ill be guided by tw o  main principles; Darcian f lo w  and conduit 

(ch ann el) flow . In a bedrock dom inated by primary porosity, the flo w  is governed  by Darcy's 

Law  o f  1856 (B ow en , 1986). T his law  assu m es that the m aterial through w hich  the w ater flo w s  

is h om ogen ou s and isotropic, that there is no capillary zon e, and that there is a steady state o f  

f lo w  (W ilson , 1990). Darcy's Law states that the rate o f  f lo w  ( 0  o f  a aquifer area (A)  is d irectly  

proportional to the hydraulic gradient (/):

Q = vA==-KiA (Eq. 2.1)

w here v is the sp ec ific  v e lo c ity  o f  the water (m easured as the tim e taken to pass betw een  tw o  

reference points), and K  is the hydraulic con d uctiv ity , or a m easure o f  the perm eability  o f  the 

bedrock m aterial, a lso  term ed the perm eability co effic ien t (H erm ance, 1999; C hilton , 1996). 

The hydraulic gradient (/)  can be found by calcu lating the d ifferen ce betw een  the lev e ls  o f  

potentiom etric surface at tw o points in the bedrock d ivided  by the f lo w  d istance betw een  the 

tw o , and is often expressed  as d(p/dl, w here (f) is the potential head and / the flo w  d istance. If  

sligh tly  m odified , th is relationship  can a lso  be used to describe f lo w  in less idealised  situations  

(see  for instance W hite (1 9 8 8 ), W ilson  (1 9 9 0 ) and H aitjem a (1 9 9 5 ) for exam p les o f  p ossib le  

m odifications).

There are situations where m odifications o f  Darcy's Law are not su ffic ien t to describe  

groundw ater flow . O ne o f  the best studied o f  these is karst bedrocks. T h ese are bedrocks rich in 

tertiary porosity features, and are often particularly w ell d eveloped  in lim eston es. Karst features 

m ay a lso  d evelop  in som e d o lom ites and sandstones.

W hen water flo w s over and through lim eston es, w ater and carbondioxide react w ith the ca lc ite  

in the lim eston e to form calcium  and bicarbonate through d isso lu tion  (S in ghal and Gupta, 

1999):

C3C O 2 H 2 O + CO 2  = CaCOj + H2 CO 2 = CsLj + 2 HCO3 (Eq 2
Dissolved Ions
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As the presence o f primary and secondary porosity features facihtates the contact between water 

and calcite, dissolution may be an important erosional process in limestones. The shaping o f 

limestones through dissolution processes result in a series o f distinct surface and subsurface 

features, and these are often referred to as karst (Sweeting, 1972).

The physical characteristics such as flow and storage o f  groundwater in karst areas varies 

greatly from those o f non-karst areas. In many ways, karst flow can be compared to surface flow 

(Ford and W illiams, 1989). In well-developed karst bedrocks, the extent and size o f solution 

channels can be significant, and underground flow can be described as underground river flow 

rather than movement through pore space, with flow rates through the solution channels 

som etimes reaching several kilometres per day (W hite, 1988).

The developm ent o f solution channels within the bedrock is dependent on several factors. The

presence o f  three specific features (bedding planes, joints and faults) in particular, determines

the pattern o f solution channel formation (Ford and W illiams, 1989). In limestones, bedding

planes develop as the sediments are deposited in the marine environm ent (W hite, 1988).

Interruptions to the deposition caused by short-term events such as storms, or long-term events
U -C

such as clim ate change, cause inconformities in the bedding, often evident by a fine layer o f 

clay, and the presence o f chert nodules {idem). These inconformities represent the bedding plane 

partings. If  these partings are large enough to allow water to flow through, or if the bedrock 

ruptures along these planes under mechanical stress, they represent important conduits for water 

(Ford and W illiams, 1989). From studies carried out on cave genesis, it seems that the presence, 

thickness and dip o f bedding planes, as well as the characteristics o f the bedding plane partings, 

are crucial in solution channel development, and several o f  the most extensive known cave 

systems have developed along the bedding plane partings o f thick-bedded limestone {idem).

Joints are another feature that may have great significance in solution channel development 

(W hite, 1988). Joints are simple fractures not causing any significant vertical or lateral 

displacement o f strata, and may occur during formation o f the bedrock, tectonism and loading 

or unloading o f overlying strata {idem). They may also be caused by tensional and shear forces 

exerted on the bedrock (Ford and W illiams, 1989). Joints generally form at 90 degrees to the 

bedding planes, ai;d therefore may represent important conduits for water movem ent between 

bedding plane partings {idem).

Faults are generally large-scale fracture features caused by tensional or compressional forces 

exerted on the rocks, and are associated with vertical and/or lateral displacement o f  the bedrock. 

Faults caused by tensional stress often present wide openings into the bedrock, thus being
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important entry-zones for water (Ford and Williams, 1989). Compressional faults, on the other 

hand, may not necessarily allow water flow into the bedrock {idem). Even wide faults may not 

allow water flow to pass through, however, as they may be filled up with breccia or cemented 

by low permeability calcite (White, 1988).

The flow through the limestone will initially be guided by Darcian principles. At this point, the 

bedrock is isotropic, and pores and fissures may provide pathways for the waterflow in any 

direction (White, 1988). The flow will be guided by the hydrologic gradient, with water flowing 

along the steepest and shortest route. However, as the porosity and permeability varies, water 

will flow preferentially along high porosity and permeability pathways, i.e. where the flow is 

least hindered {idem). These conditions are likely to be found along bedding planes, joints and 

open faults (Figure 2.5). i f  the flow is mainly along these features, the flow may be largely 

anisotropic, but often it is still generally guided by isotropic principles (Ford and Williams, 

1989).

Groundwater modelling itself is in a way a two-stage process. As bedrocks are solid, three- 

dimensional entities, it is virtually impossible to sample every part o f  them to establish the 

variation in characteristics across the whole rock. Consequently, there must be a reasonable 

model o f  the bedrock itself prior to applying a model of, for instance, flow through or dispersion 

within the rock.

For porous bedrocks, the approach is often one of assuming that the rock properties (e.g. 

porosity, permeability) are uniform throughout, or that the change can be estimated from a small 

number o f  sampling points from which the properties o f  the rock at any given point can be 

determined. This latter is generally either done through a continuum, interpolation or filter 

model (i.e. the properties change across the rock according to a continuum from one sampling 

point to the next) (Eppstein and Dougherty, 1998; Sullivan e? a/., 1998), or a finite difference or 

finite element model (i.e. where the rock is divided into a 2D or 3D matrix, the nodes o f  which 

are sampling points, and each unit is assumed to possess one specific set o f  characteristics, and 

therefore exhibit uniform flow) (Herrling and Heckele, 1986). These models often provide good 

approximations, but are not entirely accurate as most bedrocks exhibit a large degree of 

randomness in the distribution of, for instance, grains and pores.

For fractured and karst rocks, however, assuming homogeneity or continuum is less valid. 

When modelling fractured rock, the fracture network must in some way be characterised. As 

discussed above, in karst rocks, general trends can be derived from basic knowledge o f  the rock 

chemistry, depositional genesis and post-deposit deformations. As a general rule, there are four
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individual fracture ciiaracteristics that are important when modelling a fractured (karst or non- 

karst) rock(Sahimi, 1995):

(1) fracture surface roughness - determining the flow regime o f  the conduit and 

providing information on the temporal development o f  the fracture

(2) fracture aperture - determining permeability

(3) fracture-trace length - indicating the connectivity o f  the fracture network

(4) fracture orientation - quantified by its strike and dip and indicating direction 

of flow

There are also two fracture network characteristics, which give important information for the 

model {idem):

(1) fracture density - either as a two dimensional value, defined as the sum o f  

fracture-trace lengths per unit area, or as a three dimensional value, defmed as 

the average fractured surface per unit volume o f  rock

(2) connectivity o f  the fracture network - determining overall permeability

Knowing some or all o f  these parameters, the fracture or conduit network has been attempted 

modelled through a variety o f  approaches, including fractals (Sun and Koch, 1998), finite 

element analysis (Guvanasen et al., 1986; Neunhauserer et a!., 1998) and automatic grid 

adaptation (Kaiser (?/ al., 1998). Often, though, the approach is one o f  considering the fractured 

bedrock as a blackbox, i.e. a unit o f  unknown characteristics. If something is known about the 

quantity and areas o f  input and output, it is possible to infer the general characteristics o f  the 

bedrock through inverse methods (Peck et al., 1988), e.g. through using basic equations such as 

Darcy's Law, Laplace's equation and Hagen-Poiseuille's equation, as well as more complex 

relationships. A good example o f  this is provided by Garfias et al. (1998). They used a 

combination o f  inverse, dual-porosity (finite element) and blackbox approaches to establish the 

flow through a karst aquifer in Itxina, Spain. Although they knew a lot about the aquifer, the 

general conduit network was not sufficiently known to allow a true network analysis to be 

applied. By establishing a dual-porosity three-dimensional matrix, and establishing points of 

known inflow and outflow, they could run several scenarios to establish a likely water level 

distribution across the aquifer.

Once the bedrock properties have been established, the water flow can be modelled. The model 

for determining water flow, be it direction, quantity, velocity or pumping rates, can take any 

form from one- to three-dimensional (ID  not applicable to flow direction), and again include 

fractals (Sun and Koch, 1998), finite element or finite difference (Ferraresi, 1989; Herrling and 

Heckele, 1986), lattices or matrices (Genty e/ al., 1998; Li et al., 1998), networks (Sahimi,

54



1995), continuums (Jansen et al., 1998), or any combinations o f these. The success o f each 

approach depends on the initial data, the bedrock param eter modelling and the applicability o f 

the model used to the situation studied. Again, the inverse approach can be used if  parameters 

relating to the flow are known (Kool et al., 1986; Gomez et al., 1998; Konecny, 1998; Yu and 

Dougherty, 1998).

2 .4 .2  (c) C o n tam in a tio n  tran sp o rt m o d ellin g
Contam ination transport modelling is a sub-type o f hydrological m odelling concerned with the 

dispersion and distribution o f a contaminant based on the flow pattern o f  water. It looks at the 

physical and chemical properties and behaviour o f the contaminant (e.g. viscosity, solubility, 

adsorbency, colloidal properties), and attempts to predict its behaviour in water and the 

surrounding environment (e.g. river bed, aquifer bedrock). Practically, this involves using 

extensions o f  water flow models, either by integrating the physical behaviour o f the 

contam inant into the existing water flow model, or by coupling the water flow model with an 

external contam inant behaviour model. In either case, the output usually indicates the 

contam inant concentration, and its spatial and temporal distribution throughout the 

contam inated media. Several different models exist, concerning a variety o f  contaminants 

ranging from nitrate to pesticides to hydrocarbon products. Environmental indices will be 

developed for the Negril and Green Island study area, and the issues raised in this section will 

be discussed and assessed with particular reference to the study area in Chapter 7.

2 .4 .3  Ind ices

In addition to models, the need for analysing data that might be incomplete, overly complex, or 

abundant, has also led to the development o f indices (Shafer, 1999b; M uller et al., 2000). Such 

indicators or indices have been defined as "means devised to reduce large quantities o f  data to 

its simplest form , retaining essential meaning fo r  the questions that are being asked o f  the data" 

(Ott, 1978). From an integrated environmental management perspective, this is usually extended 

to include indices as measures o f  change in the state o f the environment or human activities 

with respect to a set standard, objective or value (M alkina-Pykh, 2000). In this way, the 

environmental index attempts to summarise and communicate a range o f  information in a way 

that is pertinent or indicative to the goal o f  the management effort, highlighting emerging 

problems and effectiveness (or lack o f  such) o f the current policies (Lenz et al., 2000), thus 

providing a basis upon which to form or evolve a management strategy.

In its simplest form, an environmental index is often used to provide simplified or aggregated 

data for the analysis and/or display o f spatial and temporal variations, and is seen as the ultimate
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aggregation o f information often presented as the tip o f  the information pyramid (van Straaten,

1999) (Figure 2.6). In the 1970s and 1980s, such indices were largely produced to provide static 

descriptive information on the state o f the environment, often employing subjective relative 

ranking techniques and simple additive aggregation methods. In the 1990s, with the rise o f 

concepts such as sustainability, holistic management and m ulti-criteria decision making, much 

criticism has been voiced at the original simple reductionist approach to categorising 

environmental data for index purposes. They are seen as failing when applied to m ulti

disciplinary, large-scale, global phenomena (Pykh et al., 2000), and not taking into account 

vertical (linkages between cause and effect) and horizontal (cross-linkages between various 

causes and effects) integration issues (M alkina-Pykh, 2000). The new-generation environmental 

indices, therefore, concentrate on what is often referred to as the holistic, integrated, systems- 

oriented approach, providing a conceptual framework on which to base the index development. 

The indices should be based on one o f three general frameworks; the "pressure-state-response", 

the "pressure-state-impact- response" or the "driving force-state-response" frameworks (Lenz et 

al., 2000). In this context, pressure  describes the driving forces underlying the continuous 

changing pressure on the environment. State refers to the changes in the physical, chemical and 

biological state o f the biosphere. Impact is the effect any anthropogenic interventions may have 

on the environment. Response reflects any influence the users exert on the environment and/or 

human activities {idem). Thus, these conceptual framework indices take into account the state o f 

the environmental system and how any added pressures or positive interventions may influence 

this state. Based on this, the indices can be used in much the same way as scenarios (Schultink,

2000). Popp et al. (2000), for instance, used conceptual framework environmental indices to 

assess the sustainability o f  competing management policy alternatives to soil management in 

Piedmont, Virginia, while Levy et al. (2000) included socio-economic utility values in their 

conceptual framework index when determining management alternatives for spruce-budworm 

regulation in spruce forests in New Brunswick, Canada.

W hile the descriptive indices are largely far less complex than the conceptual framework 

indices, they should not be seen as incorrect or inferior. They are perfectly suited to the 

purposes for which they were developed (i.e. simplification and visualisation), and do not 

purport to be measures o f sustainability or even to include sustainability in their input and 

output parameters. M oreover, this type o f index is often preferable in project-based applications 

where the project area, its objectives and components are well-defined (W inograd et al., 1999). 

The conceptual framework indices were developed to m eet a requirem ent that previously (and 

m many current applications) was not o f  any concern to the scientists and decision-makers. 

They need to include rigorous statistical and econometric analysis o f  sustainable components 

(Hardi and DeSouza-Hutley, 2000), and as such become far more complex than the first
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generation environmental indices, and thus also require input far too complex for many 

environmental management studies. They are particularly well-suited in situations where a 

broader perspective is needed, such as when looking at environmental management on a 

regional or national scale (W inograd et al., 1999).

2 .4 .3  (a) D ev e lo p in g  an index

A wide range o f  environmental indices has been produced for a variety o f  purposes. Pykh et al. 

(2000) classified environmental indices into the following broad categories based on the 

purposes to which the indices have been developed:

(1) Resource Allocation', assisting managers in allocating funds and in 

determining priorities.

(2) Ranking o f  Locations', assisting in comparing spatial variations in 

environmental quality and conditions.

(3) Enforcement o f  Standards', assisting in determining the degree to which 

legislative standards and existing criteria have been met or been exceeded.

(4) Trend Analysis', assisting in determining temporal changes in environmental 

quality and conditions.

(5) Public Information', informing the public about environmental quality and 

conditions.

(6) Scientific Research: providing insight to the researcher by reducing a large 

quantity o f  data to a simpler, aggregated form.

The purpose o f a particular index may include one or more o f those listed. However, when 

developing an index, it is important to identify the end-use(s) and the end-user(s) {idem). As 

these will differ from one application to another, the parameters used and structure o f  the index 

may vary, and, in most cases, an index is developed as a compromise between the needs for 

scientific accuracy, informativeness and usefulness for deducting management strategies 

(Opschoor and Reijnders, 1991).

Common to most indices, though, is that they are qualitative measures o f  one or more discrete 

phenomena, indicating the state o f  those phenomena on a scale or range (Alfsen and Saebo, 

1993). W hat the scale or range is a measure of, depends on the application o f the index. It could 

be anything from vegetation cover to crop yield to carbon dioxide levels to earthquake risk. The 

scale itself is often given as a range between two extremes, and the extremes usually being 

something like "natural" (or "background" or "pristine") and "extremely abnormal", with 

observed values being recorded as somewhere in between the two extremes (Inhaber, 1976). 

The extremes can also be o f the type "not at all" and "absolutely", with neither indicating a 

normal or abnormal condition, but rather two opposites o f  a continuum  {idem). The format o f
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the index may also vary, and the most common formats are discrete or cardinal numeric 

categories (e.g. whole numbers from 0 to 10), percentages (e.g. 0 to 100%) and descriptive or 

ordinal categories (e.g. high to low) (Pantell, 1976).

Regardless o f  the format o f an index, an environmental index offers a discrete value describing 

a phenomenon at a particular location at a particular time. It can therefore be useful for 

comparing spatial and/or temporal variations o f the said phenomenon. Perhaps the two most 

valuable aspects o f indices are that they offer a way o f  (a) rendering continuous variables 

discrete (e.g. classifying carbon dioxide levels into "high", "medium" and "low") and (b) 

categorising m athematically unmeasurable variables (e.g. classifying people's perceptions o f a 

visual impact into "none", "low", "medium", "high" and "very high"). These aspects make the 

categorisation o f data according to some predefined standard easier, and offer a tool for 

relatively rapid and uniform comparison o f values between sites and between time periods.

W hile a basic indicator categorising one single phenomenon can be useful, the combination o f 

several basic indicators into one larger compound index is usually the norm as this firstly 

simplifies and secondly integrates several datasets, ultimately (provided the index is robust) 

providing a better understanding o f the interrelationships between the different parameters 

(M alkina-Pykh, 2000). To develop such a compound index, it may be necessary to give certain 

parameters more weight than other parameters, as often some param eters have an overall greater 

impact on the phenomena studied (Pantell, 1976). For instance, a bathing water index developed 

to indicate risk to human health may call for giving high weights to coliform  counts and low 

weights to phosphorus and nitrate concentrations in order to provide sensible compound 

information. This may also prevent the problem  o f "eclipsing", a phenom enon first described by 

Ott (1978). This involves the final index showing an "acceptable" value or condition even 

though "unacceptable" conditions are presented in one o f the input data sources (Hyatt, 1999). 

For instance, in the example o f the bathing water index above, not using a weighted calculation 

could result in an area showing high levels o f coliforms (unacceptable condition) being eclipsed 

by low levels o f  nutrient concentrations, thus showing acceptable bathing water scores in the 

final index. The use o f such compound indices has to be treated with caution, however, as there 

will always be problems related to source data accuracy and robustness.

The choice o f indicators to be included in the index calculation requires serious considerafion o f 

the aims and objectives o f  the index, as well as the suitability o f each indicator. W inograd et al. 

(1999) list the following criteria for indicator selection:

(1) Direct relevance to project objectives or problems

(2) Limitation in numbers
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(3) Clarity in design/definition

(4) Realistic collection o f development costs

(5) High quality and reliability

(6) Appropriate spatial and temporal scale

2 .4 .3  (b) E x am p les o f  m an ag em en t-re la ted  en v iro n m en ta l ind ices

In w ater quality term, a series o f well-established indices exists. For instance, several biological 

indices relating to freshwater water quality have been developed based on the presence and 

absence o f various invertebrate species (e.g. Trent Biotic Index (W oodiwiss, 1964), Chandler 

B iotic Index (Chandler, 1970), Biological M onitoring W orking Party-score (ISO-BMW P, 

1979). Similarly, in coastal waters, the presence and absence o f  faunal and floral species are 

also often used as a basis for biological water quality indices (Section 2.4.1 (b)), and ecological 

species diversity and species richness indices have, for instance, been used to assess coastal 

eutrophication status (Kitsiou and Karydis, 2000).

W hile such indices are useful for establishing short-term and long-term water quality, they do 

not necessarily give an indication as to what may be the cause o f the observed water quality, nor 

do they indicate if  the quality observed is o f natural or anthropogenic making. To be useful from 

a watershed management point o f  view, a water quality index should also reflect the physical, 

ecological and anthropogenic conditions o f  the watershed and how these affect the water quality 

(Om emik, 1995; Bryce et al., 1999; He et a i ,  2000). Such considerations form the basis o f  a 

series o f landscape indices which take the stance that any change in the landscape structure will 

cause a change in the energy and nutrient fluxes o f  the associated physical and biological 

systems, and subsequently also in the number and composition o f species (Turner, 1989; Hobbs, 

1997). He et al. (2000), for instance, suggest that by developing a watershed-landscape index 

which includes factors such as landscape patterns (e.g. patches, edges, species diversity) and 

resulting energy and m atter fluxes (e.g. solar energy, temperature, evapotranspiration, 

norm alised differential vegetation index (NDVI) nutrients, soil erosion, sedimentation, BOD) 

(Figure 2.7), it is possible to provide managers with a powerful tool to detect and evaluate the 

condition o f  watersheds.

A special group o f  indices gaining popularity within environmental management is the 

environmental sensitivity indices (ESIs) or environmental risk indices (ERIs). These are indices 

that indicate how sensitive a certain resource is to a perceived threat, or how much o f a threat an 

activity poses to a resource. There are several examples o f these sorts o f  indices, including soil 

degradation (Huffman et al., 2000), coastal vulnerability to oil spills (Nansingh and Jurawan, 

1999; Price et al., 2000), vulnerability o f pastoral communities to outside environmental and
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non-environmental pressures (Smith et al., 2000), risks o f forest fires (Vidal et al., 1994; 

Niifiez-Regueira et al., 2000), ecotoxicity and health risk from waste leachate (Assmuth, 1996), 

to mention but a few. Each o f these can be combined to aid management decisions, and the 

more aspects o f  physical, biological and anthropogenic factors the index integrates, the more 

useful it is as a management tool. A good example o f  an integrated watershed management 

index is the Forest Land Planning Index suggested by Olson and Orr (1999). They combined 

surface topography, vegetation, timber growth, wildlife habitats, erosion hazards, mass wasting 

hazards, hillslope sediment hazards, channel networks and fish habitat and channel sensitivity to 

produce a watershed relative risk index, which then formed the basis for their forest land 

planning process. The index takes into account cumulative impacts, and, while the data input is 

not exhaustive, is likely to give an insight into the overall impact o f  any change to the 

m anagem ent area.

A further example, o f  particular interest to this study, is Stednick and co-workers' (1998) effort 

to develop an ERI for the coastal watersheds o f  Belize. This programme was based on a need 

for distinguishing between high risk and low risk watersheds for then to prioritise water quality 

m onitoring efforts. There was a distinct lack o f detailed data on contamination loading and 

runoff processes available to the study. Thus, the indexing effort became a subjective process, 

with the initial categorisation o f each o f the input parameters being subjective, but based firmly 

on available literature and general knowledge o f  the study area. The authors nonetheless found 

that by including data on agricultural land, urban land, orchard cover and industrial activity, an 

approximate ERI could be established, giving a rough indication o f the mass (concentration and 

discharge) o f the water quality contaminants in each watershed. This ERI, then, could usefully 

be employed to help prioritising the subsequent water quality monitoring, as long as the 

assumptions made in developing the index were taken into account.

Another popular application o f ESIs is for the development o f groundwater vulnerability indices 

(GVIs). Several indices have been developed based on country-specific needs and conditions. 

Some o f  the more widely used GVIs are DRASTIC and EPIK. DRASTIC is based on a 

combination o f seven physical and chemical characteristics o f  an aquifer; Depth to water table, 

Recharge, Aquifer media. Soil media. Topography, Impact o f the vadose zone, and hydraulic 

Conductivity (Aller et al., 1987). Each o f  these is assigned a weight from 1-5 depending on their 

influence to the overall contamination potential. In addition, each variable is classified into 

ranges, which in turn are given a rating with respect to contamination vulnerability. By 

combining these, the overall DRASTIC vulnerability rating is obtained. This index is developed 

for the use on relatively large study areas, and is therefore suited for regional assessment (Kelly 

and Lunn, 1999). In smaller areas, the variation in geology and soil type may be too small to
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allow differentiation by using this index {idem). M oreover, DRASTIC is not reliable when used 

on karst systems (Sendlein, 1992).

EPIK was proposed by Doerfliger and Zwhalen (1997) as a GVI specifically aimed at karst 

aquifers. This GVI considers an aquifer's Epikarst (surface karst features). Protective cover 

(soil). Infiltration conditions and Karst drainage to determine the aquifer sensitivity to 

contamination. However, as it relies heavily on groundwater tracing, as well as aerial photo 

interpretation, geophysical data and geomorphologic mapping (Veni, 1999), the application o f 

this index may become costly, especially in areas where little hydrogeological work has already 

been carried out.

2 .4 .4  L im ita tio n s  o f  M o d ellin g  and Index  U se

W ith all types o f  modelling and index use, it has to be kept in mind that the algorithms 

employed are true (or close approximations) only under the conditions in which the original 

algorithms were established, and that the model or index is only "an abstraction o f  the real [ ...]  

system" (He et al. 2000, p. 29). The original algorithm would either be established in an 

empirical situation (e.g. a study area) or a theoretical situation (e.g. a laboratory study). Once 

the boundaries o f the original situation are removed, there will be new slight differences in the 

behaviour o f each parameter, and ultimately in the output o f the algorithm. D ifferent algorithms 

applied to the same problem, therefore, will never yield exactly the same output (Gomez- 

Hemandez and Gorelick, 1988). Moreover, the output will depend on the initial data and how 

well these depict the true situation (Frind and Molson, 1989). Instinctively, a denser sampling 

program will yield a better baseline on which to establish a model or index than a sparse 

sampling program. In the same way, the greater the accuracy o f the data, the better the 

interpretation o f the modelling or index algorithm will be.

Nevertheless, models and indices provide valuable insight into the behaviour o f a system, and 

often also provide a visualisation o f a problem  otherwise too abstract to envisage through the 

imagination alone. W hile they do not provide absolute truths, they may be seen as important 

aids in the decision-making process, provided the decision-m aker is aware o f the limitations o f 

the algorithms and therefore is able to extract the correct information. In this way, models and 

indices become "tools fo r  thinkers, not crutches fo r  the thoughtless" (Soule, 1987, p. 179), and 

decisions derived from these should only be drawn with caution. It must also be noted that the 

more complex a model or index is (i.e. the more data needed to be input, the more conditions 

needed to be met, the more complex the boundary conditions imposed), the less likely the 

decision-manager is to fully comprehend the limitations and caveats associated with the output. 

Consequently, this should be kept in mind when choosing a model or index.
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2 . 5  A n I n t e g r a t i v e  T o o l  -  G e o g r a p h i c  I n f o r m a t i o n  S y s t e m s

Each o f the tools that have been discussed so far may be used in isolation to provide the

manager with a basic understanding o f the system, and to m onitor changes that are taking place. 

However, as the current trend in coastal management is one o f integrated approaches to 

management using the different tools and methods in combination  is likely to provide a better 

and more holistic depiction and understanding. Due to the coastal system being highly complex, 

the use o f  a multitude o f  methods and tools is opposed by the quantity o f input data needed in 

and output data generated through this approach. W hile many coastal m anagement initiatives do 

use the combination approach, it is likely that the effectiveness and speed with which analysis 

and data comparisons are perform ed are not maximised. A way around this is to use a tool that 

is capable o f  integrating all data and analysis needs. Geographic Information Systems (GIS) 

have been suggested as a contender for such an integrated tool, and are more and more 

frequently used in coastal management initiatives, both as a data storage and organisation tool, 

and as an analytical and modelling tool. In this study, the GIS technology will be used as the 

main tool for data integration and analysis, and the techniques presented in this section will be 

revisited in Chapters 5 to 8.

2.5.1 W hat is G IS?

It is difficult, if  not impossible, to give a finite, precise definition o f  Geographical Information 

Systems (GIS). This is partly because GIS is a continuously evolving discipline (Longley et al, 

1999), and partly because it has been adapted to a wide variety o f fields (M aguire, 1991). In 

essence, GIS can be said to be a system for capturing, storing, checking, manipulating, 

analysing and displaying geographically referenced data (DoE, 1987), the procedures o f which 

can be either manual or computerised (Aronoff, 1989).

W hile manual spatial analysis has been an important com ponent o f  cartography, geoscience and 

associated fields during most o f  the twentieth century, employing computers to perform this 

type o f analysis has only been carried out since the early 1950s, when this idea seems to have 

developed independently in several different countries (Tomlinson, 1990; Coppock and Rhind, 

1991). However, it was only with the improvement o f  com puter perform ance and affordability 

o f computer technology in the early 1980s, that GIS boom ed as a technology (Coppock and 

Rhind, 1991; Longley et al., 1999). The result is that, today, GIS has become an important 

computer analysis, management and decision-making tool in a wide range o f disciplines (Table 

2.9).
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Table 2.9 Some articles containing discussions and examples o f  GIS use in various disciplines.

D i s c i p l i n e s R e f e r e n c e s

Social and physical geography O'Callaghan and Gamer (1991) 
Robinette (1991)
MacDevette et al. (1999)

Engineering, including utilities and transport engineering Shamsi (1995), 
Meyers (1999) 
Waters (1999)

T elecommunications Saeed(1993)
Barata (1996)
Dair and Oldfield (1996)

Hydrology and hydrogeology Quinn et a/. (1991)
Clark (1993), V ieux(1995) 
Ciabatti et al. (1998) 
Schepel(1998)

Oceanography and coastal/marine management Townshend (1991) 
Garrett (1995) 
Bianchin et al. (1998)

Earth sciences Bonham-Carter (1991) 
Gomez-Femandez (1998)
Macedo and Nunes da Silva (1998)

Soil sciences Burrough (1991)
W ilson and Gallant (1996) 
Wilson (1999)

The military Chorley and Buxton (1991) 
Weibel and Heller (1991) 
Peuquet and Bacastow (1991) 
Swann (1999)

Planning authorities Cowen and Shirley (1991) 
Taylor (1991), Schuller (1992) 
Webster (1993; 1994)
Batty (1995)

National health services Chorley and Buxton (1991) 
Gatrell and Loytonen (1997)

The GIS approach to spatial analysis differs from the traditional scientific approach (Figure 2.8) 

(Getis, 1999). Firstly, it allows greater quantities and ranges o f  data to be included in the 

analysis, rather than having to determine the specific data needs early on in the project planning 

stage. The GIS approach, however, allows the user to explore num erous potentially valuable 

datasets with little added effort (although the number o f datasets used may be limited by cost 

and availability). Secondly, the GIS approach allows the user to specify the spatial reference 

system most appropriate to the application, rather than having to settle for the reference system 

dictated by the basedata. During the analysis stage, the GIS approach offers the possibility o f 

exploring and analysing the data using a variety o f different methods without adding 

significantly to the time spent performing the exploration and/or analysis. Consequently, the 

GIS approach offers a tool to aid the selection o f  the most appropriate available analysis 

techniques. Finally, while the traditional approach usually concludes by the production o f a 

written report accompanied by graphs and simple graphics, the GIS approach allows the 

production o f  a much wider array o f graphics, including most standard map representations as
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well as the use of multimedia presentation techniques. It appears, therefore, that the GIS 

technology offers a valuable extension to the traditional spatial analysis, and as such, should be 

well suited to integrated coastal management.

The data manipulation and data analysis tools offered by the GIS technology are many and 

diverse. The technology allows integration of different types o f data from a variety of sources. 

Once integrated, the data can rapidly and easily be edited, manipulated and reclassified to suit 

the needs of the user. Individual datasets can be combined or features can be eliminated. The 

data can be visualised for identification and assessment of tempo-spatial patterns, and the 

combined visualisation o f two or more datasets allow analysis and evaluation of each individual 

dataset, as well as the entire database as a whole. In addition, the GIS technology offers tools to 

establish quantitative measures and relationships between datasets, and can be used to 

extrapolate or enhance the data already contained in the database through interpolation and 2D 

and 3D-modelling.

2.5.2 Data for GIS Analysis
Most types o f spatial data (e.g. maps, numerical data, textual data, images) can be integrated 

into a GIS (Goodchild et al., 1991). When considering data for GIS applications, it is important 

to distinguish between spatial and non-spatial data (Fisher, 1991). The spatial data are the 

geographic footprint specifying the location, shape and extent o f a feature, and given that these 

will be the geographical components of the GIS they form the basis of any GIS (Maguire, 

1991). This spatial data can be obtained from a range of different sources, most important of 

which are maps and remotely sensed images. Non-spatial data are data that describe the 

geographic feature, either in textual, numeric or imagery format. The non-spatial data, then, act 

as a complement to the spatial data. Such non-spatial data are termed attribute data, and 

represent the information that is queried and analysed in the GIS.

The types of data included in a GIS database will necessarily depend on the purpose to which 

the database is to be put. In the context o f coastal management, likely datasets would include 

those that describe the physical (e.g. geology, land cover, coastal currents), environmental (e.g. 

land-use, water quality, faunal and floral surveys) and socio-economic (e.g. settlement 

distribution, development plans, industry) states of the management area. In addition, the choice 

of datasets will be affected by a series of technical, economic and political issues, including:

-  Availability: Some datasets are not available simply because they have never 

been collected/surveyed.
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-  Accessibility: Some datasets may not be available due to restrictions o f  access.

The restrictions may be imposed by a range o f issues, including:

• Privacy  (e.g. data related to the individual, such as medical 

records and addresses)

• Secrecy  (e.g. commercial data giving the company owning the 

data competitive advantages over other companies)

• Security  (e.g. military data)

• Location (e.g. the data are not locally available)

• Cost. The dataset may be too expensive.

• Quality. The necessary datasets may be available, but not be o f

the quality required for providing the necessary information or 

accuracy. This may be related to such data quality issues as scale, 

resolution and currency.

A further limitation to the choice o f datasets is simply finding out what data are available for the 

management area. This may require either a good knowledge o f  sources and data providers, or 

good detecting skills and determination. Over the past five years or so, however, much effort 

has been put into attempting to establish data clearinghouses and geolibraries. A data 

clearinghouse is a searchable database containing information on datasets, including 

information on where these can be obtained from (Guptill, 1999). Geolibraries go one step 

further, and provide users non only with a searchable database and metadata, but also with the 

data in digital format for direct download (Goodchild, 1998). However, both data clearinghouse 

and geolibrary initiatives are still only in their infancy. The technology is there, several 

initiatives have been launched' (some have even been around since the early 1980s), but their 

coverage is still extremely limited. For instance, most o f the developed countries have produced 

or are in the process o f  producing data clearinghouses for their spatial data. The rest o f  the 

world, and particularly the developing countries, however, is lagging behind. Nevertheless, data 

covering developing nations, but which have been produced by developed nations, may appear 

in the developed countries' data clearinghouses and geolibraries, and many international aid 

organisations prioritise developing data clearinghouses for their core areas. The United Nations 

Environmental Program (UNEP), for instance, has created a spatial data clearinghouse as part o f 

their Caribbean Environment Program^. In addition, the Caribbean Integration o f  Information

' Examples of data clearinghouses can be found at;
UK Ordnance Survey National Geospatial Data Framework - datalocator.askgiraffe.org.uk/Search.htm 
US Federal Geographic Data Committee Clearinghouse - www.fgdc.gov/clearinghouse/index.html 

An example o f a geolibrary can be found at:
Alexandria Digital Library (ADL) - www.alexandria.ucsb.edu 

 ̂ w'ww.cep.unep.org/search/search.html
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Technologies and Regional Co-operation (CARIBTIC) is well underway to producing a data 

clearinghouse^ Whether this is a spatial data or resource data clearinghouse is unclear, however.

2.5.3 GIS and Monitoring
GIS offers a range o f  tools that can be used successfully in monitoring programs. These include 

(but are not limited to) data storage and updating, data analysis and data visualisation. Each of 

these capabilities will be discussed with particular reference to the point location data used in 

most monitoring programmes.

2.5.3 (a) Data Storage and Updating
As discussed in Section 2.4.1, monitoring within a coastal management programme should 

include a series o f  defined sites at which periodic sampling should take place. Such samples 

could include water samples, air samples, soil samples and vegetation surveys. The information 

thus obtained would either be numeric (as with water or atmospheric quality samples), 

descriptive (e.g. a species list), or a combination o f  both (e.g. vegetation cover or damage 

reports). All these types o f  data can be stored within the GIS, and as the monitoring programme 

progresses, the database can be updated and kept a jour. While such storage and updating is 

possible within any standard database, the advantage o f  using GIS for data storage is that the 

information is directly linked to the geographical location o f  the site, and it is thus possible to 

display the variations in map format.

2.5.3 (b)Interpolation
Another advantage o f  using GIS for storing monitoring results is that within the GIS software, 

there is a range o f  tools for exploring the dataset and the spatial variations observed. One o f  the 

most powerful o f  these tools is interpolation. Interpolation is a mathematical way o f  extracting 

information for a large area from a small number of sampling points (Myers, 1997). It is usually 

based on a series o f  x,y,z-values, where x and y are the geographical co-ordinates, and z is a 

numeric value representing a measured value. Thus, for a well piezometric height sampling 

scheme, x and z represent the grid co-ordinates of  the wells sampled, while z is the water table 

level in the various wells. By interpolating the known x,y,z-values across a study area, one can 

obtain an indication o f  z values for any x,y-location within the study area.

Based on the empirical observation that, generally, points which are situated spatially close to 

each other will have similar elevation values (Burrough and McDonnell, 1998), a range of 

interpolation algorithms has been suggested. Which one to use will depend largely on the nature

 ̂ www.funredes.org/caribtic/eg/index.htmi
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o f  the dataset to be interpolated. In this section, four o f  the most popular algorithms will be 

reviewed.

Triangulation: The two main methods o f  triangulation interpolation is Delaunay triangulation 

and Thiessen polygons (also termed Voronoi diagrams or Dirichlet tessellation) (Lam, 1983). 

The Delaunay triangulation is based on the triangulating o f a set o f  points so that the 

circum circle o f any o f the resulting triangles does only contain the triangle's three com er points 

(Figure 2.9 (a)) (W eibel and Heller, 1991). It hence jo ins up one node with its two closest 

neighbours, and is perfect for an irregular set o f  data points. Thiessen polygons take the 

Delaunay triangulation one step further (Lam, 1983). Taking the orthogonals o f  the Delaunay 

triangles, irregular polygons are constructed around each o f the sample points, the sides o f 

which are at the furthest distance to any o f the sample points surrounding it (Figure 2.9 (b)) 

(Burrough and M cDonnell, 1998). The polygons are thus the greatest area on which each o f  the 

sample points may have an influence {idem). Thiessen polygons have a long tradition within 

meteorology, but have been argued to be unsuitable for most GIS m odelling purposes as the 

property interpolation o f each o f the polygons will be based only on the polygon's sample point, 

without taking the other points’ property values into account {idem).

Triangulation forms the basis for another important interpolation procedure known as 

Triangulated Irregular Networks (TINs), frequently used in topographic interpolation within 

GIS. This particular interpolation procedure will be discussed in more detail in Section 2.5.4.

Spline Interpolation: The spline-type interpolation can be compared to a flexible ruler when 

applied to lines, and to a rubber sheet when applied to surfaces. It is based on a piecewise 

polynomial function p(x) o f the general form:

which will fit a smooth, continuous curve or surface through all the sample points (Burrough, 

1986). The polynomial is o f  m degrees, where m = \ , 2  and 3 are called linear, quadratic and 

cubic respectively {idem). The points x„ ...,.x:k-i (termed break points) divide the interval Xo,X), 

into k  sub-intervals, r determines the constraints on the function, so that, if  r  = 0, there are no 

constramts, and r = m will be the maximum number o f  constraints {idem). Although this is a 

best-fit type o f interpolation which (a) honours the empirical observation regarding the 

influence o f neighbouring points, (b) can take even closely spaced points into account, and (c) 

has obvious visual qualities, there are problems with representing desired sharp com ers in the 

landscape (e.g. ridges, peaks) as these will automatically be smoothed out by the interpolation

p {x) = p Xx) x . < x < x . ^ ,  i = 0, 1, ...,/c-l 
7 = 0, 1, ..., r-\ 
i = \ , 2 ,  . . . ,k - l

(Eq. 2.1)
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(Lam, 1983). Moreover, as break points can be set to coincide with the sample points, or to be 

situated at som e point between the sample points, the placement o f  break points may cause 

irregularities in the surface (Burrough, 1986). Situating break points at a point between the 

sam ple points is useful when it is known that the sample points do not contain the true maxima 

and minima o f  the surface {idem). However, this may create spurious peaks and pits in the 

surface (Figure 2.10) {idem).

Inverse D istance Weighting-. M oving average algorithms are algorithms that interpolate a point 

o f  unknown value by calculating the average o f  the z-values o f  the surrounding cells and giving  

this to the point in question (V ieux, 1995). These algorithms are com m only used for smoothing 

and sharpening filter procedures {idem ), and can be directly adopted to surface analysis if  the 

sample points are regularly spaced (Burrough and M cDonnell, 1998). For irregularly spaced 

sample points, the m oving average algorithms have been adapted to surface analysis by 

w eighting the average interpolated value by a function o f  the distance between the known 

values and the unknown value, hence allow ing known values close to the x,y-co-ordinate o f  

unknown z-value to influence the interpolation more than sample points further away from the 

point in question (Gold, 1989). These weighted moving algorithms have the general formula for 

a variable Z at a point x with the weights Xi (Burrough, 1986);

Z(x)  = t A-z(xi)  where ^ / l ,  = l  (Eq. 2.2)
/=!

and = cl)(<i(x, ))
and —> 0 0 , c /—> 0

The inverse distance weighting (IDW ) is the most com m only used o f  the weighted m oving  

averages, and uses the reciprocal o f  Ai = 0(d(x,xi)), 0 (d )  co, c/ -> 0, thus giving the 

expression:

------------ (Eq.2.3)

i=j

for the points x, o f  unknown z-value {idem ). The IDW type o f  interpolation w ill still work best 

on a regularly spaced grid, and the output w ill depend largely on the weighting given to the 

different points and the size o f  the window or kernel (the number o f  cells over which the 

average is computed) used (Gold, 1989). Moreover, maxima and minima w ill only occur at the 

original sample points, as an average o f  two or more values cannot result in a value that is 

higher or lower than the original values. To correct for this, som e algorithms incorporate the 

slope o f  the interpolated surface into the interpolation procedure (Lam, 1983). This makes the
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inteqjolated surface prone to spurious pits and peaks, which again will have to be corrected for 

(Burrough, 1986).

Krieging: The interpolation methods discussed so far do not give any information on (a) the 

number o f points needed to compute a reliable z-value for any given point, (b) the size, shape 

and orientation o f the neighbourhood o f the interpolation area, and (c) errors or uncertainties 

associated with the interpolated z-values (Burrough and McDonnell, 1998). Geostatistical 

methods recognise that spatial variation o f continuous attributes is often too irregular for simple, 

smooth mathematical functions to model, and they are capable o f optimising the surface 

interpolation (Myers, 1997). Krieging interpolation is based on these geostatistical methods, and 

assumes that the spatial variation is the sum o f (a) a structural component, having a constant or 

mean trend, (b) a random, but spatially correlated component, and (c) a spatially uncorrelated 

random noise or residual error term (Burrough and McDonnell, 1998). Several types o f krieging 

have been developed, but they are all based on the estimation o f semivariance (y) from sample 

data using the following equation:

= (Eq. 2.4)
2n

where n is the number o f pairs o f  sample points o f  observations o f the values o f  the attribute z 

separated by the distance h {idem). The semivariance y(/?) can be plotted against h to give an 

experimental variogram. This variogram is then used as a basis for further interpolation 

(Burrough, 1986).

Lam (1983) found that there is no one interpolation method that is appropriate for all 

applications; which method to use will depend on the dataset and the analysis being performed 

(e.g. conversions, delineations). There may also be a certain amount o f  introduced user-specific 

variation within the same datasets and interpolation methods as the operator is free to chose the 

interpolation settings, outlier removal and use or non-use o f barriers. This latter is a technique 

used to limit the influence o f specific sampling points in the interpolation procedure, This is 

achieved by providing the algorithm with a boundary (e.g. a line) beyond which the data points 

on one side o f  the boundary do not influence the interpolafion on the other side (Figure 2.11) 

(ESRI, 1997). Typical barriers include watershed ridges, land-use boundaries and geological 

boundaries.

In addition, there also seems to be a certain bias towards one interpolation technique over others 

with some authors, and it must therefore be assumed that where the variations in result from the
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different interpolation techniques are minimal, individual favourisation between models can be 

expected. It must be stressed, however, that variations can be great between the different 

algorithms, and the amount of  error produced can be significant (Myers, 1997). Englund (1990), 

for instance, reported on the difference in interpolation results obtained from 12 independent 

investigators asked to provide gridded geostatistical estimates o f  a dataset, The investigators 

were free to choose modelling factors such as interpolation method, removal o f  outliers and data 

transformation. All investigators came up with slightly different results, and not ail could be 

deemed valid estimates o f  the true situation. Other reports also exist on the comparative 

performance o f  various interpolation algorithms (e.g. Dubrule, 1984; Dungan et al., 1994). 

Statistical and analytical tools are available for determining the best algorithm for a particular 

application, but these generally require much more statistical understanding than the average 

user possesses (Bucher, 1999).

Maybe the most dangerous aspect o f  interpolation, however, is the confidence put in the 

outputted layer o f  continuous data produced from a limited number o f  sampling points (Grayson 

et al., 1993). This output is often used as the basis for other models, equally unreliable, and 

decisions are made on the fmal output, it is easy to accept this output as the "truth" because o f  

the computer representation of continuity and specification down to six or more decimal places 

{idem). As with all modelled outputs, however, extreme care should be taken when drawing 

(Inn conclusions from such data.

For a detailed discussion of some o f  the common errors associated with interpolation 

algorithms, see Section 2.5.4 on topographic interpolation and surface hydrology.

2.5.4 GIS and Hydrological M odelling
From quite early on, GIS has been used within the geo-sciences. With its ability to store and 

simultaneously process multiple layers o f  x,y,z type of data, it presents an ideal platform for 

spatial modelling in general, and hydrogeological and hydrological modelling in particular. The 

grid design offered by most GIS packages is well suited to hydrological modelling, as it offers 

uniform area units encouraging rapid calculation between layers. However, most packages only 

operate with uniform grids (i.e. grid cells are the same size over the entire study area), and the 

minimum resolution must thus be defined at the initial stages o f  modelling (Nachtnebele/ al., 

1993). There are also problems with retaining some hydrological features, such as clear 

breaklines (e.g. rivers and ridges) in the landscape modelled, and when these features are 

important to the model other data formats, for instance triangulation or finite element nets, 

should be used (idem).
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Hydrological modelling within GIS is often centred on groundwater and surface water 

modelling. Both types o f  modelling can be achieved through either stand-alone GIS platform 

modelling or multiple-platform hydrological modelling. Traditionally, within hydrological 

modelling, GIS packages have been used as a part o f  a greater integrated modelling network. 

This has been carried out for a variety o f  hydrological modelling concepts, including 

groundwater modelling (e.g. Fiirste/ al., 1993; Stibitze/ al., 1993; Kamps and Oltshoorn, 1996; 

Vermulst et al., 1996), surface flow modelling (e.g. Brilly e/ al., 1993; Garrote and Bras, 1995; 

Bian et al., 1996) and pollution load modelling (e.g. Sham et al., 1995; Tskhai et al., 1995; 

Cluis et al., 1996; Walters and Thomas, 1998). The GIS itself has been used for one or more of 

(a) data storage, (b) data conversion, (c) data processing, and (d) data display, in most cases, 

though, data processing has been limited to advanced data conversion and some interpolation, 

while very little true hydrological modelling has been performed within the GIS itself. This is 

particularly well-illustrated in Nyerges's four levels o f  model integration into GIS (Table 2.10) 

(Nyerges, 1993). The GIS has mainly served as a storage for input and output data, and as a 

display mechanism for the various models. For instance, Biesheuvel and Hemker (1993) 

reported that the GIS software package ILWIS aids the groundwater modelling through building 

a network (or grid) for the model, calculating and assigning values that are subsequently 

inputted into the model, combining modelling results with other types o f  data, and creating 

background maps to be used during the modelling. An example o f  how ILWIS is linked with an 

external groundwater model is given in Figure 2.12.

The data processing and modelling proper have normally been carried out either through an add

on program, such as the MODFLOW add-on module in GRASS, or through an external 

program such as AQ-FEM linked to the GIS only through a set o f  specifically designed 

interfacing programs (Lieste et al., 1993). When well-designed, these applications have been 

highly successful (Ribeiro, 1996), however, and have drastically reduced the time needed for 

processing, as well as increased the number of scenarios and analytical outputs generated (Hall 

and Zidar, 1993; Sokol et al., 1993) vis-a-vis traditional (non-GIS) hydrological modelling. This 

latter point is particularly important where only small datasets are available for large regions, 

thus making any conclusions largely dependant on the skills and experience of the analyst. The 

increased number o f  analytical outputs thus enables the analyst to evaluate more possible 

scenarios and select that or those that are most likely (Kolm and Downey, 1993).
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Table 2 .10  Nyerges's four levels o f  model integration into GIS. Based on N yerges (1993).

I n t e g r a t i o n

L e v e l
D e s c r i p t i o n

Isolated  ap p lica tion s The GIS and the spatial analysis programme are run in different hardware 
environm ents. Data transfer between the possible different data m odels is 
performed off-line through ASCII files; the user is the interface. The additional 
programming expenditure is low , but the effic iency  o f  the coupling is limited.

L oose cou p lin g  The coupling is carried out by means o f  ASCII or binary files; the user is
responsible for formatting the files according to format specifications o f  the 
GIS. This kind o f  coupling is carried out on-line on the sam e computer or on 
different computers in a local network; with relatively little extra programming, 
the effic iency  is greater than with isolated applications.

T igh t cou p lin g  The data m odels may still be different, but automated exchange o f  data between
the GIS and the spatial analysis is possible through a standardised interface 
without user intervention. This increases the effectiveness o f  data exchange but 
requires more programming effort (e.g . macro language programming). The 
user remains responsible for the integrity o f  the data.

Full in tegration  This linkage operates like a hom ogenous system  from the user's point o f  view ;
data exchange is based on a com m on data m odel and database m anagem ent 
system . Interaction between GIS and spatial analysis is very efficient. The initial 
developm ent effort is large, but may be justified  by the ease by w hich later 
model functions can be added.

There are several problems associated with integrating different packages, however. Olsthoorn 

et al. (1993), for instance, integrated the GENAMAP GIS package with an external 

MODFLOW package to build a groundwater-modelling platform. This necessitated a series of 

ASCII data exchange procedures back and forth between the two packages. This was only 

automated to some degree o f  success through extensive FORTRAN coding. In the same way, 

Biesheuvel and Hemker (1993) reported that to integrate the finite element groundwater model 

MICRO-FEM with the GiS ILWIS, two separate interface programs, ILFEN and FEMVAL, 

had to be produced. Das Gupta et al. (1996) went one step further, producing a neural network 

to be added onto the GRASS package to estimate aquifer parameters. This is a highly advanced 

type o f  modelling program that can be taught what values to expect given a set o f  parameters, 

and is expected to be more accurate than the more traditional models as it is trained for each 

individual application. In this case, the GIS was used for providing training input (test-well 

lithological records) and receiving and displaying modelling output (aquifer thickness and 

transmissivity) through ASCII exchange files. The programming necessary for the development 

o f  this add-on package is even greater than for coding simple modelling extensions.

Batelaan et al. ( 1993) bypassed the need for data exchange and add-ons when they developed an 

integrated groundwater model within the GRASS package. This was programmed in C, and was 

based entirely on existing GRASS routines and data inputs from GRASS raster layers, thus in 

truth being a stand-alone GIS modelling platform. The same team also produced a second non

integrated model, programmed in FORTRAN 77. This model required a non-automated data 

exchange or data conversion between GRASS and the groundwater model. When compared to
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the first model, this model was deemed less efficient and far more costly to produce, as the 

groundwater model, the data conversion and the data exchange had to be coded from scratch. 

Similarly, Stuart and Stocks (1993) embedded a series o f  hydrological modelling tools taken 

from TOPMODEL into the GiS package SPANS. This produced an easy to use, integrated, 

raster-based hydro-GIS capable o f  general hydrological modelling without the need for data 

conversion and transfer.

The specialist knowledge and the substantial amount o f  time needed for coding the necessary 

interaction (i.e. automated data exchange and user-friendly interfaces) between the standard 

hydrological model and the generic GIS platform will invariably act as a deterrent to this 

coupling, especially in smaller and/or less well-funded projects. The preferred path in such 

circumstances is to employ only one o f  the two platforms and work within the limitations o f  the 

chosen platform. In many cases, this lack o f  platform coupling does not have a significant 

impact on the analysis result.

Even though the use o f  traditional waterflow models as add-ons to or integrated components of  

the GIS is by far the most common way o f  utilising GIS in hydrological modelling and analysis, 

a series o f  tools have been developed within the available GIS packages, especially for such 

modelling and analysis (Moore e/ aL, 1991; Lyon and McCarthy, 1995; Lee and Chu, 1996). 

These include such functions as basin delineation, flow-path analysis with associated stream 

network delineation and flow-accumulation analysis (Jenson, 1991; Quinn e/ a/., 1991; Lee and 

Chu, 1996), and can be used independent of, or in association with, the traditional hydrological 

models. These GiS analyses require a reliable digital model o f  the topography o f  the study area, 

however, and an important part o f  the work done on hydrological modelling with GIS 

concentrates on deriving such a reliable topography model.

2.5.4 (a) Digital Elevation Models
Digital E levation Models: Digital elevation models (DEMs) or digital terrain models (DTMs) 

have been used as a geoscience analysis tool since the 1950s (Weibel and Heller, 1991). These 

are digital representations o f  a part o f the earth's surface constructed from a series o f  known and 

interpolated x,y,z-co-ordinates (Moore et al, 1991). Known x,y,z-co-ordinates in the form of, 

for instance, contour lines and photogrammetric spot heights are fed into the model, and used to 

interpolate z values for other x,y-co-ordinates in the study area {idem). It must be stressed that 

the DEMs are 2.5-D models rather than 3-D, as these models are not capable of  operating with 

multiple z-values over the same x,y-co-ordinates, thus being unable to recognise topographic 

features such as overhanging cliffs and faults (Raper and Kelk, 1991). 3-D modelling is fully
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possible within GIS {idem) (although in its infant stages), but is unnecessary for most surface 

models.

As GIS has become a more and more popular analytical tool, DEMs have been incorporated 

into a range o f  GIS applications areas, most important o f  which are hydrological analysis 

(Maidment, 1993; Lee and Chu, 1996), visual impact studies (Hearnshaw and Unwin, 1994) and 

engineering (Weibel and Heller, 1991). DEMs are not exclusive to elevation and terrain 

modelling, however. Almost any dataset with a z-value component can form the basis o f  a 

DEM; rainfall data, air quality data, demographic data and sales data to mention but a few.

D EM  Structuring-. There are several different methods of structuring a DEM. The method to be 

used will depend largely on the raw elevation data available, and on what use the derived DEM 

is to be put to (Moore et al., 1991). The three most widely used structuring methods are grid- 

based networks, contour-based networks and triangular irregular networks (TlNs) (Moore e/ al., 

1991; Tachikawa e /a / . ,  1996).

A grid-based network (or elevation matrix) consists o f  a regular angular grid or a regularly 

spaced triangular, square or rectangular mesh (Figure 2.13 (a)) (Moore et al., 1991). Each 

triangle, square or rectangle is characterised by a unique x,y,z-coordinate {idem). The size o f  the 

grid will determine the resolution o f  the DEM, and a rugged terrain will require a much finer 

grid than a more uniform landscape. If the study area is rugged in some areas, but uniform in 

others, the grid should ideally be fine enough to distinguish between surface features in the most 

rugged areas (Burrough and McDonnell, 1998). This will result in large data redundancy in the 

areas o f  low relief (Weibel and Heller, 1991), however, and may prove a problem as each cell in 

the grid will take up a certain amount o f  storage space, and the resulting size o f  the network file 

will depend on the coarseness o f  the grid {idem). In essence, the larger the file size, the higher 

are the computational requirements for processing the file. It is thus imperative to find the best 

compromise between resolution and processing time (computational efficiency). While this 

problem has been reduced with the increase in computational efficiency and storage space 

available in the average workstation, it has by no means been eradicated.

Although grid-based networks are the most widely used DEMs, and have been used extensively 

for topographic modelling and river basin analysis, they cannot handle abrupt changes in 

elevation (Moore et al., 1991) and are thus unable to adequately represent features such as 

topographic convergence, divergence, convexity and concavity (Tachikawa et al., 1996). Also, 

flow paths derived in hydrological analysis will invariably tend to zigzag, and are hence
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somewhat unrealistic (Moore e? a/., 1991). Grid-based networks are consequently inappropriate 

for dynamic hydrological modelling (Tachikawa et al., 1996).

Digitised contours and stream networks can be used to form a network o f  irregular polygons 

bounded by adjacent contour lines and streamlines (Figure 2.13 (b)) (Moore e/ a/., 1991). It is 

argued that this is the best and most natural basis for flow analysis as streamlines will be 

orthogonals to the contours {idem), but may not be appropriate for direct computing o f  slope 

and relief (Burrough, 1986).

The structure o f  TINs is based, as the name suggests, on irregular triangles, each corner point 

(or node) o f  which has a unique known x,y,z-co-ordinate (Moore et al., 1991). The nodes are 

derived from the input raw elevation data, and each node is joined to the nodes closest to it in 

accordance with the Delaunay triangulation (Section 2.5.3 (b)) (Weibel and Heller, 1991). In 

this fashion, all the nodes are joined up, forming an irregular mesh o f  triangles (Figure 2.13 (c)).

When building TINs, most GIS packages allows the input features to be given specific surface 

feature type (or breakline) settings which will determine what influence the features in the 

coverage will have on the TIN interpolation, and any subsequent interpolations performed on 

the resulting TIN. The flexibility o f  this method makes it possible to incorporate most structural 

features (e.g. peaks, ridges, stream networks, lakes) (Moore et al., 1991), and the result is a 

network capable o f  adequately reflecting the ruggedness o f  the terrain without the need for 

redundant data sampling points ( c /  grid-based networks) (Weibel and Heller, 1991).

All the above DEM structuring methods use some form of interpolation algorithm in order to 

derive the z-values o f  all points/areas o f  unknown z-value. Interpolation is also necessary when 

converting a non-rectangular gridded DEM into a rectangular grid and when resampling grids 

(coarsening or densifying o f  the original grid), when converting a DEM from raster to vector 

format and vice versa, and when deriving, for instance, elevation contours from a DEM (Weibel 

and Heller, 1991).

The Special Case o f  TIN Interpolation: Most o f  the common interpolation techniques were 

discussed in Section 2.5.3 (b), and these can all be used directly on a dataset or a DEM for 

surface interpolation. When working on TINs, however, there are two specialised interpolation 

techniques that can be used for direct interpolation, or for converting TINs to grids or line, point 

or polygon coverages (ESRl, 1997). These interpolation techniques are termed linear and 

quin tic.
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If linear interpolation is used on a TIN, each triangle is considered an independent facet on a 

continuous surface (Figure 2.14 (a)). The z-vakie o f  any x,y,z-co-ordinate within the triangle 

will be determined by the general equation:

Ax + B y + C z  + D  = Q (Eq. 3.5)

where A, B, C  and D  are constants determined by the co-ordinates of the three nodes of the 

triangle (ESRl, 1997). The surface slope will change abruptly when moving from one triangle to 

the next, and breaklines will not have any influence on the surface smoothness (idem).

Quintic interpolation, on the other hand, considers the surface to be a continuous, smooth 

surface, taking the z-values o f  neighbouring triangles into account when interpolating the 

surface smoothness (ESRI, 1997). The interpolation follows a bivariate quintic algorithm o f  the 

form:

5 3 -0

(Eq. 3.6)
7=0 *=0

Thus, while linear interpolation causes the triangles to be planar, the quintic interpolation 

produces curved triangles (Figure 2.14). This is particularly useful when z-value maxima and 

minima are not known. When encountering a hard breakline, the quintic interpolation is 

discontinued, hence allowing the surface to change abruptly along this line (Figure 2.14 (b)) 

{idem). Soft breaklines will not induce such a discontinuation in the interpolation {idem). As 

with spline and IDW interpolation, quintic interpolation may cause spurious peaks and pits, as 

well as non-flat lake surfaces.

2.5 .4  (b) E rroneous  artefacts  o f  D E M  interpolation: flat areas, s inks and  peaks 

Flat areas, sinks and peaks are largely artefacts o f  the DEM interpolation procedure (Garbrecht 

and Martz, 1996; Guercio and Soccodato, 1996). These artefacts must be removed, or at the 

very least by-passed, if the DEM is to be used for hydrological modelling.

Flat Areas: Flat triangles are triangles where each o f  the three nodes have the same z-value, 

while flat areas are groups o f  adjacent cells having the same z-values (Moore e/ al., 1991). This 

will pose a problem in subsequent hydrological modelling, as these flat triangles or areas will 

have no slope, and consequently water entering such a triangle or area will not naturally flow 

out again (Garbrecht and Martz, 1996). In a TIN, the number of flat triangles can be reduced by 

adding more points o f  known z-value into the model, adding topographic breaklines (e.g. ridges 

and streams) (Vieux, 1991), or increasing the weed and proximal tolerances (i.e. letting the 

model remove arcs or points that are within a certain distance from other arcs/points, thus

76



generalising the surface) (ESRI, 1997). If there are still flat triangles after changing the said 

parameters, these may be artificially removed by the operator (M ooree/ al., 1991). This can be 

done by artificially reducing or increasing their values by a small amount, usually in the region 

o f  1 mm (Garbrecht and Martz, 1996). This will ensure the presence o f  a slope, and hence that 

flow is possible out o f  the triangles {idem), in gridded DEMs, removal o f  some o f  the flat areas 

can be achieved by increasing the number o f  points o f  known z-value {idem), performing an 

enhancement or smoothing filter operation on the points o f  known z-value to extract the most 

significant points (Vieux, 1995), or generalising the grid by reducing the grid resolution (Moore 

et al., 1991). Again, if there still are flat areas in the grid, forced flows can be achieved by 

reducing or increasing the cells z-values. There are also algorithms that will look beyond the flat 

area to determine the flow, taking the first higher- or lower-lying cell value as the slope 

determinant (Jenson, 1991). This removes the need for manual setting o f  individual grid cells, 

something that can be both tedious and time-consuming on large or fine-resolution grids.

Sinks: Sinks are triangles, cells or groups o f  cells having a lower elevation than any o f  the 

surrounding triangles or cells (Garbrecht and Martz, 1996). They may occur naturally in the 

landscape, e.g. in karst or glacial areas, but are often artefacts of the DEM production (Tarboton 

et al., 1991). No flow can thus occur out o f these triangles or cells {idem). Some authors (e.g. 

Quinn et al., 1991) also talk o f  dams in conjuncture with sinks. Dams are defined as areas which 

after elevation interpolation have a higher elevation than the true surface elevation, causing 

upstream sinks {idem). If there is a large number o f  sinks in the DEM, representative stream 

networks cannot be extracted (Tarboton et al., 1991). it is thus imperative to remove sinks 

before delineating basins and stream networks (Guercio and Soccodato, 1996). Sinks can be 

removed by manually or automatically raising the sink cells z-values to that o f  the surrounding 

cells (Figure 2.15 (a)) {idem). In this way, new sinks may occur, and these will then in turn have 

to be filled. The process is therefore iterative in nature, and may, depending on the number o f  

sinks present, require ten or more iterations. The fill operation will also result in an increased 

proportion o f  flat areas in the DEM (Garbrecht and Martz, 1996), which in turn may affect 

subsequent flow analysis.

As the fill operation is generally an automated, indiscriminate procedure, it may cause problems 

when dealing with landscapes exhibiting "true" sinks, or depressions, as these will also be filled. 

Verdin and Jenson (1996), working on continental scale DEMs, proposed an iterative method 

for removing only spurious sinks:

(1) Filling of all sinks

(2) Determining areas o f  sinks in the DEM by subtracting the original from the 

filled DEM

77



(3) Creating a mask o f  sink areas, grouping them into uniquely numbered zones 

and calculating the areal extent o f  each sink and their maximum depth

(4) Setting a threshold for each sink zone according to area and depth

(5) Discarding sink areas corresponding to reservoirs and other non-sink features

(6) Setting a NODATA seed at the minimum elevation in each sink zone

(7) Filling the DEM, checking, and iterating

This is a relatively time-consuming exercise, but ensures the conservation o f  depressions and 

other non-sink areas.

Peaks'. Peaks are similar to sinks in that they are spurious artefacts o f  the DEM delineation, and 

are cells, triangles or groups of cells having a higher elevation value than any o f  the surrounding 

triangles or cells (Burrough, 1986) (Figure 2.15 (b)). Peaks do not seem to be o f  general 

concern, and the author found only scant references to these in the literature. They generally do 

not cause the same problem as sinks when it comes to stream and basin delineation and do 

therefore not necessarily need to be removed for representative stream networks and basins to 

be delineated. They will cause problems when doing summary statistics (e.g. average elevation 

and maximum elevation) and diagnostic analyses (e.g. profiling) on the DEM, however. 

Moreover, there may also be discrepancies when comparing two or more DEMs for the same 

area obtained by different DEM algorithms. The greatest problem, though, may be when doing 

slope analysis, as peaks invariably produce disproportionately steep slopes compared to the rest 

o f  the landscape. As with sinks, automated iterative removal procedures exist, and spurious 

peaks may also be removed manually.

It is evident that the accuracy o f  the output from any analysis performed on a DEM will only be 

as good as the DEM itself, and the DEM will only be as good as the initial data and 

interpolation algorithms. Studies have also found that most algorithms are unable to accurately 

model highly rugged terrain unless very detailed input data are available (Jules-Moore, 1995). 

Major manual adjustments and manipulations may be needed to obtain a DEM that looks 

anything like the original terrain. This clearly stresses that the algorithms used for automatic 

terrain extraction are far from perfect. The production o f  a DEM, therefore, demands a lot o f  the 

operator, not only in respect o f  his/her ability to use the software, but also his/her knowledge 

and understanding o f  the terrain being analysed, and ability to make decisions on what features 

are important and where it is advisable to overrule the algorithms. Nevertheless, a range o f  

studies and management decisions has been based on DEMs, and it is consequently important to 

stress that digital terrain models and results from analyses performed on these should only be 

considered as guidelines based on less than perfect data and less than perfect algorithms, and not 

absolute truths.

78



2.5.4 (c) Hydrological analysis procedures with DEMs
Drainage basins, catchments and sub-catchments are important units for water resource 

management and hydrological analysis (Moore et al., 1991). The delineation o f  these will 

therefore be a major part o f  any hydrological analysis (Jenson, 1991). The main basic 

hydrological analyses with DEMs are discussed below.

Slope, Flow Direction and Flow Accumulation'. Slope and flow direction analyses are closely 

related, and can easily be determined for each individual triangle or cell in a TIN or grid 

(Jenson, 1991). For a TIN triangle, the flow direction will be towards the lowest-lying node 

(ESRl, 1997). In a gridded DEM, the flow out o f  a cell can normally be in any one o f  eight 

directions (Figure 2.16) (Moore et al., 1991). The direction is usually determined by calculating 

the slope, either in degrees or percentage, from the centre o f  a cell to the centre o f  each of its 

neighbours (Jenson, 1991). The flow will then follow the steepest slope, where the slope is a 

function o f  the distance between the centre of the two cells. It is important to note that the 

centres o f  orthogonally placed cells will be closer to each other than those o f  diagonally placed 

cells (the distances being x versus x^2, respectively, where x is the cell size), and this will 

therefore be reflected in the flow direction calculation (ESRI, 1997).

If all the eight cells surrounding the cell in question are o f  the same value, some algorithms 

allow the window to be enlarged to the 16 cells neighbouring the eight, and the flow will then 

again follow the steepest slope (Jenson, 1991). In this way, flat areas can be overcome in flow 

direction analysis. Jenson (1991) pointed out that the limitation to eight flow directions was a 

constraint to the grid-based DEMs, but she did not find this constraint to be significant unless 

the grid was particularly coarse. Quinn et a/. (1991) advocated the use o f  multiple flow direction 

algorithms rather than the conventional eight-direction algorithms for coarse-gridded DEMs.

As flow direction is a function o f  local slope, it is important to note that the derived slope is 

greatly affected by both the number of points originally used to build the DEM, and the 

sampling pattern used to obtain these points, as this will determine the registration of 

topographic discontinuities (Lagacherie et al., 1996). Furthermore, the coarseness o f  the grid 

will influence the interpolation and the model's ability to distinguish between different features 

(Quinn et al., 1991).

Slope and flow direction can also be used to determine flow accumulation. Flow accumulation 

may be important when determining infiltration and runoff rates, as well as in flood planning. It 

is a method of quantifying how many cells contribute to the flow through any given cell (ESRI, 

1997), and is done by counting all upstream cells that contributes flow to a cell based on their
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flow direction (Jenson, 1991). Again, the reliability o f this will depend on the original DEM and 

the flow direction algorithms.

Stream Network Delineation'. By querying the flow accum ulation o f each cell, a stream network 

can be delineated (Tarboton et al., 1991; Vieux, 1991). This is normally done by setting a 

threshold value o f the minimum number o f cells that must contribute to the flow o f a cell for it 

to be considered part o f  a stream (Jenson, 1991). Thus, if  the threshold is set to 50, all cells with 

a flow accumulation greater than 50 will form part o f  the stream network. This limits the 

drainage network to stream channels o f a certain flow volume, however, and does not allow 

direct prediction o f stream channel origin (Moore et al., 1991). Tarboton et al. (1991) bypassed 

the need for operator-set thresholds by using a nine-cell kernel. For each cell, the one with the 

highest value o f  the neighbouring eight cells would be identified. At the end, all unmarked cells 

would form the stream network. In the same way, by identifying the lowest o f  the neighbouring 

eight cells, ridges could be delineated {idem).

Basin Delineation-. Based on the flow directions, ridges can be identified. These are areas where 

the flow out o f  two adjacent cells do not end up in the same cell somewhere downstream o f the 

cells (Jenson, 1991). These ridges form the outhne o f the stream basins or catchments {idem). 

As this type o f  delineation is entirely based on flow direction, its reliability will be a function o f 

the algorithms used for the flow direction analysis and hence the reliability o f the DEM. M iller 

and M orrice (1996), investigating the discrepancies between manually and automatically 

delineated basins, found that these decreased with increased scale and information content o f the 

input data. There would never be a perfect fit between the manual and automatic delineation, 

however {idem). It remains uncertain, however, whether the manual delineation was all that 

much more reliable than the automatic delineation, and thus if  setting this as the ultimate goal 

for the automatic delineation was justifiable.

Building on the basic hydrological modelling, more advanced analyses and models such as 

water quality simulation (Vieux, 1991) and flood forecasting (Garrote and Bras, 1991; Shamsi, 

1995) can be carried out. Nevertheless, these models are again often only used for basedata 

generation, which in turn form the basis for more complex m odelling add-ons. Gao et al. 

(1993), for instance, integrated a GRASS-based gridded DEM and NASA-developed distributed 

rainfall-runoff model to model the runoff in a watershed in Arizona. The integration o f the 

distributed rainfall-model allowed production o f catchment and sub-catchment hydrographs at 

different times o f year and under different simulated weather conditions. The overland flow 

depths were also derived. This was therefore useful for studying and predicting spatial and
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temporal variation in runoff, and consequently in predicting floods, irrigation- and drainage- 

needs.

M oore et al. (1993), on the other hand, made an attempt to use the inherent modelling powers o f 

GIS software to its fullest, and showed how simple DEM s could be built on to produce 

integrated land surface-subsurface process models by expanding the DEM to a 3D-model 

including bedrock geology, and then adding soil, land-cover, hydrographs and climate data. 

They found, however, that there is still need for research and innovation before such modelling 

can be successful and reliable. The main issues recognised were:

-  a need to emphasise on the identification o f pattern as a function o f  process o f 

the phenomena studied

-  a need to support a broad range o f projects dealing with land, water and 

atmospheric processes on all scales (e.g. local, regional, global)

-  a range o f  data interpolation algorithms should be supported

-  easy data input and output procedures, including data conversion for import 

and export to other data models

-  a need for interactive real-time manipulation o f the model data by the user

-  GIS should be supported by a database management system to provide

genealogy o f the data and methods o f assessing data accuracy and uncertainty

-  a need for broadly accepted data standards

-  a need for methods for assessing model accuracy and/or defining uncertainty

o f results

-  a need to continue field study exploration o f  spatial and temporal variability o f 

landscape processes

-  a need for improving soil surveys and attribute mapping taking the pedon 

attribute into account, as well as relating soil attributes to terrain, climate, 

vegetafion/soil biology, parent material and time

-  a need to improve spatial accuracy o f  relational data collected in the field (e.g. 

through use o f  GPS technology)

W hile these issues were identified almost a decade ago, these are still unresolved issues in 

today's modelling applicafions.

2.5.5 G IS and H ydrogeo log ical M odelling

Direct hydrogeological modelling with a generic GIS package is not as common as topographic 

and associated surface water modelling. Arclnfo v.7.2.1, for instance, offers only three specific 

commands for groundwater flow; DARCYFLOW (calculating flow vectors using basic Darcian
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theory o f flow), PARTICLETRACK (a tracking algorithm for contam inants entered at a point P  

at a time t following the flow paths and flow velocities indicated by a derived flow grid), and 

POROUS PUFF (a two-dimensional Gaussian contam ination dispersion model for deriving 

aquifer contamination concentrations at various time intervals) (ESRI, 1997). W hile each o f 

these models is useful and based on sound groundwater m odelling principles, they do not allow 

great flexibility in input variables, and invariably assume saturated conditions. Most other 

packages offer, at best, external groundwater m odelling add-ons, but no real integrated 

modelling procedures.

The reason behind this lack o f groundwater modelling inclusion into generic GIS packages is 

not necessarily due to an inability o f  the GIS format to adequately model groundwater 

characteristics. Both the grid structure and the vector structure are capable o f mimicking 

existing fmite-element groundwater models. M aidment (1996), however, found that using 

regularly shaped polygon-unit GIS models was currently not com putationally efficient. 

Moreover, most GIS packages are not capable o f  true three-dimensional modelling. At best, 

they are 2.5D-models (often referred to as pseudo-3D), and may therefore not be adequate for 

some groundwater m odelling applications. Nevertheless, several o f  the frequently used models 

only require 2D-facilities, thus posing no problem for existing GIS environments. In addition, if 

a true 3D-finite element type extension could be included in the GIS grid environment, 3D- 

modelling would no longer be a problem. Logistically, this is not particularly difficult, but two 

explanations for the unwillingness o f GIS developers to go down this path may be that, first o f 

all, the demand for these particular models within a generic GIS package is limited, and 

consequently the costs involved o f developing such m odelling facilities are too high compared 

to the projected economic gain from increased sales. Secondly, 3D GIS visualisation is still in 

its infancy. Providing 3D-modelling capabilities without the associated 3D-visualisation 

facilities, therefore, may not be to the GIS developers’ advantage, since the same results can 

more simply be obtained through external linking o f the relevant groundwater model with the 

GIS package.

2 .5 .6  G IS and  Indices

As discussed in Section 2.4.3, environmental indices are one o f the more powerful ways o f 

integrating several datasets to allow risk areas to be identified at a glance. Over the past decade, 

GIS has increasingly been used to calculate and display indices in a range o f  disciplines. As GIS 

can hold and integrate num erous datasets, the application o f  indices to medium-to-large scale 

study areas is greatly simplified. Abbitt et al. (2000), for instance, produced a map o f restricted- 

range bird and butterfly habitat vulnerability to anthropogenic pressures for the entire United
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States, taking individual counties as the base unit o f the map. Similarly, Rabbinge and van 

Diepen (2000) are attempting to produce an index of agriculture and land-use change in relation 

to water availability on a European-wide scale with a 0.16x0.16 degree map unit grid. GIS is 

also used for small-scale study areas, and then often with relatively high-density data (Price et 

a i,  2000), or, where high data-density is not available for certain datasets, with interpolated data 

values (Kitsiou and Karydis, 2000).

The spatial nature of many ESI indices is usually based on either grid structure or distance away 

from a feature of interest (this is not the case where specific geographic units, e.g. electoral 

districts and counties, are the spatial basis for the index). In a GIS, distance is often calculated 

and represented through a grid structure, thus, in a GIS, most indices become grid or raster data. 

While using a raster structure for topographic modelling to some degree can be argued to be 

unsuitable, in that it does not accurately model linear features (Wegener, 1999), the raster 

capabilities of most GIS packages are ideal for spatial indices calculation and development. For 

instance, a simple index of stored nitrate in soils, can be obtained through the combination of 

raster-based land-use and soil type coverages using an appropriate nitrate storage algorithm on a 

cell-by-cell basis. More complex indices, e.g. landslide hazard maps, can be envisaged through 

using several coverages such as slope, land-use, precipitation, soil type, bedrock type and depth 

to bedrock. The grid structure, moreover, is the basis of many environmental sampling 

structures, thus lending itself well to storage of sampled environmental data.

The raster structure offers the possibility of changing the grid resolution to suit the modelling 

requirements (Heywood et al., 1998). This is particularly useful when working with digital data 

obtained from different sources, as they may not have been captured at the same grid resolution. 

While it is relatively straight-forward to increase a grid resolution when operating with discrete 

data (e.g. land-use types, bedrock types), increasing continuous values (e.g. interpolated values 

of depth to bedrock) requires the consideration of whether the increase in resolution should be 

performed as a simple splitting of the grid cells into x new cells o f the same value, or if a 

resampling algorithm should be applied allowing the data values to be re-interpolated into a new 

continuous-value grid (Burrough and McDonnell, 1998). This raises a series of questions 

relating to the accuracy of the data and the resampling algorithms, along with the concept o f the 

highest resolution obtainable without compromising a minimum level o f data accuracy. 

Similarly, decreasing the resolution of a grid will cause loss of data. While this is only 

important along boundaries of discrete value grids, continuous value grids again require 

resampling or summarising algorithms.
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The main problem associated with raster structuring, however, is that o f  boundary conditions. A 

boundary is normally seen as a clear break between two conditions. W hile most boundaries in 

nature are relatively fuzzy and transitional conditions tend to be the norm, some boundaries are 

truly abrupt. For instance, the boundary between a meadow and a forest tends to be confused, 

with scrubland and/or light forest forming a band between the two discrete ecosystems. The 

boundary drawn on a land-cover map, therefore, will be approxim ate and suffer from bias 

imposed by the surveyor producing the map. A road cutting through the meadow, on the other 

hand, represents a sharp, defined boundary, and as such will be accurately drawn by the 

surveyor. When depicted in raster format, boundaries will be jagged rather than straight lines 

(DeM ers, 2000), unless the boundary follows an exact north-south or east-west axis. In fine 

resolution grids, the inaccuracy caused by the inherent jaggedness is relatively insignificant 

{idem). In a 1x1 m grid, for instance, the maximum inaccuracy is half the distance o f  the cell 

diagonal, i.e. 0.5xV2 «  0.7 m (ESRI, 1997). For most boundary delineations, this degree o f 

inaccuracy is acceptable. In coarse resolution grids, on the other hand, the error becomes large, 

and may have significant impacts for the modelling output.

The discussion o f the problems encountered with raster data aside, GIS provides an automated 

procedure for processing and merging numerous data layers. It allows for rapid, uniform 

analysis over wide areas, and as such presents a sensible alternative to manual index generation.

2 .5 .7  D ata  E rro r and  A ccuracy

Most data used in GIS will have some degree o f error or inaccuracy associated with them. The 

nature o f this inaccuracy will largely depend on the data capturing, data display and data 

transfer techniques employed (Clark, 1993). The relative im portance o f the resulting 

inaccuracies will depend on the application o f  the data, with some applications requiring high- 

accuracy data (i.e. accuracy issues will be important) while others can get by with low-accuracy 

data (i.e. accuracy issued will be o f  little o f no importance). Fisher (1999) categorised data 

accuracy uncertainty into three classes:

(1) Error. Inaccuracies associated with, for instance, the locational placement o f 

an object, the labelling o f an object, assignation o f an object into a class 

(Table 2.11). The uncertainty associated with these inaccuracies can be 

expressed as a probability with a high probability indication a low level o f 

error in a dataset.
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Table.2.11 Examples o f  common errors in GIS databases. From Fisher (1999).

T y p e  o f  E r r o r C a u s e  o f  E r r o r

M easurem ent Measurement o f  a property is erroneous

Assignment The object is assigned to the wrong class because o f  measurement error by 
field, or laboratory scientist, or by surveyor

Class Generalisation Following observation in the field and for reasons o f  simplicity, the object is
(Aggregation) grouped with objects possessing somewhat dissimilar properties
Spatial Generalisation Generalisation o f  the cartographic representation o f  the object before 

digitising, including displacement, simplification, smoothing and merging
Entry Data are miscoded during (electronic or manual) entry into a GIS
Temporal The object changes character between the time o f  data collection and o f  

database usage
Processing In the course o f  data transformations, error arises because o f  rounding or 

algorithm error

(2) Vagueness: The problem of categorising data into specific categories due to 

some objects being of a continuous nature. The classic example is trying to 

define the "bald" man and categorising him into "completely", "absolutely", 

"partially" or "not at all" bald based on the number o f hairs on his head 

(Burrough, 1996). Typical geographical questions of this type would be when 

to define a house as a house and a city as a city. This accuracy problem is 

often approached through fuzzy set theory.

(3) Ambiguity. This occurs when there is disagreement or doubt as to how to 

classify an object due to differing beliefs or perceptions. Examples include 

disputed border (e.g. between nations) and non-conformity in similar 

classification systems (e.g. differences in soil classification systems from one 

country to another).

O f these. Points (1) and (2) are likely to be present in most datasets, while (3) (especially the 

non-conformity issues) frequently becomes an issue when attempting to build up a consistent 

geographic database with data from a variety of sources and/or time periods. For the purpose of 

the following discussion, only error will be discussed. For more information on vagueness and 

ambiguity issues, the reader is referred to Fisher's (1999) paper and references in this.

2.5.7 (a) Sources o f  error in basedata
It is important to be aware of the accuracy problems related to the data transfer and 

manipulation processes used in GIS. Data that are captured directly into a digital format (so- 

called primary data capture) will generally be more accurate than data that have been captured 

into an analogue format (e.g. aerial photographs), and which then subsequently must be 

transferred to a digital format (secondary data capture) (Chrisman, 1991; Jackson and
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Woodsford, 1991, Clark, 1993). The types and sources o f  error in basedata are multiple, but can 

loosely be grouped into the following four categories:

(1) Spatial accuracy

(2) Attribute accuracy

(3) Temporal consistency

(4) Resolution

Spatial accuracy. The spatial accuracy refers to the accuracy in positioning the geographic 

object. In maps, this is influenced by the map scale, the map reference system, the 

representation or display o f  the object, and the map generalisation techniques employed 

(Chrisman, 1991). The map scale determines how much detail can be displayed and the nature 

o f  the display itself. Instinctively, by increasing the map scale, more detail can be added to the 

map, with display o f  individual features and objects possible. This necessarily has implications 

for the map generalisation (e.g. smoothing, thinning, elimination, aggregation, exaggeration), 

with the smaller the scale, the greater the generalisation and omission (Muller e/ «/., 1995; 

Weibel and Dutton, 1999). For instance, on a 1:10,000 map, it may be possible to display the 

location o f  individual houses, while at the 1:1,000,000 scale, it will only be possible to include 

the location o f  larger towns and cities. In the same way, most major bends o f  a meandering river 

can be included on the large-scale map. On the small-scale map, on the other hand, the bends 

are likely to be ignored, and the river represented as a much straighter feature. This will have 

serious implications for measurements derived from the map, with the small-scale map river 

appearing significantly shorter than the one represented on the large-scale map. Because of this, 

some authors have voiced concern regarding to what degree generalisation may be considered to 

be true or accurate (Salge, 1995). For more in-depth discussion o f  the generalisation procedures 

in cartography and associated accuracy problems, the reader is referred to Buttenfield and 

McMaster (1991), McMaster and Shea (1992), Miiller et al. (1995) and Weibel and Dutton 

(1999), and references within these.

Scale will also have an impact on the spatial accuracy in that it dictates the positional inaccuracy 

o f  an object through the map representation (Weibel and Dutton, 1999). For instance, the finest 

line possible to represent on a map is c. 0.5 mm across (Goodchild and Proctor, 1997). Such a 

line would on a 1:10,000 map represent a line o f  5-m thickness. On a 1:1,000,000 map, on the 

other hand, the same line represents a feature 500-m across. Thus, issues o f  generalisation aside, 

the minimum spatial inaccuracy o f  the feature represented by the line is ±5 m and ±500 m on 

the large-scale and small-scale maps, respectively. Again, this has implications for analysis 

carried out on the data.



Non-mapped data sources may also have spatial inaccuracies associated with them. For 

instance, GPS-recorded locations may be out by as much as 100 m. In addition, co-ordinate 

locations provided in numeric format are often inaccurate by 100 m or more. However, as the 

way in which these were obtained (e.g. GPS recordings, read directly o ff  a map) is seldom 

specified, it may be difficult to quantify this type o f  spatial inaccuracy.

Attribute accuracy. The attributes associated with map data or provided as tabular/textual data 

may contain errors. The types of errors most commonly found are misclassification, 

mislabelling and errors or inaccuracies in the attribute values caused during calculations (e.g. if 

the attribute data are derived through statistical analysis or some form of modelling) (Fisher, 

1999). Misclassifications are generally caused by misidentification o f  a feature by the surveyor 

(e.g. in map data) or the operator (e.g. in classified RS images) (Burrough and McDonnell, 

1998). Mislabelling are genuine errors often occurring during the map/dataset production, and 

include typing mistakes (Bernhardsen, 1999a). The calculation errors may be caused by 

erroneous calculation (true errors) or through rounding o f  decimal places throughout complex 

calculation procedures (loss of  accuracy) (Burrough and McDonnell, 1998).

Temporal consistency. As a geographic database usually contains data from a variety o f  sources, 

it is important to maintain some kind of temporal consistency. Temporal consistency refers to 

the datasets dating from approximately the same time period (Fisher, 1999). This will allow the 

analysis to reflect true relationships. What can be deemed a good consistency depends on the 

types o f  data and the types of analysis to be performed (Bernhardsen, 1999a). For instance, 

relationships between water quality and land-use or between retail outlets and customer 

distribution require the datasets to have been collated at approximately the same time, as both 

factors may change rapidly. Investigations into the location of new oil wells do not require 

bedrock data and location o f  existing oil wells to be o f  the same age, however, as the bedrock is 

unlikely to have changed in memorable time (although newer bedrock maps might contain more 

or better information due to improvements in survey techniques and geological knowledge).

Resolution: Resolution is an issue that is particularly o f  concern in RS data, but also in other 

raster-type datasets (e.g. modelling outputs, scanned maps and images). The resolution 

determines the smallest features possible to discern in the dataset (Barnsley, 1999), and is 

defined in terms o f  the ground dimensions o f  the picture elements (pixels) making up the image 

or scan. The resolution, therefore, determines what kind o f  features can be recognised and the 

spatial accuracy of these features {idem). Resolution also often determines the amount of 

generalisation that is required o f  the original image to obtain a useful dataset for input into the 

geographic database. This includes smoothing, thinning, elimination and aggregation.
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2.5 .7  (b) Sources  o f  error during  data  processing  w ith in  GIS

It was evident from tiie above discussion that most basedata have some degree o f  inaccuracy 

associated with them. In fact, it can be concluded that there is no such thing as an error-free base 

dataset in GIS (Goodchild and Gopal, 1989; Heuvelink and Burrough, 1993; Heuvelink, 1999). 

However, the basedata are not the only source of error in GIS databases. Frequently, error is 

added during the digitising, post-digitising manipulation  and analysis stages.

Digitising-. The data to be entered into a GIS can be available either in analogue or in digital 

format (Congalton and Green, 1995). To be integrated into the GIS, any analogue data must be 

converted into digital form. Spatial data can be converted to digital form by scanning or 

digitising. The accuracy o f  this conversion will depend on the quality o f  the scanner or 

digitising board (Chrisman, 1991; Jackson and Woodsford, 1991; Congalton and Green, 1995) 

and the care taken when scanning or digitising (Fisher, 1991). Attribute data must be entered 

into the computer in database or table format (Maguire, 1991).

The digitising process raises two distinct issues related to error and accuracy. Firstly, it removes 

the basedata at least one step away from the original data. That is to say, it adds at least one 

level o f  manipulation to the original data. This in itself allows introduction o f  small errors and 

inaccuracies, largely associated with the transfer from one format to another. In addition, the 

digitising process itself is prone to error introduction, either through the inherent inaccuracies in 

the digitising technology, or through operator-introduced inaccuracies.

Board digitising involves placing the map or other spatial dataset on a digitising board, and then 

manually indicating points or features of importance using a digitising tablet. This allows the 

points o f  interest to be electronically registered and stored in an attached computer. In this way, 

the operator can describe linear, point and polygonal features. Error is introduced through the 

operator finely missing (e.g. by 0.5-1 mm) the line or point being digitised (Bolstade/ a/., 

1990). This causes slight spatial dislocation, and thus spatial inaccuracy. Moreover, such small 

misses may cause a series of  associated errors in the digitised data, including overshoots, 

undershoots and non-closure o f  polygonal features (Figure 2.17), and some features may be 

accidentally left out {idem). These types o f  error are also associated with on-screen digitising.

Scanning a map or image causes rasterisation (or pixelisation) o f  the features scanned. 

Depending on the scan resolution, this may cause generalisation or loss o f  some features. 

Moreover, scanning may cause some degree o f  distortion (especially skewing) o f  the features 

scanned, for instance through differential scanning at the start and end o f  a scan (Dowman, 

1999). This has to be corrected for prior to successful use o f  the dataset in the GIS. Distortion o f



image colour values is also common, and may have implications particularly for RS imagery 

and aerial photography where these are to be classified based on their pixel values {idem). In 

addition to board digitising and scanning, error may be introduced during manual entry o f 

attribute data. This is usually associated with typing errors and feature-attribute mismatches 

(Bernhardsen, 1999a).

Post-digitising manipulation: After the data have been digitised, the data may need to be 

manipulated to correct for inherent errors in the data, errors introduced in the digitising stage, 

and to ensure all datasets are in the same reference system. On-screen digitising o f scanned 

maps and images may also be necessary. The correction o f digitising errors may include 

removal o f undershoots and overshoots, closure o f open polygonal features, and additions o f 

line segments where these have been missed out. These corrections may introduce further 

spatial inaccuracies through slight movement o f digitised features.

Post-digitising manipulation o f scanned images and maps may include noise removal (automatic 

removal o f small specs in the scanned image, caused by dust on the scanner or random and/or 

system atic spectral disturbance in RS imagery) (Barnsley, 1999), removal o f  unwanted features, 

image enhancem ent (e.g. sharpening, smoothing, edge-enhancement). All o f  these 

m anipulations will alter the pixel values, and hence may introduce inaccuracies in the data held 

in the images {idem). The images may also be digitised on-screen to derive vector-based 

datasets. This will introduce the same types o f errors associated with board-digitising and 

subsequent post-digitising manipulation.

To ensure all datasets are in the same reference system, map datasets may need to be 

transformed and scanned images may need to be geo-rectified. Both the transformation and geo

rectification processes involve selecting areas o f known co-ordinates and assigning the correct 

co-ordinates to these. A rectification or transformation algorithm is then applied to the datasets, 

and the locations o f the features in the datasets are subsequently recalculated to reflect the new 

reference system. This may include scaling and rubbersheeting o f  the data. The am ount o f 

inaccuracy introduced during this process depends on the operator's success at correctly and 

accurately identifying the known co-ordinate locations, as well as the accuracy and correctness 

o f  the algorithm used for the rectification calculation (Dowman, 1999). Choosing the correct 

algorithm becomes particularly important in RS imagery rectification as m aintaining the pixel 

values might be ju st as important as obtaining a correct spatial location o f the features. RS 

imagery may need to be corrected for distortions related to relief (e.g. foreshortening), sensor 

platform tilt and movement, and movement o f the Earth {idem).
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Analysis'. Any error introduced at the previous two stages will propagate during the analysis 

stage, and autom atically influence the accuracy o f the output (Heuvelink et al., 1989). Further 

error may also be introduced during the analysis stage resulting from the employment o f 

computational models and algorithms. As the models and algorithms are only approximations o f 

the real world relationships they are meant to depict, they will not be entirely correct, and 

inaccuracies are thus allowed to be introduced through lack o f  more accurate calculation 

procedures (Heuvelink, 1998). The types o f  inaccuracy added through these procedures depend 

on the type o f  data (e.g. raster or vector) and the type o f  analysis carried out.

2.5.7 (c) Quantifying error in GIS data and outputs
It is clear from the previous sections that the sources o f  error are many in GIS, originating both 

from the inputted data and from the manipulation and analysis procedures the data are subjected 

to. W hile most seasoned GIS users are well aware o f the problems associated with the 

propagation o f error and inaccuracy through the GIS processing, most will be hard pressed to be 

able to scientifically quantify the error o f  their GIS output (Lanter and Veregin, 1992; Burrough 

and McDonnell; 1998, Heuvelink, 1998). This can be attributed to a range o f  factors, including;

(a) A frequent lack o f  accuracy measurements and lineage o f the source data 

(although both map data and RS imagery/aerial photography have a history o f 

providing accuracy metadata).

(b) A lack o f a single, overall accepted theory for detecting and quantifying error 

in GIS (Goodchild and Gopal, 1989; Lanter and Veregin, 1992; Hunter and 

Goodchild, 1996; 1997; Goodchild and Proctor, 1997; Kiiveri, 1997).

(c) A lack o f integrated modules for error quantification in the available GIS 

software (Heuvelink, 1998).

A series o f  methods o f error propagation and quantification has been suggested and to some 

degree implemented in individual studies. Heuvelink's publication on error propagation in 

spatial modelling (Heuvelink, 1998) gives a solid introduction to statistical and geo-statistical 

approaches, especially suited to raster-based modelling analysis and associated GIS processing 

techniques. These include the Taylor, Rosenblueth and M onte Carlo methods. Beard and 

Buttenfield (1999) suggest the use o f  mainly graphical methods, basing their theory on the 

observation that by simple graphic display, errors can be highlighted and picked up on because 

the user often has an idea o f what (s)he is expecting to obtain. However, while simple display 

and data exploration tools may allow the identification o f patterns that might otherwise not be 

obvious, they will not necessarily give a value on how "real" or "true" the observed pattern is 

(M acEachren, 1994). The statistical and geo-statistical approaches o f  Heuvelink (1998) allow 

both quantification and display, and may thus be considered to be more useful error detection
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methods. Paradise and Beard (1994), moreover, developed a data quality filter where the user 

specifies the data quality parameter o f  interest, along with a measure o f  the quality and a 

threshold for what can be deemed acceptable error. The filter then displays data o f  acceptable 

standard, and allows investigation into what data are unacceptable and what makes the 

unacceptable data unacceptable. This thus gives both a visual and numerical/textual measure o f  

the data uncertainty. However, this method does require the GIS to contain adequate lineage and 

metadata related to the datasets. Other examples o f  approaches to quantifying accuracy and 

error propagation in GIS include fuzzy classification (Goodchild et a i ,  1992), error animation 

(Fisher, 1994a; 1994b), cross-validation (Mitsova et al., 1995) and probability surfacing 

(Veregin, 1996), and the reader is referred to these documents for more in-depth treatment of  

the subject.

While each o f  these methods may give a good estimate o f  accuracy and error propagation, 

implementing their use in general GIS applications poses a major problem. If a selection of 

methods were provided with a standard GIS software package, the user would be required to 

understand the principles behind them both to choose the right quantifying method and to assess 

the output of  the calculations. Thus, while these methods might be important within the "GIS 

Elite" (i.e. the scientific GIS community), their importance for occasional GiS users (e.g. 

municipal GiS managers) is likely to be small for some years yet to come. These occasional GIS 

users will need more customised and user-friendly ways o f  understanding the inaccuracy 

associated with their databases.

2.5.7 (d )T h e  im portance  o f  prov id ing  m etada ta  and  deve lop ing  data  quality  s tandards  
An issue that is more pertinent to all levels of  GiS usage and the understanding o f  GIS database

accuracy is the need to supply adequate metadata with the database. Metadata are data about the

data, and provides descriptive information about various characteristics o f  a dataset (Guptill,

1999). Examples o f  such information include the provenance o f  a dataset and what kind of

manipulations it has been subjected to (i.e. lineage) and any existing estimates o f  accuracy

(where these are available). An example of a metadata standard specifically geared towards

spatial data is given in Table 2.12. This type o f  information allows a seasoned GIS user to make

a qualified assessment o f  the available data and their spatial and temporal compatibility {idem).

Such data are seldom provided with GiS databases, however, and the inclusion o f  such data is

not usually provided for in the standard GIS software packages. Idrisi v.4.1 and ArcGIS 8.1 are

two of the few exceptions, providing a storage template for, for instance, the US Spatial Data

Transfer Standard (SDTS) (Veregin, 1999; ESRI, 2001).
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Table 2.12 Data quality com ponents in the US Spatial Data Transfer Standard (SDTS). From Veregin 
(1999).

C o m p o n e n t  D e s c r i p t i o n

L ineage Refers to resource materials, methods o f  derivation and transform ations applied to
a database.
• Includes temporal information (data that the information refers to on the 

ground).
•  Intended to be precise enough to identify the sources o f  individual objects (i.e. 

if a database was derived from different sources, lineage inform ation is to be 
assigned as an additional attribute o f  objects or as a spatial overlay).

P ositional Refers to the accuracy o f  the spatial component.
A ccuracy  • Subdivided into horizontal and vertical accuracy elements.

• Assessm ent m ethods are based on com parison to source, com parison to a 
standard o f  higher accuracy, deductive estimates or internal evidence.

• Variations in accuracy can be reported as quality overlays or additional 
attributes.

A ttr ib u te  A ccuracy  Refers to the accuracy o f  the thematic component.
• Specific tests vary as a function o f  m easurem ent scale.
• Assessm ent m ethods are based on deductive estimates, sam pling or map 

overlay.

Refers to the fidelity o f  the relationships encoded in the database.
• Includes tests o f  valid values for attributes, and identification o f  topological 

inconsistencies based on graphical or specific topological tests.

Refers to the relationship between database objects and the abstract universe o f  all 
such objects.
• Includes selection criteria, definitions and other mapping rules used to create 

the database.

The overall lack o f  metadata inclusion can also be attributed to the lack o f  international 

metadata standards (Salge, 1999). Such standards will require com m on definitions and 

term inology, as w ell as a globally accepted idea o f  what constitutes essential  information 

regarding the datasets encompassed by the standard. Currently, a range o f  standards exists 

throughout the world. Many o f  the requirements specified by these are the same in m ost o f  the 

standards (Guptill, 1999). Som e requirements, however, remain specific to one standard only  

{idem). Creating a common universal standard, or alternatively making existing standards inter

operable, is, therefore, currently an important issue within data provision circles.

The discussion related to metadata and metadata standards is beyond the scope o f  this study. 

More information can be obtained in Guptill's (1999) and Salge's (1999) accounts and 

references within these. However, the need to provide metadata with any GIS dataset cannot be 

stressed enough if  error and accuracy issued are to be assessed.

2 .6  C o n c l u s i o n

W hile the reasons behind coastal management efforts are many and diverse, a set o f  relatively  

standard management approaches has been developed over the years. The approaches vary 

slightly with the aims, the political and cultural settings, and the general climate o f  the area. The

Logical
Consistency

C om pleteness
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overall trend, however, is one o f attempting to look at the coastal system as a dynamic, 

integrated system that is affected through all activities taking place within it. As a result, the 

management efforts are starting to focus on incorporating all stakeholders in the management 

process, and making space for a range o f activities within the management area. W hile the well- 

established approach o f declaring management areas as protected parks is not abandoned, the 

approach is modernised and is tending towards recognising the need o f the (human) users for 

continued access. The idea is thus one o f  "managed use" rather than "no use".

The tools used to achieve this integrated approach to coastal m anagement include surveys, 

m onitoring, m odelling and indices. These allow the m anager to assess the current environmental 

state o f  the managed area, and are useful for assessing changes in this state as the management 

effort progresses. The usefulness o f each o f these tools is heavily reliant on the quality o f  the 

available or collected data, however, as well as the types o f  analysis carried out and the 

m anipulation o f the data required in some o f the analysis processes. As the types and amounts 

o f information needed for such integrated management are highly diverse and numerous, 

integrating and preparing the data for analysis may also pose a problem.

It is evident that GIS (both in itself, and combined with other data m anipulation and analysis 

packages) offers a useful tool for integrating large num bers o f datasets, as well as providing a 

useful environment in which to perform the types o f  data adm inistration and analysis exercises 

commonly employed in coastal management. GIS, therefore, can be used to provide a control 

system to aid the integration and analysis o f  the various datasets. Again, however, the quality o f 

the analysis carried out with the GIS will be dependent on the quality o f  the initial data, and 

attention must be given to data accuracy and lineage when assessing any output from a GIS 

analysis.

If  GIS is to be employed in coastal management, a generalised m anagement information system 

can be envisaged using Frihy's (1996) illustration o f a Coastal M anagem ent Information System 

(COM IS) (Figure 2.18). This format allows easy data display, manipulation and analysis for the 

use o f  planners and managers. Questions that have to be considered, however, include what 

types o f  analysis and m anipulation are needed, if  any m odelling is required, and, ultimately, 

which software or combination o f software is best suited for the application. These 

considerations will determine the shape o f the system, its implementation cost, ease o f  use, and 

ultimately the success o f the system in aiding the data analysis. The more complex a system 

becomes (e.g. with multiple add-ons and frequent transfer o f  data between software packages), 

and the more complex the type o f analyses asked o f the system, the higher is the degree o f 

understanding required o f the user. This can be bypassed to a certain degree (e.g. automating
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data transfer and simplifying the processes to certain extent by custom ising the simple input- 

output specifications using dialogue boxes). However, as the system can only provide the tools 

and computations, the successful use o f the system will depend on the user comprehension.
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3. T h e  N e g r i l  & G r e e n  I s la n d  A r e a

- A n  E n v i r o n m e n t a l  P r o f i l e  -

3.1 I n t r o d u c t i o n

The Negril and Green Island area is situated on the western tip o f  Jam aica (Figure 3.1 and 3.2). 

Until the early 1960s, the area was relatively undeveloped, and its econom y depended heavily 

on sugar cane production. In the late 1950s, the governm ent assigned the area to be developed 

for tourism purposes, and com m issioned the construction o f  a road along Long Bay, linking 

Negril and Orange Bay, thus providing the area with an infrastructural backbone. Extensive 

developm ent o f  the area followed, with hotels lining the beaches o f  Long Bay and, more 

recently. Bloody Bay. As a result o f  the increased development, much o f  the natural beauty o f  

the watersheds has deteriorated, and a range o f  environmental stresses has been recognised. 

These include solid and liquid waste production, eutrophication o f  both marine and freshwaters 

from wastewater disposal and agricultural runoff, death o f  corals, and over-exploitation o f  

shells, corals and fishing resources.

This chapter attempts to give an introduction to the environm ent o f  the Negril and Green Island 

area, and threats posed by the current development. It will also look at the Jamaican approach to 

coastal m anagem ent, and the environmental m anagem ent initiatives and legislation currently in 

place and under developm ent in the Negril and Green Island area

3.2 C l i m a t e

Jamaica's climate can be characterised as humid tropical, with two distinct wet seasons; one 

shorter period lasting generally from May to June, and one longer period lasting from A ugust to 

the end o f  Novem ber. The actual dates and lengths o f  these wet seasons vary from year to year, 

and som etim es from parish to parish. The average rainfall for the island is in the region o f  2000 

m m, but varies greatly across the island. The highest annual rainfall rates occur in m ountainous
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areas, as well as along the north-eastern coast due to prevailing winds from the north-northeast. 

As it is located on the West Coast, the Negril and Green Island area is protected from most of 

north-northeasterlies, and is therefore relatively dry. The northern areas (the Green Island end) 

are generally wetter than the southern areas (the Negri! end). The annual precipitation rates of 

the area range from 1300-2000 mm, with monthly averages ranging from 30-100 mm in the dry 

seasons, increasing to 150-350 mm during the wet seasons (Figure 3.3).

Due to the prevalence o f  clear wet and dry seasons, however, a great proportion o f  the total 

precipitation will occur in the rainy seasons, often resulting in floods, high erosion and 

landslides (Plate 3.1). The problems caused by heavy rainfall can be further exacerbated by 

hurricanes. The island is situated in the Caribbean hurricane zone, and the hurricane season 

overlaps with the second annual rain season. In addition to increased rainfall, hurricanes may 

also cause destruction through high winds. The last devastating hurricane to hit Jamaica was 

Gilbert in 1988, causing flooding, uprooting o f  trees, increased erosion, and tidal waves, along 

with millions o f  dollars worth o f  damage to property (International Federation o f  Red Cross and 

Red Crescent Societies, 1997).

The temperature is generally stable, with an average day temperature o f  about 26-27°C. Again, 

some variation exists across the island, with the mountainous areas being generally cooler than 

the lowland areas.

3.3  G e o l o g y  a n d  H y d r o g e o l o g y

The Negril and Green Island bedrock geology is characterised mainly by limestones o f  the 

Yellow, White and Coastal Limestones groups deposited from the Eocene through to the 

Pliocene, underlain by Cretaceous deposits o f  Red Bed sandstones and Hanover Shales (Figure

3.4 and Table 3.1). Extensive east-west and northwest-southeast trending normal faulting is 

apparent, and thought to originate from the Mid-Tertiary (Goreau, 1995).

The Negril and Green Island area can be divided into a series o f  blocks based on geological and 

hydrogeological characteristics, the most important o f  which are (Fernandez et al., 1997):

(1) Green Island Hanover Shale Bloch. Impermeable Hanover Shale deposits are 

exposed, and limit the aquifer potential o f  the area.

96



Table 3.1 Overview o f the geological stratigraphy o f  the formations found in the Negril and Green Island 
area.

G e o l o g i c a l

C o d e

G e o l o g i c a l

N a m e
F o r m a t i o n G r o u p S u b d i v i s i o n E p o c h

N/A Swamp / Marsh H O L O C E N E - 
PLEISTOCENEQa Alluvium

MP Undifferentiated
Limestones

Coastal
Limestone

PLIOCENE - 
MID M IOCENE

E
O

M

O
M

Mn Newport

W hite
Limestone

M IOCENE

Egb
G ibraltar / Bonny 
Gate

LOW ER 
M IOCENE - MID 

EOCENE

w
Owb W alderston-Browns 

Town Limestone OLIGOCENE - 
MID EOCENEEtc Troy/Clarem ont

Es Swans wick

Ech
Undifferentiated
Limestones

Yellow
Limestone

MID EOCENE

M ID - LOW ER 
EOCENE

Krb
Krl

Red Beds M aestrichtian
CRETACEOUSKha

Hanover Shale CampanianKhs

(2) Fish River Hills and Retrieve Mountain-Moreland Hill Blocks: Highly 

karstified White Limestone deposits (Troy Limestone and Walderston-Browns 

Town Limestone) exhibiting elongated ridge and valley (doline or polygonal'^) 

or sink and cone (cockpit^) types o f karst erosion, and forming the 

westernmost reaches o f the cockpit karst landscape. The ridges o f the hills rise 

up to 200-300 m a.s.l., and the associated depressions (cockpits and glades®) 

are 50-150 m deep. The limestones are underlain by Red Beds and largely 

impermeable Yellow Limestones.

 ̂ Doline karst are relatively small (>100 m), gendy inclined, closed conical depressions, and form on 
marly or impure limestones or where annual precipitation rates are relatively low (Sweeting, 1958). 
Dolines can be formed either through direct solution weathering, or through collapse o f underlying 
chamber caves (Ford and W illiams, 1989). Often, areas o f  limestone bedrock can be com pletely pitted 
with dolines only separated by narrow ridge-like divides. In these cases, the landscape resembles a 
polygonal-shaped network, and may be referred to as polygonal karst (idem).

 ̂ Cockpits are steep (30-40°), cone-like hills alternating with closed conical depressions, often 100 m or 
more deep, and the summits o f  the hills varying between 300-600 m.a.o. (Sweeting, 1958). This 
feature is thought to be formed through solutional processes, although early work suggested collapse 
into pre-existing caverns (Fincham, 1997). The cockpits exhibit microclim ates o f  higher rainfall, 
higher humidity, and higher overall temperaUires than the surrounding hills, and often host a range o f 
faunal and floral species not found anywhere else on the island (idem). The isolatory nature o f  the 
cockpits also encourages island-type speciation, and a series o f  plants and animals endemic to Jamaica 
as well as to the individual cockpits has been registered (idem).

* Poljes and glades are large closed depressions with a relatively flat valley floor, which may or may not 
have streams or river systems associated with them (Fincham, 1997). Depending on the drainage o f  
the valley, the polje or glade may be prone to flooding, and may even develop into a perm anent or 
intermittent lake feature (Ford and W illiams, 1989). The glades are usually more open than the 
cockpits, but not as extensive as the poljes (idem). They may contain a certain am ount o f  alluvium, 
and are therefore often well suited for small-scale farming (Sweeting, 1958).
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(3) Negril Hills Block'. This consists o f  an upfaulted White Limestone block 

(Gibraltar-Bonny Gate Limestone) showing north-south lineated elongated 

ridge and valley type karstification. The solution channels are thought to be 

relatively shallow and poorly developed, with little or no interconnection 

between the drainage systems.

(4) Coastal Limestone Blocks: The main block is found along the south coast o f  

the area, but smaller blocks can also be found along the north-western 

coastline (Ireland Pen, Orange Bay to Davis Cove). These are the most recent 

limestone deposits, and are characterised as relatively impermeable, fine

grained limestones, with strongly developed horizontal soliitional cavities 

directly linked to the sea.

(5) Orange River Swanswick Limestone Block: Exposed Swanswick Limestone 

forms the main part o f  this block. The Swanswick Limestone is recognised as 

a high storage aquifer, with mainly intergranular permeability. Fissure flow is 

also important, especially along faultlines, and numerous sinkhole^ provide 

entry o f  water into an associated karst solutional drainage network.

(6) The Great Morass: This extensive deposit o f  silts and clays forms one o f  the 

larger wetlands on the island. The sedimentary deposits are thought to be 

underlain by impermeable alluvia! deposits.

(7) South-Eastern A lluvial Deposits: The area bounded by the Negril Spots to the 

west, Broughton to the south and Little London to the east, is characterised by 

5-18 m thick river alluvium containing silts and clays. The deposits are 

relatively rich, and sustain high sugar cane production. The river alluvium is 

underlain by Newport Limestones which are thought to have important aquifer 

properties.

In addition to the seven main blocks, smaller outcrops o f  Yellow and White Limestones are 

present across the area. River and Interior Valley Alluviums are present in glades and poljes^ 

with the most extensive examples being the Fish River Valley-Cave Valley area and Spring 

Garden.

The overall impression o f  the hydrogeology is one of highly karst limestones characterised by 

extensive crack, crevice, sinkhole and cave systems, underlain by impervious older limestones 

and other sedimentary deposits (Goreau, 1995). The high degree o f  karstification is caused by a

 ̂ Sinkholes (or swallowholes) are sites where water sinks into the limestones, and often constitute the 
origin of dolines, poljes, cockpits and other types of karst features (Porter, 1990). Frequently, 
sinkholes are found at the base of present-day dolines, poljes and cockpits, still actively draining water 
into the underlying bedrock, and continuously developing and changing the karst landscape (idem).
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range o f  factors. Firstly, som e o f  the area's lim eston es are very pure and have a high ca lcite  

percentage (F incham , 1997). Karst developm en t is sign ifican t in bedrock con ta in ing  m ore than 

60%  ca lcite , and esp ecia lly  w ell d eveloped  in m ore than 90%  calcite  lim eston es (S w eetin g , 

1958). S om e o f  the W hite L im estone form ations, for instance, are alm ost pure ca lc ite  { idem).  

S econ d ly , the island has a high precipitation rate and high overall tem perature, encouraging the 

ch em ical d isso lu tion  o f  the lim eston es. M oreover, the lim eston es are to a large degree covered  

by tropical rainforest, m aking the underlying so ils  rich in organic C O 2  from forest litter 

d ecom p osition . In the presence o f  such high C O 2  concentrations, d isso lu tion  o f  calcium  m ay 

occur at up to 4 0 0  tim es the rate expected  in cooler clim ates (B o g li, 1956, in S w eetin g , 1958). 

T he p resence o f  num erous faults and fractures in the bedrock has a lso  encouraged subsurface  

d isso lu tion , e sp ecia lly  vertical erosion  (Fincham , 1997). it m ust be noted that the degree o f  

d isso lu tion  is to a large degree dependent on the com p osition  o f  the lim eston e, and the degree o f  

karstification  varies from  group to group, as w ell as betw een  d ifferent form ations o f  the sam e  

group (Z ans, 1951; S w eetin g , 1958).

Several springs and b lueholes occur w ithin the N egri I area, and, although no tracing work has 

been carried out, m ost o f  these can reliably be linked to groundwater f lo w  from adjacent h ills  

{ idem) .  The exact underground conduit network is not know n, how ever, and it is im p ossib le  to 

p o sitiv e ly  identify  sinks and associated  springs w ithout carrying out ex ten sive  tracing o f  the 

area (Fernandez et al. ,  1997). The best know n springs occur a lon g  the eastern ed ges o f  the Fish  

R iver H ills and M oreland H ill, indicating strong solu tional channel developm en t in these areas. 

During the dry season , the b aseflow s o f  the O range and Fish R ivers are thought to be 

m aintained so le ly  through spring w ater fed from  the Fish R iver H ills { idem) .  Springs are a lso  

evident a lon g  the southern reaches o f  the Fish R iver H ills and M oreland H ill, as w ell as the 

northern border o f  the N egril H ills. S om e areas are thought to drain d irectly  into the coastal 

w aters through m arine springs (G oreau, 1994a).

T he m ost important asp ect o f  karst d evelopm en t in an environm ental con text is the d istinctive  

h ydrology  that dom inate karst regions (Chapter 2). M any o f  the area's lim eston es exh ib it high  

primary porosity and high perm eability, and thus encourage rapid draining o f  w ater into the 

bedrock (S w eetin g , 1965). Secondary porosity m ay a lso  be high, and encourage loca lised  rapid 

drainage (Lehm ann, 1958). On the surface, this drainage is largely associated  w ith sin k h oles  

and faultlines (S w eetin g , 1958). W ater entering the secondary and tertiary porosity features is 

usually  rapidly flushed through the groundwater system  through a series o f  underground  

p assages, and m ay resurface through springs and b lueholes, and thus rejoin the surface water 

system  { idem) .  It m ay a lso  enter the coastal/m arine system  through m arine springs (F incham , 

1997). In the N egril and Green Island area, one o f  the largest problem s associated  with
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contamination o f waters in karst regions is the placem ent o f pit latrines immediately above 

sinkholes and faultlines, and the disposal o f  waste in sinkholes and caves (Goreau, 1994a). The 

wastes are drained directly into the groundwater, and may be flushed out into springs, rivers and 

coastal waters {idem). Residence time for the water flushing through the groundwater system 

may be in the region o f hours to weeks, depending on the relative proportion o f primary, 

secondary and tertiary porosity features. This is in stark contrast to a non-karst aquifer, where 

the drainage is usually less rapid, secondary and tertiary features fewer or non-existent, and 

residence time therefore longer (years to decades) than in karst aquifers. The high drainage rates 

in karst aquifers make them vulnerable to pollution from non-point sources, and the relatively 

short residence time does not allow sufficient time for the natural degeneration o f these 

pollutants (Ford and W illiams, 1989). In addition, the resurfacing o f  underground streams (often 

many tens o f  kilometres away from the original source) makes local water quality management 

difficult, as the source o f the contamination may not be within the m anagement area.

The karst nature o f the area means that the surface and groundwater systems are closely linked. 

Four main surface drainage basin systems can be recognised:

(1) Island River

(2) North Negril River

(3) South Negril River

(4) New Savanna River

The rivers forming each o f these systems, as well as the areas drained, are given in Table 3.2. 

From the Fernandez et al. (1997) Groundwater Report for the Negril area, it appears that the 

groundwater sub-basins largely follow the topographic surface water sub-basins. Moreover, a 

dominant proportion o f the water entering the underground pathways is thought to re-surface 

and join the surface water network, either through springs and blueholes, or through subsurface 

seepage into the river system. According to Fernandez et al. (1997), five groundwater drainage 

basins are apparent:

(1) North Negril River System

(2) South Negril River

(3) Negril Hills

(4) Great M orass

(5) New Savanna River

The boundaries o f these generally follow clear geological boundaries such as faultlines and 

aquifer-aquiclude boundaries (Table 3.3). The eastern-most boundaries are assumed to coincide 

with the surface water divide o f the Negril and Frome sub-basins, based on variations in
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Table 3.2 Rivers making up the surface drainage systems and areas drained by these in the Negril and 
Green Island area.

S u r f a c e  D r a i n a g e  
S y s t e m

R i v e r s D r a i n a g e  A r e a
D i s c h a r g e

A r e a

Island River • Island River •  Hanover Shales in the northem part 
o f the study area

Green Island 
Harbour

North Negril River 
System

• North Negril 
River

• Orange River
• East Canal
• Newfound River
• Cave River
• Fish River

• Most o f  the Swanswick Limestones 
in the Campbelton-Orange Bay area

• Fish River Hills
•  Western parts o f  the Jerusalem 

Mountains-Moreland Hill complex
• Parts o f  the Great Morass

Salt Creek

South Negril River • South Negril 
River

• Lowland areas west o f  Delve Bridge, 
including Retreat, Spring Garden, 
Negril Spots and Sheffield

• Southem Fish River Hills and 
Moreland Hill

•  Northem Negril Hills
•  Parts o f  the Great Morass

Negril Town 
(southem end 
o f  Long Bay)

New Savanna River • N ew  Savanna 
River

• Eastern parts o f  Moreland Hill
•  Lowland alluvial deposits in the 

Delve Bridge-Little London- 
Broughton area

Mangrove 
wetland near St. 
Johns Point

watertable levels. The watertable appears to be higher in the m ountainous region between 

W inchester and Delveland, thus giving rise to groundwater flow down towards the Negril sub

basin on the western side o f the hills, and towards the Frome sub-basin on the eastern side.

It must be noted that some o f the drainage systems currently observed are artificial. In 

particular, the construction o f the Orange Bay-Negril road, along with channelisation o f  the 

North and South Negril Rivers and the construction o f the East Canal, all carried out in the 

1960s, have largely altered the hydrology and hydrogeology o f the Great M orass and the North 

and South Negril Rivers. Prior to these alterations, the Great M orass was drained by the South 

Negril and M iddle Rivers to the west, and the North Negril and Orange Rivers to the north 

(Digerfelt and Enell, 1984) (Figure 3.5). In addition, seepage from the marsh through the sandy 

beach and into the coastal waters o f Long Bay occurred, especially during rain seasons (Goreau, 

1995). This seepage was strongly reduced with the construction o f  the new road, and the M iddle 

River has disappeared entirely (Digerfelt and Enell, 1984). M uch o f the excess water is now 

diverted into the channelised South Negril River, and through the East Canal into the North 

Negril River, which has been channelised and extended inwards. The Orange River was also 

forced to jo in  the North Negril River, and now drains into Salt Creek rather than into the Orange 

Bay (Goreau, 1995). This channelisation has caused drying-up o f  terrestrial habitats and saline 

intrusion up the channels, consequently altering the vegetation communities towards drier, more 

salt-tolerant communities {idem).
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Table 3.3 Boundaries o f  the groundwater catchm ent basins o f  the Negril and Green Island area, with notes on spring locations and hydrogeological characteristics. Based on 
Fernandez et al. (1997). The catchm ent areas are indicated in Figure 3.6.

C .\TC H M EN T
A r e a

B o u n d .v r ie s S p r i n g s N o t e s

North Negril •  Great M orass (west) •  Occur along faulted contact between river • Swamp alluvium (Great M orass) forms
River (including • Logwood-Springfield N-S trending fault alluvium o f  South Negril River valley and relatively im perm eable barrier to GW  flow
Orange River, (west) Swanswick and Troy Limestones. from Swanswick Limestone.
Cave River, Fish •  Springfield-Delveland series o f  E-W • Fish River #1 Bluehole sustains low flow in Fish •  Eastern boundary corresponds with surface
River and East trending faults (south) River water catchm ent boundary
Canal) •  Faulted and natural stratigraphic contact 

between lim estone aquifer and basal 
aquiclude (east)

•  Orange River Bluehole and Logwood Spring 
sustain low flow in Orange River

•  M inimum flow in Orange River and Fish 
River entirely sustained by spring flow

South Negril • Springfield-Delveland series o f  E-W • 5 springs occur along Springfield-Delveland •  Effluent river, with groundwater being largely
River trending faults (north)

•  Floodplain between South Negril and New 
Savanna Rivers (east)

•  NW -SE trending Negril Hills fault (south)

Road, (the three Ketto Springs, Gutter Wall 
Spring, Delve Bluehole)

discharged into river through subsurface flow 
and spring flow before being discharged into 
sea

Negril Hills •  Negril Hills NW -SE trending fault and E-W 
Negril Hills-New Hope splay-off, forming a 
relatively impermeable boundary (north)

•  Flood plain between South Negril and New 
Savanna Rivers (east)

• Topographic boundar)' separating north and 
southward flows o ff the hills (south)

•  Some springs and seepage areas located along 
northern boundary

•  M ost o f  conduit flow water likely to be discharged 
into coastal water through marine springs

• O ccurrence o f  springs at Sheffield suggest that 
no hydraulic connection exists between Negril 
Hill and Great M orass catchments

•  Eastern and southern boundaries corresponds 
with surface w ater catchm ent boundary

•  Subsurface flow occurs into South Negril 
River and Great M orass

•  Spring flow discharges into South Negril 
a ta se t. In this visualisation, the uninhabited 
areas o f  the Great M orass and Fish River



Table 3.3 (Continued).

C.ATCHMENT
A r e a

Bo i :n d . \ r ie s S p r in g s N o t e s

Great M orass • 1 . 5 m  w ater table contour (south)
•  Logwood-Springfield N-S trending fault 

(east)

New Savanna •  Faulted and natural stratigraphic contact btw 
River Limestone, aquifer and basal aquiclude

(north-west)
• Floodplain between South Negril and New 

Savanna Rivers (west)
•  W ater table levels and horizontal flow 

patterns within the Frome sub-basin (east)

' Five (large) springs occur along Logwood- 
Springfield Road, discharging directly into the 
Morass

' 2 known springs (Jerusalem M ountain and Canaan 
Springs) discharging GW from north, north-west 
and west lying mountains (W inchester to 
Delveland)

•  Outflow from catchm ent into coastal water 
through coastal sandbank (although impeded 
by the Orange Bay-Negril road)

•  Catchm ent contributes both surface water and 
groundwater to North, South and M iddle 
Negril Rivers

•  River receives spring and subsurface flow 
through most o f  its catchm ent

•  South o f  Old Hope, New Savanna River 
becomes influent, and m ay dry on occasions



3 . 4  N a t u r a l  E n v i r o n i v i e n t  a n d  L a n d - U s e

Jam aica is rich in natural flora and fauna, with terrestrial habitats ranging from rainforests to 

savannahs to wetlands, and marine habitats from seagrass beds to coral reefs to open sea. Each 

o f these ecosystems is important to the overall environmental balance o f the island, and 

provides much o f its beauty and richness. Many o f the ecosystems, however, are currently 

endangered by human activities such as agriculture, urbanisation, industry and tourism.

The Negril and Green Island area is largely agricultural, with most o f  the arable land covered by 

small mixed farms, sugar cane fields and forested areas (Figure 3.7). Animal grazing is taking 

place in the northern (especially in the Green Island area) and southern parts (along the edge of 

the Morass and South Negril River) o f  the watershed (NEPT et al., 1995). The Green Island, 

Orange Bay and Savanna la Mar areas were cleared o f their natural forest cover for sugar 

plantation as early as the 1500s and 1600s due to their fertile soils (Goreau, 1995). Some of 

these areas have later been abandoned or converted to small-scale farming. Clearing and 

draining o f  forested areas for sugar and small-scale farming is still taking place, but sugar cane 

still remains the most important crop o f the area today (Goreau, 1994a).

3.4.1 Rainforests
The original forest cover is for the most part only preserved in the upland areas o f Fish River 

Hills and Negril Hills, although there are some relatively untouched forests on Ireland Pen 

(Figure 3.7). The forests o f  Fish River Hills and Negril Hills are dominated by large native 

species such as Silk Cotton (Ceiba pentandra) and Red Birch {Bursera simarouba), introduced 

species such as Guango {Samanea saman), as well as subordinate tree species (e.g. Red 

M ountain Pride {Spathelia sorbifolia)), shrubs (e.g. Leucanea leucocephala), orchids and 

brom eliads (Goreau, 1995). Many o f the species are endemic to Jamaica, and some, such as the 

orchid Broughtonia negrilensis, can only be found in the Negril Hills forests {idem). The Negril 

Hills forests are also important habitats for rare and endangered snakes and birds.

3.4.2 Shrubland
Shrublands are areas o f sparse to dense shrubby growth, and are either transitional vegetation 

between forest and non-forest systems, or a marginal vegetation type dom inant where the 

prevailing conditions prevent forest establishment (Figure 3.7). For most anthropogenic 

purposes, this type o f vegetation is regarded as relatively valueless. It does provide important 

habitats for local birds and insects, however, and is likely to provide soil stabilisation. 

Shrubland is found in most parts o f the Negril and Green Island area and is often used for low- 

intensity grazing. Some shrubland clearing also occurs for marginal agriculture or for improving 

the area for pasture land purposes (Barker, 1998).

104



3.4.3 W etlands

W etlands can be defined as "[■■■] areas o f  marsh and stretches o f  shallow water, whether fresh 

or salt, temporary or permanent, static or flow ing” (Hoffman, 1970), and occur in Jamaica 

mainly in low-lying coastal areas (Hudson, 1983). There are three main types o f  wetlands on the 

island; saltmarshes, swamps and mangroves, the latter two o f which occur extensively in the 

Negri! and Green Island area.

The largest swamp in the Negril and Green Island area (and the second largest in Jamaica) is the 

Great Morass, covering some 26 km^ (Figure 3.7 and Plate 3.2). It is characterised by sem i

permanent to permanent waterlogged conditions, with still or slow-moving bodies o f shallow 

water (Harty, 1989). At present, the Morass is composed largely o f Sawgrass (Cladium 

jamaicense) forming large uniform swards in the southern parts o f  the Morass, but lower-lying 

swards mixed with Water Hyacinth {Eichhornia crassipes) filled ponds in the northern parts 

(Coke, 1982). Around the margins, as well as in elevations within the Morass, wetland and 

dryland forests flourish {idem).

Some o f  the forested areas in the Morass are dominated by Jamaican Royal Palms {Roystona 

princeps) (Plate 3.3), an endemic species only present in W estmoreland, Hanover and St. 

Elizabeth (Goreau, 1995). Following the drainage o f the Morass in 1959-60, much o f the Royal 

Palm forest in the south o f the Morass was cut down to allow the land to be used for agriculture 

and grazing (Anderson and M ullings, 1986). The remaining forest is largely made up o f mature 

adult trees, and is seems that the water conditions in the area are unsuitable for the 

establishm ent o f saplings (Goreau, 1995). The area has also been allowed used for cattle 

grazing, causing further impediment on the establishment o f  new growth {idem). This forest also 

hosts the endemic shrub Randia aculeata, and several species o f rare and very rare trees (e.g. 

Ficus membranacea), climbers (e.g. Phaseolus trichocarpus) and grasses (e.g. Setaria magna) 

(Anderson and M ullings, 1986). In addition, the M orass hosts a range o f animals, notably 

wading birds and small fish (Svensson, 1983), and serves as a breeding ground for landcrabs 

(Goreau, 1995).

Other swamp areas in the Negril and Green Island area include Negril Spots south-east o f  

Sheffield, and sm aller swamps and saltmarshes dotted around the coast, especially in the Orange 

Bay to Davis Cove area. In addition, many blocked sinkholes act as stagnant ponds, especially 

in the southern part o f  the study area. These have similar vegetation to that o f the swamps, and 

the shallower ponds are used for animal grazing (Plate 3.4).
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Swamps have little direct use to the local population. They do serve as important water 

clarifiers, however, with nutrients being removed from the water flowing through the system 

through uptake by plants and deposition o f suspended sediments. The water exiting the swamps, 

therefore, is likely to be relatively poor in nutrients and have low suspended sediment loads. 

However, the alterations to the Great M orass hydrology and hydrogeology described in Section 

3.3, may have severely reduced its nutrient and sediment removal capacity (Harty, 1989).

Fringe mangrove systems can be found in pockets along most o f  the northern and southern 

coastlines o f the Negril and Green Island area, while riverine and basin mangrove systems are to 

some degree apparent along the banks o f  the North Negril, Island and New Savanna Rivers. 

Notable mangrove forests can be found in the northern parts o f  the Great Morass, between 

Orange Bay and Samuels Bay, around Negro Bay, and in the coastal area south o f Broughton 

(Figure 3.7). Three main species o f mangroves are present; red mangrove {Rhizophora mangle), 

black mangrove {Avicennia germinans), and white mangrove {Laguncularia racemosa).

As with the swamps, the mangrove forests have little direct use in the Negril and Green Island 

area, with limited extraction o f wood for fuelwood and timber being the only real use. However, 

they do play an important part in the watershed environment, both in a nutrient/sediment 

removal capacity, and as important nursery grounds to marine fish and crustaceans.

3 .4 .4  S ugar C ane

Sugar cane is the most important cash crop in the Negril and Green Island area. It is found in 

alluvial valleys and on inland drained wetland areas, with rich, medium to slow drainage soils 

(Figure 3.7 and Plate 3.5). It is grown in large fields, more often than not on large, specialised 

plantations, although small-scale farmers may also have sm aller sugar cane plots for personal or 

cash crop use.

In Jamaica, sugar cane takes about eight months to mature, with the best growth cycle being 

planting in wet season, and maturing during dry season. This ensures the highest level o f  

sucrose in the harvested canes (Goreau, 1995). Harvesting is preceded by burning o f  the cane 

stands in order to remove sharp grassleaves and purportedly to increase the sugar content o f  the 

canes {idem). Once harvested, the fields can either immediately be replanted or can be left 

fallow for 3-4 months to ensure the highest level o f  sucrose in the mature cane. In the latter 

case, the fields may be used for cattle grazing, effectively turning the sugar cane fields into 

pastures for up to third o f the year. This might offer some benefits in that the soil is being re

fertilised, and that it is overall more economical than leaving the fields truly fallow.
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D epending on the internal drainage o f  the soil, drainage canals m ay riddle the borders betw een 

fields. N o riparian vegetation is usually  present along the drainage ditches, thus offering no 

fertiliser or soil retention along these w aterw ays, and bank erosion has been reported  to  be high 

(G oreau, 1995). This is further intensified after the burning and harvesting  o f  the canes. In 

addition , cow s and goats are often allow ed to  graze the edges o f  the drainage ditches, further 

increasing the risk o f  bank erosion, added nutrients and bacterial leaching. D uring the pasture or 

fallow  period, soil erosion and nutrient loss m ay be further enhanced as the soils are stripped 

bare o f  vegetation , and soil com paction  by cattle  tram pling  m ay lead to gully ing.

3 .4 .5  P a s tu re

Pasture areas can be found across m ost o f  the N egril and G reen Island area (F igure 3.7). The 

intensity  o f  g razing  and the nature o f  the pastures d iffer greatly , how ever. The m ost intensely 

grazed areas are characterised  m ain ly  by grasses, w ith som e tree and shrub vegetation  a long  the 

edges o f  the pastures (P late 3.6). Less intensely grazed areas are often characterised  by m ore 

shrubby vegetation (P late 3.7), or are associated w ith m arginal lands and drained w etlands. In 

general, any area not actively  cultivated  m ay be used for grazing, including roadside verges, 

riverbanks, ponds, sinkholes and any other suitable areas, and cow s and goats are often found 

tethered  along roads or on w astelands both in urban and rural areas. A s m entioned above, 

betw een planting, particu larly  o f  sugar cane, fields can tem porarily  be converted  into pastures, 

and in orchards, grazing m ay take place year-round.

The main problem s associated  w ith the grazing practices in the area are the unregulated  use o f  

any uncultured land-area for grazing purposes, and the grazing o f  riverbanks and near beaches 

(P late  3.8). The form er has lead to  a situation w here forested  land and w etlands are converted  to 

pasture, w ithout any regard to the im portance o f  the natural vegetation. M oreover, natural 

regeneration o f  disturbed areas is not encouraged by the continued grazing o f  new  vegetation . 

This is particu larly  a problem  in the G reat M orass area w here illegal g razing  in and around the 

Royal Palm R eserve is th reaten ing  the regeneration o f  the Royal Palm forest. The grazing  o f  

riverbanks and beaches is deleterious in that it reduces the occurrence o f  riparian  and border 

vegetation, thus rem oving the natural filtration o f  ru n o ff w aters. This results in nu trien ts and 

bacteria  leaching into the river and coastal w aters, encouraging eu trophication  and decreasing  

the local population 's health. M oreover, riverbank erosion is encouraged, both by the lack o f  

vegetation  and the added tram pling . In addition, m uch o f  the grazing  takes p lace in hollow s, 

poljes, dolines, sirikholes and ponds. The runoff from  these areas enters the groundw ater and 

m ay either contam inate the groundw ater resources w ith nutrients and bacteria, o r qu ick ly  be 

flushed out to surface w ater system s and coastal w aters, contam inating  these.
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3 .4 .6  M ix ed  C u ltiva tion
Small-scale farms are found across the study area (Figure 3.7) and are usually characterised by 

having a mixed cultivation (Plate 3.9), often dominated by food crops, but with the occasional 

cash crop for sale at the local market. These types o f farms are relatively small, sometimes 

constituting no more than the yard around the farmer's house. Crops grown vary from 

vegetables and staples (e.g. yams, onions, carrots, potatoes), to fruit trees (e.g. breadfruit, 

avocado pears, coconuts, bananas, sweetsop, soursop, guineps and citrus), to cereals, coffee and 

cocoa. The farmer may also keep a small number o f cows, goats, chickens, and possibly a pig or 

two, and fertilisation is often kept to natural fertilisation from animal excretion and active 

composting.

These farms are often found on either marginal land and/or pioneer land. These are areas o f 

drained wetlands or cleared forestland. Often, the clearing or draining has been performed 

illegally, but there is a general consensus among local people that if  a person prepares and 

plants a formerly unused area, it is his to keep. It is essentially a "free for all" situation, with 

little or no enforcement o f planning policies and protection acts in the cases where such exist. 

This has resulted in a loss or diminution o f  mangroves, swamps and prime rainforests areas, and 

thereby a loss o f  important natural resources along with an endangerment o f  the natural 

environment. Often, the areas cleared or drained are unsuitable for agricultural purposes, either 

because o f low long-term fertility (e.g. marshes and swamps), thin soils (e.g. forested areas), or 

steepness o f the slopes (e.g. forested areas). The land may give high returns in the first few 

years, but will rapidly lose its fertility through topsoil erosion, nutrient depletion, waterlogging 

or high drainage rates. This in turn will force the farmer to clear and/or drain more land, leaving 

the formerly farmed land to be overgrown by scrub and bushes and used for inferior grazing 

land for goats and cattle. It is uncertain how long it will take for the cleared land, if  left alone, to 

return to the pre-clearing state. In cases where wetlands have been com pletely drained, or where 

the soil has been entirely stripped, a return to the former state is unlikely.

As outlined in Chapter 2, common to all the cultivated lands is that clearing o f  land for 

agricultural purposes will increase the amount o f rainfall reaching the ground, and thus the 

resulting overland- and throughflow. M cGregor (1995) reports that soil erosion is extensive and 

very much the norm  on farmed land in Jamaica (Table 3.4). He stresses that the crop type and 

the associated agricultural practices are among the main parameters affecting soil loss rates, and 

that in Jamaica, yam and coco yam, for instance, are generally associated with much higher 

rates o f soil loss than coffee. The steepness o f  the slope under agriculture is a further 

consideration, and as approxim ately 50% o f the island's agricultural land is situated on steep
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Table 3.4 Estim ates o f  soil erosion in Jamaica (After M cGregor, 1995).

L a n d - u s e METIIOI) E r o s i o n

( I'ONNES/HA/ANNIIM)
S o u r c e

Agriculture USLE 2 4 - 99 GOJ/UNDP/FAO, 1982
Agriculture Traps 28 - 101 Soil Conservation Department (n.d.)
Agriculture Traps 22 - 294 (avg.: 80) McGregor, 1988
Agriculture Not stated 90 Lai et al., 1989
Forest Traps 35 - 225 Richardson, 1982
Gully erosion USLE 54 - 93 GOJ/UNDP/FAO, 1982
Overall USLE/guesstimate 97 Champion, 1966
Overall USLE 160 -280 GOJ/UNDP/FAO, 1982
Yam Traps 17- 133 Soil Conservation Department (n.d.)

slopes (slopes greater than 20 degrees), overall agriculturally-derived soil loss must be expected 

to be high (GOJ and FAO, 1989; Edwards, 1998). While no studies o f  soil erosion have been 

carried out in the Negril and Green Island area, it is likely that the estimates given in Table 3.4 

are indicative o f  the am ount o f soil erosion likely to occur in this area.

3.4.7 Coral Reefs and Seagrasses
Extensive and relatively healthy (compared to other areas o f the island) coral reefs can be found 

along most o f  the western coast o f the Negril and Green Island area, and are purported to be 

some o f the best remaining coral reefs in Jamaica. The reefs serve a multitude o f purposes to the 

physical and biological environment o f the area, including;

-  Forming important building blocks, with fossil reefs constituting most o f  the 

limestone bedrock o f the area.

-  Providing some o f the calcareous sand necessary for the area’s famous white 

sand beaches, although most o f this sand is derived from calcareous algae 

{Haliconda spp.) growing in the shallow waters o f the coral reef lagoons.

-  Serving as a barrier against high seas, preventing large-scale coastal erosion 

caused by high-energy wave scouring and sediment transportation.

-  Providing a habitat for a multitude o f plants and animals, as well as providing 

the local human population with food.

In addition to coral reefs, seagrass beds are found o ff the southern coast, with the three main 

types o f seagrasses being Turtle Grass {Thalassia testudinum). Shoal Grass {Halodule wrightii) 

and Manatee Grass {Syringidium fdiform e). Scattered seagrass growth is also found in the sand- 

covered shallows o f Long Bay, Bloody Bay and Orange Bay. Along with coral reefs, seagrasses 

represent one o f the most productive coastal ecosystems, both in their capacity as primary 

producers, and indirectly as habitats and refuges for a wide range o f marine animals and plants. 

While not as extensive and important to the Negril and Green Island coastal ecosystem as the
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coral reefs, the grasses are directly grazed by manatees, turtles, sea urchins and herbivorous fish, 

and the leaf litter provides a valuable food source for decomposers and filter-feeders.

Both the coral reefs and the seagrass beds are currently threatened by anthropogenic activities 

and associated contamination. These include increased water turbidity from land-derived 

erosion, eutrophication with associated weedy algal blooms, and physical damage from boat 

anchors, careless diving activities and inappropriate fishing methods (especially coral blasting).

3 .5  C u r r e n t  E n v i r o n m e n t a l  P r o b l e m s  a n d  T h r e a t s

It is clear from the previous section that the Negril and Green Island area possesses a multitude 

o f natural resources. However, most o f these resources are threatened by current anthropogenic 

activities. The range o f problems and the distribution o f these across the study area are indicated 

in Table 3.5 and Figure 3.8. From a management point o f view, however, it would be desirable 

to be able to identify and prioritise resources most under threat. The following section will 

therefore examine the most common o f the current problems and threats to the Negril and Green 

island environment and try to identify that or those problems and/or threats most important or 

devastating to the local coastal environment.

3.5.1 D ete rio ra tion  o f  W ate r Q uality

A series o f studies have been carried out on the water quality o f  the Negril and Green Island 

area. Most o f these have concentrated on the coastal waters (e.g. Lapointe, 1994, Goreau, 

1994b), but a few have also included riverine samples (e.g. Rose, 1994; Wade, 1994; Goreau 

and Goreau, 1997). Several o f  these studies suggest that the water quality in the area is directly 

affected by the land-use and human activities within the Negril and Green Island watersheds. In 

general, sewage and agricultural runoff have been shown to cause increased nutrient 

concentrations, as well as increased levels o f  pathogens.

In general, the wetland waters have been relatively poor in nutrients, with an N:P ration o f 

around 50:1, while N:P ratios o f  stream and river waters range from 20:1 up to 1:1, depending 

on season, area and year sampled (W ade, 1994). Both the South and the North Negril Rivers 

seem to have elevated nutrient concentrations, possibly derived from agricultural fertiliser 

runoff {idem). The coastal waters also show elevated nutrient concentrations, and a study carried 

out in 1992 {idem), revealed an average N:P ratio o f  3.9:1 for the surface water o f  Long Bay and 

6.3:1 for the bottom waters. Wade's studies also showed that the nutrient concentrations were
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T able 3.5 M ain env ironm ental p rob lem s in the N egril and G reen Island w atersheds. T he locations o f  the areas are ind icated  in F igure 3.8. B ased on G oreau , (1994a, 1995).
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generally higher in the bottom waters than in the surface water. This seems to imply that much 

o f the nutrients are supplied through underground springs and seepage areas, thus being 

transported by groundwater rather than surface waters.

A recent study suggested that the Long Bay beach erosion observed over the past decade is 

caused by high turbidity and eutrophication o f the shallow lagoon between the coral reefs and 

the beach (Dr. R. Maharaj, pers. comm.). The beach sand was found to be produced by 

calcareous algae {Haliconda spp.) growing in the lagoon. The calcareous algae growth is 

thought to be severely reduced by the decreased light penetration (caused by the high turbidity), 

and the calcareous algae also being out-competed by weedy algae.

In their watershed-wide sampling effort, Goreau and Goreau (1997) found that phosphate and 

nitrate concentrations were elevated in both fresh and coastal waters. Overall, ammonia 

concentrations were lower than nitrate concentrations, but this was thought to be a consequence 

o f the am m onia being more bio-available than nitrate. Chlorophyll-a concentrations were also 

found to be high, and in most o f the samples exceeded the eutrophication threshold o f 0.5 |J.g.r'.

Lapointe (1994) found that the critical thresholds for the onset o f  eutrophication in Jamaican 

coastal waters are in the order o f 1.0 )i,M.r' dissolved inorganic nitrogen and 0.1 )j,M.r' soluble 

reactive phosphorus. If these thresholds are exceeded, and the nitrogen-phosphorus (N:P) ratio 

is 20:1 or less, the waters can be considered to be eutrophic (Wade, 1994). According to these 

criteria, both Wade's (1994) and Goreau and Goreau's (1997) studies indicated eutrophication o f 

the coastal and riverine waters.

In addition, Rose (1994), studying the coliform levels in the Long Bay and Bloody Bay area, as 

well as in the North and South Negril Rivers, found that the rivers coliform levels were 

particularly elevated (annual average o f 982 and 5492 MPN/100 ml respectively). Elevated 

levels were also found in a sinkhole near the resort Hedonism II in the north o f Long Bay 

(annual average = 8717 M PN/100 ml). These high levels increased in periods o f high rainfall, 

suggesting that most o f  the coliforms were transported from surrounding land by overland 

runoff. The coastal water samples all had relatively low average coliform counts (10-120 

MNP/100 ml), and only exceeded the US EPA standard o f 200 M NP/100 ml after heavy 

rainfall.

There are no available water quality data on groundwater quality in the area, but it m ust be 

expected that much o f the groundwater will have sim ilar characteristics as the surface river 

water owing to the karst nature o f the bedrocks.
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3.5.2 Deterioration in Coral Reef Health
A m ajor concern in the watershed is the deterioration in coral health observed over the last 15- 

20 years as the Jamaican reefs are the sites o f some o f the most species-diverse marine 

ecosystems in the Caribbean region (Goreau, 1994b), and play an important role as fishery 

nursery grounds and in shore protection. The modern Jamaican coral reefs started developing 

after the sea level stabilised at the present level some 5,000 years ago (Goreau et al., 1979). 

There is evidence to suggest that these reef communities have still not reached ecological 

clim ax state (idem), and may therefore be considered to be less resistant and resilient to 

environmental stress than climax communities.

The threats to the coral reefs in Negril can be seen to be threefold; eutrophication, increased sea 

temperatures, and physical damage and removal. Weedy algal, sponge and soft coral 

overgrowth o f the reefs have been observed in several areas along the Negril coastline (Goreau, 

1992; 1994a; 1994b, 1995). The severity o f  this overgrowth has increased rapidly from the late 

1980s (Goreau, 1992; 1995). These algae are photosynthetic, and are thought to be the main 

primary producer in the reef ecosystem {idem). The overgrowth by other organisms will block 

out light to the zooxanthellae production, as well as prevent water circulation through the corals, 

causing starvation and eventual death o f  the corals. Several studies (e.g. Lapointe, 1994; Rose, 

1994; Wade, 1994) have shown an increase in nutrient concentration in Negril's coastal waters, 

encouraging rapid growth o f weedy algae such as Cladophoropsis macromeres, Halimeda 

goreauii and Bryothamnion triquestrum. The increased nutrient concentrations are thought to 

stem from both agricultural and sewage runoff.

Reduced photosynthetic zooxanthellae production has also been observed as a result o f  

increased turbidity o f the coastal waters. This seems to be linked with increased suspended 

solids concentrations caused by hillslope and stream bank erosion within the watersheds 

(Goreau, 1992), as well as increased peat leachate resulting from the deepening and extension o f 

drainage channels in the Morass (Jelier and Roberts, 1994).

Extensive coral bleaching (i.e. that the corals lose their natural colour) has been observed since 

1987. Mass bleaching events where most o f  the coral species in the area were affected took 

place in 1987, 1989, 1990 and 1991 (Goreau, 1994a). This appears to be linked to increased sea 

temperatures, probably as a result o f global warming, rather than related to increasing pollution 

pressures within the watershed (idem). However, the effect these bleaching events has on the 

individual corals and on the coral population depends on the magnitude o f  other environmental 

stresses experienced by the corals (Goreau, 1992). For instance, it has been observed that corals
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experiencing only minor or no environmental stress are more likely to recover, and will recover 

more quickly, than stressed corals (Goreau, 1994b).

The corals reefs also suffer directly from the increased tourism pressures in the area. Diving 

among the reefs is popular, but may cause great damage. Firstly, anchoring o f  boats on the reefs 

easily erodes fossil reefs, and may kill live corals. In the beginning o f  the 1990s, a series of 

mooring buoys were installed at the most popular diving spots, and it is hoped that this will help 

reduce the anchoring damage (Quirolo, 1992). Secondly, many divers touch and stand on the 

reefs, again encouraging erosion and death o f  live corals. This is generally discouraged, but may 

only be eliminated by educating both the tourists and the people arranging the diving trips. 

Finally, corals, along with conch and other seashells, are collected for sale to tourists, or are 

collected by the tourist divers themselves.

3.5.3 Agriculture and Deforestation
As discussed above (Section 3.5), the agriculture in the Negril and Green Island area is diverse, 

with a multitude o f  environmental problems associated with it. Most important are erosion with 

associated loss o f  topsoil and nutrients, sedimentation, nutrient and bacteria leaching, and 

increasing encroachment on marginal and pilot lands. Agricultural practices are thus a threat to 

the biodiversity o f  many local ecosystems, and at the same time the agriculture is a threat to its 

own survival in that the loss o f  good soil and nutrients keeps pushing the farmers to clear and 

farm new lands. There are also serious threats to the quality o f  ground, surface and coastal 

waters through the leaching o f  nutrients and bacteria, as well as the high erosion rates. In this 

way, the local agriculture is threatening the health o f  its population along with the health o f  its 

aquatic ecosystems.

A further problem with the current agricultural practices, and in particular with the observed 

agricultural expansions, is the encroachment on natural vegetation land, especially in the forests 

o f  Negril Hills and to some extent the Jerusalem Mountains-Moreland Hill area. As was 

discussed to some extent in Chapter 2, in tropical forests, and particularly in rain forests, most 

o f  the nutrients are contained within the aboveground biomass rather than in the soil due to the 

high growth and turnover rates in this environment (Pomeroy and Service, 1986; Youdeoweie/ 

al., 1986; Whitmore, 1990). In a climax forest ecosystem, the nutrients will constantly be 

recycled within the system through decomposition processes (Lamb, 1990; Kellmann and 

Tackaberry, 1997). On young, thin soils, such as the limestone-derived soils in the hilly areas of 

Negril, nutrients will also be gained by breakdown o f  the underlying bedrock (Whitmore, 1990). 

If the forest ecosystem is disturbed in any way, the natural balance will be upset, often resulting 

in changes in flow rates (Lamb, 1990; DAngelo and Webster, 1991; Fritsch, 1993; Waterlooe;
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£//., 1993) and water quality (Lamb, 1990; W hitmore, 1990; Ongwenyi et al, 1993) in the 

watershed. Moreover, the removal o f natural vegetation cover has in many cases led to 

increased erosion (M cDonald et al., 1992). While no studies have been carried out on the 

vegetation clearing related erosion in the Negril and Green Island area, studies carried out in 

other parts o f  the island indicate high erosion potential. M iller (1992), for instance, found that 

erosion-related indirect costs from forest clearance in the Hermitage catchment, ju st north o f 

Kingston, ran to some US$3 million per year. This was based on costs associated with dredging 

o f the Hermitage Reservoir, maintenance o f roads due to gullying, and reforestation where 

needed. She did not attem pt to calculate costs related to destruction o f soil structure, loss o f 

nutrients, and removal o f soil micro-organisms. In the worst cases, deforestation has been 

reported to cause landslides on the steeper mountain slopes o f the island (e.g. Ahmad, 1995; 

Maharaj, 1995), although Maharaj (1993) found that in some cases, the vegetation itself, 

through its sheer weight and loosening o f the soil, could be causing slope instability and 

ultimately landslide activity.

In Negril, as well as in the rest o f the island, exploitation o f the rain forests is mainly associated 

with permanent clearing o f land for agricultural and housing purposes, and to some degree 

logging for timber (Goreau, 1995). Unfortunately, most o f  the clearing o f forested areas is 

relatively unplanned, with little or no thought for appropriate extraction techniques. The 

clearing is often clandestine, using slash-and-burn techniques {idem). As discussed in Chapter 2, 

this leads to removal o f  large parts o f the nutrient pool, as this is stored in the vegetation rather 

than in the soil. The purpose is usually for either expanding a farmer's existing land area, or for 

the establishment o f  a new farmer. The usage is seldom - if ever - rotational, and in most cases, 

the land is cultivated until the production rate becomes too low to be profitable {idem). At this 

stage, the land is abandoned, and, because o f its depleted nutrient status, effectively becomes a 

wasteland with, at best, slow recovery o f natural vegetation, or it is used for grazing o f farm 

animals {idem). Some farmers do use a rotational system, with bush fallowing being the main 

rotational method (Barker, 1998). This involves clearing o f land, cultivating the land until crop 

yields decline (2-4 years), followed by leaving the land fallow for 2-4 years during which some 

regeneration o f natural vegetation occurs. The land is not allowed com plete regeneration, 

however, and fallow land is often used for extensive grazing during the fallow periods.

3 .5 .4  S ew age E ffluen t D isposal and  T reatm en t

Sewage disposal in the Negril and Green Island area is through pit latrine, septic tank, soak- 

away or sewerage systems. Pit latrines are pits dug in the ground for direct disposal o f sewage 

wastes, while sep<;ic tank or soak-away systems provide a crude primary treatment o f the 

effluent before discharging it into the ground. Both systems rely on the soil and bedrock
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material to hold the effluents for a considerable amount o f time to allow natural processes to 

degrade the effluents. They will therefore work well in areas where the soil layer is thick and 

has low permeability, or where the bedrock is relatively impervious. The water table, moreover, 

must be sufficiently deep to allow natural degeneration before the effluents reach it. Generally, 

septic tank soak-aways are thought to provide better treatment than pit latrines, as the solid 

effluents are removed prior to discharge, and the discharge often is at a higher level in the soil 

profile, thus potentially removing more nutrients and pathogens (Chilton, 1996).

The soils in the Negril and Green Island area are generally thin, and (apart from the alluvial 

clay-rich soils in New Savanna River catchment and the Cave Valley area) o f high permeability. 

The underlying karst limestone is, as was noted in Section 3.3, riddled with cracks, crevices and 

caves, resulting in an overall high transmissivity o f the bedrock and overburden material. Most 

o f the effluents will therefore receive little or no natural treatment before reaching the water 

table or entering streams or coastal waters through springs and caves. The problem  is further 

enhanced by many o f the pit latrines and soak-aways being placed directly over faults, caves 

and sinkholes.

Also, the majority o f  the hotels (57.5%) are served by septic tanks, and a large proportion (32%) 

by pit latrines (Raigh Pryor, 1994). Along the sandy Long Bay beach, these kinds o f sewage 

treatment options are inappropriate as the sand is highly permeable, and the effluents are 

therefore draining rapidly into the bay. M oreover, since the construction o f many o f the septic 

tanks, the water table underneath the beach has increased considerably (up to 3-4 feet) due to 

high wastewater discharges from the hotels and other developments along the beach (Goreau, 

1994a). This has resulted in some o f the soak-aways and pit latrines to be situated under the 

water table, hence rendering any natural treatment o f  the wastewater impossible. Observations 

o f generally high coliform counts in Long Bay after heavy rainfall, suggest the rising o f the 

groundwater table during such events cause extensive leaching o f effluents from the pit latrines 

and soak-aways (Rose, 1994).

Until 1998, two separate sewage treatment works existed within the Negril and Green Island 

area; one at Rutland Point near the Negril Airstrip, and one at W hitehall in Negril Town. These 

only had the capacity to serve a fraction o f the population, however, and only offered primary 

treatment. In 1998, the construction o f a new sewage treatment system at Jones Pen, Sheffield, 

was completed. This has a capacity o f 35,000 person equivalents (i.e. sufficient to serve the 

whole o f  the Negril and Green Island area) and provides secondary treatment o f the sewage 

effluents through the use o f  a series o f waste stabilisation ponds (Plate 3.10). It can also be 

extended to tertiary treatment by, for instance, trickling the pond effluents over grass (Jelier and
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Roberts, 1994). However, Jelier and Roberts (1994), who did the initial specification survey for 

the treatment system, did not believe that tertiary treatment will be necessary for at least another 

15-20 years. This is in opposition to Goreau's (1994a) recom m endations that tertiary treatment 

is necessary in order to avoid further eutrophication o f the coastal waters.

W hile the system consists o f  one main central trunk linking three areas (Bloody Bay/Long Bay, 

Negril W est End and Sheffield Road), and sufficient capacity for the entire population, hook-up 

to the collection network is not mandatory, and many o f the poorer areas and hill communities 

are not included in this scheme (Goreau, 1994a). Also, areas north and south o f  the proposed 

sewage lines are likely to undergo development in the near future, but no provisions for their 

hook-up have been made {idem). The inclusion o f many o f the rural and poorer households is 

further hampered by most rural and poorer households not having running water piped into the 

houses.

3.5.5 T ourism

Maybe the most easily recognisable threat in the area is that o f  the tourism industry. This is an 

industry that has increased in importance over the past 40 years or so, with a quadrupling o f 

visitors between 1970 to 1998 (Figure 3.9), and the annual tourism  receipts reaching more than 

US$1,100 million in 1997 (Travel & Tourism  Intelligence, 1998). Jamaica has primarily been 

presented as a paradise for the "3S Tourists", i.e. those seeking Sun, Sand and Sea. W ith its 

benign climate, white sand beaches, and shallow, crystal-clear, warm water, the island is ideal 

for both honey-mooners and families. The attraction o f the island for these types o f  tourists has 

been further stressed by the construction o f large all-inclusive resorts, providing the sea, the 

sand, the music, the entertainment, and the local tours, leaving the package tourist to want for 

nothing. The concept o f the all-inclusive itself was even invented in Jamaica! The package 

promoted o f unspoilt natural beauty also draws the diving tourists, wanting to take advantage o f 

the excellent diving opportunities the coral reefs offer, as well as the eco-tourists. These are less 

likely to be taken completely in by the resorts unless the natural environment keeps the 

standards they have been promised. Negril, with its white beaches, extensive coral reefs and 

lush rain forests caters for all three main types o f tourist groups, and received ju st under 20% o f 

the visitors to the island during the 1990s (Jamaica Tourist Board, 1993; 1994; 1995; 1996; 

1997; 1998; 1999).

The presence o f  the tourists puts pressure on all the resources in a given area. The tourists must 

be housed, fed and entertained, thus there is need for more land area, more food, and interesting 

areas to see and activities to participate in. The need for land causes wetland drainage and 

conversion, or mangrove and forest clearing. The need for certain food products promotes
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further land conversions or increased fishing pressures. The need for places to visit induces the 

need for transport and transport networks, and reception facilities. There will also be som e wear 

and tear on the actual sites visited. The increase in tourist population will undoubtedly also 

result in more waste production and increased sewage outputs.

In the Negri! and Green Island area, the tourism developm ent has mainly been concentrated 

along the Long Bay, with developm ents on both the beach and the morass side o f  the Orange 

Bay-Negril road. The W est End c l if f  area has also been extensively developed. However, 

original plans for the area included draining o f  the Great M orass for agricultural purposes and 

construction o f  three main roads across the swamp, residential developm ent around Homers 

Cove, Little Bay, Sheffield, Orange Bay and Logwood, and extensive tourism developm ent 

from Rutland Point to Ireland Pen (Lalor, 1980). W hile these plans have not been followed 

through as yet due to conflicting interests (mainly environmental v.v. econom ic), the 

construction o f  planned and unplanned developm ents are still going ahead with great speed. 

Plates 3.11 to 3.13 are exam ples o f  two developm ent initiatives from early 2000. The first 

picture shows the preparations o f  a site for construction o f  a 400-room developm ent on the 

beach in Bloody Bay. This developm ent has full planning permission, and was allowed to go 

ahead after the Negril Planning Board, the Negril Environmental Protection Trust and the 

developm ent architects had marked o f f  mature trees that should be kept and left undam aged by 

the construction itself. The hope is that these trees will provide sufficient soil retention to 

prevent large-scale erosion o f  topsoil during the construction-phase and the period prior to full 

vegetation re-growth. Plates 3.12 and 3.13 give an exam ple o f  illegal extension o f  a guesthouse 

owner 's land in the southern end o f  the Great Morass. The m arshy land behind this guesthouse 

owner 's property is being filled in to provide more land for tourist cabin construction. The 

material used to fill in the marshland is a combination o f  building site rubble, sand and garbage 

(including plastics and dysfunctional electric equipment).

A further "problem" with the tourism industry is that it requires m anpow er to help accom m odate  

the tourists. The tourist will expect chauffeurs, cleaning staff, cooks, waiters, guides and 

instructors. There will therefore be an increase in local population, and this increase will be 

proportional to the increase in tourism population. While this obviously is good for the econom y 

in that it increases the num ber o f  jobs  available, the new local population will in turn need to be 

housed, fed and entertained, putting further stress on the local environm ent (Section 3.5.6). In 

this way, rural areas m ay be turned into urban areas, as was the case of, for instance, O cho Rios, 

which went from a sleepy fishing village in the 1950s, to the island's largest tourism centre in 

the 1990s. It is now m ainly  inhabited by people em ployed in souvenir, catering and transport-
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related jobs. Negril Town is also fast turning into a "souvenir town", although it has not yet 

reached the same level as Ocho Rios.

The threat o f  the tourism industry, then, is one o f  environmental degradation through 

urbanisation or localised concentrated development and increased pressure on available natural 

resources. If  the development area is well contained, the impact will only be local, but there is a 

risk o f  degrading the area to such an extent that it is no longer attractive to the tourists. This 

may be the result o f  loss o f  natural beauty (e.g. beaches), loss o f  major attractions (e.g. coral 

reefs), or crowding and overpopulation (Figure 3.10). When the degradation reaches this point, 

the tourists will go elsewhere, and the original livelihood o f  the local population is unlikely to 

still be there. For instance, if the coral reefs have died, the community cannot go back to relying 

on subsistence fishing, or, if the best land areas have been converted to hotel villages and 

housing estates, agricultural outputs will be poor.

It has been suggested that eco-tourism might be the way to go, as this in theory is not as 

damaging to the environment (Ruschmann, 1992). The problem with eco-tourism, though, is 

that, contrary to the image, it is a commercial product, and as such is guided by the goal o f  

earning money (France and Wheeller, 1995). It works well if it is kept on a very low-scale, with 

the number o f  tourists kept within a predefined limit. However, this either makes eco-tourism a 

highly exclusive product, with only the truly privileged able to participate (in which case it does 

not really serve its idealistic purpose of providing understanding o f  different environments and 

cultures to interested participants), or it does not provide enough income for it to be seen as a 

nationally important product. If it is allowed to go beyond being a low-scale operation, the 

economic benefits are greater, but the impacts may be similar to those o f  the "3S tourism", and 

eco-tourism does in that case not represent a viable alternative.

3.5.6 Population Growth
As mentioned in the previous section, increases in tourist population have been followed by 

increases in the local population o f  the Negril and Green Island area. This increase may be an 

even greater threat to the environment than the increase in tourist population. This is due to two 

main factors. Firstly, the local population is relatively poor (by Western standards) and make 

few demands of their accommodation facilities. For instance, many o f  these people live in poor 

accommodation with no running water, possibly with pit latrines, and with garbage disposal in 

the back yard. Personal hygiene and washing o f  clothes are taken care o f  in nearby streams or 

other such facilities. The problems such practices lead to were discussed in Section 3.5.4. In 

addition, the waste disposal in rural areas and poorer communities is either carried out through 

burning in the back yard or direct disposal in sinkholes, caves, open faults or small ravines.
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Also, families, even in Negril Town, often keep their own livestock, and cows and goats 

wandering around town are not unusual. The result o f  this unstructured approach to human and 

animal waste management is a marked increased input o f  untreated sewage, animal droppings 

and waste into the waterways, with high coliform counts and eutrophication the ultimate result.

The second factor is that o f increased demand on the available natural resources, especially 

associated with food production and accommodation. As much o f  the agriculture and fisheries 

o f  the area are associated with subsistence farming/fishing, land and resource use is not 

optimised. Rather, it is geared towards satisfying the individual farmer's or fisher's own needs. 

Furthermore, much o f  the best agricultural lands are taken up by cash crops, especially sugar 

cane, further reducing the useful agricultural output to the local market. Consequently, a great 

proportion of the food requirements o f  the area has to be imported as they are either not grown 

in the area (or even on the island), or are only available in small quantities. Wheat and rice are 

good examples o f  this, with the former not being grown on the island at all, and the latter only 

in insignificant quantities. Nevertheless, these are staples in the Jamaican diet. In addition, the 

local population has a real need for housing, and drainage, clearing and filling in o f  marginal 

lands to accommodate for new (legal or illegal) housing developments is common. The forested 

areas around Negril Town, for instance, have been cleared to give way to more housing, the 

village o f  Sheffield has expanded, and large, previously undeveloped, areas in Mount Pleasant 

have been developed for housing purposes, in addition, shantytown developments are apparent 

along the South Negril River from Negril Town to Sheffield. This increase in local housing has 

resulted in an increased removal of  natural vegetation, increased urban-type covering o f  the soil 

(e.g. tarmac and houses) with subsequent likely increases in storm water runoff rates and 

erosion.

In addition to being an environmental threat, the increase in local population and associated 

pressure on the resources is a threat to the local economy in the same way as the increase in 

tourism population (Figure 3.11). A policy o f  actively curtailing any negative impacts o f  both 

the tourist and the local population on the environment, therefore, seems indispensable.

3.5.7 L ack  o f  A pprec ia t ion  o f  the E nvironm enta l  V a lue  o f  W etlands 

Historically, Jamaican wetlands have not been given any economic significance, and their fate 

has largely reflected this. With the expansion o f  sugar cane plantations by the British in the 18th 

Century, large areas o f  swampland were cleared and drained (Fludson, 1983). Swamp areas 

were also drained for public health reasons, as this would reduce the number o f  malaria 

incidents (idem., Fludson, 1989). The British also filled in low-lying coastal swamps and
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saltmarshes, both to reduce malaria incidents and to expand towns to meet growing populations' 

needs (Hudson, 1983).

Over the past 50 years or so, large-scale drainage and infill o f wetlands have been carried out 

both for agricultural conversion and expansion o f urban areas and port and airport construction 

all across the island. While the wetland reclamation and degradation has not been as extensive 

and devastating in the Negril and Green Island area as in many other parts of the island, this 

may be more a result of pure luck than lack o f trying. The Great Morass, for instance, has at 

various points been seriously considered for large-scale agricultural reclamation projects (Lalor, 

1980), peat extraction for fuel (Bjork, 1983; 1984; JP-Energy Oy, 1984), residential and tourism 

developments (Lalor, 1980), and conversions to recreational areas with artificial lakes, fishing 

and boating (Taffe, 1984). The mangrove forest at Orange Bay has for years served as the main 

municipal garbage dump. The latest attempt at degrading the Great Morass occurred in 1999- 

2000, when a local fanner's interest organisation demanded a re-dredging of the East Canal 

(Prof E. Robinson, pers. comm.). The canal has not been actively dredged since its construction 

in the early 1960, and it was felt by the interest organisation that re-dredging would improve the 

overall land drainage along the Fish River Hills. This would allow the farmers to better utilise 

the land (read: extend their current plots into the marginal marshland).

As already discussed, small-scale wetland reclamation by the local population is also common, 

usually for the purpose o f small-scale agriculture or grazing. This type of encroachment on the 

natural wetlands is illegal, but is not policed. For instance, encroachment on the Great Morass is 

carried out by local farmers and guesthouse owners to provide grazing land, ganja cultivation 

and extended housing. Illegal grazing also takes place in the Royal Palm Reserve. Although the 

authorities and the Negril Environmental Protection Trust (NEPT) are fully aware o f these 

activities, they do not have the personnel and resources to follow up such activities (M. Miller, 

NEPT, pers. comm.).

3.5.8 M ain Problem s and Threats
From the issues discussed above, it seems that there is a multitude o f threats to the 

environmental health of the Negril and Green Island area. However, looking at the area as a 

whole, there appears to be one main cause to the environmental degradation and one main 

result. The increase in tourism is causing an increase in local population. Both these population 

increases put pressure on the local resources for accommodation and food purposes, with 

subsequent loss of natural ecosystems. In addition, both population increases are associated with 

increases in waste and effluent production, and thus with decreases in water quality. Ultimately, 

this causes deterioration in coastal ecosystems, and particularly in coral reef, health. Thus,
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tourism appears to be the main threat or cause, and decreased aquatic (both decreased water 

quahty and ecosystem) health the end-result. If this is the case, then, in theory, removing the 

tourists will allow the area to go back to being the rural back and beyond it once was.

Removing the tourists, however, is not an option. In fact, the problem is not really the tourists; it 

is the lack o f adequate provision and planning for the changes they have brought on, it is the 

failure to recognise the limitations of the present environmental provisions due to a lack of 

effective environmental management. This management should focus on the various sub-threats 

(e.g. urbanisation, deforestation, drainage of wetlands, sewage and waste disposal), and through 

this, adequate provisions could be made both for the increase in tourist and local population 

growth. The ideal management model would therefore be one o f the holistic-approach models 

such as the watershed approach discussed in Chapter 2.

3.6 T h e  J a m a i c a n  C o a s t a l  M a n a g e m e n t  M o d e l

The above discussion clearly outlined the need for environmental management in the Negril and 

Green Island area. Such management is only possible if there are adequate legal provisions and 

political will for its implementation.

3.6.1 National P olicies and Legal Framework
It has long been recognised that with the growth o f population and urbanisation, the associated 

industrial and agricultural activities have put increasing demands on the land and resources of 

the island. Already in the late 30s and early 40s was it noted that soil erosion rates were high 

and that protection measures were needed (Croucher and Swabey, 1937; Wakefield, 1941). In 

response to growing concern about the island's environmental deterioration, an overall national 

Environmental Policy and Environmental Action Plan was drafted by the Government of 

Jamaica (GOJ) in 1992 (GOJ, 1992), and then later revised in 1995 (GOJ, 1995). This policy 

states the objectives o f environmental management of the island as a whole. It recognises that 

economic tools and incentives are necessary both to encourage environmental responsibility of 

the consumers, investors and other economic actors, and to fund the implementation o f the 

policy itself. The policy is also firmly rooted in the "polluter pays" and the "user pays" 

principles, including introducing new fees, or increasing already existing fees for private and 

industrial waste and effluent treatment and disposal, natural resource harvesting, and for breach 

o f current legislation and license agreements. This then alleviates the government o f some of the 

costs associated with environmental management.
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To support previous and current national policies, the country has a set o f  regulations that can 

be used along with, or independently of, the national environmental policies to promote, 

regulate and enforce environmental m anagem ent and protection. The main acts and regulations 

relevant to environmental m anagem ent are sum m arised in Table 3.6. Jam aica is also signatory 

to a w ide range o f  international treaties, the most relevant o f  which are given in Table 3.7.

The responsibility for sustainable developm ent and m anagem ent o f  the island's resources is 

divided between a large num ber o f  governm ent bodies, although the main agency in charge is 

the National Resources Conservation Authority (NRCA). The agency was created in 1991 with 

the promulgation o f  the Natural Resources Conservation Act (1991). This instigates the N R C A  

with the overall responsibility o f  conservation, protection and proper use o f  land, w ater and 

other resources, it also provides the agency with the prime responsibility o f  national 

environm ental policy formulation, national planning and inter-agency co-ordination. With the 

shift in responsibility, and consequently  in policy and thinking, Jamaican ' environmental 

m anagem ent enters a new era. It is expected that the entire policy and legislative fram ew ork will 

be undergoing a series o f  changes and updates. Because this process was started relatively 

recently, and is still on-going, no final documentation o f  the framework exists as o f  yet. The 

N R C A  has produced a series o f  policies (Appendix C), and these form the basic fram ework for 

the country's environmental management. All these policies are only in their initial stages at the 

m oment, however, and even though some measures have already been taken, especially with 

initial research and m onitoring efforts, any real results may not be expected for som e years to 

come.

There are also issues that still need to be resolved in respect to the policies and their successful 

implementation. Firstly, although most o f  the current legislation is adequate to ensure sufficient 

protection and m anagem ent o f  the environment, there are problems with lack o f  enforcem ent 

and low levels o f  fees and fines. Moreover, some regulations are never used, thus effectively 

providing no real protection. The legislation therefore needs to be updated to ensure adequate 

levels o f  fees and fines, as well as provide for new policies, strategies and approaches not used 

or  available when the legislation initially was passed. With the 1995 Environmental Action 

Plan, the GOJ stressed the need for a new Forest Act and a W ater Resources Act and 

am endm ents  to the Wildlife Protection Act.

Moreover, som e policies (e.g. the Watershed Policy) are in principle based on a system o f  

incentives, there is a need for legislation making provisions for such measures. The current acts 

and regulations regarding watershed m anagem ent are highly regulatory and punitive in nature, 

and do not as such allow incentives. In the same way, there is a need for funding for all the
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Table 3.6 Summary o f  the main national statutes, acts and regulations relevant to environmental protection and sustainable m anagem ent in Jamaica (NRPT e t  al.,  1995).

N .\t i o n . \ l  r e g u l a t i o n s : •4PPLIES TO: I n c l u d e s :

Natural Resources (M ontego Bay 
M arine Park) Order (1992)

N atural Resources Conservation 
(B lue and John Crow M ountains 
N ational Park) (D eclaration) Order 
(1993)

N ational Resource Conservation 
Authority (NRCA ) A ct (1991)

Beach Control A ct (1956)

W ild Life Protection Act

W atersheds Protection Act (1963, 
incorporated into N R C A  Act o f  
1990)

Town and Countr> Planning Act

Local Im provem ents Act

M arine Parks 
designated within 
EPAs

N ational Parks 
designated within 
EPAs

Public beaches

W atersheds

Rural and urban land 
developm ent

D evelopm ent

Land Developm ent and Utilization Idle and agricultural
Act lands

> restrictions on mining, rem oval, damage, destruction, attachm ent to living and non-living natural resources 
' ban on dredging, excavation, construction, salvaging, discharge o f  pollutants, littering, use o f  explosives and poisons, removal 

o f  m arkers, fishing w ithout perm it
• provides for zoning, research, m onitoring and enforcem ent 
' provides for penalties for non-com pliance

' control o f  anim als (including dogs, mules, horses, donkeys)
I ban on littering, pollution o f  lakes and streams, vehicles, cultivation, use o f  poisons w ithin the park boundaries 
' designation o f  cam ping areas, use o f  fires com m ercial activities, m ining, fishing, parking, m ooring 
' provides for zoning, research and enforcem ent

' establishm ent o f  N C R A  as primar>' body responsible for protection and m anagem ent o f  natural resources and control o f  
pollution, including 

' establishing, m onitoring and enforcing environm ental law s and regulations 
’ m aintaining a system  o f  national parks and protected areas 
' prom oting public awareness
' guiding, co-ordinating and supporting govem m ental agencies and local, non-governm ental bodies w ith protecting and 

enhancing the environm ent

' prohibits use o f  public beaches for fishing activities, com m ercial purposes
' N R C A  control over fishing, waste disposal, dredging, coral removal, construction o f  structures on or attached to foreshore, and 

developm ents within 1 mile inland o f  beach area

• prohibits sale o f  and possession o f  protected animals, use o f  explosives and poisons
' bans discharges o f  industrial wastew ater into streams, harbours, estuaries and lagoons 

provides for establishm ent o f  Gam e Sanctuaries and Reserves 
regulates fishing and hunting

provides for designation o f  watersheds for conservation purposes, including reduction o f  soil erosion, ensure flow' in rivers and 
stream s, m aintenance o f  groundw ater levels, and appropriate land-use

establishm ent o f  Town and Countrv' Planning A uthority responsible for D evelopm ent Orders
controls land developm ent and protects public am enities
ensures provision o f  proper sanitation facilities

establishes the need for planning perm ission prior to developing land

regulates idle lands and the disposition o f  agricultural lands



T ab le  3 .6  (C o n tin u e d ) .

N ,\t i o n .a l  r e g u l a t i o n s : A p p l i e s  t o : I n c l u d e s :

Urban Developm ent Act (1968) Urban developm ent •  establishm ent o f  Urban Developm ent Corporation (UD C) responsible for acquiring, m anaging and disposing o f  land
•  UDC acts as sole planning authoritv' w ithin UDC designated areas
•  responsible for the developm ent o f  dom estic w ater supply and w astew ater treatm ent

Fisheries Industry Act (1976) Fishery' •  establishm ent o f  Fii,heries Division responsible for regulation o f  the national fishery

Port Authority Act (1972) Ports, harbours. •  establishm ent o f  M arine Board responsible for regulation and control with harbours and ship channels
m arinas •  establishes Port Authority 's right to regulate the establishm ent o f  harbours

•  bans discharges o f  harmful substances into (including mud and gravel) and rem oval o f  gravel and stones from reefs, shoals and 
cays

•  regulates developm ent in o r over water

Clean Sea Bill not yet passed

Underground W ater Authority Act G roundw ater • establishm ent o f  Underground W ater Authority' responsible for conservation and proper use o f  underground w ater resources

Public Health Act (1974) • regulates, m onitors and enforces dom estic w ater supplies and waste disposal

N ational Heritage Trust Act National heritage • provides for preservation, designation and m anagem ent o f  national heritage sites, buildings and artefacts

Trade Laws Trading •  bans export o f  unprocessed turtle shells

Q uarries Control Act (1983) Quarries •  designates quarr>' zones and controls quarry operations
Litter Act (1986) Littering • controls littering in public and private places

•  establishm ent o f  Parish Council or Local governm ent as responsible for enforcem ent o f  act

Pesticide Act Pesticide use •  controls import, use and disposal o f  pesticides



Table 3.7 Summary o f  international treaties relating to environmental protection and sustainable management signed by Jamaica (NEPT et a i ,  1995)

I n t e r n a t i o n a l  t r e a t i e s : A p p l i e s  t o : INCLLDES:

Specially Protected Areas and 
W ildlife (SPAW ) Protocol

Endangered species and habitats • encourages establishm ent o f  protection areas for rare and fragile ecosystem s and habitats
• encourages protection o f  endangered and threatened species
• encourages sustainable m anagem ent and use o f  w ildlife

Ram sar Convention on W etlands on 
International Im portance Especially 
as W aterfowl Habitat

Endangered species • bans international trade in endangered species

CITES Convention W etlands •  ensures protection o f  designated w etlands used as breeding and nesting sites for migratory' birds
Cartagenet Convention M arine oil pollution •  ensures m onitoring and control o f  m arine oil pollution from ship-born and land-based sources (not adhered to due 

to lack o f funding)

The Earth Sum m it Treaties Environm ental protection and 
sustainable developm ent

•  series o f  conventions regarding environm ental protection and sustainable developm ent signed by Jam aica during 
the UN C onference on Environm ent and Developm ent, Rio de Janeiro, 1992, including:

•  A genda 21
•  Biodiversity Convention
• Fram ew ork C onvention on Clim ate Change
• UN C onference on Sustainable D evelopm ent o f  Small Island D eveloping States
• Convention on the  Law o f  the Sea
• London Convention on the Prevention o f  M arine Pollution by D um ping W astes and O ther M atter
• Basel C onvention on the Control o f  Transboundary M ovem ent o f  H azardous W astes and Their Disposal



policies to be successfully implemented. The GOJ is currently not in a position to single- 

handedly fund all these policies, nor will it be anytime in the foreseeable future. In the 

W atershed Policy (NRCA, 1999), the NRCA suggested a series o f  options to provide funds, 

namely:

(1) Allocation o f a small percentage o f the cost o f m ajor construction projects 

taking place in watersheds such as highways, reservoirs, dams and housing for 

slope stabilisation and watershed protection purposes.

(2) Collection o f a small cess from export crops grown on the slopes o f 

watersheds for soil conservation and/or land husbandry purposes.

(3) Collection o f a small percentage o f water utility bills to protect watersheds.

(4) Establishment o f  a fund for watershed management to receive contributions 

from hotels, and other benefactors.

(5) Allocation o f a percentage o f the fees collected for permit applications for 

projects within watersheds.

(6) Allocation o f a percentage o f the fees collected for bird shooting to be used 

towards watershed protection.

(7) Provision o f incentives to the private sector by way o f tax breaks to encourage 

conservation and the restoration o f degraded watersheds.

(8) Collection o f user fees.

The first three o f  these options have been used successfully in other countries, however, some o f 

the options may either be seen as added taxes (e.g. Options 2 and 8), which may not be popular 

with the local population, or a loss in income for the government (e.g. Options 3 and 7).

The problem o f funding the strategies is further aggravated by the inability o f  much o f the local 

population to provide funds through a user and polluter pays principle. For instance, a large 

proportion o f the current water quality problems experience is due to lacking or inadequate 

sewage treatment. Sewage collection and treatment programmes have been initiated in 

Kingston, M ontego Bay, Ocho Rios and Negril, on the basis that the users have to pay an 

additional fee. The hooking-up to the new sewer systems cannot be made mandatory as many 

people will not be in a position to afford the hook-up fee, nor the subsequent 45% water bill 

surcharge. M oreover, a large percentage o f the population has no running water, and must 

therefore first cover the costs o f installing water pipes. The situation consequently remains 

largely unchanged, with little improvement in sewage treatment and disposal. Equally, the 

introduction o f a possible waste collection and tipping fee may not autom atically discourage the 

present practice o f  dumping and burning o f household waste in the yard.
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A further Hmitation o f the policies as they currently stand is that they do not clearly state what 

the relationships are, if  any, between each individual policy. M any o f them overlap slightly in 

their aims; for instance, the M ariculture Policy intends to promote reduced surface water- 

derived discharges o f  a series o f contaminants. The same aim is expressed in the W atershed 

Policy as well as the Seagrasses Policy. Equally, the M ariculture Policy aims to reduce the 

indiscriminate use o f  mangroves for poles and cages. This is also one o f the main aims o f the 

Mangrove and Coastal W etland Policy. There are hence obvious links between these four 

policies, and they could be used together to reinforce each other and their individual goals.

In the same way, the W atershed Policy is presented as a stand-alone policy. M ost o f  Jamaica's 

watersheds are coastal in nature, thus any degradation o f  these will have an adverse effect on the 

coastline and coastal waters. Consequently, it would make sense in this policy to stress the 

importance of, for instance, the Mangrove and Coastal W etlands Protection Policy to watershed 

management, especially in the light that some o f the larger wetlands cover m ajor portions o f 

their associated watersheds.

From this discussion, it appears that, on a national level, the legislative framework and 

associated authorities are already in place. There is a governing body responsible for 

administrating all environmental management efforts (the NRCA), and a series o f  agencies 

responsible for their part o f the management process. The national management structure is 

therefore similar to the legislative approach. However, there does not yet seem to be enough 

synchronisation and co-operation between the various agencies to fully qualify as integrated (c /  

Cicin-Sain, 1993). M oreover, as already pointed out, little money is available for the successful 

implementation o f the management effort. The tendency is therefore to rely heavily on local 

interest groups and NGOs for the effective execution o f many local tasks, e.g. monitoring and 

enforcement. The NRCA and the US Aid-funded Coastal W ater Quality Improvement Project 

(CWIP) are currently training local rangers, wardens and diving operators in Negril, M ontego 

Bay and Ocho Rios to carry out necessary bi-monthly sampling and coral reef monitoring. 

There is also a series o f  "help-to-self-help" programmes involving fishermen and farmers, as 

well as environmental education programmes in schools. The public participation, however, 

seems limited to specific groups within the community, and those falling outside these groups 

often do not receive any information at all.

3 .6 .2  E n v iro n m en ta l M an ag em en t in the N egril and  G reen  Island  A rea

Ever since the tourist development started in Negril in the late 1950s and early 1960s, it has

been recognised that it is important to identify and protect environm entally sensitive areas in the
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T ab le  3.8 O verview  o f  im portan t environm ental p ro tec tion  p roposa ls  in the N egril and  G reen  Island area 
since 1960. B ased on G oreau  (1994a) a n d N E P T  et a /. (1995).

Y e a r  P ro p o sa l T o  in c lu d e :

1960 N ational M arine P ark

1980s P ro tection  o f  te rrestria l 
ecosystem s

1988 N egril M arine Park

1992 N egril F isherm en's 
C ooperative

1992 N egril N atural A reas P ark  
(Jam aica C onservation  and 
D evelopm ent T m st)

1995 N egril and G reen Island 
A rea E nvironm ental 
P ro tection  Plan

1997 N egril E nvironm ental 
P ro tection  A rea

region (Table 3.8) (Goreau, 1992). An initial study o f  the marine habitats o f  the Negril and 

Green Island areas was carried out in 1960, and recommendations were made to designate a 

National Marine Park to protect and preserve the ecological diversity (Goreau, 1994a). This 

would ensure that the area's eco-tourism potential was preserved idem). However, the 

recommendations were not acted upon, and development was allowed to continue unhindered 

{idem).

A palm reserve in the southern part o f  the Great Morass was established in the 1980s to protect 

the largest stand o f endemic Jamaican Royal Palm (Goreau, 1994a), but, as discussed in 

previous sections, the area has since been severely degraded by grazing cattle. The initial 

National Marine Park proposals were looked into again in 1988, and an extended proposal for a 

Negnl Marine Park was produced. No funding was found for this proposal, however. In 1992,

w ater use zon ing  in L ong B ay and B loody  B ay
p ro tec tion  o f  eco log ica lly  sensitive terrestria l shore
areas includ ing  caves at W est E nd
special p ro tec tio n  o f  reefs in O range B ay and  Sam uel's
B ay due to the h igh  d iversity  and  g row th  in these
areas
estab lishm en t o f  P alm  R eserve in the sou th  o f  the 
G reat M orass
erec tion  o f  boardw alks and  bu ild ings fo r nature 
d isp lay  centre
w ater use zon ing  in L ong B ay
p reserva tion  o f  B loody  B ay
estab lishm en t o f  stric tly  p ro tec ted  area to  include
Sam uel's B ay  and  O range B ay
ex tend  in itially  p roposed  park  boun d ary  past N egril
L ighthouse to end  o f  shore road  n ear H og  H eaven
H otel (in  response  to increased  hotel developm ent
a long the shore)
bu ild ing  fisherm en 's supply  store, sto rage area and 
office
estab lishm en t o f  developm ent p ro g ram  for 
developm ent o f  fish ing  in deep er w ater to  allow  
estab lishm en t o f  a single park  includ ing  both  m arine 
and terrestria l ecosystem s, covering  the entire 
w atershed
estab lishm en t o f  N egril and G reen  Island  w atersheds 
as an E nvironm ental P ro tec tion  A rea (E PA ) 
w ho le-w atershed  planning , recogn ising  ecolog ical 
links betw een  up land , m orass, beaches, offshore 
lagoons and reefs
estab lishm en t o f  a series o f  goals fo r the EPA , and  an 
associa ted  p lan  o f  action  to  m eet these goals

form al decla ra tion  o f  the E PA
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Jam aica Conservation and Development Trust (JCDT) included the Negril area in a nation-wide 

park system proposal. This proposed making the entire Negril watershed a protected park, but 

again, funding was not found for this development (NEPT et al, 1995).

In the late 1980s, in response to decreased coral reef health, the Negril Coral R eef Preservation 

Society (NCRPS) was established (NEPT et al., 1995). In the early 1990s, they secured funding 

for establishing a series o f  mooring buoys in the Long Bay and Bloody Bay area to restrict 

anchoring damage from diving boats. In addition, they have worked extensively on informing 

the bay users (e.g. divers, dive operators, boat rental companies) o f  coral reef vulnerability. At 

the NCRPS's third annual workshop in 1993, the need for a local environmental management 

council was recognised, and the Negril Area Environmental Protection Trust (NEPT) was 

formed {idem). The NEPT main objectives are to:

-  co-ordinate and assist NGO and public sector activities related to 

environmental improvements, natural resource management, and community 

education and awareness

-  assist implementation o f specific projects

-  raise funds to undertake local environmental projects and purchase lands

-  monitor and evaluate specific projects

-  assume management responsibility for specific areas (e.g. marine parks, 

ecological reserves, recreation areas)

-  advocate sustainable development, sustainable tourism, and environmental 

protection for the watershed

As a direct consequence o f the establishment o f  the NEPT, an environmental protection plan for 

the Negril and Green Island area was outlined in 1995, and the Negril Environmental Protection 

Area (NEPA) was declared in 1997. The environmental protection plan is based on a holistic 

watershed management approach, and seeks to identify threatened areas, and to establish 

management programs for the sustainable development o f  the watersheds. The area covered by 

the NEPA was originally proposed to correlate with that covered by the Negril Development 

Plan (NDP). However, the area included by the NDP did not cover the entire watersheds o f 

Negril and Green Island, and the NDP was extended in order to include the entire area covered 

by the watersheds®. Seawards, the NEPA follows the bottom o f  the outer vertical drop-off.

It must be noted that the watershed boundaries employed are approximate. Eirum  (1998) constructed a 
DEM o f  the area, and the watershed boundaries thus derived indicated that the watershed boundaries 
used for the NEPA  boundaries were unlikely to encompass the true watershed in its entirety. Concem s 
have also been expressed by Goreau (1995) that the catchment area o f  the New Savanna River has not 
been included in the NEPA, as contamination carried by this river is affecting the waters o ff the south 
coast.
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estimated to follow the 350-ft contour. However, this contour has not been field surveyed, and a 

temporary functional marine boundary has been demarcated by connecting a series of offshore 

pomts located one mile from certain landmarks (Figure 3.12).

From the official declaration of the NEPA in 1997, a small core of dedicated staff (including a 

manager, a scientific officer and a small number of rangers) has commenced work on ensuring 

the environmental sustainability of the area. The measures so far implemented include close co

operation with key organisations in the area (especially NCRPS, Negril Chamber of Commerce, 

Negril Planning Board, local farmers and fishers interest organisations), education of school 

children, and training of voluntary park rangers. Training is provided to some communities on 

sustainable farming and fishing techniques. Funding and training has also been provided 

through the NRCA and CWIP-run water sampling programme.

However, the number of staff and overall funding o f the NEPA are limited, and the efforts are 

restricted due to these limitations. The Royal Palm Reserve, for instance, although it, in theory, 

has been a protected area for some 20 years, is still suffering from grazing damage. Money is 

not available for maintaining the surrounding fence meant to keep cattle out, and the two full

time rangers employed to manage the reserve are unable to keep a 24-hour cattle watch, while at 

the same time perform other duties. The potential of the reserve as a tourist attraction, and 

therefore for needed maintenance income, has not been realised. A boardwalk and visitors 

centre were erected in the 1980s to provide a nature trail (Plate 3.14), but apart from the 

occasional school class, very few visits have been accommodated. The NEPA is also largely 

dependent on voluntary participation and donations from local businesses and hotels. The 

possibilities of implementing long-term projects are therefore highly restricted, and the 

management efforts reflect this.

While the area now benefits from its Environmental Protection Area status, none of the areas, 

apart from, in theory, the Royal Palm Reserve, are given complete protection from development 

and other types o f encroachment. Zoning has neither been implemented for the coastal waters, 

nor for the land areas, and, while there is a long-term commitment, the current management 

efforts appear somewhat ad hoc and largely unrelated. Thus, while the aim is for holistic 

management, the actual practices - mainly due to lack of funding, but also to conflicting 

interests and lack o f enforcement - do not live up to the visions stated m the original protection 

plan.
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3 .7  C o n c l u s i o n s

Jamaica in general, and the Negril and Green Island area in particular, is rich in natural 

resources, but suffers threats from economic activities. The need for these activities is acute, 

however, and any curbing o f these activities is unlikely to gain political backing unless better, 

more economically rewarding alternatives are offered. Consequently, environmental 

management o f the resources and the economic activities becomes imperative if  the drive for 

developing the country is not going to cause a complete collapse o f  the resources upon which 

the economic activities are built. The legal provisions for environmental management are 

already largely in place or in the process o f being developed. However, the implementation o f 

these is slow, and in many cases hampered by conflicting interests, lack o f funding and lack o f a 

functioning support agency’ .

The Negril and Green Island area is in the forefront when it comes to adaptation and 

implementation o f the available environmental policies. Nevertheless, the problem s apparent on 

the national scale are clearly visible also on the local scale. M oreover, while the local 

environmental trust receives active support from agencies such as the NRCA and CWIP, much 

work is still needed to achieve the NEPT's goal o f  holistic, sustainable management.

One o f the main worries about the approach so far implemented by the NEPT is the lack o f 

zoning or more forceful designation and restriction o f  anthropogenic activities (e.g. 

development, agriculture, tourism). This is an area in which this study might provide some 

assistance. As was outlined in the introductory chapter (Chapter 1), one o f the aims is to assess 

the available data and explore how these can usefully be employed to gain more insight into the 

environmental problems currently experienced. It is hoped, therefore, that this will allow 

establishment o f areas o f concern within the study area. Based on these areas o f concern, it 

should be possible for the NEPT to focus and prioritise its management efforts more effectively, 

as well as establishing clear zoning o f  the watersheds. In addition, if  the GIS approach to 

establishing relationships and areas o f  concern developed in this study proves successful within 

the NEPA, it may provide a template for management plan establishment in other areas in 

Jamaica.

® In theory, NRCA should act as such an agency, but the amount o f  support offered is often negligible.
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4. O v e r v ie w  o f  St u d y  M e t h o d o l o g y

4.1 I n t r o d u c t i o n

From the discussion in the previous chapter, it appeared that the main environmental resource to 

suffer from the extensive development in the Negril and Green Island area was the water 

quality. Consequently, it was argued that the management effort should concentrate on the water 

quality as a primary goal. As the deterioration in water quality in the coastal waters was 

expected to be closely linked to the water quality in the waterbodies of the watershed, and, 

consequently, to the activities and land-use within this eco-zone, it was considered that taking a 

watershed approach to the management effort would be most appropriate for this thesis. If the 

deterioration o f water quality could be reduced, other negative effects of the current 

developments (e.g. natural vegetation clearing, drainage o f wetlands, illegal dumping of waste) 

would also be reduced or eliminated. Associated environmental problems such as illegal 

logging, waste dumping, coastal water quality could then be considered sub-issues o f the main 

goal. However, as there is a wide spectrum of environmental sub-issues in the Negril and Green 

Island area, developing and implementing an effective management plan will require the 

manager to be able to rank these sub-issues in order of importance or impact.

This thesis looks at how GIS technology might be used to aid this process, both from the 

perspective o f determining what environmental problems might be present, as well as with a 

view to prioritising the issues and areas in need of immediate attention from the environmental 

manager. To accomplish this, the thesis methodology included the following stages:

(1) Collecting all available relevant data for the study area and establishing a 

digital geographic database of the study area:

(i) Collecting available data.

(ii) Rendering available base datasets digital.

133



(iii) Deriving new base datasets from data that require some 

modification or processing (in order to usefully describe a 

geographic or environmental feature or phenomenon).

(iv) Establishing a 2.5D model o f the study area topography (to serve 

as a basis for hydrological modelling and slope calculations).

(v) M odelling the surface water and groundwater flow pathways o f 

the study area (to establish pathways o f waterborne 

contaminants).

(2) Establishing and analysing relationships between watershed characteristics 

and observed water quality based on the data contained in the digital database 

created in Stage I (to establish if  relationships exist and i f  there are any 

relationships that stand out as particularly important).

(3) Establishing watershed-wide indices o f pollution load, waterbody 

vulnerability and the overall environmental risk to area's waterbodies again 

based on the data held in the database created in Stage I.

The reasoning for adopting these stages will be discussed in this chapter. In addition, an outline 

o f the general GIS methodologies will be given. This will provide a background for the 

procedures and discussions included in the next three chapters, which give detailed 

methodology and results o f  each o f the three methodological stages.

4 . 2  S t a g e  I: C o l l e c t i n g  D a t a  a n d  B u i l d i n g  a  D i g i t a l  G e o g r a p h i c  D a t a b a s e

OF THE S t u d y  AREA

As was discussed in Chapter 2, integrated environmental management requires a broad and 

complete understanding o f the environment and environmental processes o f  the management 

area. The first stage o f  the study methodology was therefore concerned with collecting all 

available and relevant data related to the study area, and rendering these data digital.

4.2.1 C ho ice  o f  S oftw are

There are several GIS packages available for spatial data analysis. For this study, the software 

packages Arclnfo and ArcView were used for four main reasons:

(1) The software packages used by government institutions and agencies in 

Jamaica are Arclnfo and ArcView. Thus, as it was intended that the finished 

database would be made available for GOs and NGOs in Jamaica, the GIS had 

to be provided in Arc Info/Arc View or a compatible format.

(2) An earlier prototype geographic database for the study area was produced 

using A rclnfo (Eirum, 1998). It would therefore be logical to continue with
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the same software to ensure continuity and ease o f  implementation o f any 

recommendations made in Eirum's report.

(3) Arclnfo is one o f the more powerful and flexible GIS packages available, 

offering raster and vector data formats, easy data transformation, a range o f 

automated procedures, as well as the opportunity for custom isation through 

scripting.

(4) ArcView, while not offering the same powerful analysis capabilities, is a 

lightweight, user-friendly analysis and display package suitable for non-expert 

users. Data provided in an ArcView com patible format could hence be used in 

NGOs as part o f their education and information work.

The versions o f the packages available for this study were Arclnfo v.3.4d and v.7.2.1 and 

ArcView v.3.0a. Arclnfo v.3.4d was only used for data entry through digitising. All analyses 

were carried out in Arclnfo v.7.2.1 and ArcView v.3.0a. W hen referring to Arclnfo commands 

and procedures, the command name will appear in capitals, and written in Courier New font 

(e.g. F IL L ). ArcView procedures are referred to in capitalised, italicised Courier New font (e.g. 

RANGE). Coverage and grid names are given in emboldened, small capitals Tim es New Roman 

font (e.g. CONTOURS).

4.2 .2  D ata  C o llec tio n
The data needed to describe the environment o f the study area included data related to the 

physical geography o f the area, the distribution o f  possible contamination sources (including 

settlements and hotels), and historic and current water quality. Ideally, the datasets collected 

should have included:

-  Land-use

-  Soil types and properties

-  Geology

• Bedrock geology

• Faultlines

• Caves

-  Topography (including slope)

-  Hydrology and hydrogeology

• River network

• Sinkholes

• Springs and blueholes

• Lakes and ponds
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• W atertable levels

• Aquifer properties

• Groundwater flow properties

• W atershed boundaries

• Seepage areas

-  Bathymetry

-  Seabottom faunal and floral cover

-  Anthropogenic activities in the local coastal waters (both local and tourist 

population activities)

-  Point sources o f contaminants

-  Settlement distribution

-  Road network

-  W ater quality data

-  Administrative boundaries

-  Zoning/protection area boundaries

In addition, information on current environmental legislation, development plans and 

environmental management initiatives should also have been included.

Very few o f these datasets were available in Dublin, and an important com ponent o f the study 

was therefore spent in Jam aica collecting existing datasets and information, and carrying out 

fieldwork in order to establish new datasets. The collection o f data for the study area was 

affected by a number o f issues related to the accessibility and availability o f  data in Jamaica. 

Firstly, while framework data were available from both the Jamaican Survey Department and 

the British Ordnance Survey (Jamaica being a former British colony), these data were not up-to- 

date, and only infrequently updated. Digital framework data were not available, and unlikely to 

be available for some time to come. In addition, many analogue datasets were found to be out- 

of-print, both owing to the long intervals between updates, and a relatively small market for the 

mapped products. Some o f the datasets that were available were o f poor quality, thus not 

necessarily suitable for the intended purpose.

Access to existing datasets in Jamaica, moreover, tended to be slightly more restrictive than 

what one might expect in western countries. For instance, the trend towards freedom o f 

information favoured in the developed world, has not yet been adopted in Jamaica. In addition, 

tracking down what information was available and from where could present a m ajor problem 

as no overview o f existing datasets and the sources o f these exist.
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The collected datasets were available either in map form or as written reports. However, some 

o f the data were o f poor quality (e.g. low resolution, high degree o f inaccuracy), incomplete, or 

contradictory (e.g. two or more datasets would give contradictory information). These problems 

were largely associated with hydrogeological and bathymetric data. There were also issues o f 

data currency, with some o f the datasets being more than 20 years out o f  date (e.g. land-use and 

soil data). The data collection resulted in a dataset consisting o f relatively high quality data 

relating to topography, hydrology, land-use, water quality, geology and soil types, as well as a 

wide range o f information related to administrative and legislative issues. The data relating to 

bathymetry, hydrogeology, seabottom faunal and floral cover, and anthropogenic coastal 

activities were largely incomplete or o f poor quality. A full overview and assessment o f the 

spatial datasets collected and the sources o f each dataset are given in Chapter 5.

4 .2 .3  B u ild ing  a D igital Spatial D a tabase  o f  the  S tudy  A rea

As the aim o f the study was to derive methods for applying GIS technology to aid CWM in the 

Negril and Green Island area, the spatial data collected needed to be integrated into a digital 

geographic database. The datasets collected could - from the point o f  view o f establishing a 

geographic database - be seen to be o f three types:

(1) Datasets that were available in a format that could easily be integrated into a 

digital database format without any manipulation other than simple digitising.

This included datasets derived directly from standard topographic maps (e.g. 

road network, bedrock geology) and datasets obtained through GPS surveys 

(e.g. hotel locations).

(2) Datasets that needed some m anipulation and/or processing in order to be 

useful as basedata in the database and/or for further analysis. This included the 

derivation o f a new land-use map from aerial photographs, and the collation o f 

various water quality datasets into one main water quality dataset.

(3) Datasets that needed to be derived from the other datasets in order to usefully 

describe an element o f the physical and environmental state o f the study area.

This included 2.5D modelling o f topography and watertables, hydrological 

and hydrogeological modelling, and datasets derived from this modelling.

The datasets thus included in the digital geographic database will serve as a basis for the 

analyses carried out in Stages II and III.

4 .2 .3  (a) R endering  A vailab le  B ase D atasets  D ig ital

All geographic datasets needed to be digitised and converted into a common reference system, 

and attribute data needed to be added. The digitising was carried out using a variety o f methods.
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including board digitising, scanning and on-screen digitising or pseudo-automated raster-to- 

vector conversion, and direct coordinate entry. The methods used depended on the format o f the 

dataset. For instance, maps were either board digitised or scanned and converted into vector 

format, GPS coordinates were digitised through direct coordinate entry, while images were 

scanned and digitised on-screen. The preferred data format for all digitised base datasets was 

vector, although some datasets, by their nature, needed to be included in raster format.

Details o f digitising procedures used and methodologies involved for each o f the datasets are 

given in Chapter 5.

4 .2 .3  (b) P roducing  N ew  B ase D atasets  from  A v a ilab le  D ata

Some o f the datasets needed some manipulation or processing in order to provide information 

compatible with the GIS format. These included a set o f  1:15,000 aerial photographs flown on 

commission for the Jamaica Survey Department in 1991, and a collection o f  water quality 

datasets provided by CWIP and Dr. Goreau.

The aerial photographs provided land-use data contem porary with much o f the water quality 

data. As such, they provided a more correct dataset on which to establish relationships between 

water quality and land-use than the land-use information included in the Jamaica 1:50,000 map 

series, which dates from 1979-1980 (Sections 5.2.1 and 5.2.3). The aerial photographs needed to 

be geo-corrected, mosaicked and image enhanced in order for a vector-based land-use map to be 

derived. The derived land-use map was ground-truthed by the author during the 1999/2000 

fieldtrip to the study area.

The water quality data provided through CWIP and Dr. Goreau spanned most o f  the 1990s and 

were collated from a multitude o f unrelated surveys and studies (Section 5.4). W hile each 

dataset provided important and relevant information on its own, it was useful to combine these 

datasets into one single dataset. This both eased the subsequent analysis, and provided a more 

complete picture o f the water quality across the study area. Assessment o f  the com patibility o f 

the various individual datasets with respect to the parameters measured and the measuring 

techniques used, as well as their spatial and temporal coverage, were required in order to 

compile the datasets. The full assessment and subsequent m anipulation o f the datasets are 

included in Section 5.4.
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4.2.3 (c) M o d ellin g  T opography , H ydro logy  and H ydrogeo logy
Some information that was considered basedata in that it described the physical geography or 

environmental state or processes o f  the study area was not directly available from the collected 

datasets. Nevertheless, this information could be obtained through manipulation, processing and 

combination o f  the available basedata. Consequently, to ensure the base geographic database o f 

the study area was as complete as possible, extraction o f new datasets was necessary. For the 

purpose o f this study, it was beneficial to establish the groundwater and surface water flow 

pathways through the study area. This served as a basis for determ ining drainage areas o f each 

river, the surface and groundwater catchment areas o f each individual water quality sampling 

site, and consequently the physical and environmental characteristics present within each 

individual catchment area.

The surface water flow is determined by the topography. Consequently, a digital elevation 

model (DEM) o f the topography, giving a continuous surface o f  the topography, was required to 

derive the surface water flowpaths. This model was established using the topographic data held 

in the base datasets, and the TIN modelling algorithm. This topographic model incorporated 

karst surface features (depressions) in order to allow distinction between groundwater and 

surface water catchm ent areas and flow paths. Based on the DEM, a continuous stream network 

of the surface water flowpaths was derived. This then allowed catchm ent areas for any point o f 

the surface o f the DEM to be established.

The DEM was also used to establish the landward and seaward boundaries o f  the study area. 

These largely followed the specifications given by the NEPT regarding the boundaries o f the 

NEPA. However, some m odifications were made in order to take on board recommendations 

rr.ade in previous studies o f  the area (Goreau, 1995b; Eirum, 1998) into account. As the seaward 

boundary was specified to follow the 350 ft bathymetric contour, it was necessary to also 

irclude bathymetric data in the topographic modelling.

The hydrogeological m odelling was limited to establishing a rough approximation o f 

groundwater flowpaths. The problems associated with this m odelling are discussed in Section 

5.6, but the outputs essentially consisted o f one simple model for saturated flow, and one simple 

model for conduit flow. Again, these were used to some extent to derive catchment areas and 

flowpaths.

Finally, the DEM was used to establish the slope o f the topography. As was outlined in Chapter 

2, the slope may influence the velocity and behaviour o f  the overland waterflow, and as such 

may affect the erosion rate and waterborne contam inant distribution.
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4 . 3  S t a g e  II:  E s t a b l i s h i n g  R e l a t i o n s h i p s  b e t w e e n  W a t e r s h e d

C h a r a c t e r i s t i c s  a n d  O b s e r v e d  W a t e r  Q u a l i t y

Having created all the necessary datasets related to the physical geography and environmental 

state o f the study area, the study progressed to deriving and assessing relationships between the 

watershed characteristics and the observed water quality. By deriving these relationships, it was 

possible to identify which parameters were o f  specific importance and subsequently prioritise 

between the various parameters and ultimately the various environmental sub-issues. For 

instance, previous studies o f  the Negril and Green Island area have suggested that high 

watershed-derived nutrient loads were causing the observed eutrophication o f the area's coastal 

and riverine waters. In this study, it appeared that the nutrient releases were closely associated 

with specific land-use types, such as animal grazing, suggesting that the management needs o f 

this land-use type need to be prioritised to reduce the eutrophication (Chapter 6).

To derive these relationships, the study looked at the following GIS analysis approaches:

(1) Spatial visualisation

(2) Spatial interpolation

(3) Geometric overlay analysis

(4) Statistical correlation calculation based on advanced GIS overlays and data 

extraction

The first approach simply employed the GIS technology's ability to visualise one or more 

geographic datasets. In this way, spatial variations in water quality in relation to other 

geographic features (e.g. land-use, location o f settlements, drainage area) were visually assessed

The second approach was a more advanced form o f  visualisation. W hile interpolation in itself 

can be used as a powerful tool to extrapolate known data values, in this part o f  the study it was 

largely used for enhancing the visualisation o f  the variability in the water quality data. 

Nevertheless, some attempts were made at assessing its potential for extrapolating known 

values. Geometrically overlaying the interpolated surfaces were also attem pted on the land-use 

dataset in an attempt was also carried out to establish quantitative relationships between water 

quality and watershed characteristics.

The fourth approach employed advanced GIS technology to combine the information from a 

large number o f datasets to derive quantitative relationships. This was achieved by extracting 

catchment areas for each water quality sampling site using the topographic, hydrological and 

hydrogeological models established in Stage I. Based on these catchment areas, the proportion 

or quantity o f  each watershed characteristic (e.g. land-use, slope gradient, population counts.
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soil type) in each area was derived. The correlations between watershed characteristics and the 

observed water quality measurements were then calculated using standard statistical methods.

The full m ethodology and assessment o f each o f the approaches are given in Chapter 6.

4 . 4  S t a g e  I I I :  D e r i v i n g  I n d i c e s  f o r  D e t e r m i n i n g  A r e a s  o f  E n v i r o n m e n t a l  
C o n c e r n

W hile Stage II addressed the question o f possible relationships between watershed 

characteristics and water quality, the approaches used did not allow differentiation between 

areas based on their combined pollution load potential or their vulnerability to contamination. 

For instance, if  several contamination sources are present in an area, their combined pollution 

load potential may be higher than if  only one contamination source is present. In the same way, 

conditions may be present that reduce the effect or eliminate some o f  the contamination threat. 

Moreover, the vulnerability o f  a waterbody will determine how much o f  a threat the 

contamination source(s) present poses to the water quality. Stage III o f  the study, therefore, 

explored and assessed methods o f using the GIS technology and available datasets in the 

geographic database to provide such distinctions.

To achieve this, three environmental indices were developed; a Pollution Load Potential Index, 

a Waterbody Vulnerability Index, and a W aterbody Risk Index. To calculate these, a grid format 

was employed, and all datasets that were included in the index calculation needed to be 

converted into this common grid format (if not already in this format). Some GIS manipulation 

o f  the datasets was necessary in order to extract the information required in the index 

calculations. The results o f  the statistical analyses carried out in Stage II o f the study served as 

an input into the Pollution Load Potential Index. All m anipulations and methodologies are 

discussed in full in Chapter 7, and an assessment o f each o f the indices, along with a full outline 

o f  limitations and caveats o f  the index generation is given. The developm ent o f  these types o f 

indices has never, to author's knowledge, been attem pted in Jamaica, and the discussion o f the 

methodologies and development o f the indices is therefore quite detailed and takes a first 

principles approach. It was felt that this was necessary as very few guidelines were found in the 

literature on how  to produce an environmental index from scratch. M oreover, these types o f 

indices will, by their nature, be site, scale and application-specific, and those examples found in 

the literature o f  similar indices to those produced here approached the index generation in 

different ways. Consequently, no one approach may be considered applicable for all situations 

and sites.
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4.5 A s s e s s m e n t  OF THE M e t h o d s  U s e d

The m ethodologies used in this study largely succeeded in achieving their a im s o f  successfully 

establishing:

(1) A digital database for the study area.

(2) Spatial and temporal intra and inter-specific water quality parameter

relationships, as well as qualitative and quantitative relationships between 

w ater quality parameters and watershed characteristics.

(3) M anagem ent tools for identifying and prioritising areas o f  environmental

m anagem ent concern.

However, there were certain limitations both to the data and the m ethodologies used. The digital 

database suffered mainly from problems related to the availability and quality o f  the basedata. 

As already noted in Section 4.2.2, this was particularly an issue with the bathym etric  and 

hydrogeological basedata. The limitations o f  the basedata also had implications for the quality 

o f  the outputs from the topographic, hydrological and hydrogeological m odelling  carried out 

using the data, as well as limiting the am ount and type o f  m odelling that could be carried out. 

For instance, s tandard hydrogeological modelling through add-ons to the GIS software, as is the 

more com m on method for hydrogeological m odelling (c/. Section 2.5.4), was rendered 

impossible by the lack o f  detailed and high quality hydrogeological data. The hydrogeological 

m odelling m ethodologies m ay consequently be improved if  better data becom e available.

The m ethodologies em ployed for the water quality analysis applied the GIS technology on a 

range o f  different technical com plexity  levels. They all achieved the aim o f  establishing spatial 

and temporal relationships (albeit to varying degrees o f  scientific robustness). Consequently, 

some or all o f  the m ethodologies may be successfully employed by an environmental m anager 

depending on his/her technical skills and familiarity with the technology.

The statistical analysis carried out on the water quality data was relatively simple. It m ay be that 

clearer relationships between w ater quality and watershed characteristics could be obtained 

using more sophisticated statistical analyses and test. For instance, multiple regression and other 

multivariate statistical analyses might have yielded information on likely co-dependencies 

am ong the variables. Such advanced statistical analyses were not explored in this study both 

owing to tim e constraints, and to the focus o f  the study being to assess the applicability  o f  the 

GIS technology to C W M  in the Negril and Green Island watersheds, rather than an in-depth 

analysis o f  the w ater quality. However, using advanced statistical analyses w ould be a possible 

future extension to the study.
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The establishment and calculation o f environmental indices again suffered from problems o f 

data quality and data availability. In addition, the calculation o f  the indices necessitated that the 

data themes be categorised into classes ranging from "Very Low" to "Very High" pollution load 

potential/waterbody vulnerability. As the impact o f  individual watershed characteristics will be 

watershed-specific, few universal guidelines exist as to the categorising o f each individual 

watershed characteristic, and the relative importance o f  each characteristic in the environmental 

processes indexed in this way. W hile some relationships were deduced from the literature and/or 

from the analysis carried out on the available data for the Negril and Green Island area, others 

had to be induced based on the author's general knowledge and understanding o f  the study area 

and the physical processes involved. It was nonetheless felt that the general methodology used 

to establish the indices was satisfactory. More robust watershed-specific relationships should be 

possible to establish if  more detailed and higher quality data become available.

4.6 C o n c l u s i o n

Overall, the methods used were thought to achieve their aims and to be appropriate given the 

limitations and quality o f the available data. If better and/or more data become available, the 

methods may be significantly improved. In particular, the hydrogeological modelling and the 

environmental indices calculations could benefit greatly from added data and increased 

understanding o f the watershed-specific environmental and physical processes involved. 

Provided more detailed bathymetric data and data relating to coastal currents can be obtained, 

there is also a possibility o f extending the modelling o f the waterflow through the watershed to 

include the coastal waters.
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5. M et h o d s  & R esults I

- C r e a t in g  a  D ig it a l  G e o g r a p h i c  D a t a b a s e  o f  t h e  
N e g r il  & G r e e n  Is l a n d  W a t e r s h e d s  -

5 .1  I n t r o d u c t i o n

As discussed in the previous chapter, before any analysis can be carried out on the data 

collected for the study area, the data have to be digitised, geo-corrected, integrated and 

manipulated  so that they together provide a description o f  the Negril and Green Island 

watersheds. Three types o f  base datasets were identified according to their level manipulation 

needs (Section 4.2), and consequently, the creation o f  a digital database for the study area 

involves three distinct steps:

(1) Digitising and integrating all datasets.

(2) Data extraction, manipulation and creation from datasets that do not 

automatically lend themselves to the database format.

(3) M ajor manipulation o f  datasets through m odelling to derived new datasets 

describing the physical and environmental state o f  the study area.

The first three sections (Sections 5.2 to 5.4) o f  this chapter describe the creation o f  the basic 

geographic database for the watershed (Stages 1 and 2), which will subsequently  serve as a 

source for the data used for the watershed modelling and water quality investigations carried out 

in this and the following two chapters. Attempts will be made to point out errors, flaws and 

limitations o f  the source data, as these will obviously affect the subsequent m ethodology  and 

outputs. These sections include both the initial data entry procedures (Section 5.2), and the 

m anipulation o f  the data in order to extract new datasets (an up-to-date land-use m ap and a 

consolidated water quality dataset) from these (Sections 5.3 and 5.4).
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The subsequent two sections (Sections 5.5 and 5.6) deal with the more com plex  manipulation 

for dataset creation and extraction (Stage 3). In particular, it describes the watershed modelling 

performed, and the evaluation o f  the derived models' accuracy and ability to describe the 

hydrology and hydrogeology o f  the watersheds. The modelling procedures are largely limited 

and determined by the software used (A rclnfo  v.7.2.1). As the software is not specifically 

developed with hydrological modelling in mind (although a series o f  hydrological modelling- 

related procedures are included in the software), the exact procedures used for arriving at the 

desired results may appear overly com plex and roundabout. To ensure ease o f  reading o f  this 

chapter for the non-Arclnfo specialist, som e o f  the descriptions o f  step-by-step Arclnfo 

procedures for the various modelling steps have been included in Appendix  D, rather than in the 

main text. A full list o f  Arclnfo  com m ands used, along with their full syntax, can be found in 

Appendix E for easy reference.

5.2 C r e a t i n g  a  G e o - R e f e r e n c e d  D i g i t a l  D a t a b a s e

A base geographic database o f  the study area had already been created by Eirum (1998), and 

m any o f  the datasets used for this study were taken directly from her study''*. However, as this 

study required additional datasets, all data sources and data entry procedures will be discussed 

in detail.

5.2.1 D a ta  S o u rces

Apart from a 1:50,000 topographic map series o f  Jamaica, little o f  the necessary data were 

directly available in Dublin. Consequently, data had to be obtained from various sources in 

Jamaica, and through fieldwork carried out in the Negril and Green Island area. Som e o f  the 

relevant data had already been collected by Dr. Rybaczuk during two fieldtrips to the area in 

1997 and 1998. This included paper-based 1:12,500 topographic maps, 1:50,000 geological 

maps, 1991 Census data and associated ward maps, GPS-recorded locations o f  hotels, mooring 

buoys for d iving activities, and N EPT-m onitored w ater quality sam pling sites. Further data were 

collected by the author during a fieldtrip to the area in 1999/2000, including soil maps, 

bathymetric information and groundwater data. W ater quality data were provided through 

CW IP, Dr. Goreau, and NEPT. Dr. Goreau also provided a set o f  aerial photographs that were 

used to derive a new land-use map for the area. Background information on legislation.

These were:
From the Jamaica 1:50,000 map series: height contours, spotheights, road network, river

network, land-use, settlem ents, shoreline 
From the 1:50,000 Census ward tracing: administrative wards
From the NEPT et al. (1995) report: estimated watershed boundaries, N EPA boundary
From Dr. Rybaczuk's GPS surveys: anchoring buoy location, hotel location

For more information on each o f  these coverages, the reader is referred to Tables 5.1 and 5.2.
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d eve lopm ent plans, environmental policies, historic w ater quality, reports from previous studies 

in the area, as well as general information related to Jam aica and its environm ent, were gathered 

from a multitude o f  libraries, GOs and N G O s in Jamaica.

From the data  gathered, specific data them es had to be extracted or isolated. The data sources 

from which physical geographic features were extracted were:

-  1:12,500 map series o f  Jam aica published from 1972 to 1977 (Survey 

Departm ent o f  Jamaica, 1972-1977)

-  1:50,000 map series o f  Jam aica published in 1987 (Survey Departm ent o f  

Jamaica, 1987)

-  1:50,000 soil survey map series (Price, 1960; Stark, 1964)

-  1:50,000 bedrock geology series o f  Jam aica (M inistry  o f  M ining and 

Natural Resources, n.d.)

-  1:200,000 navigational charts series (Hydrographer o f  the N avy (UK),

1990)

-  c. 1:125,000 watertable maps for March and Septem ber 1995 (Fernandez et 

ciL, 1997)

For ail these datasets, both spatial and attribute data could be obtained directly from the m aps or 

charts. For the soil surveys, additional information was available in accom panying  reports, one 

for each parish. These reports provided information on drainage and erosion rates o f  each soil 

type, and the suitability o f  different land-uses and covers on the various soil types.

Electoral Division (ED) Census data were obtained from the Statistical Institute o f  Jam aica  

(n.d.; 1991a; 1991b). These included both an ED (or ward) map, and associated population 

statistics dating from 19 9 1.

Data relating to hotel location were obtained from a GPS survey carried out by Dr. Rybaczuk in 

1997 (Rybaczuk, 2001). Information on num ber o f  beds available at each hotel was provided by 

K. Davis, the local representative o f  the Jam aica Tourist Board in Negril.

5.2.2 Rendering the Data into Digital Format
The coverages already digitised by Eirum (1998) did not need to be re-digitised, and were taken 

directly from the initial GIS. However, it was noted in Eirum's report that the coastal water 

quality on the south coast o f  the watershed may to some degree be influenced by outputs from 

the N ew Savanna River, especially during the rain seasons. Coastal waters may also be fed 

runoff  from this catchm ent through groundwater pathways. The initial GIS did not include the
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entire New Savanna River catchment, and consequently it was decided to extend all coverages 

to include this catchment. The necessary information was traced from the source maps, 

digitised, and appended to the original coverages".

5.2.2 (a) D igitis ing procedures

Three different methods of digitising the spatial data were used:

(1) Board digitising (direct vectorisation)

(2) Scanning and subsequent automated vectorisation or on-screen 

vectorisation

(3) Direct co-ordinate entry

Board Digitising: The primary data entry method involved tracing features of  interest from 

paper maps ( if  necessary), and subsequently digitising them into vector format using a TDS 

digitiser linked to Arclnfo v.3.4d software. The coverages were subsequently imported into 

Arclnfo v .7 .1.2 for cleaning, editing and attributing.

Scanning: Due to technical difficulties within the Geography Department, Trinity College, 

Dublin, the TDS digitiser was not available for all o f  the study period, and one batch o f  datasets 

had to be digitised through scanning. This involved tracing the features o f  interest from the 

paper maps ( if  necessary), and having the tracings professionally scanned into 400 dpi black and 

white LZW compressed TIFF images. As the compressed TIFF format was not supported by the 

version o f  Arclnfo used, the scanned maps were converted into GIF format using PaintShopPro 

v.5.01, and subsequently imported into Arclnfo v .7 .1.2 as grids through an IMAGEGRID  

conversion procedure.

Once in grid format, the map could be vectorised through one of two different procedures. The 

first was a direct grid to vector conversion, using the G R I D L I N E  procedure. This requires the 

grid to be devoid of noise and speckles, gaps (c /. undershoots) and other errors to avoid serious 

errors in the vector output. This required manual and/or automated editing o f  the grid, e.g. 

through BOUNDARYCLEAN, M A J O R I T Y F I L T E R ,  G R ID D E S P E C K L E  and T H I N  procedures. 

The output lines, moreover, were block-like in structure, and required generalisation and 

smoothing through GE N ER A LI ZE  and S P L I N E  procedures in ArcEdit. This vectorisation 

method was highly automated and did not give the operator much control beyond the setting of 

thinning and filtering parameters. Some problems with the resulting vector coverage

'' Through the APPEND procedure in Arclnfo.
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consequently  occurred, especially creation o f  "islands"'^ and incorrectly described junctions. 

Such errors had to be m anually  corrected after the grid to vector conversion.

I 'he  second vectorisation procedure was a more operator-controlled procedure. It involved 

pseudo-autom atic  on-screen digitising using the TRACE procedure in ArcPlot. It allowed 

automatic tracing or digitising o f  the lines o f  the grid according to operator-set parameter 

boundaries re lating to issues such as what constitutes a line in the grid (i.e. th ickness o f  line as 

depicted in the grid), the m inim um  length o f  a vertex (i.e. generalisation o f  arcs), and spurious 

errors in the grid (e.g. speckles, undershoots, overshoots). The result was a vector coverage 

similar to that obtained through board digitising, but still largely computer-derived. 

Consequently, there were still undesirable inconsistencies in the vector coverage v/.v-a-v/.v what 

would be expected from board digitising, and extensive post-vectorising editing was necessary.

Both these types o f  grid-to-vector conversion procedures were used for this study, depending on 

the com plexity  and size o f  the grid. The am ount and type o f  editing necessary prior to 

vectorisation varied from dataset to dataset. Both types o f  procedures also necessitated 

extensive post-vectorisation cleaning and editing, including removal or adjustm ent o f  

overshoots and undershoots, removal o f  superfluous arcs and adjustm ent o f  intersections.

A slightly modified approach was needed for point coverages. When scanned to a high 

resolution, a drawn dot, no matter how small, would normally be represented by a cluster o f  

pixels or grid cells. A direct grid-to-point conversion '^ therefore, would result in a cluster o f  

points (one point for each grid cell). If  converted in this way, all superfluous points w ould have 

to be removed manually. To overcome this problem, each cluster o f  grid cells was treated as an 

area. By converting the clusters to polygon (GRIDPOLY conversion) and subsequently running 

a CREATELABELS procedure on the polygons, each cluster were represented by a polygon 

label situated in the centre o f  the cluster. The labels were then copied into an em pty coverage, 

and built as points. This did require all speckles to be removed from the input grid, otherwise 

these would have been converted into points as well.

Points were also digitised on-screen. This allowed total control over the p lacem ent o f  points and 

the elimination o f  speckles and other noise features. It was particularly useful where specific 

individual attributes were to be added to each point feature, as this often required the points' ID 

numbers to be known (e.g. through the entering o f  point features in a particular order). For point

A doubling o f  the vectorised arc caused by a wrongly assigned N O D A T A  cell surrounded by D ATA
cells.
E.g. through the GRIDPOINT procedure in Arclnfo.
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features not requiring individual attributing, and for layers containing a high number o f point 

locations, the automated procedure described above was preferred.

Direct Co-ordinate Entry. The third method o f digitising used was direct entry o f  co-ordinates. 

This was only employed for point features, for which the co-ordinates had been obtained 

through GPS surveys. This method is only as accurate as the GPS recorder used, and most 

handheld GPS recorders available today are accurate to ±100 m (Bemhardsen, 1999b).

The various Arclnfo coverages obtained through digitising o f the datasets are outlined in Table 

5.1. This table gives information on the features contained within each coverage, the feature 

type, the digitising procedure used, and the source o f the spatial data.

5.2.2 (b) Application o f  a common reference system (Jamaican National Grid)
To allow transformation o f the new coverages into Jamaican National Grid, tic points had to be

added manually. Reference points had been marked on the initial tracings, and as such were 

included in the grid. The establishment o f tic marks, therefore, was carried out by simple 

manual on-screen digitising o f the reference points as tic marks. The coverages could 

subsequently be transformed into national grid using the TRANSFORM procedure.

Some o f the maps did not have a reference grid. In these cases, the input grids were geo

referenced against a composite coverage containing the shoreline, river and road networks using 

the REGISTER procedure. Each grid was subsequently transformed into Jamaican National 

Grid through a linear RECTIFY procedure. This geo-correction procedure was carried out prior 

to any grid-to-vector conversion.

Spatial point data provided as sets o f co-ordinates (e.g. the hotel and buoy data) were entered 

into the computer in tabular formats, converted into ASCII format, and then imported into 

Arclnfo point coverages through the GENERATE procedure. This takes the co-ordinates and 

renders them into points in a spatial coverage.

5.2.2 (c) Adding attributes
Attribute data derived from the various maps and charts (e.g. river names, contour heights and 

road classes) were taken directly from the respective maps and charts and entered manually. 

Additional attribute data, e.g. Census data, hotel data, buoy data and soil data, were entered into 

the com puter in tabular format. The data were then converted into ASCII format, imported into
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Table 5.1 Initial coverages and their sources. Coverages marked with an asterisk (*) were traced, digitised and edited by Dr. K. Rybaczuk, coverages marked with O  were 
traced by Dr. K. Rybaczuk and subsequently digitised and manipulated by the Eirum (1998), and coverages marked with (^) were obtained in digital format from the Eirum 
(1998) digital geografic database.

C o v e r a g e F e , \ t u r e FEATURE TYPE D.a t .a e n t r ^ m e t h o d S o u r c e

CONTOURS^ Elevation contours Line Tracing + digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 
Department of Jamaica, 1987)

Drainage network Line Tracing + digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 
Department of Jamaica, 1987)

L.\KE500"^^ Lakes and ponds Poly Tracing + digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 
Department o f Jamaica, 1987)

RO.ADS*^ Transport network Line Tracing + digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 
Department o f Jamaica, 1987)

W.VRDS*^ Administrative wards Poly Digitising 1:50,000 Census ward tracing, sheets Hanover and 
Westmoreland (Statistical Institute o f Jamaica, n.d.)

SHORELINE Shoreline o f the study area Line Digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 
Department o f Jamaica, 1987)

OUTLINE^ An arbitrary boundary extending well 
beyond the watershed boundaries and the 
seawards 350 ft isobath

Line/Poly Tracing + digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 
Department of Jamaica, 1987)

L.AND-OITLINE^ An arbitrary land boundary extending well 
beyond the watershed boundaries, based on 
o u t l i n e  and s h o r e l i n e

Line/Poly Tracing + digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 
Department o f Jamaica, 1987)

SE.V-OITLINE^ An arbitrary sea boundary extending well 
beyond the seawards 350 ft isobath, based 
on OUTLINE and SHORELINE

Line/Poly Tracing + digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 
Department o f Jamaica, 1987)

W S-B O IN D I^ Negril and Green Island watershed 
boundaries

Line/Poly Digitising N E P T e/a /., 1995

NEP.\^ NEPA boundary Line Digitising NEPT et al., 1995 + Jamaica 1:50,000 map series, sheets 1 
and 5 (Survey Department, 1987) + Census ward tracing

SPOTsOO^ Photogrammetric spot heights Point Tracing + digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 
Department of Jamaica, 1987)



Table 5.1 (Continued)

C O \E R \G E F e a t i r e FEATl RE n  PE D a t a  e n t r \  m e  i h o d S O IR C E

LANDISE-OS*^ Land-use Poly Tracing + digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 
Department of Jamaica, 1987)

HOTELS*^ Hotel distribution Point Direct entry o f co-ordinates GPS locations as determined by Dr. K. Rybaczuk
SETTLEIMENT^ Settlement distribution Point Tracing + digitising Jamaica 1:50,000 map series, sheets 1 and 5 (Survey 

Department o f Jamaica, 1987)
R IM 25 Drainage network Line Tracing + digitising Jamaica 1:12,500 map series, sheets 12A-D, 13A-D, 14B, 

22A,C, 23 A,C. (Survey Department o f Jamaica, 1972-1977)
LAKE 125 Lakes and ponds Poly Tracing + digitising Jamaica 1:12,500 map series (Survey Department of Jamaica, 

1972-1977)
DEP125 Depression contours Line/Poly Tracing + digitising Jamaica 1:12,500 map series (Survey Department of Jamaica, 

1972-1977)
SPOT125^ Photogrammetric spot heights Point Tracing + digitising Jamaica 1:12,500 map series (Survey Department of Jamaica, 

1972-1977)
SOIL Soil type parcels Poly Tracing + scanning Soil, 1:50,000 map series, sheets Hanover (Price, 1960) and 

Westmoreland (Stark, 1964)
BEDROCK Bedrock Poly Tracing + digitising Geology, 1:50,000 map series, sheets 1 and 2 (Ministry of 

Mining and Natural Resources, n.d.)
FA l'LTLlNES Faultlines Line Tracing + digitising Geology, 1:50,000 map series, sheets 1 and 2 (Ministry of 

Mining and Natural Resources, n.d.)
BEDROCK-DIP Bedrock dip direction and angle sampling 

sites
Point Tracing + digitising Geology, 1:50,000 map series, sheets 1 and 2 (Ministry of 

Mining and Natural Resources, n.d.)
B A T in-C O N T Bathymetry contours Line Tracing + scanning 1:200,000 navigational charts series, chart 256 (Hydrographer 

o ftheN avy  (UK), 1990)
B A T in-S P O T Bathymetry spot depths Point Tracing + scanning 1:200,000 navigational charts series, chart 256 (Hydrographer 

o f the Navy (UK), 1990)
BATHV-DEP Depression isobaths Line/Poly Tracing + scanning 1:200,000 navigational charts series, chart 256 (Hydrographer 

oftheN avy  (UK), 1990)
\ \T - \L \R C H Water level contour lines, March data Line Tracing + scanning 1:250,000 MODFLOW contour maps (Fernandez et a i ,  1997)
W T-SEPT Water level contour lines, September data Line Tracing + scanning 1:250,000 MODFLOW contour maps (Fernandez e / <3/., 1997)
Bl^O^S^ Anchoring buoy location for reef diving Point Direct entry of co-ordinates Dr. K. Rybaczuk



Arclnfo info-table format using the IMPORT procedure, and finally joined to the relevant 

coverage features through a tabular JOINITEM procedure. The full set o f  attributes for each 

coverage is given in Table 5.2.

5.2.3 Problems and Errors with the Data and the Digitising Processes
As the various data were obtained from different sources and entered into the database by

different methods, it must be expected that they exhibit different levels o f accuracy.

5.2.3 (a) Scale, grid and date
The main differences are related to temporal, scale and reference grid issues, and are outlined in 

Table 5.3. The maps used were not all provided at the same scale, and while most o f the main 

data layers were obtained from 1:50,000 maps, some, such as the bathymetry and watertable 

data, were derived from smaller scale maps. This presented differences in generalisation, with 

the sm aller the map scale, the greater the generalisation (c/. Chapter 2). These errors were 

further magnified by the lack of a uniform reference grid on the base-maps used. Slight 

inaccuracies must be expected to have occurred when converting co-ordinates from one co

ordinate system to another. This could be attributed both owing to inaccuracies o f the 

conversion algorithm used, and to the rounding o f number throughout the calculation. Some o f 

the maps did not have a reference grid at all, and the associated geo-registration was therefore 

only approximate, further increasing the levels o f error between the different datasets. While 

great care was taken to select the most appropriate registration points, it is impossible to remove 

all error from this stage o f the process.

There were also temporal inconsistencies between the different datasets. Disregarding the 

1:200,000 navigational chart, the maps and associated surveys span over some 40 years. While 

some features, such as bedrock geology and topography, were likely to have remained relatively 

unchanged over the time span in question, other features, such as settlem ent patterns, road 

networks and land-use, may have changed dramatically. The temporal accuracy o f the different 

maps in relation to each other must consequently be said to be relatively poor.

In the 1:200,000 navigational chart, moreover, the problems o f scale, grid and date were further 

increased as this chart was based on a series o f different charts and surveys, all taken at different 

dates and represented at varying scales and in different reference grids. Therefore, the overall 

final accuracy level o f this chart was poor.
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Table 5.2 List o f  attribute data held within each dataset o f  the geographic database (Table 5.1). Coverages that do not contain any descriptive attributes have not been 
included.

C O \E R A G E ATTRIBUTE N a m e D e s c r i p t i o n

BATIIV-CONT • Depth •  Bathymetric depth (m)
B A T in -D E P •  Depth •  Bathymetric depth (m)
B A T in - S P O r •  Depth •  Bathymetric depth (m)
BEDROCK •  Rock-Code • Rock code (numeric)

• Geol-Code • Geological code as given on the 1:50,000 Geology map series (character)
• Rock-Name • Geological name o f  bedrock, formation or group as given on the 1:50,000 Geology map 

series
BEDROCK-DIP •  DipAngle •  Angle o f  dip (0-90°)

• D ipDirection •  Direction o f  dip (0-360°)

B I O ^ S •  Name • Buoy name
• DivJun96 through to DivM ay97 • N um ber o f  dives per buoy per month
•  DivTotal •  Total num ber o f  dives from June 96 to May 97
• DvrJun96 through to DvrM ay97 • N um ber o f  divers per buoy per month
• DvrTotal •  Total num ber o f  divers from June 96 to May 97

CONTOURS •  Height •  Elevation (m)
DEP125 • Height •  Elevation (m)
HOTELS • Name • Nam e o f the hotel

•  Beds# • N um ber o f  rooms
LANDUSE-OS • LandUse • Land-use (character, e.g. W oodland, Pasture)

• LandCode • Land-use (numeric, e.g. 1, 2)
R I M 2 5 • RivName • River name
R I \ 5 0 0 •  RivName • River name
ROADS • RdCode •  Road code:

-  1 = Class A Road
-  2 = Class B Road
-  3 = Class C Road
-  4 = Other
-  5 = M otorable track or footpath



Table 5.2 (Continued).

C ()\T .R \G F . A t t r i b u t e  N .v m e D e s c r i p t i o n

S h o r e l i n e •  Height •  Elevation (0 m)

SOIL •  Soil Code • Soil code as given in the 1960s Soil Survey reports (character)
•  Soil Name • Soil name as given in the 1960s Soil Survey reports (character)
• S l o p e l r d • Lower-end slope gradient (degrees)
•  S l o p e u r d •  Upper-end slope gradient (degrees)
•  Drainage •  Internal soil drainage;

SPO T125

SPO T500

Erosion

•  Spotheight
•  Spotheight

-  N i l / N o n e
-  Almost N i l , None
-  Very Slow
-  Slow
-  Moderate
-  Good
-  Fairly Rapid
-  High
-  Very Rapid
-  Extremely Rapid 

Erosion potential:
-  N i l / N o n e
-  Almost Nil / None
-  Very Slight
-  Slight
-  Moderate
-  Fairly High
-  High
-  Very High 

Photogrammetric spot heights (m) 
Photogrammetric spot heights (m)



Table 5.2 (Continued).

C O \E R A G E A T T R IB l'T E  N.\,ME D e s c r i p t i o n

W.ARDS •  District • District number;
-  1 = Hanover
-  2 = W estmoreland

•  Dist-Name •  District name
•  Ward • Ward number
•  NoHouse • N um ber o f housed per ward
• Pit •  N um ber o f  households per ward with pit latrines
•  W CSew • N um ber o f  households per ward with WC linked to sewerage
• W CNSew • N um ber o f  households per ward with WC not linked to sewerage
• None • N um ber o f households per ward with other or no toilet facilities
•  TotM • Total male population per ward
• TotF • Total female population per ward
• Tot-Pop • Total population (male + female) per ward
• PipedD • N um ber o f  households with publicly supplied water piped into dwelling
• PipedY •  N um ber o f households with publicly supplied water piped into yard
•  Spipe •  N um ber o f households with publicly supplied w ater in standpipe
•  PPipedD • N um ber o f households with privately supplied water piped into dwelling
• PCatch •  N um ber o f  households with privately supplied water from catchment
•  Catch • N um ber o f  households with publicly supplied water from catchment
•  Spring •  N um ber o f households with water supplied from springs or rivers
• Other •  N um ber o f  households receiving water from other types o f  sources/supplies
• Tot-PipedD • Total num ber o f  households with water pumped into dwelling
•  Tot-Catch • Total num ber o f  households with water supplied from catchm ent
•  Tot-Priv •  Total number o f  households with water from private supplies
•  Tot-Pub •  Total number o f  households with water from public supplies
• As above with prefix “P-“ •  Percentage o f  households per ward with the associated attribute
• As above with prefix “PP-“ • Percentage o f  population per ward with the associated attribute

« T -M .\R C I1 •  Height •  Height o f  watertable above sea level (m)
W T-SEPT •  Height •  Height o f  watertable above sea level (m)



Table 5.3 Temporal, scale and reference grid variations among the datasets used. Where field and air survey dates differ, each date has been specified

SO lRCE S i R \ E V  D a t e s G r id ME.ASI RING IM T S Sc a l e

Jamaica 1:50,000 map series (Survey Department of 
Jamaica, 1987)

Air: 1979-80 
Field: Not stated

Jamaica National 
Metric Grid

Metric 1:50,000

Jamaica 1:12,500 map series (Survey Department of 
Jamaica, 1972-1977)

Air: 1968 
Field: 1972

Jamaica National 
Imperial Grid

Imperial 1:12,500

Geology, 1:50,000 map series (Ministry o f Mining and 
Natural Resources, n.d.)

Not stated Jamaica National 
Imperial Grid

Imperial 1:50,000

1:50,000 Census ward tracing (Statistical Institute of 
Jamaica, n.d.)

Based on the 1987 Jamaica 1:50,000 map series None None 1:50,000

1:200,000 Navigational charts series (Hydrographer of the 
Navy (UK), 1990)

Based on:
• Admiralty surveys from 1851-79, 1950-67, 1970-78
• US Government Surveys, 1941
• Jamaica Government Surveys, 1972-78
• Canadian Government Surveys, 1967
• Miscellaneous track soundings

UTM Metric 1:200,000

Soil, 1:50,000 map series, (Price, 1960; Stark, 1964) Not stated None None 1:50,000
NEPT e? a/. (1995) Based on the 1987 Jamaica 1:50,000 map series, 

produced in 1997
None None 1:120,000

1:125,000 Watertable maps, Fernandez et al. (1997) 1995 None Metric 1:125,000



5.2.3 (b) D ata entry
Another important issue in relation to the accuracy o f the GIS related to the methods o f data 

entry. As outlined above, three main methods were used; board digitising, scanning and 

vectorising, and co-ordinate entry. While all methods are valid GIS data entry methods, the 

range o f methods used had implications for the consistency o f error introduced by this stage o f 

the GIS creation procedure. In theory, if one operator carried out all the input work, and all 

inputs were carried out using one single method, any errors caused through this process should 

be relatively uniform and systematic. From Section 5.2.2 (a), however, it is clear that not only 

was the input carried out by more than one operator, but it was also carried out using several 

input methods.

O f the methods used, the co-ordinate entry was the most accurate, as the data entered were 

primary data, and no generalisation or conversion was carried out during the input. The 

accuracy, therefore, was only dependent on the accuracy o f the instrument with which the 

measurements were carried out. In the current case, these were carried out using handheld GPS 

recorders with an inherent accuracy o f ±100 m.

The board digitising removed the data entered from the true data by one or two stages. Thus, 

with map data, which at best were secondary data, the final vector product would be o f tertiary 

or higher order. With each new step carried out on the data, some amount o f  error was 

introduced, and the errors were mainly operator specific.

The scanning and vectorising method depended on a minimum o f two steps, but frequently 

involved a greater number o f steps. Many o f these relied heavily on mathematical algorithms, 

and, although some operator input was needed, the process was mainly automatic. Any errors 

were the result o f the scanning process, the algorithms used and the parameters specified.

W hile it is possible to quantify the error introduced at each step, it is virtually impossible to 

obtain a fixed value for each o f the methods, as these will vary from dataset to dataset, operator 

to operator and hard/software to hard/software {cf. Section 2.5.7). What was apparent, however, 

was that the different methods did not produce the same types o f errors. Consequently, having 

used a variety o f data input methods, it is difficult to comment on overall amount o f error 

caused through the data input, other than to acknowledge and document their existence.
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5.2.3 (c) Zonation o f  the 1991 Census data
As with all Census data, the population data collected in the 1991 Census were aggregated to 

the electorate ward level before being published, to prevent issues o f breach o f confidentiality. 

The forcing o f the data into a set zonal aggregated form frequently represents a problem for 

geographic studies. The zonal units employed, the electoral wards, are designed using largely 

political and physical geographic criteria. In the case o f  the .lamaican wards, the boundaries are 

drawn up to follow roads (often the boundary between two wards are in the middle o f  the road, 

leaving residents on either side o f the road in different wards) and rivers. The wards are o f 

differing areal extent, and are o f varying population sizes and densities, and they do not adhere 

to any eco-regions (e.g. watersheds, landscapes, land-cover units) that may exist. Consequently, 

the mapping unit has little meaning to the data being mapped (Openshaw and Taylor, 1991). 

The forcing of the Census data into the ward units causes problems when information is needed 

for sub-areas o f the wards, or where the geographic analysis relates to areas crossing several 

wards, but not necessarily encompassing the entire area o f each ward. This problem is well- 

known within the science o f geography, but easy ways o f getting around it do not exist (e.g. 

Openshaw and Taylor, 1991; Green and Flowerdew, 1996; W rigley et al., 1996; Nelson, 2000).

In this study, the ward-level aggregation will cause problems when attem pting to establish 

relationships between the Census data and observed water quality (Chapter 6). The data cannot 

be disaggregated, and as such will have to be used as is (Openshaw and Taylor, 1991). 

Consequently, where the Census dataset is used for analysis, detailed discussions o f the 

integration with other areal units are included.

5.2.3 (d) Other errors and inconsistencies
in addition to the kinds o f mainly systematic error mentioned in the two previous sections, some 

data, particularly map data, contain errors that are generally random in nature. One such 

problem observed in the Negril data was associated with the 1:12,500 and 1:50,000 Jamaica 

map series. In both these map series, the study area was represented over several map sheets. 

The cut-off represented by the map edge on each map sheet is artificial, and in theory, therefore, 

should not influence the depiction o f the various geographical features on the sheet. Continuous 

features being cut off at the sheet edge should continue on the abutting sheet. However, some o f 

the features on these two map series sheets were discontinued, stopping abruptly at one sheet 

edge without being continued on the next sheet. This was particularly true o f the land-use on the 

1:50,000 map series and the drainage network on the 1:12,500 map series (Figure 5.1). This will 

have had consequences for any analysis carried out on the derived GIS data layers.
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A further inconsistency problem related to the representation o f  rivers in relation to elevation 

contour lines. Rivers are one o f  the main sculptors o f  the terrestrial topography, and contour 

lines often reflect this. However, in the 1:50,000 m ap series, rivers were found to flow uphill, 

and to not follow obvious valley breaklines (Figure 5.2). Again, this m ay have had 

consequences for further analysis, not least the topography and surface flow modelling 

described in Section 5.5.

5.3 U p d a t i n g  t h e  L a n d - U s e  M a p

One o f  the main concerns voiced by Eirum (1998) with regards to the available basedata was the 

inaccuracy o f  the land-use data derived from the Jam aica 1:50,000 series maps. Although 

published in 1987, the aerial survey used to delineate the land-use dated from 1979/80 (Table 

5.3). The developm ent o f  the area as a tourist resort was intensive during this period, and the 

increase in local population likely to have been considerable. The consequent changes in land- 

use in parts o f  the area, with deforestation, drainage o f  wetland areas, and the change from 

undeveloped to developed {cf. Chapter 4), must be considered to have been significant. A more 

up-to-date land-use map would hence be needed in order to provide useful information for 

C W M , and in particular for the successful and meaningful correlation o f  w ater  quality  with 

land-use.

5.3.1 Data Sources
A 1:15,000 aerial photograph series com m issioned by the Jamaican Survey Department was 

flown in D ecember 1991. This series was made available to this study by Dr. Goreau. With 

respect to the present (2001) land-use, this series is already out-of-date. However, it is 12 years 

more up-to-date than the land-use indicated on the Jam aica 1:50,000 series maps, and, relatively 

speaking, contem porary  with much o f  the water quality data available for this study"*.

5.3.2 Image Manipulation
Some degree o f  image manipulation is needed in order to successfully derive information from 

the aerial photographs. A wide spectrum o f  image manipulation techniques has been developed 

within the field o f  remote sensing, and includes image enhancem ent, geo-correction and 

mosaicking o f  adjacent/overlapping images.

The water quality data dates from 1989-1998, with the main bulk o f  the data being from the first half 
o f the 1990s, see Chapter 6.
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5 .3 .2  (a) S o f tw a re

While A rclnfo  has som e image processing capabilities, it was felt that these did not adequately 

meet all the requirements o f  manipulating the aerial photographs. A more specialised image- 

processing package, therefore, had to be used in addition to A rclnfo  to com plete  this task. The 

package o f  choice was ER D A S Imagine v.8.3.1, as it offered good com patib ility  with Arclnfo.

5 .3 .2  ( b ) D a t a  ca p tu re

The 1:15,000 aerial photograph series consisted o f  114 black and white hardcopy stereoscopic 

photographs and 41 colour slides. These were all scanned into JPG form at at 300 dpi for 

subsequent digital manipulation. The JPG format yields high compression rates, but, when 

decom pressed, image pixel values m ay be slightly altered. Consequently, this is not an ideal 

form at for images where pixel values are important. Nevertheless, due to the high num ber o f  

images involved, the JPG form at was chosen to avoid taking up large am ounts  o f  storage space. 

Moreover, the JPG format was directly compatible with Arclnfo, A rcV iew  and ERDAS 

Imagine, providing a form at that could easily be used with all packages. The data  capture was 

carried out using PaintShopPro v.5.01 for the black and white photographs, and Adobe 

P h o toshop  v.3.0.1 for the colour slides '^

5 .3 .2  (c) G e o -c o r re c t io n

To allow subsequent analysis between GIS coverages and the aerial photographs, the 

photographs were individually geo-corrected and entered into the same geographic co-ordinate 

system as the GIS coverages and grids. It was decided to geo-correct only the colour slides, as 

these  would be needed for subsequent land-use classification.

A full cam era geo-rectification model, taking altitude o f  flight and topography o f  the landscape 

into account, could unfortunately not be set up as the camera calibration data were not available. 

A rubbersheet geo-rectification was attempted using ERDAS Imagine, but proved cum bersom e, 

and, regardless o f  resampling interpolation procedure (nearest neighbour, bilinear or cubic 

convolution) applied, generally resulted in wildly distorted images that were not suitable for 

subsequent manipulation. A geo-correction against a combination o f  the ROAD and SHORELINE 

coverages performed in Arclnfo, using the REGISTER and RECTIFY com m ands (see Section

5.2.2 (a) above), proved both efficient and reasonably accurate, with a m axim um  positional 

error in relation to the register dataset o f  ±30 m. A m inim um  o f  10 geo-links was created for 

each image, and the rectification procedure was carried out with a cubic convolution resam pling 

interpolation. This procedure rotates and scales an image so that it best fits the geo-data to
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which it has been registered (i.e. the ROAD and SHORELINE coverages in this case), but will not 

rubbersheet, stretch or otherwise distort the images. The geo-correction o f the images, therefore, 

does not result in images perfectly fitted to the register dataset, but provides a best fit to all 

registration points.

5.3 .2  (d )Im ag e  enhancem ent
After successful geo-rectification, some degree o f  image enhancem ent had to be carried out to 

prepare the images for subsequent processing. The quality o f the colour images was greatly 

reduced vis-a-vis the black and white images due to the added data capture from colour paper 

copies to colour slides. The slide quality was highly variable, with the main differences relating 

to sharpness and colour rendition. The colour images were consequently imported into ERDAS 

Imagine for image enhancement.

An initial sharpening filter was applied to the images that needed this to ensure that all the 

images gave approximately the same level o f  detail. This allowed for a better distinction 

between features both visually, and for subsequent digital image processing.

An attempt was made to determine the total normalised spectral range for all o f  the images, so 

as to enable stretching o f each individual image to a spectral "standard" (known as histogram 

matching). This proved highly time-consuming, and was not altogether useful, as all images did 

not contain the same landscape features (e.g. forest, marshlands, agricultural, urban, hills, and 

lowlands). While an image showing upland forested areas, for instance, would give high 

spectral responses in the blue and green parts o f  the spectrum, an image showing mainly 

marshland would give high responses in the red and intermediate responses in the green. The 

total normalised spectral range for the 41 images would therefore span most o f  the visible 

spectrum, and a stretching o f each individual image within this range would not give a 

satisfactory representation o f its ground-values vis-d-vis those o f other images. Attempts were 

made to bypass this problem using a number o f  predefined filters and procedures within 

ERDAS Imagine, notably histogram equalisation'* and filtering based on this. This was carried 

out on an individual image basis, with some images requiring more processing than others. 

Consequently, no one standard series o f  image enhancem ent techniques were applied to all 

images. A new image series was produced based on the output o f  these procedures.

The difference in software choice for the photograph and slide capture was due to platform  
compatibility issues o f  the flatbed and slide scanners used.
Redistribution o f  the pixel values so that approxim ately the same number o f  p ixels had the same value 
within each range.
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5.3.2 (e) Image mosaicking
Tiie geo-rectified and enhanced images were mosaicked together using ERDAS Imagine's 

Mosaic Tool with the settings 

specified in Table 5.4. This allowed a 

single image o f the entire study area 

to be produced from the individual 

images.

The resampling caused a change in 

the colour o f the images, but this 

change must be assumed to be 

systematic rather than random as it 

was a direct result o f the resampling and transformation algorithms used while running the 

mosaic program. The final mosaicked image is shown in Plate 5.1, along with the same mosaic 

o f the image prior to image enhancement. It is obvious from these images that the image 

enhancements applied reduced the variability in colour across the images. It is also important to 

note that some parts of the study area, notably a section along the south coast and the northern 

section o f Ireland Pen, were not covered by the colour slides. Automated land-use class 

extraction (Section 5.3.3) from these areas, therefore, cannot be carried out.

5.3.3 Classification and Extraction o f  Land-Use Categories
To classify the mosaicked image, any one o f three well-established methods could be used:

(1) Visual classification: As opposed to the other two types o f classification 

procedures, this is a non-digital way o f determining land-use boundaries. It is 

simply based on visual interpretation o f aerial photographs in two and/or three 

dimensions, and observed boundaries can be traced o ff a geo-corrected mosaic 

o f the photographs.

(2) Unsupervised classification: This is an automated procedure where the 

computer classifies an image into an operator-set number o f classes based on 

the spectral values of the pixels (M ather, 1999). Once the classes have been 

determined, the operator can identify and group them into meaningful classes 

based on prior knowledge o f the land-use o f the study area. The number o f 

classes set for the classification should exceed the number o f  classes actually 

aimed for to allow for in-class variabilities and between-class similarities.

(3) Supervised classification: This is a pseudo-automatic process whereby the 

operator selects training areas (i.e. areas thought to show typical spectral 

response for a particular land-use class), and subsequently classifies an image

Table 5.4 Specifications for the m osaic process

P a r a m e t e r S e t t i n g

M atching Method: N o M atching
Histogram Type: Band by Band
Intersection Type: Cutline Exists
Overlap Function: Overlay
Output Cell S ize (m): X = 4 .9953

Y =  4 .9953
Output Data Type: U nsigned 8 bit
Grid Sam pling Density: X =  8

Y =  8
RMS Tolerance: 1.00 Pixels
Resam pling Method: Nearest N eighbour
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based on these predefined classes (Mather, 1999). Pixels having a spectral 

value that do not fall into any o f  the classes thus defined can either be 

included in the classes through a best fit algorithm (e.g. m axim um  likelihood, 

m inim um  distance, parallelepiped, feature space), or remain unclassified.

Again, the number o f  initial classes specified through training areas may 

exceed tlie final number o f  classes to allow for variabilities and similarities.

The usefulness and applicability o f  these approaches were investigated for this study, with 

particular reference to the time needed for the completion o f  each, and the accuracy o f  the 

output.

5.3.3 (a) Visual classification
As a first approach, visual classification was carried out on the aerial photographs. A 1:50,000 

printout o f  the colour photograph mosaic was produced to form a basis for tracing o f f  individual 

land-use parcels. An initial tracing was carried out based on this image alone. This was to 

establish the large-scale land-use parcels providing a primary assessm ent o f  the land-use 

patterns. The black and white 1:15,000 photographs were then exam ined stereoscopically  to 

assess the extent o f  each land-use parcel, and to establish more firm boundaries between the 

parcels. The stereoscopic examination was particularly useful for d is tinguishing scrub from 

light forest and pasture and marginal sw am p areas from sugar cane and vegetable plots. The 

categories used in this classification were the same as those provided by the Jam aica  Survey 

Department 1:50,000 map series. When in doubt about the land-use category observed, the most 

probable land-use type, based on the original Jam aica 1:50,000 m ap series, was used. The 

uncertainty o f  the classification was also noted, thus giving certain and uncertain sub-classes o f  

each land-use class.

Once all land-use parcels were identified and traced o f f  the 1:50,000 image, the tracing was 

digitised on the digitising board, clean, edited and attributed as described in Sections 5.2.2 (b) to 

(c) above.

5.3.3 (b)Unsupervised classification
Initially, a series o f  unsupervised classifications were run on the mosaic  to get an idea o f  the 

variability o f  classes o f  the image data. Five sets o f  unsupervised classifications were run, 

varying only the number o f  output classes specified. The numbers o f  classes used were 10, 20, 

25, 50 and 100. The classifications were carried out with class clustering based on spectral
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distribution statistics, and, in order to avoid the classification process to loop indeterminately, 

the convergence threshold'^ was set to 0.99% and the maximum number o f iterations to 20.

After the image had been divided into the number o f classes specified, the land-use categories 

represented by these classes had to be identified. This was achieved by comparing each class to 

the land-use map derived from the Jam aica 1:50,000 map series, as well as to the stereoscopic 

black and white aerial photograph pairs. Different classes representing the same land-use 

category were merged, and classes covering more than one land-use category were noted with 

all land-use categories. Examples o f reclassified images based on unsupervised classification 

using 20 and 50 classes are given in Figures 5.3 and 5.4. These figures indicate that there was 

great overlap in the spectral response o f some o f the land-use classes. In particular, spectral 

differentiation was difficult between the land-use classes "Sugar Cane", "Pasture", "Scrub" and 

"Swamp". This was most likely due to the variability o f spectral signatures given by the sugar 

cane and the marshland, both as a result o f  natural variability in the colour and texture o f the 

latter, and the different cultivation stages o f the former. The natural variability, moreover, was 

intensified by the variability in colour o f the individual images making up the mosaic. 

Differentiation between "W oodland", "Mangrove", "Scrub" and "Swamp" was also difficult, 

again generally due to the same problems as with the "Sugar Cane", "Pasture", "Scrub" and 

"Swamp" classes. In addition, the mixed cultivation category used on the Survey Department 

map did not lend itself well as a possible category when using an automated classification 

method, as mixed cultivation represents a range o f vegetation types, ranging from newly cleared 

or harvested bare soil areas to vegetable plots to orchards to mixed food tree plots. The spectral 

response would hence vary greatly within this class, and would easily be confused with other 

categories. Parts o f the areas classified as "Scrub" or mixed classes including "Scrub" may 

actually correspond to the "Mixed Cultivation" land-use type. Similar problems have been 

reported in other studies. Laba et al. (1997), for instance, experienced difficulties in 

distinguishing the spectral responses o f different growth stages o f rice, mangroves, orchards and 

permanent grassland.

A further problem was the high reflectance values o f lighter-coloured areas, particularly 

exposed limestone and pasture areas on slopes facing the sun. These were easily classified with 

the urban features o f roads and houses. In the same way, shading o f areas due to the sun's 

position, coupled with the presence o f hills, made the distinction o f  features in the shaded areas 

difficult. Again, this is not an uncommon problem, and have been reported in numerous studies 

(e.g. Apan, 1997; Langford and Bell, 1997). A topographic normalisation procedure was

The maximum percentage of pixels whose cluster assignments can go unchanged between iterations
(ERDAS, 1997).
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attempted to bypass this problem. This is a method for reducing the impact o f  shading o f  areas 

due to local topography and solar position (Colby and Keating, 1998). To run this procedure, a 

digital elevation model (D EM ) o f  the study area topography and knowledge o f  the solar position 

at the time o f  image capture is needed.

A DEM o f  the study area ( L A N D - D E M )  was produced as a part o f  this study, and the actual 

m ethodology used for this is outlined in Section 5.5. This DEM was imported into ERDAS 

Imagine, and used as an input for the topographic normalisation procedure. The exact solar 

position at the time o f  image capture was not known. As the images used were aerial 

photographs and not satellite images, the time o f  capture must be expected to vary significantly 

from photograph to photograph, with photographs taken at the end o f  the flight-run being maybe 

hours older than those at the start o f  the flight-run. Consequently , the solar position was unlikely 

to be the same across the image mosaic, and an approximation o f  the solar position had to be 

determined. The solar azimuth was estimated from 10 locations across the mosaic  based on the 

direction o f  the shadows cast by the hills, and the average azimuth was determ ined to be c. 

120°. The solar elevation was estimated at the same 10 locations based on the length o f  a 

shadow and maxim um  elevation o f  the associated hill. The average elevation was estimated to 

be c. 65°. It must be noted that these were average values and at best were only very rough 

estimates. The output from this process, however, was unsatisfactory, with deterioration rather 

than improvement o f  the overall image quality (Figure 5.5). Various com binations o f  azimuth 

direction and solar elevation were a ttempted in case the problem was one o f  wrongly having 

estimated these parameters. No improvem ent in the outputs was observed, however, and this 

approach was subsequently abandoned.

5.3.3 (c) Supervised classification
Supervised classification o f  the mosaic was also attempted. Training areas for the different land- 

use classes were identified, and the separability and contingency o f  the classes thus identified 

were calculated based on the spectral signature o f  each class. The selection o f  training areas was 

repeated and modified until the overall separability o f  each class was deem ed satisfactory. In the 

end, 21 different classes were identified. The classes along with their spectral signature 

information are given in Table 5.5. M any o f  these classes represent essentially the sam e land- 

use type (e.g. Swamp 1-4), but were selected as individual classes ow ing to the spectral 

variability within these classes across the mosaic. N o spectral signature was identified for 

"Mixed Cultivation" for the same reasons as outlined in Section 5.3.3. (b).
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I'he spectral signatures o f  the d ifferent classes w ere com pared to assess the degree o f  overlap 

betw een  the classes, and, hence, the likelihood o f  m isclassification  based on these selected 

signatures. Three d ifferen t com parisons w ere m ade based on the classification  sta tistics possible 

to im pose w hile running  the classification; (a) a contingency  m atrix  o f  c lassification  based on 

no  param etric  ru les o f  c lassification , (b) a contingency m atrix  o f  c lassification  based on the 

paralle lep iped  non-param etric  rule and (c) a contingency m atrix  based on the feature space non- 

param etric  rule. These classification  rules w ere all specified  w ith a m axim um  likelihood rule for

assign ing  unclassified p ixels (T ables 5.6 to  5.8). A s is ev ident from  these com parisons m ost o f

th e  classes selected are highly  separable w ith the best resu lt being obtained w ith a parallelepiped 

m axim um  likelihood rule o f  pixel classification '* . Som e confusion w as observed w ithin sub

classes, e.g. betw een "L ight Forest 1- 

4". T his w as only to  be expected, as 

these  sub-classes w ere all related  to 

the sam e m ain class. M ore im portant 

w as the confusion ev ident betw een 

the "Urban Illum inated" and "Sand" 

classes, and betw een "W etland Forest 

(G reen)" and "L ight Forest I". W hile 

th is was to be expected , again  because 

the spectral signatures o f  these classes 

w ere  extrem ely sim ilar to  each other, 

th is would cause m isclassification o f  

m any o f  the pixels in favour o f  one or 

the o ther o f  the classes. It is also 

im portant to note that the "M angrove 

I " w as indistinguishable from  the 

"L ight Forest 2" class. R edefin ing the 

tra in ing  area for "M angrove 1" did not 

cause a change in th is classification  

discrepancy.

If a pixel falls into a region o f  signature class overlap based on the parallelepiped parametric rule, the 
pixel w ill be classified to the signature class with the highest probability o f  being the "right" class as 
specified by the maximum likelihood rule (E R D A S, 1997).

Table 5.5 Spectral signature information o f  the training 
areas used for the supervised classification.

L a n d - U s e  C l a s s
SlGNATllRE

R e d GUEEN B l u e

Illuminated Forest (B lue) 0 .629 0.671 0.729
Illuminated Forest (Green) 0 .707 0.715 0.705
Illuminated Road 1,000 1.000 0.980
Illuminated Urban 1.000 1.000 0 .994
Light Forest 1 0.431 0.540 0.588
Light Forest 2 0.542 0.618 0.652
Light Forest 3 0 .559 0.621 0.635
Light Forest 4 0.618 0.667 0.699
M angrove 1 0.510 0.582 0 .606
M angrove 2 0.432 0.556 0.623
Pasture 1 0.942 0.763 0.693
Pasture 2 1.000 0.807 0.751
Sand 1.000 1.000 1.000
Scrub 0.550 0.698 0.61 1
Sea 1 0.330 0.459 0,652
Sea 2 0.590 0.667 0.732
Shaded Forest 0 .354 0.436 0,503
Sugar Cane 1 0.771 0.802 0.805
Sugar Cane 2 0.691 0 .709 0.664
Sugar Cane 3 0.739 0.795 0.773
Swam p 1 (Red) 0.923 0.669 0.615
Swamp 2 (Red) 0.925 0 .682 0.632
Swamp 3 0 .710 0.651 0.598
Swamp 4 0.594 0.635 0.615
Urban 1.000 0 .930 0.855
Wetland Forest (B lue) 0.411 0.544 0,617
Wetland Forest (Green) 0.455 0 .516 0.515
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Table 5.6 Contingency percentage error matrix based on no rules (parametric or otherw ise) with M axim um Likelihood classification.
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Table 5.7 Contingency percentage error matrix based on Parallelepiped Non-Parametric rule with Maximum Likelihood classification.
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Table 5.8 Contingency percentage error matrix based on Feature Space Non-Parametric rule with M aximum Likelihood classification.
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Based on the 21 classes obtained and the contingency error m atrices, the supervised 

classification  was run with the parallelepiped non- param etric and m axim um  likelihood 

param etric classification rules. The derived im age w as then reclassified  by m erg ing  classes that 

indicated the sam e land-use type, and noting  the range o f  land-use classes covered by others as 

described in the beginning o f  this section. The final land-use m ap thus ob tained  is given in 

Figure 5.6.

5.3.4 Ground-Truthing of Land-Use Data
For th is step in the new land-use m ap production, only the m ap produced through visual 

classification w as used. This prelim inary  land-use m ap had to be ground-tru thed  to  estab lish  if  

the classification w as correct, and if  the classes used w ere appropriate. The study area was 

visited in N ovem ber 1999, and a land-use survey w as carried out. The actual survey w as carried

out w ith the assistance o f  Mr. M iller, the Science O fficer at N EPT. Due to  his busy schedule,

the survey only involved visiting those areas o f  the study area accessib le by car. The ground- 

tru th ing  was carried out by visually assessing  the land-use type recorded on the m ap against that 

observed. Areas on the aerial photograph-derived m ap w ith uncertain classification  w ere given 

particu lar attention. GPS recordings w ere m ade at the boundaries o f  land-use parcels deem ed 

w rongly  classified.

It was clear from this inspection that the classes given on the original 1:50,000 land-use map 

w ere not entirely  satisfactory for the purpose o f  the study. The fo llow ing points w ere noted:

(1) No rice paddies were found in the study area.

(2) There w as some seasonal overlap  in land-use betw een sugar cane plantation 

and grazing. Some fields w ere lain fallow  after harvesting  for shorter or longer 

periods, and cattle w ere im m ediately  set to  graze the land. There w as,

therefore, a problem  o f  categorising  these areas as "Sugar C ane", "Pasture" or

"M ixed Cultivation".

(3) Some m arginal land used for sugar cane grow ing w as also sim ultaneously  

used for grazing, prim arily  by cattle. A gain, there w ould be a problem  o f  

categorisation.

(4) Some sugar cane fields w ere d ifficu lt to  identify on the aerial photographs due 

to extensive tree and scrub grow th in the fields'^. These w ere to  som e extent 

associated with small rocky outcrops and w aterlogged sinkholes, and, w here 

extensive, took on the tex ture and look o f  m ixed cultivation  or grazed land.

This was mainly secondary growth resulting from a reduction in the intensity of sugar cane 
cultivation.
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the latter especially on those fields that had recently been harvested or newly 

sown.

(5) Some intensely grazed fields were impossible to distinguish from newly 

harvested or sown sugar cane fields on the photographs (Plates 3.5 and 3.6).

(6) Mixed cultivation could advantageously be divided into two main types; one 

based on low-growing vegetation (e.g. vegetables, grains), and one based on 

shrub and tree species (e.g. breadfruit, coconut, oranges, bananas, avocado).

On the aerial photographs, distinctions could relatively easily be made 

between large cultivated and non-cultivated regions (i.e. forested and scrub- 

covered areas V5. cultivated bushes and trees). Dividing the "Mixed 

Cultivation" into two distinct categories, "Cereal and Vegetable M ixed 

Cultivation" and "Tree and Scrub M ixed Cultivation", therefore, would be 

possible (Plates 3.9 and 5.2). These new categories could then be applied in 

the regions where there was an obvious bias towards cultivated land (as 

opposed to the forested and scrub-covered areas mentioned above). This type 

o f distinction is important when looking at runoff rates, suspended sediment 

loads and nutrient and coliform concentrations.

(7) Marginal marshland was easily confused with scrub and pastureland on the 

photographs. Often, this was also easily confused in the field, owing to much 

o f the marginal marshland either being to some degree drained by local 

farmers, covered to some degree by scrub, or heavily grazed by cattle and 

goats.

(8) Pasture areas and scrubland were easily confused on the aerial photographs, 

especially where grazing pressure was low (Plates 3.6 and 5.3), allowing 

extensive scrub growth in the pasture area, or where the scrub vegetation was 

dominated by dense low-growing species (Plate 5.4).

As a  result o f these observations, it was decided to alter the classification system slightly. This 

allowed the classification to reflect the environmental characteristics o f  the vegetation rather 

than the overall economic importance o f the various classes as reflected in the Jamaica Survey 

Departm ent classification. An outline o f the revised classification system used for the land-use 

map produced in this study is given in Table 5.9.

The new land-use map was subsequently updated to reflect the observations made in the field. 

This included updating land-use parcels with uncertain classification, changing wrongly 

classified parcels, and drawing up new boundaries to allow for the division o f "Mixed
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C u ltiv a tio n "  in to  th e  tw o  new  se p a ra te  ca te g o rie s . T h e  fina l 1991 lan d -u se  m ap  is sh o w n  in 

F igure  5.7.

Table 5.9 Revised land-use classification system used for the 1991 aerial photograph-derived land-use 
map.

C l a s s D e s c r i p t i o n

Sugar Cane Plantation All sugar cane fields, provided they are not very small plots 
included in a M ixed Cultivation plot.

Cereal and Vegetable Mixed Cultivation Low-growing cultivation such as vegetables, grains, small 
sugar cane plots, small fruit trees and bushes, tobacco and 
coffee

Tree and Scrub Mixed Cultivation Cultivated plots clearly dominated by larger bushes and trees 
such as orchards, mixed fruits (e.g. breadfruit, bananas, 
avocados, lime trees, almonds). Also includes coffee bushes 
when they are grown with tree species.

Pasture Heavily grazed areas and areas with open, low scrub.
Trees and Scrub Clearly non-cultivated dense scrub and low woodland, also 

includes marshland scrubs.
W oodland Densely forested areas.
Mangrove Densely forested areas clearly dominated by mangroves.
Marsh / Swamp Marshes, swamps, larger vegetated ponds and other wetlands.
Sand Beaches.
Built-Up Densely populated areas, including village centres and larger 

hotel and resort complexes.

5.3.5 Evaluation o f  Classification Techniques and Output
From  th e  c la ss ifica tio n  resu lts  o b ta in ed  th rough  th e  th ree  ap p ro a ch es , it se em e d  th a t th e  v isu a l 

c la ss ifica tio n , even  th o u g h  low -tech , g av e  the  o v era ll b es t resu lt w ith  a  m in im u m  am o u n t o f  

effo rt. T h e  m ap  p roduced  w as on e  w ith  c lea r, id e n tif iab le  p a rce ls  o f  la n d -u se , each  w ith  a 

rea so n ab ly  accu ra te  land -use  c lass  a sso c ia te d  w ith  it. T h e  RS a p p ro a ch es , on  th e  o th e r  hand , 

g av e  less c lea n -c u t m aps w ith  severa l co m p o site  land -use  c lasse s . T h e  re la tiv e ly  low  ac cu rac y  

o f  the d ig ita l p ro cess in g  co m p ared  to  th e  v isua l c la ss ifica tio n  co rre sp o n d e d  w ell w ith  f in d in g s  

repo rted  in o th e r  stud ies. M as and R a m irez  (1 9 9 6 ), fo r in stan ce , fo u n d  th a t th e  d isc re p a n c ie s  in 

land -use  d e lin ea tio n  accu racy  b e tw een  th e  tw o  ap p ro ach es  to  be a t least 10%  w hen  u sin g  

L andsa t T M  im agery  fo r the  M eseta  R asca  a re a  in M ex ico .

W hile  it is o b v io u s  th a t th e  ca p a b ilitie s  o f  su p e rv ised  and u n su p e rv ised  c la s s if ic a tio n  h av e  n o t 

been  used to  th e ir  fu ll ex ten t in th is  p a rt o f  th e  s tu d y , and  it m ay  w ell be th a t m u ch  m o re  

sa tis fac to ry  resu lts  cou ld  be o b ta in ed , it is a lso  e v id e n t th a t th e re  w ere  p ro b le m s w ith  th e se  

k in d s o f  a p p ro a ch es  to  th is  p a rtic u la r  a p p lica tio n . M o reo v e r, d u e  to  th e  v a r ia b ility  in th e  in itia l 

d a ta  q u a lity  (i.e . th e  slide  cap tu re), the  m o sa ic  m ay  n o t have been  the  ideal im ag e  to  run the  

c lass ifica tio n  on. R unn ing  a su p e rv ised  c la ss ifica tio n  sc h em e on each  o f  th e  in d iv id u a l im ag es , 

fo r in stance, w ith  ind iv idual c la ss ifica tio n  tra in in g , and  p o ss ib ly  ev en  lo c a lised  w ith in - im a g e  

c lass ifica tio n , is like ly  to  have p ro d u ced  a m ore  a c cu ra te  resu lt. W h ile  th is  is an o p tio n  in itse lf.
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the time necessary for processing each image would make this rather counterproductive. The 

unsupervised classification runs were not especially time-consuming, with a run taking 1-2 days 

from start to reclassified finish. The supervised classification, on the other hand, could take up 

to 4 days for each individual run. This was due partially to the preparation stages (training and 

separability/contingency analysis) and partially to the subsequent assessment o f  resulting 

classification and reclassificafion.

The possibilities o f  classifying "processed" images (i.e. images subjected to various types o f 

spectral enhancement and interpretation such as principal component and inverse principal 

component analysis and Fourier transform ations.) were not looked at in this study. W hile this 

could possibly have reduced the problems associated with separability and composite land-use 

classes, this was considered too time-consuming for the study, especially in view o f the relative 

high standard o f the visually classified map already produced.

Consequently, given the constraints o f  time and the available data, the visual classification was 

considered the best option for this study. If  the images had been satellite images or high-altitude 

rather than low-altitude aerial photographs, the use o f  RS classification procedures would have 

become more pertinent, and the methodology o f this study would have reflected this.

The final ground-truthed land-use map obtained is more correct and up-to-date than the land-use 

map derived from the Jamaica 1:50,000 map series (Figure 3.7). For instance, rice is no longer 

grown in the area, and such obsolete land-use types have been eliminated. On the other hand, 

built-up and urban areas have become much more important, and this has been reflected in the 

new map. In addition, the land-use categorisation employed in the new map has intentionally 

been specified to reflect the environmental characteristics o f  the land-use and land cover. 

Hopefully, this will provide a better basis for establishing causative relationships between water 

quality and land-use as will be attempted in Chapter 6.

5.4 C o n s o l i d a t i n g  t h e  A v a i l a b l e  W a t e r  Q u a l i t y  D a t a  i n t o  o n e  D a t a s e t

Several sampling programmes have been carried out looking at the water quality o f the Negril

area over the past 20 years. These programmes span from Enell's (1984) investigation into the 

physical and chemical water quality o f water draining from the Great M orass, to Rose's (1994) 

1991-92 monitoring o f  bathing water coliform counts, to current watershed-wide bimonthly 

monitoring carried out by local interest organisations (e.g. NCRPS and NEPT) under the 

supervision o f the NRCA. The specific purpose o f  the sampling efforts has varied, as have sites 

sampled and parameters analysed. Less traditional investigations, such as a questionnaire survey 

looking at environmental issues related to local hotels (e.g. sewage treatment, number o f guests
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and laundry facilities) (Raigh Pryor, 1994) and coral and algae abundance/health  surveys o f  the 

coastal waters (Goreau, 1994a) have also been carried out.

The raw data from a num ber o f  these sampling program m es were collected by C W IP  at the end 

o f  the 1990s. Only sam pling data from the 1990s were included, and clear specifications as to 

the location o f  the sampling sites used for each program were obtained from the organisations or 

scientists responsible for the sampling programmes. The datasets, along with a 1:50,000 map 

indicating the exact locations o f  the sampling sites, were made available for this s tudy”. The 

sampling program m es have been listed in Table 5.10, giving the institutions or scientists having 

requisitioned or carried out the programme, the time at which and frequency by which the 

sam pling was carried out, and the parameters measured. The raw data from these studies have 

been included in A ppendix F.

As can be gathered from Table 5.10, the collated raw data were taken from highly diverse 

sampling efforts, focusing on a variety o f  sampling parameters, locations and frequencies. The 

effort carried out by Louis Berger international, for instance, focused on one single parameter 

(faecal coliforms) and one particular sub-system o f  the watershed (the South Negril River and 

associated coastal waters). Dr. Goreau's  sampling effort, on the other hand, spanned most o f  the 

watershed and measured for a wide range o f  w ater quality parameters. It is also interesting to 

note that Dr. Goreau's sampling programme was the only one o f  the collated program m es that 

included non-riverine and non-coastal sites (e.g. caves and marshland sites). However, while 

these datasets present an excellent starting point for establishing a historic database o f  the water 

quality o f  the area, they are not easily consolidated due to their variations in sam pling sites, 

frequency and parameters. Such a consolidated database is nevertheless param ount for 

successful use within a GIS or any spatial time series analysis. For instance, it is desirable that 

the same parameters are represented using the same units, the same sites and the same 

identification codes. W ithout such uniformity, autom ating o f  analysis becom es difficult, and the 

ability o f  the GIS seriously compromised.

5.4.1 Measurements o f  Individual Parameter Concentrations
The first obstacle was the wide variety o f  parameters measured, and especially  the within- 

parameter variation in fractions measured and the units in which the m easurem ents were

The collection included a sam pling effort carried out by Dr. Goreau in July 1996, the data o f  w hich  
lave previously been made available for study to this author (Eirum, 1998).
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Table 5.10 Water quality sam pling programmes for which raw data have been collated by CWIP. The organisation or scientist responsible for the sam pling programme, the 
parameters sam pled, the sam pling period and frequency, number o f  sites and general site location has been indicated. The site locations have also been indicated in Figure 5.8.

S c i e n t i s t /
O r g . \ n is a t io n

P a r .\.m e t e r s S.4.MPLING FREQI'ENCV S.A,MPLi\G P e r io d N o . OF 
S i t e s

S it e  L o c a t i o n s

UDC Salinity (ppt)
Temperature (°C)
DO (m g.r ')
Total Coliform s (M P N /100 ml) 
Faecal Coliform s (M P N /100 ml) 
N O 4  (m g .r ')
0 rth0 -P 0 4  (m g .r ')

M onthly A ugust - October 1996 1 1 Long Bay 
B loody Bay 
Salt Creek  
Orange Bay

NW C Faecal Coliform s (M P N /100 ml) 
TPO 4  (m g .r ')
Ortho-P 0 4  (m g .r ')
N O 3 (m g .r ')
BO D  (m g.r ')

M onthly M ay 1995 - July 1996 
February 1997 
April 1997 
June - July 1997

17 Long Bay  
B loody Bay 
North N egril River 
South N egril River

NCRPS Salinity (ppt)
N H 3 (n g .r ')
N O 3 (m g .r ')
Reactive PO 4  (m g.l ')

M onthly October - D ecem ber 1997 
January - March 1998

Up to 52 Green Island Harbour 
Orange Bay 
Long Bay
South Coast (incl. Little Bay) 
Pell River
North N egril River (incl. Orange 
R. and East Canal)
South N egril River 
N ew  Savanna River

Louis Berger 
International

Faecal Coliform s (M P N /100 ml) 1-4 consecutive days per month August - October 1997 
D ecem ber 1997

Up to 26 Long Bay (southern half only) 
South N egril River



Table 5.10 (Continued).

S c i e n t i s t /
O r g . \ m s . \ t i o n

P a r a m e t e r s S a .m p l i n g  F r e q u e n c e S a m p l i n g  P e r i o d No. OF 
S i t e s

S i t e  L o c a t i o n s

Dr. A. M. 
Greenaway

DIN (|iM )
TDN (|iM )
D IP (nM )
TDP (laM)
Total Coliforms (M PN/100 ml) 
Faecal Coliform s (M PN/100 ml)

Daily (June 26 - July 3, 1990) 
W eekly (June 12 - July 3, 1990) 
M onthly (M ay 1990-May 1991)

May 1990 -M a y  1991 9 Bloody Bay 
Long Bay 
South Negril River

Dr. A. M.
Greenaway

NHj (^M)
DIN (nM )
TDN (nM )
D IP (|iM )
TDP (nM )
DO (m g .r ')
Reactive Silicon (|iM )
Total Coliform s (M PN/100 ml) 
Faecal Coliform s (M PN/100 ml)

M onthly Decem ber 1992 
February - June 1993 
January 1994 
M arch - July 1994 
Novem ber 1994

18 Bloody Bay 
Long Bay 
South Negril River

Dr. T. J. Goreau Salinity (ppt) 
Tem perature (°C) 
pH
DO (%  saturation) 
NH3 (hM)
C hlorophyll-a (m g.P ') 
PO 4 -P (ppm)
N O 3 -N (ppm)

O nce-off effort July 1996 97 Entire Coastline 
Pell River 
Island River
North Negril River (incl. Orange 
R., Newfound R., Cave R. and 
East Canal)
South Negril River 
New Savanna River 
Great Morass 
Various Caves



reported. Looking at the datasets included in the set collected by CWIP, it seem ed that nitrogen 

and phosphorus were the two parameters that were m ostly affected by this inconsistency in 

measuring units and fractions. For instance, nitrogen has been measured as ammonia (NH3), 

nitrate-nitrogen (NO3-N), dissolved inorganic nitrate (D IN ) and total dissolved nitrate 

(TDN),and phosphorus as dissolved inorganic phosphates (DIP), total dissolved phosphates 

(TDP), reactive phosphates (R-Phos), ortho-phosphates (O-PO4) and total phosphates (T-PO4). 

W hilethese are all valid and useful measures in their own rights, they are not automatically 

interchangeable. In addition to variations in the fractions o f  nitrogen and phosphorus measured, 

both ammonia and dissolved oxygen were measured in different units. The discussion below  

w ill look into the relative interchangeability o f  these measured fractions and units for these four 

parameters.

5.4.1 (a) Phosphorus
A s phosphorus and phosphorus fractions are measured within several disciplines, a variety o f  

term inology and nomenclatures has evolved. This makes it easy to confuse the various 

phosphorus fractions, and there is ample opportunity for ambiguity and misinterpretation. There 

are two common ways o f  distinguishing the different forms o f  phosphorus; firstly by 

bioavailability, and secondly by measurement procedure. Bioavailability is a relatively 

ambiguous concept in itself, as it requires a further definition as to "bioavailable to what?" 

(Haygarth and Sharpley, 2000), and various possible sub-definitions or terms could be 

envisaged (Sharpley and Tunney, 2000). C lassifying the various fractions based on the 

measurement procedure(s) used, on the other hand, gives a less ambiguous starting point. Often, 

the distinction is made between filtered and non-filtered samples measuring dissolved and total 

(i.e. both dissolved and particulate) concentrations o f  phosphorus respectively (APH A, 1989). 

These are then further divided into reactive and total phosphorus based on which methods are 

used after filtration (Figure 5.9). However, a problem with this classification arises with 

different laboratories using different size filters (Haygarth and Sharpley, 2000). The standard 

size recommended is 0.45 |j.m (APHA, 1989), but as phosphorus can be associated with 

colloidal matter both greater and smaller than this threshold, using different size filters naturally 

affects the end-measurement (Haygarth et al., 1997). Similarly, the Mo blue reaction most 

com m only used for determining inorganic orthophosphate is often not measuring only  the 

inorganic orthophosphate, but also various transformed fractions o f  both inorganic and organic 

forms o f  phosphorus depending on the preparation o f  the sample and other chem ical 

interference (Stevens, 1979; Ciavatta et al., 1990; Edwards and Withers, 1993). Consequently, it 

is difficult to precisely determine what exact fractions have been measured from the name 

alone, and som etim es even from the m ethodology, if  given.
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In the case o f the Negril and Green Island water quality datasets, five different phosphate 

m easurem ents were reported (Table 5.11). O f these five, two referred to dissolved fractions 

(dissolved inorganic and total dissolved phosphorus). The other three measurements were o f 

unfiltered samples, and seemed to mainly be representing the reactive phosphate fraction 

(including orthophosphates) and total phosphates. Apart from a small number o f  outliers, the 

ranges obtained for orthophosphate, reactive phosphate and phosphate-phosphorus 

concentration in the studies carried out by NWC, UDC, NCRPS and Dr. Goreau were similar 

with most observed values being in the range o f 0.100-0.500 mg.l ' (Table 5.11 and Figure 

5.10). The higher values are found at a few specific riverine locations, which in the next chapter 

will be identified as particular contamination hotspots (Sections 6.2 and 6.3). Consequently, 

although the various studies have employed slightly different analytical methods, and reported 

their phosphate concentrations with different names, in this study it was assumed that they 

measured approxim ately the same fraction(s). For the purpose o f collating a phosphate database, 

therefore, these four datasets were grouped together.

Table 5 .1 1 Phosphate fractions and the recorded range measured by the various studies. Values in italics 
are maximum values when disregarding outliers.

S o u r c e P h o s p h a t e

FRACTION
M e a s u r e d  

RANGE ( m g . r ' )
N o i e s

NWC Total PO4 0.0020 - 1.5980 
0.3860

10 high recordings (>0.500 mg.l ') out 
o f c. 200, two o f  which are associated 
with a gully.

Orthophosphate >0.0020 - 0.1960 
0.0640

2 outliers, both in NNR o f  0.188 and 
0.196 m g.r'.

UDC Orthophosphate 0.0040 - 0.9400 
0.0210

One outlier value (0.940 m g.r') 
recorded in a sinkhole at Hedonism 11. 
At the time o f  sampling, this sinkhole 
was used for dumping o f  horse manure 
from nearby stables (Dr. T. Goreau, 
pers. comm.)

NCRPS Reactive phosphates >0.0010 - 0.1300
Dr. T. J. Goreau PO4-P 0.0000 - 0.1200
Dr. A. M. Greenaway DIP

TDP
0.0001 - 0.0017 
0.0001 - 0.0036

The total phosphates recordings measured by NW C were generally higher than, and therefore 

not comparable with, the reactive phosphate measurements (Table 5.11). In effect, "total 

phosphates" is a measurement o f  the reactive phosphate fraction plus  any acid-hydrolysable 

phosphate fractions (Figure 5.9). This particular dataset, therefore, could not be included in the 

collated dataset. However, as this NW C dataset also included a m easurement o f 

orthophosphates, excluding the total phosphate recordings did not result in a significant loss o f 

data.
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Consequently, the different phosphate datasets were collated into two separate datasets. The first 

dataset contained only the dissolved measurements, thus including the DIP and TDP as 

measured by Dr. Greenaway in his two studies in the early 1990s^'. The second dataset 

contained the reactive phosphate fractions, including NWC's and UDC's O-PO4 readings, 

NCRPS's R-Phos readings, and Dr. Goreau's PO4-P readings.

5.4.1 (b) N itrogen
As with phosphorus, nitrogen can be measured in a range o f different ways, and as a range o f  

different fractions. The discussion as to the validity and applicability o f  the various 

methodologies and associated terminologies is similar to that relating to phosphorus. The most 

common ways o f  measuring nitrogen are as nitrate-nitrogen (NO3-N) and ammonia-nitrogen 

(NH3-N), although dissolved fractions are also used, in which case the references used are total 

dissolved nitrates (TDN) and dissolved inorganic nitrates (DIN).

In the case o f the Negril and Green Island water quality datasets, nitrogen was reported to be 

measured as nitrate (NO3), mtrate-nitrogen (NO3-N), dissolved inorganic nitrogen (DIN), total 

dissolved nitrogen (TDN), ammonia (NH3) and ammonia-nitrogen (NH3-N). As with the 

phosphorous datasets, there was a clear division o f these datasets into filtered and unfiltered 

samples. Moreover, there was a distinction between nitrate fractions, on the one hand, and 

ammonia fractions, on the other. The data could therefore be divided into three categories; 

dissolved nitrogen fractions (DIN, TDN), reactive fractions (NO3, NO3-N) and ammonia 

fractions (NH3, NH3-N). For the first category, the two different measurements were again 

complimentary and not directly comparable.

For the reactive nitrate fractions, a small number o f outliers was apparent, but the majority o f  

sampled concentrations were in the region o f 0.000 and 0.500 mg.l '. Overall, the distribution o f  

values followed a similar pattern for the UDC, NWC, NCRPS and Dr. Goreau samples (Table 

5.12 and Figure 5.11). The lack o f measured nitrate values above 0.250 mg.l ' for the UCD  

dataset (Figure 5.11 (a)) was likely due to this sampling effort being concentrating on coastal 

waters, with no true riverine sites included. The other three datasets included both coastal and 

riverine samples, with freshwater samples more likely overall to show elevated nitrate 

concentrations.

These two measurements were complementary in relation to each other, but were not directly 
comparable.
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For the am inonia  fractions, the situation was similar to that o f  the reactive nitrate fractions. For 

the N C R PS and Dr. Goreau datasets, the main proportion o f  the samples had concentrations in 

the 0.000-0.080 mg.l ' range, with a limited num ber o f  samples returning higher concentrations 

(Table  5.11 and Figure 5.12). Dr. Greenaway's samples all showed extrem ely  low am m onia  

concentrations (0 .000-0.200 mg.l '), but most o f  the sam pling sites were coastal, and, 

consequently , the lack o f  higher values could be attributed to the lack o f  freshwater samples. 

The values measured by Dr. Greenaway, moreover, were clearly within the range o f  the other 

two datasets, and as such did not deviate unaccountably from these observations.

Table 5.12 Nitrogen fractions and the recorded range measured by the various studies. Values in italics 
are maximum values when disregarding outliers. Dr. Greenaway's NH3 concentrations have been 
converted from (iM to mg.I"' for ease o f comparison.

S o u r c e N i t r o g e n

FRACTION
M e a s u r e d  r a n g e  N o t e s

UDC NO3 0.007 - 0.220 m g.r'
NWC NO3 >0.001 - 1.108 m g.r' Only 16 out of 183 samples showing

0.745 concentrations above 0.500 mg.l '
NCRPS NO3 0.000 - 1.156 m g.r'

0.530
Dr. T. J. Goreau NO3-N 0.000 - 2.400 m g.r' High values found mainly in land-based

0.600 samples
Dr. T. J. Goreau NH3-N 0.000 - 0.100 m g.r'

0.080
NCRPS NHj 0.000 - 0.185 m g.r'

0.080
Dr. A. M. Greenaway NH3 >0.001 - 0.150 m g.r'
Dr. A. M. Greenaway DIN 0.650 - 69.300 (iM
Dr. A. M. Greenaway TDP 0.600 - 95.800 nM

For the nitrogen m easurements, therefore, the three categories suggested at the start o f  this 

section seemed to be reasonable, and the grouping o f  the reactive nitrate measurem ents, on the 

one hand, and the am m onia  fractions, on the other, was justifiable.

5.4.1 (c) Measurement Units
An additional problem with the m easurem ent and reporting o f  similar or same parameters is the 

variation o f  units in which they were reported. While most o f  the units used appeared to be the 

same (e.g. M PN /100 ml for faecal coliforms, degrees Celsius for temperature), some o f  the 

parameters have been reported in different units (Table 5.10). The best exam ple o f  this is N H 3, 

which was reported in milligrams per litre (NCRPS), m icrom olar (Dr. Greenaway), and parts 

per million (Dr. Goreau). Milligrams per litre and parts per million are tw o w ays o f  reporting 

the same unit. The form er is the preferred unit recom m ended in the S p .  M icrom olar, while still

Systeme International d'Unites Scientific.
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a standard unit, is not directly comparable to milligrams per litre. A relatively simple calculation 

has to be performed for the measurements to be comparable.

Dissolved oxygen was also reported in different units. UDC and Dr. Greenaway both reported 

their readings in milligrams per litre. Dr. Goreau, on the other hand, operated with percent 

saturation. There is no simple way o f converting these measurements into a common unit, 

leaving Dr. Goreau's dissolved oxygen dataset incompatible with the other two. Thus, for 

analytical purposes, the datasets o f  UDC and Dr. Greenaway, on the one hand, and Dr. Goreau 

on the other, have to be treated as two different datasets.

5.4.2 Site Location and Sampling Frequency
A second problem  with integrating the various datasets was related to site selection within the 

individual programmes. Again, this factor was a direct result o f  the overall purpose o f the 

sampling programme. Louis Berger, for instance, was examining the pollution load o f the South 

Negril River and its influence on the coastal waters immediately outside its outlet. The selected 

sites for this study were consequently centred on the river itself and nearby beaches (Figure 5.8 

(d)). UDC's study, on the other hand, was generally concerned with the bathing water quality, 

and their sites were scattered along the main bathing beaches, and included known sites o f 

freshwater outlets, but no inland sites (Figure 5.8 (a)). Only two programmes looked at the 

water quality o f the entire watershed, namely the NCRPS and Dr. Goreau. These efforts also 

included the Green Island watershed, as this is in essence an extension o f the watershed feeding 

into the coastal waters around the greater Negril area. Consequently, there is a concentration o f 

sampling sites, and subsequently water quality data, in the coastal waters o f Long Bay and 

Bloody Bay, and the South and, to some degree, the North Negril Rivers, with sparse and/or 

scattered coverage for the remainder o f  the watershed.

Additionally, those sites that were sampled on several occasions (by the same or different 

organisations) were not always sampled at the same time o f year. This is a question o f sampling 

frequency, and while this again is directly related to the purpose o f  each individual sampling 

programme, it may cause problem s o f seasonality and com parability o f  the datasets once they 

form a larger collated dataset.

A rating o f  the temporal coverage for each param eter along with summarised information on 

sampling frequency and site location, is given in Table 5.13. In addition, a detailed month-by- 

month breakdown o f sampling frequency has been given in Figure 5.13, and a site-by-site 

breakdown o f annual sampling frequency in Figure 5.14. The datasets used for producing these
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T ab le  5 .13  Sum m ary o f  the spatial and tem poral sam p lin g  distribution for the ind ividual param eters  
m easured  in N egril throughout the 1990s. T he sam p lin g  freq uency  rating o f  "very poor" through to "very  
good"  is b ased  on both annual and m onth ly  co v era g e, w ith  h igh annual co v era g e  w ith  little or no m onth ly  
overla p  b e in g  c la ss ified  tow ards the low er end o f  the sca le , and high annual freq uency  w ith  o b v io u s  
m o n th ly  overlap  b e in g  c la ss if ie d  at the h igh er end. For m ore detailed  inform ation on the tem poral and 
spatia l d istribution for the various param eters, p lea se  refer to F igures 5 .13  and 5 .14 .

P a r a m e t e r S a m p l i n g  F r e q u e n c y Y e a r s M o n t h l y  C o v e r a g e S i t e s

A lk a lin ity V. poor (3 years but 
little m on th ly  overlap)

1992-94 Spring-early  sum m er O n ly  SN R

pH V. p oor (3 years but 
little m onth ly  overlap)

1 9 9 3 -9 4 , 1996 Sp rin g-S um m er O n ly  S N R  sam p led  
2  years in a row

D O V. Poor (3 years but 
little m onth ly  overlap)

1 9 9 3 -9 4 , 1996 Spring-A utum n M ost areas 
represented

RSi V. poor 1994 N o  A utum n L o n g /B lo o d y  B ay  
and S N R

T em perature V. poor 1 9 9 3 -9 4 , 1996 Sp rin g-S um m er O nly  S N R  sam p led  
2  years in a row

Salin ity O K  (but o n ly  2 years o f  
g o o d  m onth ly  overlap)

1 9 9 2 -9 4 , 1996 A ll year, m ain ly  
Sprin g-S um m er

M ost areas 
represented

T S S G ood (w ith  so m e  g o o d  
m onth ly  overlap)

1994-97 A ll year, m ain ly  
Sprin g-S um m er

N N R  and SN R , 
plu s so m e  coastal 
sites o f f  W est End

C h l-a V. poor 1 9 9 4 ,1 9 9 6 Sp rin g-S um m er O nly  S N R  sam p led  
on several 
o c ca s io n s

D IN G ood 199 0 -9 4 A ll year, m ain ly  
Sprin g-S um m er

L o n g /B lo o d y  B ay  
and S N R

N O j G ood 1995-98 A ll year, m ain ly  
Sprin g-S um m er

M ost areas 
represented

N H , Poor (4  years but little  
m onth ly  overlap)

1994, 1996-98 A ll year M ost areas 
represented

DIP G ood 1 9 9 0 -9 1 , 199 3 -9 4 A ll year, m ain ly  
Sprin g-S um m er

L o n g /B lo o d y  B ay  
and S N R

T D P OK 1995-97 A ll year, m ain ly  Early 
Sum m er

L o n g /B lo o d y  B ay  
and S N R

O -P O 4 OK  (in c lu d es an a lm ost  
unbroken period o f  
m ore than a year o f  
m onth ly  sam p lin g)

1995-98 A ll year, m ain ly  
Sprin g-S um m er

M ost areas 
represented

T -P O 4 OK 1995-97 A ll year, m ain ly  
Sum m er

O n ly  L o n g /B lo o d y  
B ay, N N R  and 
SN R  sam p led  2  or 
m ore years in a row

FC V .g o o d 199 0 -9 8 A ll year L o n g /B lo o d y  B ay, 
N N R  and S N R

TC V .g o o d 199 0 -9 6 A ll year L o n g /B lo o d y  B ay  
and S N R

B O D OK 199 5 -9 7 A ll year, m ain ly  
Sprin g-S um m er

L o n g /B lo o d y  B ay, 
N N R  and S N R

f ig u r e s  a re  p a r a m e te r - s p e c if ic  d a ta s e ts  c o l la t e d  fr o m  th e  in it ia l  s e v e n  m a in  d a ta s e ts .  F o r  th e  

c o l la t io n  o f  p h o sp h o r u s  a n d  n itr o g e n  p a r a m e te r - s p e c if ic  d a ta s e ts ,  th e  g r o u p in g s  in d ic a te d  in  

S e c t io n s  5 .4 .1  (a )  a n d  (b )  w e r e  u s e d . It is  a p p a re n t th a t s o m e  p a r a m e te r s  w e r e  m e a su r e d  q u ite  

fr e q u e n t ly ,  w h ile  o th e r s  w e r e  o n c e - o f f  o c c u r r e n c e s .  F o r  in s ta n c e , fa e c a l  c o l i f o r m s  w e r e  

m o n ito r e d  in  th e  c o a s ta l  w a te r s  n e a r  th e  m a in  b a th in g  b e a c h e s  a n d  a s s o c ia t e d  r iv e r s  a ll th r o u g h
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the 1990s. Although the organisations responsible for the sampling changed throughout this 

time period, the sampled sites from one program m e to the next were situated relatively close to 

each other. Consequently, there was a good temporal coverage for this particular parameter. In 

addition, over the years, m any o f  the sampling events took place during the same months, 

a llowing good annual comparability. Furthermore, the sampling times included both wet and 

dry seasons, m aking it possible to evaluate the influences o f  seasonality from year to year.

Few o f  the other parameters had such good coverage both on a m onthly and an annual basis. 

M ost o f  the physical parameters (temperature, salinity, alkalinity, pH and dissolved oxygen), 

a long with chlorophyll-a , were only measured on a few occasions, giving no real basis for 

annual and/or seasonal comparisons. The spatial and temporal sampling coverages o f  the 

nutrient parameters (phosphorus and nitrogen) were to some degree reduced by the fraction- 

limitations noted in Sections 5.4.1 (a) and (b). In particular, the lack o f  direct com parability  

between filtered (dissolved) and non-filtered fractions, meant that the sam pling done during the 

first ha lf  o f  the decade (filtered) could not be directly com pared with that o f  the second ha lf  

(unfiltered). The usefulness o f  the spatial and temporal coverages o f  the filtered fractions were 

further reduced by a focus on the South Negril River and Long Bay, with no other locations 

being sampled, coupled to som e degree by limited overlap o f  monthly sampling. A m m onia  was 

in particular badly represented, with overlap o f  sampling periods only occurring in July (1994 

and 1996). Ortho-phosphate, on the other hand, had a good overlap, with m ost seasons covered 

in at least two separate years.

T he filtered fractions were sampled on a much wider spatial scale, with all areas o f  the 

w atershed and associated coastal water having been sampled at least once. However, the 

temporal frequency and overlap are relatively poor, with only a handful o f  sites having been 

sampled on tw o or more occasions, and monthly overlap o f  sam pling events generally only 

occurring during the spring and sum m er months.

The relatively poor spatial and temporal coverage o f  the majority o f  parameters sampled offered 

a poor starting-point for carrying out detailed, robust analysis based on these datasets. While 

they gave a fair indication for one particular site at one particular point in time, little could be 

d ivined regarding watershed-wide conditions or water quality variations th roughout the 1990s. 

Thus, the usefulness o f  each o f  the parameter datasets in relation to in-depth watershed-wide 

analysis must be seen as a function o f  its spatial and temporal coverage.
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5.4.3 Choice o f  Param eters for a Consolidated Database
It IS quite possible to simply bring all these datasets together into one database, consisting of a 

range o f sites, parameters and time series. However, the usefulness of the resulting database for 

temporal and spatial analysis could be questioned. For instance, knowing the conductivity 

values at a handful of sites for one year only, may give an indication as to the level of ions in 

the water at these particular sites at that particular time, but it does not give a good basis for 

commenting on the observed versus expected values, nor on overall spatial and temporal trends 

for the watershed as a whole. In addition, the database would contain 18 different parameters. 

Some of these may not be altogether necessary to obtain an overall impression of the water 

quality o f the watershed (e.g. conductivity and alkalinity, although these certainly do have their 

uses within water quality assessment), and some o f which may be measurements o f more or less 

the same contamination indicator (e.g. the various measurements of phosphorus and nitrogen).

The challenge of consolidating the different datasets into one large functional dataset, therefore, 

became one of deciding which parameters to use, and on which sites and/or time series to carry 

out analysis. Selecting a parameter that had only been measured by one organisation for a 

limited period of time would be counterproductive, as would selecting a parameter that had only 

been sampled at a handful of sites. At the same time, only a few parameters have both a good 

temporal and spatial coverage (Table 5.13). In addition, selecting a parameter based solely on its 

excellent spatial and temporal coverage, disregarding whether it is useful in identifying the type 

o f contamination that is posing a threat to the system, would also be counterproductive. As 

discussed in Chapter 2, some parameters are better indicators of certain types o f pollution than 

others. The known and suspected pollution sources in the Negril area were identified in Chapter 

4 as untreated sewage, agricultural activities, and to some extent urban runoff Based on this and 

the recommendations given by Chapman and Kimstach (1996) (Table 2.5), the following 

parameters for which data were identified as being useful indicators in the study area, as well as 

being represented in the available water quality datasets:

-  Suspended solids

-  Conductivity

-  Dissolved oxygen

-  Ammonia

-  Nitrate/nitrogen

-  Phosphorus compounds 

BOD

-  Faecal coliforms
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In addition, chlorophyll-a, pH and tem perature were also recommended by Chapman and 

Kimstach (1996) as parameters suitable for inclusion when m onitoring and assessing the water 

quality for one or more o f the following purposes; background monitoring, aquatic life and 

fisheries, drinking water sources, and recreation and health (Table 2.6). All o f  these purposes 

could be seen as important in the Negril area, and consideration was given to these when 

collating the water quality database.

As discussed above, for analytical purposes, the parameters should have been sampled on a 

watershed-wide scale, with sampling taking place in a minimum o f two separate years, and in 

both the dry and both wet seasons. If each o f the identified param eter datasets were to be given 

a score from 0 to 3 o f their suitability for watershed-wide, multi-annual and seasonality 

analysis, only three o f the 11 datasets (ammonia, nitrate and phosphate) would receive the 

highest suitability score o f 3 (Table 5.14). The other datasets, with the exception o f  conductivity 

which achieved a score o f 0, all ended on a score o f 2.

Table 5.14 Suitability score o f  each o f  the 11 parameter-datasets identified as useful for indicating water 
quality problems in the N egril watershed. The score is based on the spatial and temporal coverage given  
by each dataset, and indicates the suitability on a scale from 0 (com pletely unsuitable) to 3 (highly  
suitable).

P a r a m e t e r S p a t i a l

C o v e r a g e

M u l t i - A n n u a l

C o v e r a g e

C o m p l e t e  S e a s o n a l  S u i t a b i l i t y  
C o v e r a g e  S c o r e

Suspended solids 
Conductivity

* * 2
0

D issolved  oxygen * * 2
Ammonia * * * 3
Nitrate ♦ * * 3
Phosphate * * * 3
BOD * * 2
Faecal coliform s * ♦ 2
Chlorophyll-a * * 2
pH * * 2
Temperature * 2

The score obtained for the dissolved oxygen dataset is only partially valid. As mentioned in 

Section 5.4.1 (c), this param eter was measured in three o f the seven programmes, but with one 

o f the programmes reporting the data in units incompatible with the units used in the other two 

programmes. Thus, this dataset was, in fact, made up o f two distinct datasets, one containing 

data collected over two years from a limited number o f sampling sites located along the Long 

Bay to Orange Bay coastal strip and in the South Negril River, the other being a once-off effort 

containing data from most areas in the watershed and associated coastal waters. Consequently, 

for either o f these datasets, the suitability score would be no more than 1.
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Of the remaining datasets receiving a score of 2, those relating to suspended soHds, BOD and 

faecal coliforms received the score due to a limited spatial coverage. The sampling was limited 

to the Long Bay and Bloody Bay coastal waters and the lower reaches of the North and South 

Negril Rivers. The remaining three parameters given a score of 2 received the score due to the 

lack o f year-round sampling coverage.

Thus, even after reducing the number of useful datasets from 19 to 11, there were still serious 

limitations related to the suitability of these for further analysis. This might be remedied by 

future sampling programmes that may add to the existing datasets, and therefore enhance their 

value both from a holistic analysis (e.g. by including the current datasets into larger datasets) 

and from a historic (e.g. using the current datasets as a historic record with which to compare 

future sampling results) point of view. Consequently, including all the datasets as they stand 

today in a collated database might be a useful exercise with the view to future uses of the GIS. 

Nevertheless, which datasets to use for analysis for this particular study still had to be 

determined.

5.4.4 Choice o f  Param eters for W ater Q uality Analysis
It is clear that most of the individual parameter datasets were incomplete either on a temporal or 

spatial coverage scale, or even on both. Even within the datasets that score highly on the 

suitability scale, some sites were only sampled in one year, or maybe even only on one single 

occasion (Figure 5.13). Only a handful of any of the given sites was sampled month after 

month, year after year. This makes any investigation into annual and/or seasonal variations in 

parameter concentration relatively difficult, and the boundary conditions (e.g. the number of 

sampling sites and sampling frequency) will vary from parameter to parameter, giving little 

scope for irrefutable comparisons.

A possible way around these limitations would be to use average values for each site. This could 

be done as a monthly, yearly or total average, but both the monthly and the yearly averages 

could suffer from the same limitations as the original datasets. A total average (averaging all 

recorded values for a given site) would also suffer these limitations, but, unless the original 

dataset is excessively poor in multiple sampling events at the given sites, this should be less of a 

problem than for a monthly or annual average. Moreover, there would not be any opportunity 

for investigating the variation o f concentrations with time and/or seasons.

Another approach could be to use only a single data source as a basis for water quality 

investigation. The only of the original seven datasets that would possibly serve this purpose, 

however, was that of Dr. Goreau. This dataset offered an extremely good spatial coverage, and
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has recorded concentrations for seven of the eleven recommended parameters. On the other 

hand, this dataset offered absolutely no temporal coverage, as it was a strictly once-off sampling 

effort. Thus, again, there would be no opportunity for temporal investigations.

With the limitations outlined above in mind, however, using aggregated or single event datasets 

might provide an easier way of establishing overall spatial variability of parameter 

concentration and relationships between water quality and watershed characteristics. It does not 

preclude the necessity of in-depth temporal analysis of each individual parameter if the aim is to 

look at any changes in water quality that might have taken place due to specific or general 

changes within the watershed. However, it does offer a potential approximation for superficial 

or general investigations.

Based on this, both Dr. Goreau's once-off sampling effort and a large proportion of the indicator 

parameter datasets could be used for general analysis. The individual datasets not suitable 

would be:

-  Conductivity, the lack of temporal coverage gives little basis for calculating 

average values, while the lack o f spatial coverage limits the usefulness of the 

dataset for watershed-wide investigation

-  Dissolved Oxygen: the lack of spatial coverage when disregarding Dr. 

Goreau's sites limits the usefulness of this dataset

-  BOD\ same as Dissolved Oxygen

-  Suspended Solids: same as Dissolved Oxygen

-  Faecal Coliforms: same as Dissolved Oxygen

The latter two datasets, however, are of particular importance to the study area's coastal water 

quality; suspended solids in that it affects coastal turbidity and therefore coastal productivity, 

and faecal coliforms in that it affects the bathing water quality and hence influences local and 

tourist population health. For the completeness of any investigation into the water quality o f the 

watershed (especially with a view to identify management needs), therefore, these two datasets 

cannot be disregarded. These should therefore be included for analysis, but with a particular 

caution as to their current limited ability to act as indicators for the entire watershed.

In conclusion, it was decided that all the datasets provided in the CWIP collection should be 

included in the collated database for ease o f access and for historic completeness. Any 

conclusions drawn from the analysis of the datasets would be limited by the constraints 

outlined. For the purpose of this study, analysis were to be carried out using total average 

concentrations from the collated parameter datasets (with specific reference to the NH3, NO3,
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PO4, TSS and FC Average datasets) and the dataset from the once-off sampling effort o f Dr. 

Goreau (with specific reference to the NH3, NO3, PO4 and Chlorophyll-a datasets).

5.4.5 Aggregation and Inclusion o f the Datasets into the Geographic Database
The sampling site locations were provided by CWIP on a 1:50,000 map o f  the study area. Each

site was indicated on the map as a point location, and had been given the ID-code used by the 

associated sampling programme. For ease o f integration into the GIS, the original site code 

system was disregarded, and a new system giving each site an individual ID-number from 1 to 

200 used instead. This number was also included in the parameter dataset files to allow  

integration o f the datasets and the associated spatial locations. The site locations were digitised 

on a TDS digitising board following the procedures outlined in Section 5.2.2 (a).

The datasets were provided by CWIP in tabular digital format as an Excel-file. Each o f the 

seven datasets was given as an individual table. The tabular format used was not directly 

compatible with the format used for Arclnfo tables, and the tabular data were therefore 

rearranged to suit the transfer into Arclnfo. The datasets were split into individual parameters, 

and then aggregated into the datasets outlined in Table 5.13. Where necessary, the data were 

converted into a common unit. Each new parameter dataset was saved as an individual Excel 

file, and for each site, the total average was calculated. The files were converted into ASCII 

format, imported into Arclnfo, and joined to the site coverage, producing individual coverages 

for each parameter dataset.

5 .5  E s t a b l i s h i n g  M o d e l s  o f  T o p o g r a p h y  a n d  S u r f a c e  W a t e r  F l o w

For some o f the analyses to be carried out in later stages o f this study, models o f  topography,

and surface waterfiow are needed. While the ideal base model o f water flow for a integrated 

coastal management scheme would be a 3D-model linked to a database containing all possible 

hydrological and hydrogeological data for the region as well as coupled to a series o f  

hydrological models ( c /  Chapter 2), such a model is in most cases overly costly, and would take 

too long to set up for it to be useful in the initial stages o f a management effort. This section, 

therefore, looks at the possibility o f developing a simple, but operational model for the 

waterflow through the Negril and Green Island watersheds based the data held in the digital 

database. The model only concerns itself with the flow direction, or the "from where to where", 

rather than the flow volume and velocity, as flow direction is not necessarily indispensable in 

the early stages o f the management effort. Moreover, an advanced flow volume and velocity 

model would necessitate a range o f data that are not easily available. Consequently, the 

modelling will result in a 2.5D topographic model and a 2D surface flow model.
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A DEM and associated surface water model were produced for the Negril and Green Island 

watersheds in a previous study (Eirum, 1998). Several hm itations were noted in regards to these 

initial models, however, and the main concerns were related to:

(1) Failure to fully include the New Savanna River catchment

(2) Inaccuracies in topography delineation, especially related to resolution and 

inherent errors o f the input data and o f the modelling algorithms used 

(CREATETIN and T IN L A T T IC E )

(3) Indiscriminate filling o f sinks, particularly with regards to natural depressions 

in the landscape

(4) Striation^^ in basin delineation along coast

The first point has already been addressed in Section 5.2.2 (a) through the extension o f the 

datasets to encompass the New Savanna River catchment, and as such will automatically be 

included in any modelling carried out on these datasets. In addition, the elevation datasets have 

been expanded to include an additional 740 spotheight locations (SPOT125) and depression 

elevation contours (DEP125) taken from the 1:12,500 map series. M oreover, bathymetry data 

have been included (BATHY-SPOT and BATHY-CONT), mainly to provide data for modelling the 

bathymetry itself, but also to enhance the topographic modelling along the coastline. It is hoped 

that these additions, along with a revised methodology for the DEM and surface water model 

production, will help address the latter three concerns.

Arclnfo offers two principal ways o f obtaining topographic and associated waterfiow models. 

The first is through an automated topography modelling procedure (TOPOGRID), while the 

second is through a manual, operator-controlled stepwise triangulated irregular network (TIN) 

procedure. Both these procedures allow the inclusion o f sink removal into the modelling 

procedures. However, as discussed in Chapter 2 and noted by Eirum (1998), indiscriminate 

filling o f sinks is undesirable i f  the topography being modelled is known to have natural sink 

features, such as depressions. As the Negril and Green Island area shows highly karst 

topography, it was necessary to address this when running the models. The methodology 

derived for dealing with this problem  is described in detail below.

This is a linear artefact created by watershed modelling algorithms (as well as other hydrological 
modelling algorithms), especially along borders o f  the modelling area. In essence, the watershed 
modelling algorithm delineates watersheds or sub-catchments based on the modelled flow directions 
o f the cells in a DEM. All cells that contribute flow to the same end-cell will be merged into a 
watershed or sub-catchment. Along the edge o f  the study area, very few cells contribute flow to the

189



The automated TOPOGRID procedure was initially attempted, but was found to produce 

inadequate renditions o f the topography and surface hydrology. In particular, the modelling 

procedure failed to remove all spurious sinks, and, even though the procedure purportedly 

allows enforcement o f the drainage network (i.e. forcing the output stream network to follow  

that o f  the input stream network) the modelled stream network did not truly follow that o f the 

input river network. Consequently, delineating hydrological units (e.g. watershed and sub- 

catchments) was not possible. It was therefore concluded that the TOPOGRID procedure was 

not suited for hydrological modelling. Detailed information o f the TOPOGRID modelling and 

problems identified are included in Appendix G.The manual DEM modelling in Arclnfo is a 

three-step process, involving:

(1) Establishing a TIN from the topographic and hydrological data held in the 

database

(2) Converting the TIN to a gridded DEM using a quintic conversion algorithm

(3) Correcting the derived DEM for spurious, algorithm-induced features and 

inconsistencies

5.5.1 Triangulated Irregular Network (TIN)
To produce a TIN o f the study area, the coverages and settings outlined in Table 5.15 were used.

CONTOURS, SPO T500, SPOT125 and DEP125 all provided topographic input data, and were

entered as Mass features. The ^  ̂  ̂ ^
Table 5.15 Specifications used for the TIN production. For

d epression  contours (DEP125) detailed information on surface feature type settings available in
the Arclnfo package, and their influence on the interpolation, see

were regarded as clear breaks in jable 5 16

the surface topography, and were

consequently also entered as

HardLine features to allow

subsequent interpolation to

discontinue the interpolation

continuity o f the surface at these

lines. Bathymetry data were

added as Mass features through

C o v e r a g e
C o v e r a g e

F e a t u r e

S u r f a c e  
z - V a l u e

S u r f a c e  
F e a t u r e  T y p e

CONTOURS Line Height Mass
DEP125 Line Height Mass/HardLine
RIVI25 Line Height HardLine
SPOT500 Point Height Mass
SPOT125 Point Height Mass
BATHV-CONT Line Depth Mass
BATHV-SPOT Point Depth Mass
SHORELINE Line 0 HardLine
OUTLINE Polygon NODATA SoftClip

the coverages BATHY-CONT and b a t h y -SPOT to allow modelling o f  the littoral and sublittoral 

components o f the topography. In addition, SHORELINE, given the elevation o f 0 m, was entered

same end-cell, and the resulting watersheds or sub-catchments will therefore appear as linear features, 
often no more than one or two cells wide.
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Table 5.16 Surface feature type settings available in Arclnfo, their influence on the TIN building 
processing and consequent interpolation, and for which features each o f  the settings will be appropriate. 
Adapted from ESRI (1997).

S u r f a c e T r i a n g u l a t i o n I n f l u e n c e s F e a t u r e  P r o c e s s i n g F e a t u r e s  f o r  w h i c h

F e a t u r e F o l l o w s Q u i n t i c t h e  S e t t i n g s  c a n  b e

T y p e F e a t u r e I n t e r p o l a t i o n U s e d

Ignore The feature is not included in the 
TIN processing

Mass Features with known z-values used 
as the basic elem ents to build the 
TIN

C ontour lines 
Spot heights

SoftLine Triangle edges are forced to follow 
the arcs o f  the feature, and the 
linear features are m aintained in 
the TIN

Study area boundaries 
Survey lines 
C ontour lines

HardLine Triangle edges are forced to follow 
the arcs o f  the feature, and define 
interruptions in the surface 
sm oothness

Rivers and streams
Shorelines
Ridges
B uilding footprints 
C ontour lines

SoftRepiace Sets the z-value o f  any feature 
within the SoftRepiace polygon(s) 
to the z-value o f  the SoftRepiace 
polygon(s)

H ardReplace Sets the z-value o f  any feature 
within the H ardReplace polygon(s) 
to the z-value o f  the H ardReplace 
polygon(s), and m arks an abrupt 
change in surface sm oothness

Lakes

SoftClip SoftC lip polygon(s) sets the 
boundaries for the TIN processing. 
Any features outside the SoftC lip 
polygon(s) will be ignored

B oundaries o f  study 
area

HardClip ✓ H ardClip polygon(s) sets the 
boundaries for the TIN processing, 
and m arks an abrupt change in 
surface behaviour. Any features 
outside the H ardC lip polygon(s) 
will be ignored,

B oundaries o f study 
area
Island outlines

SoftErase Any features falling inside a 
SoftErase polygon will be ignored, 
and the area o f  a SoftErase 
polygon will appear as a hole in 
the final TIN

Any area where surface 
interpolation is 
superfluous, 
unnecessary or 
unwanted

Hard Erase ✓ Any features falling inside a 
H ardErase polygon will be 
ignored, and the area o f  a 
H ardErase polygon will appear as 
a hole in the final TIN, with the 
polygon outline m arking an abrupt 
change in surface behaviour

Any area where surface 
interpolation is 
superfluous, 
unnecessary or 
unwanted, and where 
there is an abrupt 
change in surface 
sm oothness

as a HardLine feature to provide a clear break between land and sea topography. The line 

features o f RIV125 were given artificially low elevation values, with the values always being 

below the surrounding elevation values. RIV125 was then used as a HardLine feature in the TIN 

modelling. This allowed the river network to be burned into the topography, ensuring the 

modelled stream network would follow the true river network. While this will affect the

191



modelling o f the topography and cause eironeous values along the stream network in the output 

DEM, such a measure is defendable in this type o f modelling. As the output is to be used for 

hydrological modelling and analysis, it is vital to preserve the hydrological rather than the 

topographical features {cf. Section 2.5.4). M oreover, the river network in the study area is 

largely artificial, dominated by drainage channels and canals {cf. Section 3.3). W ithout burning 

the true river network into the model, the resulting modelled network is unlikely to follow the 

true network. The OUTLINE coverage was used as a SoftClip feature to provide the extent o f the 

modelling. By inputting it as a SoftClip feature, the O UTLINE would not influence the modelled 

elevation in any way.

The weed and proximal tolerances for each coverage and for the overall TIN were set to 20 m. 

The weed tolerance is measure o f the minimum distance allowed between any two vertices 

along an arc, while the proximal tolerance is the minimum distance between any two points. If 

the distance between two vertices or points is less than the specified tolerance, the vertex or 

point is removed, and the inputted data are hence generalised. The weed tolerance value o f 20 m 

was the value determined by Eirum (1998) to provide the best TIN output with respect to 

number o f  flat triangles and sinks, without jeopardising the overall accuracy o f the Negril and 

Green Island model.

5 .5 .2  G ridded  D E M  conversion
As Arclnfo and Arc View do not support hydrological modelling directly with TINs, the TIN 

was converted to a gridded 10x10 m gridded DEM through the TINLATTICE procedure, with 

a QUINTIC interpolation algorithm. As the resulting DEM contained a high number o f spurious 

sinks, these had to be removed prior to performing any hydrological analysis. As already 

mentioned, the study area exhibits many karstic depression, and by applying indiscriminate, 

automated sink removal procedures, these depressions would be removed along with the 

spurious sinks. The iterative 7-step procedure suggested by Verdin and Jenson (1996) (Section 

2.5.4 (c)) is a possible solution to getting round this problem. For this study, however, it was 

found that their proposed procedure was unnecessarily cumbersome. A different method, 

particularly tailored for the Arclnfo Grid environment, was therefore developed. This proposed 

method contained the following steps "̂*:

This approach does not allow for filling o f spurious sinks in the depression areas. This was considered 
not to be an important issue for this study, but could be done through using an inverse mask (i.e. 
where the depression areas are given the "true" value), and subsequently running a filling procedure 
similar to that of Verdin and Jenson (1996).
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(1) Establish a Boolean gridded mask for the study area with areas where 

autom ated sink filling should occur given the value "1", and areas where no 

sink filling should occur (i.e. depression areas) the value "NODATA".

(2) Set the analysis environment to the mask through the SETMASK procedure.

(3) Run a F IL L  operation on the DEM. This results in a filled gridded DEM with 

NODATA values for areas masked out by the mask.

(4) Reinserting data from the original DEM into the filled DEM using the 

G R ID IN SE R T  procedure with the RETAIN option. This allows any 

NODATA cells to be given the corresponding value o f the inserted DEM. As 

the G R ID IN SE R T  is an Arc procedure rather than a Grid procedure, the mask 

analysis environment is ignored.

To allow this differential sink filling in the study area, a series o f analysis masks were produced. 

The masks created, along with the area each o f them covered, are outlined in Table 5.17. As 

apparent from this table, the land and sea parts o f  the study area could be filled separately. This 

was done mainly to allow more control over the process, with more rapid filling, so that outputs 

could be examined and assessed.

Table 5.17 Grid-masks created to assist in DEM manipulation and analysis.

M ask So u r c e D e s c r ip t io n

STUDV-MASK An artificial study area boundary, including land and 
sea areas, and including large areas outside the true 
study area.

LAND-MASK STIIDV-MASK + SHORELINE An artificial study area boundary, including only the 
land part o f  the study area.

LANDDEP-MASK STUDV-MASK +  DEPI25 LAND-MASK with any area corresponding to 
depression areas removed.

SEA-MASK STIIDV-MASK + SHORELINE An artificial study area boundary, including only the 
sea part o f  the study area.

SEADEP-MASK STUDV-MASK + BATHVDEPI25 SEA-MASK with any area corresponding to depression 
areas removed.

The land and sea areas were filled separately, and the original base-DEM  was input into both 

new grids. As inputting the base-DEM  would result in a new DEM for the entire study area, the 

two resulting grids were converted back to their land and sea extents through a simple 

MULTIPLY procedure using the LAND-MASK and SEA-M ASK as analysis environment masks.

One problem  with the resulting grids was that the LAND-GRID had some negative elevation 

values near the shoreline boundary, while the SEA-GRID had some positive elevation values. 

These values had to be corrected through a RECLASS procedure, setting all negative LAND- 

GRID cells to 0.000001 and all positive SEA-GRID cells to -0.000001. Because the elevation
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values were float values (with a maximum of six decimal places), however, a direct reclassing 

was not possible, as the RECLASS procedure in Arclnfo does not allow reclassing into any data 

types but integers. The reclassing, therefore, was carried out through a 3-step process described 

in Appendix D.

The issue of spurious peaks also needed to be addressed. While Arclnfo offers an automated 

sink and peak removal procedure, this only allows sinks and peaks below a certain threshold to 

be removed. That is to say, if  a peak is higher than, or a sink deeper than, a certain threshold, it 

will not be removed. An automated peak removal procedure was run on l a n d - d e m I .  4135 

peaks were identified, and the removal of these resulted in a lowering of the overall elevation in 

most of the upland areas, with the maximum elevation reduced from 318.918 m to 240.528 m. 

This peak removal approach was consequently unacceptable, and a manual approach was 

attempted. This consisted of manually flagging all cells identified as having an elevation value 

at least 10 m greater than the surrounding cells (Appendix D), and then removing these through 

a filtering process.

It was noted that most of the spurious peaks were characterised by a cluster o f high elevation 

cells rather than one single high elevation cell, thus representing "peak areas" rather than "peak 

points". The peak areas and bordering cells were manually selected, and a 7x7 cell Mean Filter 

passed across these cells to smooth out the peak values. This process was repeated for SEA- 

D EM l .  The new grids were called LAND-DEMl  and SEA- DEM l .  After manual removal of 

spurious peaks, l a n d - d e m I and SEA-d e m i  could subsequently be joined into one single grid, 

and the output was called STUDY-DEMl .

5.5.3 Evaluation o f  the m odel's ability to pick up sm all-scale features - sinkholes 
The procedure of filling all sinks outside the depression areas, as described in Section 5.5.2,

assumes that all sinks not associated with known depressions are spurious. In a karst area like

Negril, there are likely to be a series of small-scale depressions or sinkholes. These will usually

not be detectable on a 1:50,000 topographic map like the one used for elevation input in this

study. There is a chance, however, that the model may correctly describe some of these

sinkholes, and that, by indiscriminately filling all sinks, some detail is lost.

To assess the spuriousness of the sinks not associated with depressions, therefore, a 10 km^ 

(2.6x3.8 km) sub-area of the watershed was selected for closer investigation of sinkhole 

location and spurious sink generation. The study area chosen for this investigation was situated 

in the Logwood-Campbelton-Phoenix Town area, just north of Fish River Hills. The density of
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sinkholes in this area was relatively high, and, because o f the dominance o f low-growing 

vegetation (mainly sugar cane, grain and vegetables), the sinkholes here could easily be 

identified. In addition, the topography was relatively flat and uniform, reducing the impact 

highly rugged terrain has on the modelled topography, and hence reducing the number o f 

spurious features (Section 2.5.4 (b)).

Sinkholes were identified and located by stereoscopically examining the 1:15,000 photographs. 

They were then identified and digitised on-screen from the mosaicked image. Eighty-one 

sinkholes were identified in this way. To allow comparison o f spurious sink delineation at two 

different scales, the elevation contours were traced and digitised from the 1:12,500 map series, 

and two new DEM s were produced, one with the 1:50,000 elevation data, and one with the 

1:12,500 data. These DEM s were run only on a subsection o f the study area defined as the 10 

km^ area to be used for the study, plus an additional 1 km margin on all sides^^. The polygon 

coverage derived was used as the boundary input for the CREATETIN procedure, and the TINs 

and DEMs were produced as described in Sections 5.5.1 and 5.5.2. By producing the DEMs 

based on only the elevation data pertinent for the 10 km^ study area, any influence from 

surrounding rugged terrain was eliminated. The additional 1-km margin used was necessary to 

ensure correct modelling o f the elevation also along the edges o f the 10 km^ study area. The 

final DEMs were clipped down to the 10 km^ area.

A SINK procedure was then run on the two DEMs to establish the location o f spurious sinks in 

the models. Through a visual inspection, it was found that dense clusters o f  sinks were apparent 

along most o f  the river and depression features, while sinks elsewhere were less numerous and 

more scattered. This high density o f sinks along these particular features is likely to be a direct 

result o f the m odelling algorithm, caused by the burning o f the river network into the landscape. 

Consequently, sinks less than 20 m away from rivers and depression area were considered to be 

truly spurious (i.e. indisputably results o f  the influence o f the input features on the modelling 

procedure), and were removed from the spurious sink datasets through a BUFFER procedure. A 

proximity calculation was then performed on the remaining sinks, determ ining the distance 

between each m odel-derived sink and its nearest sinkhole.

Figure 5.15 shows the difference in spurious sink before and after this removal procedure, and 

also indicates the location o f  the sinkholes vis-a-vis the spurious sinks. All the sinks apparent in

This was obtained by making a polygon coverage of the 10 km  ̂ area, and then running a 1 km, one
sided BUFFER procedure on this coverage.
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the models were located at distances greater 

than 20 m away from the sinks identified on the 

aerial photographs (Table 5.18). The mean 

distances were 550 m ±240 m and 560 m ±250 

m  from the 1:12,500 and 1:50,000-based 

modelled sinks respectively. It is evident from 

this that neither the l:50,000-based, nor the 

1:12,500-based model produced sinks likely to 

be true sinkholes, and the automated filling 

therefore, is justified. M oreover, the increase 

1:50,000) did not result in improvement o f true s;

Table 5.18 Proximity o f  spurious sinks derived 
from two different DEMs (based on elevation 
data from 1:12,500 and 1:50,000 scale maps 
respectively) to true sinkholes as identified from 
a 1:15,000 aerial photography series.

Pro xim ity  (m)
1:12,500 1:50,000

Minimum Value 20 30
Maximum Value 820 810
Mean Value 550 560
Standard Deviation 240 250

spurious sinks outside depression areas,

in input data resolution (from 1:12,500 to 

ik  identification.

5.5.4 Stream network and basin delineation, and the establishment o f  study area 
boundaries
To complete the watershed surface water modelling, simple hydrological analyses were 

performed on the finished DEM. The stream network o f the study area (STREAM l) was 

delineated for the land part o f the DEM. This was done through flagging all cells with a flow 

accumulation greater than 1000 cells (i.e. those cells that receive inflow from more than 1000 

upstream cells), and then converting this to a line coverage. This involved the 

FLOW DIRECTION, FLOWACCUMULATION, SETNULL, and STREAM LINE procedures. The 

actual conversion from grid to line features (STREAM LINE) was carried out with a weed 

tolerance o f 10 m to generalise the line output and reduce any apparent striation (i.e. parallel 

lines).

The corresponding drainage basins were delineated using the B A S IN  procedure. Two sets o f  

drainage basins (BASIN-LANDl and BASIN-SEAI) were produced in this way; BASIN-LANDI 

corresponding to the basins as derived strictly from LAND-DEMl, and BASIN-SEAl 

corresponding to the basins as derived from the entire STUDY-DEMl (Figure 5.16). The latter 

was carried out to produce a relatively striation-free basin coverage. Eirum (1998) noted that the 

striation apparent along the coastline o f  the study area was a consequence o f the NODATA 

status o f the topography outside the boundary described by SHORELINE. By running the basin 

delineation on the DEM  including the off-shore bathymetry, the basins abutting the shoreline 

were delineated beyond the previous boundary, and the striation previously observed was 

avoided. W hile this was mainly o f cosmetic value (e.g. by improving the visual output), it could 

to some degree be useful for deriving off-shore areas influenced by land-derived runoff

196



Th; basins o f BASIN-SEAI were clipped with LAND-MASK through G R I D C L I P  to produce a 

grid that only contained the basins in the land part o f the study area (BASIN-SEA2). From this 

new grid, the landward study area was derived by removing any basins that did not correspond 

to :he river systems o f the true study area (i.e. any basins east o f the New Savanna River basin, 

and north and north-west o f  the Island River and Pell River basins). This new grid, then, 

corresponded to the true land part o f the study area, and the output grid was hence named 

STUDY-LAND. This grid was converted to a polygon coverage and all internal polygons were 

dissolved, producing the coverage LAND-BOUND.

As no real effort was made to ensure the correct topography o f the depressions, the basins 

delneated for each depression were generally divided into several smaller basins guided by 

flow into spurious and true sinks. W hile this had no effect on the subsequent hydrological 

analysis, as the direct integration o f surface and groundwater flows was not attempted (Section 

5.6i, there was a need to group these both for visual display purposes, and for estimations o f 

land-use in each depression drainage basin. The individual depression catchments o f the BASIN- 

LANDl grid were therefore merged so that all basins draining into the same depression had the 

sarr.e ID-number (Appendix D), and the original individual depression catchments were then 

rep.aced by the merged ones. Two new grids were thus produced, BASIN-LAND2 and BASIN- 

SEA3 (Figure 5.17 - only BASIN-LAND2 shown). It must be noted that some o f  the depressions 

did not have individual basins associated with them, as the topography modelling did not 

conectly depict these as depression areas. W hile it was attempted to resolve this through 

vary ing the input specifications when creating the initial TIN, it was not possible to accurately 

model all depressions in this way. The CREATETIN specifications given in Section 5.5.1 were 

the ones that gave the best result.

Finally, a coverage (STUDY-BOUND) representing the true study area as specified by the 

watershed boundary on the landward side and the 350 ft isobath on the seaward side was 

produced, along with coverages o f  the seaward part (SEA-BOUND) o f the study area (Appendix 

D). Using the C L I P G R I D  procedure, these coverages were then used to clip the STUDY-DEMl 

grid into three individual grids (SEA-DEIM, LAND-DEM and STUDY-DEM) for use in later 

analysis. Finally, the stream-network, STREAMI and the two catchment grids, BASIN-LAND2 and 

BASIN-SEA3, were clipped with the LAND-BOUND coverage using the C L I P  and C L I P G R I D  

procedures, producing a stream network, STREAM, containing only the streams within the final 

study area, and two catchm ent coverages, basin-LA N D  and basin -S E A , containing only the 

catchments o f  the final study area.
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A list o f  the different grids and coverages produced as a result o f the manual topographic 

m odelling is given in Table 5.19, and the Arclnfo processes involved are summarised in Figures 

5.18 and 5.19.

Table 5.19 Grids and coverages resulting from the manual DEM production. This list contains only the 
final grids and coverages, and does not include any intermediate datasets.

N a m e C o v e r a g e / C o v e r a g e  F u n c t i o n / D e s c r i p t i o n

G r i d T y p e

SEA-DEM Grid DEM DEM o f the off-shore bathymetry
LAND-DEM Grid DEM DEM o f the land topography
STIIDV-DEM Grid DEM DEM o f the entire study-area (bathymetry and topography)
LAND-BOUND Coverage Poly/Arc Boundary outlining the land-part o f  the study area
SEA-BOUND Coverage Poly/Arc Boundary outlining the sea-part o f  the study area
STUDY-BOUND Coverage Poly/Arc Boundary outlining the entire study area (land and sea)
STREAM Coverage Line Derived stream network based on the DEM
BASIN-SEA Grid Derived drainage basins based on s t u d y - d e m  (i.e. not 

forcing the basin delineation to stop at the shoreline 
boundary) with corrected depression basins

BASIN-LAND Grid Derived drainage basins based on LAND-DEM (i.e. forcing 
the basin delineation to stop at the shoreline boundary) 
with corrected depression basins

5.5.5 A ccuracy  o f  the m o d elled  topo g rap h y  and  hvdro iogy
Figure 5.20 shows the final DEM o f the topography and bathym etry as given by STUDY-DEM. 

Figure 5.21 gives the model-derived stream network, and compares it with that derived from the 

1:12,500 map series (RIV125). It is clear from Figure 5.21 that the delineated streams' 

headwaters and mouths were closely related to those indicated by RIV125, and the pathways and 

confluence o f different streams generally corresponded to those o f  RIV125. W hile the 

delineation was not entirely accurate, it was a much better rendition than that obtained through 

the TOPOGRID procedure.

Two investigations were carried out in Arc View to assess the accuracy o f  the output DEM. 

Firstly, the amount o f flat areas (i.e. areas o f  zero slope) were estimated from the sea- and land- 

part o f  the DEM. This was carried out by running a SLOPE  calculation on SEA-DEM and LAND- 

DEM, and then deriving the areas o f zero slope. This investigation indicated that c. 7.7% o f the 

land-area was modelled as flat, while

c. 4.5% o f  the sea area had no slope 

(Table 5.20). A great proportion o f 

these flat areas could readily be 

attributed to the artificial raising or 

lowering o f the topography and

Table 5.20 Area (km ) and percentage o f  total area o f  SEA- 
DEM and LAND-DEM exhibiting zero slope.

LAND-DEM SEA-DEM

Total Area (km^)
Flat Area (km“)
Flat Area (% o f  Total Area)

229.557
17.600

7.7

62.314
2.819

4.5
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bathym etry carried out to avoid "incorrect" elevation values along the coast (Section 5.5.2) 

(Figure 5.22 (b)). This was particularly the case in Orange Bay and Green Island Harbour, as 

well as on Rutland Point. Moreover, much o f the land-areas exhibiting no slope are associated 

with the river network. From Figure 5.15, it is clear that a great number o f spurious sinks were 

produced along the river channels as a result o f  the artificial lowering o f their elevation. These 

sinks were filled as a result o f  the FILL operation described in Section 5.5.2, and resulted in 

flat terrain along the river channel. By comparison, prior to sink filling, the land-areas with no 

slope only covered some 2.3% o f the total land-area, and very little o f  this was associated with 

the river network (Figure 5.22 (a)). The initial 2.3% o f flat areas may be attributed to inherent 

limitations o f the CREATETIN and TINLATTICE procedures, as well as problem s with the 

input data.

The second investigation into the accuracy o f the model centred on the model-derived vis-d-vis 

the expected elevation values. A random sample o f  48 points taken from the SPOT500 dataset 

was used to validate the DEM. As each o f these points have a known elevation value, and are 

drawn from one o f the datasets used as input for the model, the modelled values at the same 

locations should be close to those o f the point samples. The DEM elevation values for each o f 

the 48 points were extracted, and the mean differences between the observed and expected 

values, and associated standard deviations, calculated. A series o f  such calculation were 

performed on subsets o f  the main sample in order to evaluate the influence oin accuracy 

associated with rugged terrain and o f artificial lowering o f  the river network. The cut-off 

between non-rugged and rugged terrain was taken to occur at 80 m a.s.l. This may not be the 

best cut-off level, as rugged terrain in some places occurs at c. 20 m a.s.l., and in most places at 

elevations between 50 and 60 m a.s.l. However, this threshold was chosen as it also represents a 

threshold o f elevation data resolution on the 1:50,000 map series, where elevation contours are 

given at 20 m intervals up to 80 m, and then at 40 m intervals. The 20 m distance used as a 

threshold for river network influence on the m odelling could be seen as arbitrary, but was 

considered to be the absolute minimum value based on the investigation described in Section 

5.5.3. The current investigation was only carried out on the land-part o f  the study area as the 

bathymetry dataset used in the model was o f poor resolution. The same procedure was also 

carried out on the original DEM produced by Eirum (1998) to assess if  any improvement had 

been made in respect to overall accuracy.

The results o f  the investigation are given in Table 5.21. As can be seen, the mean for all 

sampled points was -5.524 m with a standard deviation o f ±11.205 m. As expected, this was 

reduced slightly when disregarding the spotheight locations located close to river channels. 

Perhaps more interesting were the results produced when the calculations were performed
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separately on the "rugged" and "non-rugged" terrain, giving a mean o f -9.565 m ±13.319 m and 

-2.770 m ±9.395 m respectively. This is consistent with observations made by other researchers 

(Section 2.5.4 (b)) that the modelling algorithms become less reliable when the terrain changes 

abruptly, and generally exhibits high variability rather than smoothness. Some o f the inaccuracy 

observed may also have been due to the lowering in input data resolution at these elevations, 

and not solely to the ruggedness o f the terrain.

Table 5.21 Mean difference of elevation (m) between the model-derived elevation and 48 spotheight 
control locations.

N o .  OF 
P o i n t s

D i f f e r e n c e  ( m )
T h i s  St u d y E i r u m  (1998) S t u d y

M ea n St . D e v . M e a n St . D e v .

All points 48 -5.524 11.205 -6.031 10.897
All points more than 20 ni from  river 43 -4.824 11.027 -5.648 10.734
Points below 80 m elevation 33 -2.808 9.064 -2.933 9.354
Points below 80 m elevation and more 
than 20 m from river

30 -2.770 9.395 -2.698 9.006

Points above 80 m elevation 15 -11.500 13.346 -12.617 14.824
Points above 80 m elevation and more 
than 20 m from river

13 -9.565 13.319 -10.655 13.739

The calculated mean differences were lower than those obtained from the 1998 DEM in all but 

one case. This was also reflected in the calculated standard deviations, although the pattern was 

not as clear-cut, with the overall standard deviations being lower both when including and 

excluding the sampling points close to the rivers. Nevertheless, there seems to be some 

improvement in the overall accuracy o f elevation rendition in the new DEM compared to the 

initial DEM. A Student's t-test calculated on the sample means, moreover, indicated that the 

mean elevation values were significantly different at the 95% level (teak = 2.940, p = 0.032).

5.5.6 Evaluation o f  Output
As outlined at the beginning o f  this section, the main problems to be addressed in this modelling 

effort were the possibility o f inaccuracies o f the topography delineation as a result of:

(a) inherent errors and inaccuracies associated with the input data

(b) the scale and abundance o f data available

(c) inherent errors and inaccuracies associated with the interpolation methods 

used (TIN and quintic TfN-to-grid conversion)

Although the current model incorporated more data, and data taken from higher-scale sources, 

the model are still not perfect. However, improvements have been made vis-a-vis the original 

model. For instance, the land-area o f the initial DEM modelled as having zero slope were
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approximately 23 km^, 6 km^ more than in the current model. This may be attributed largely to 

the indiscriminate filling of sinks in the initial model, but also to an overall reduction in flat 

areas outside the depression areas. Additionally, the elevation rendition accuracy was somewhat 

improved from the initial to the current model.

A cautious measurement of the accuracy o f the DEM can be derived; overall, the model appears 

to underestimate the elevation, and the error variation of the model is approximately -2.770 ± 

9.395 m in the lowlands, and -9.565 ±13.319 m in the uplands and rugged parts of the study 

area. It should be noted that, while this should be sufficient for the subsequent analyses carried 

out in this study, given that these rely on a good model o f the hydrological features of the study 

area rather than the topography per se, it may not be of sufficient accuracy for other types of 

study.

As precautions were taken to minimise any exacerbation of the inherent errors o f the data in the 

Jamaica 1:50,000 series maps when traced and subsequently digitised, and well-established 

modelling algorithms were used, it must be expected that much of the error still remaining in the 

model is associated with inherent inaccuracies in the data and generalisations in the algorithms 

used. The inherent errors of the map data and of the transferral procedures are discussed in some 

detail in Chrisman (1991), Weibel and Dutton (1999) and Dowman (1999), and the reader is 

referred to these texts. It should be stressed that such errors and inaccuracies cannot easily be 

ovexome, and can merely be noted and taken into account when assessing the results of 

subsequent analyses carried out on the model.

The other two points mentioned at the start o f the section, namely the indiscriminate filling of 

natural depressions in the landscape and the striated nature o f the basins delineated along the 

coast were resolved with more success. As described in Section 5.5.2, depressions were 

preserved through a differential sink filling process. This process did not produce an entirely 

satisfactory result, however, with some depression basins being merged with the main basins or 

adjacent depression basins. This seemed to be mainly a problem of the inability of the 

mocelling algorithm to recognise smaller depressions as topographic features to be included in 

the end-model. This, in turn, would be a problem of the scale o f the input data and the resolution 

of tie output data. It may be that the 10x10 m resolution aimed for in the output DEM is too 

fine m relation to the scale o f the inputted data, or simply that, yet again, the quantity of data 

neecs to be increased.

The striation-problem associated with basin-delineation along the shoreline were reduced 

somewhat, but it was found that it cannot be avoided without delineating the surface water
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drainage-basins from a DEM including the associated off-shore bathymetry. W hile this was 

done in this study, delineating basins based on both topography and bathym etry adds the 

problem  o f  basin-merging in the off-shore areas. For instance, it was observed that some basins, 

while not connected on land, would connect somewhere off-shore, and hence become one single 

basin. W hile this was part o f the reasoning behind using the bathymetry as an additional data 

source when delineating the basins, the merging o f com pletely unrelated, non-adjacent basins 

had not been anticipated. However, the basins delineated in this part o f  the study are meant 

m ainly for visualisation and assessment purposes, and are not to be used directly in subsequent 

analyses. The off-shore merging o f  non-adjacent basins is consequently not a problem  for the 

current study, and serves mainly as a technical note on the nature o f  the computer-assisted basin 

delineation.

5 .6  E s t a b l i s h i n g  M o d e l s  o f  G r o u n d w a t e r  F l o w

As with the surface water flow, 2-D and 2.5D models groundwater flow are needed for analyses 

to be carried out in later stages o f this study, especially with regards to establishing catchment 

areas for the various water quality sampling sites. A model o f the groundwater flow, therefore, 

is an important part o f  the digital geographic database o f  the study area.

As outlined in Section 3.3, Fernandez et al. (1997) reported that there is a clear division o f 

groundwater flow into saturated and unsaturated flow in the Negril and Green Island area. The 

saturated flow is thought to be guided mainly by porous type flow and its sub-basins are thought 

to generally coincide with the surface water sub-basins. In particular, they noted that the surface 

and groundwater divides coincide in the Negril Hills area and the M oreland Hill-Jerusalem 

M ountains area (the Negril-From  sub-basins water divide). Groundwater sub-basin boundaries 

not coinciding with the boundaries o f the surface water sub-basins were noted as coinciding 

with clear geological boundaries (e.g. faultlines and bedrock boundaries).

The unsaturated flow is largely characterised by conduit type flow and therefore determined by 

the bedrock geology. M uch o f the unsaturated flow, is thought to resurface through springs and 

seepage, and never enters the saturated part o f  the groundwater system. This theory seems to be 

strengthened by investigations into the difference in correlation between land-use and surface 

water quality carried out by Eirum (1998). She produced two sets o f  surface water basins, the 

first delineated from a fully filled DEM disregarding any true depressions, and the other 

delineated from a DEM retaining any sinks deeper than 8 m. The 8 m threshold was chosen as 

this eliminated most sinks, but at the same time retained sinks in areas where the topographical 

data indicated clear depressions. Her study indicated that the greatest correlations between land- 

use and surface water quality were obtained when using the fully filled DEM as opposed to the
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partially filled one. This could indicate that the underground conduit flow closely matches that 

o f  the porosity and surface flow (at least from an inflow-outflow point o f  view).

Based on these observations, it seems that there was a need to model the two types o f 

groundwater systems separately. Saturated flow paths should be m odelled from the watertable 

levels alone, and this part o f the system should be treated as an isolated unit. The unsaturated 

flow paths, on the other hand, seemed to be closely linked to the surface water system and, in 

fact, could to a large degree be considered an integral part o f  that system. Consequently, making 

the unsaturated groundwater flow merge with the surface water flow would be a valid, if  fairly 

broad, modelling assumption, with a m ajor proportion o f the water entering the unsaturated 

system exiting the groundwater system at known spring and seepage locations without ever 

entering the saturated part o f the system.

5.6.1 M ethods

From Tables 5.1 and 5.2, it is apparent that the base geographic database contained the 

following information pertaining to the groundwater o f the Negril and Green Island watersheds:

(1) Bedrock geology, including dip o f individual blocks

(2) Faultlines, although no indication o f internal flow/dip direction is given

(3) Approximate watertables for rain and dry seasons

(4) Soil data including internal drainage ratings

(5) Location o f depressions

In addition, the report prepared by Fernandez et al (1997) gave indications as to:

(1) Approximate hydraulic conductivity for some individual blocks

(2) Approximate specific y ie ld  for some individual blocks

(3) Aquifer properties (e.g. Alluvial Aquifer, Limestone Aquifer, Basal 

Aquiclude) o f  individual blocks

(4) Approximate spring location, indicating resurfacing o f groundwater^*

The majority o f this information was derived from rough (e.g. small-scale, no scale, no grid) 

maps, and the data were mainly aggregated data, estimates or m odelling results. Nevertheless, 

from the discussion given in Section 2.4.2, some general and very broad assumptions could be 

made relating to groundwater flow based on these existing data:

(1) Infiltration: From the hydraulic conductivity and specific yield information, it 

appears that the non-limestone formations (Red Beds and Hanover Shale

This lataset is not exhaustive, and does only include the largest and/or best known springs.
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Formations) as well as the Yellow Limestone Group are impermeable, and are 

therefore not important for internal groundwater drainage. This is further 

reflected in their classification as Basal Aquicludes. The other formations 

have high hydraulic conductivity (>160 m.d '), with only the Gibraltar-Bonny 

Gate Limestone formations and part o f the river alluvium found in the New 

Savanna River catchment showing intermediate hydraulic conductivity (<100 

m.d ') (Fernandez et a i ,  1991). The highest values are found for Newport 

Limestone formation (350 m.d ') (idem). Infiltration into groundwater will 

therefore be important in most limestones and alluviums.

(2) Porous flo w  paths (saturated zone): There is a clear watertable present in the 

Negril sub-basin. It is not greatly affected by seasonal rainfall, with dry season 

(M arch) contours differing only slightly from the wet season (September) 

contours. W ith such a clear watertable, it must be assumed that in the 

saturated zone, at least some o f the groundwater flow follows Darcian 

principles. An approximate flow direction in the saturated zone can therefore 

be determined from the slope o f the watertable contours, i.e. flowing 

orthogonal to the contour lines.

(3) Conduit f lo w  paths (bedding layer boundaries): As the limestones present are 

sedimentary rocks formed in marine environments, there should be clear 

bedding and layering within the rocks. It may be assumed that the flow o f 

water will follow the bedding layer boundaries, as these are likely to present 

areas o f  greater porosity and permeability {cf. Section 2.4.2 (b)). Due to the 

preferred flow along these layer boundaries, preferential erosion would 

probably take place along these, giving rise to solution channels parallel to the 

layer boundaries. The dip o f the rocks indicates the dip o f these layers, and 

could thus be used to estimate preferred flow paths through the rocks. This 

very general assumption might not be valid if  high degrees o f compaction 

and/or significant deformations o f the rock have taken place.

(4) Conduit f lo w  paths (faultlines): Faultlines may also be taken as natural zones 

o f preferential flow as they represent naturally widened gaps in the bedrock 

{cf. Section 2.4.2 (b)). I f  the dip o f  a faultline is known, this can be used for 

determining the direction o f flow (with water flowing downhill as determined 

by the dip direction). It can be assumed that the water entering a faultline will 

follow this feature to a discharge area (e.g. spring, seepage area) or the end o f 

the faultline, where the water may either (a) infiltrate into the bedrock in 

which the fault is found (if  the bedrock is permeable), (b) enter the adjoining 

rock (if  the bedrock is permeable), or (c) follow the bedrock interface ( if  the
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bedrock is impermeable). It must be noted that very little information is 

available on the dip direction o f  the faultlines o f  the study area. W hile some 

dip directions can be inferred (e.g. faultlines reaching into the sea are likely to 

dip towards the sea as no reports o f serious saltwater intrusion has been 

made), most will have to be surveyed for the information to be available. 

Faultlines may also represent areas o f preferred inflow into underlying 

aquifers, as they are relatively wide openings compared to pore spaces in the 

bedrock.

(5) Depressions'. Depressions are natural recharge areas for groundwater. As 

depressions often are the result o f conduit flow processes (e.g. sinkholes), it is 

also likely that the water entering the groundwater system through a 

depression will enter the conduit flow system rather than the porous flow 

system.

(6) Soil drainage-. The drainage properties o f soil layers largely determine the 

amount o f water reaching the underlying bedrock. Soil types with low 

drainage capacity may not encourage the infiltration o f water down to the 

bedrock, and the formation o f solution channels from the bedrock surface 

down into the rock may be limited. This assumption may not be valid if  a 

faultline is present.

There is thus some ground for explaining the general groundwater flow through the system. 

W hile the Darcian flow pattern regime can be based solely on the watertable contour lines and 

knowledge o f the permeability o f  the bedrock blocks, the delineation o f flow paths for conduit 

flow is less intuitive.

5.6.1 (a) Porous flow
W atertable levels for the Negril and Green Island area have been estim ated on several 

occasions. The most recent m odelling effort was carried out using well data from 1995 and the 

MODFLOW groundwater model (Fernandez et al., 1997). This assumed that the groundwater 

flow is essentially Darcian, or can be described a by some modification to the Darcian equation. 

This modelling was done for two separate situafions, one using wet season (September) and one 

using dry season (M arch) data. The two different models did not produce greatly different 

results, indicating that the base groundwater flow is relatively constant, and the assumption that 

base groundwater levels are governed by Darcian flow is likely to be correct. Fernandez and his 

co-workers noted that most rainfall events produce increases in the spring hydrographs, 

therefore indicating that karst flow through the system must be dominant with only a small 

proportion o f groundwater entering the porous baseflow {idem).
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The results from the M ODFLOW  modelling were only available as contour data given at 2- 

metre intervals. Porous flow paths based on these data could be delineated in the GIS using any 

one o f the interpolation techniques discussed in Chapter 2. As the watertable in general can be 

com pared to a topographic surface, the best-suited technique was considered to be TIN, as this 

is by far the preferred topographic interpolation technique in GIS^^. M oreover, as the wet and 

dry season watertables did not differ greatly (Figure 5.23), it was decided to produce two 

watertable DEMs, and derive the average o f these to arrive at a watertable DEM that would be 

representative for most o f the year. The m odelling o f porous flow generally followed the 

methodology outlined for the DEM and hydrological modelling in Section 5.5, with the TIN 

setting specifications outlined in Table 5.22. A general flowchart o f  the GIS procedures

mvolved is given in Figure 5.24.An  ̂ 22 TIN settings used for modelling the
in itial run u sing the w atertable contours watertable level for March 1995. The specifications

used for September were the same, but with W T-
and the SHORELINE and LAND-BOUND m a r c h  and m a r c h - b r e a k  replaced by vvt-s e p t

J , 1 / a n d  SEPT-BREAK.coverages produced negative values (i.e.

watertable level below sea level) in

theGreat M orass area. As this area is

dominated by waterlogged swamp, the

assumption must be that the watertable here is unlikely to be much lower than the surface

elevation, and certainly not below sea level. It was consequently decided to use the 2-metre

watertable contour as a HardLine feature in the CREATETIN delineation to avoid negative

elevation levels o f  the interpreted watertable level o f the Great M orass area. The shoreline was

assumed to represent the 0-metre contour. The extent o f  the m odelling was limited to the land

area derived in Section 5.5.4, b y inputting LAND-BOUND as a SoftClip feature.

The TINs were converted into 10x10 m grids, and sinks were subsequently filled as described in 

Section 5.5.2. To obtain one single estimate for the average annual watertable, the mean o f  the 

two grids were calculated using the MEAN procedure. Again, sinks in the resulting two grid were

Although not carried out in this study, it must be noted that Krieging might also be a well-suited 
method for deriving a watertable surface, and could easily be carried out if  converting the contours 
into a point coverage. This could either be done directly using an ARCPOINT conversion, taking start 
and end points o f each vertex o f  the contours as the input data points, or indirectly through a two-step 
process involving conversion o f  the arcs into a grid coverage through LINEGRID, and then a 
conversion from grid to points through GRIDPOINT.

C o v e r a g e T I N  S e t t i n g E l e v a t i o n

W T - M a r c h Mass Height
S h o r e l i n e HardLine 0
M a r c h - B r e a k HardLine NODATA
L a n d - B o u n d SoftClip NODATA
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filled. This produced the grid WT-MEAN. From this grid, flow paths and basins were derived 

through FLOW DIRECTION and B A SIN  procedures.

Potential seepage areas were located by subtraction w t -MEAN from l a n d - d e m  through a 

SUBTRACT procedure, and then identifying any cells with a negative value. These cells thus 

corresponded to areas where the modelled watertable level exceeded that o f  the modelled 

topography.

5.6.1 (b )C o n d u it flow
Highly simplified conduit flow paths were estim ated based on the assum ptions outlined in 

Section 5.6.1, and prim arily the ones stating that (a) preferential conduit development occurs 

along bedding and layering planes and therefore parallel to the bedrock dip, and (b) faultlines 

are in themselves natural conduits. The general conduit flow then, was assumed to follow the 

dip and the faultlines. Using GIS to estimate the conduit flow path required a series o f steps 

(Figure 5.25):

(1) The dip was provided as a series o f  points with individual dip direction and dip 

angle attributed to each point. The bedrock dip was interpolated across the study 

area using a standard IDW interpolation process^* producing the grid BEDROCK- 

Dip. As the bedrock geology boundaries and faultlines represented a series o f 

barriers to the continuity o f the dip direction, these were used as barriers, to the 

dip direction interpolation. In this way, the individual characteristics o f each 

bedrock type and block were preserved in the interpolation procedure. Due to 

the excessive computational requirem ents o f  interpolating using barriers, the 

grid resolution was set to 100x100 m, and not 10x10 m as used in the other grid 

interpolations. To allow easy interchange o f data between layers, the 

interpolated grid was subsequently resam pled to a 10x10 m grid using the 

RESAMPLE procedure with the NEAREST option. This resam ples the grid by 

assigning the values o f  the nearest original cell to the new cells, and does not 

alter the original cell values.

(2) The BEDROCK-DIP w as reclassified  into a flow  d irection  grid using  the 

reclassification  specifications given in T ab le  5.23 to p roduce the grid DIP- 

FLOW. T his ou tput is equivalent to one a flow  grid ob tained  through the 

FLOW DIRECTION procedure.

Any o f the interpolation techniques discussed in Chapter 3.6.2 could be used for this step. Which 
method is best suited for any dataset will depend on the distribution o f  points, and preferences o f  the 
operator.
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T ab le  5.23 R eclassifica tion  table  for rec lassify ing  d ip  d irection  into flow  d irection

D i p  d i r e c t i o n  ( d e g r e e s ) Fl .O W  DIRECTION B e a r i n g

27.500 - 67.499 128 N E
67.500 - 112.499 1 E

112.500 - 157.499 2 S E
157.500 - 202.499 4 S
202.500 - 247.499 8 sw
247.500 - 292.499 16 w
292.500 -337 .499 32 NW
337.500 - 27.499 64 N

(3) As the karst conduit flow was mainly a concern in the limestone bedrock, a 

mask (LlME-MASK) was produced to remove any non-limestone areas from the 

grid through a m ultiplication procedure (DIP-KARST =  DIP-ALL M U L T IP L Y  1).

(4) From the reclassified grid, basins and flow paths were then determined 

employmg the B A S IN  and FL O W D IR E C T IO N  procedures.

N o attempts were made at introducing the flow directions specified by the faultlines, as no real 

data relating to this were available. Similarly, although general location o f some springs and 

seepage areas were known, no attempt was made to break the flow paths at these locations. This 

w as due to the overall uncertainty o f the exact location o f these features caused by rough 

plotting on small-scale maps. However, if  such information had been available, these would 

have to be included in the flow path modelling. Suggested procedures for their inclusion are 

outlined in Appendix D.

The derived conduit flow paths were attempted integrated into the surface water flow system. 

As the saturated groundwater is known to reach some 20 m a.s.l. in places, it was decided to 

assume all conduit flow below 20 m would enter the saturated flow system. W hile this threshold 

is arbitrary and does not take into account variabilities in watertable levels across the watershed, 

it does ensure that the two systems are kept separate wherever possible. The assumption is made 

that all water entering the unsaturated system will re-enter the surface water system without ever 

entering the saturated system. This assumption is not valid in areas where the conduits lead 

directly down to the watertable level.

All areas modelled as 20 m a.s.l. or above were extracted from LAND-d e m  using a S E L E C T  

procedure. The output from this procedure is a Boolean grid containing true values (1) and false 

values (NODATA). By m ultiplying this grid with DIP-FLOW, only the conduit flow areas above 

20 m were preserved. This new grid was then inserted into the STUDY-DEM grid using 

G R ID IN S E R T  with the UPDATE option, producing a grid, COND-SURF, indicating the flow 

paths o f water entering the unsaturated groundwater system and re-entering the surface water
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system. Basins were then delineated to assess the overall influence o f  conduit flow on the 

surface flow system.

5.6 .2  E valua tion  o f  O u tpu t
The mean watertable and associated basins are given in Figure 5.26, while the derived porous 

flow seepage areas are indicated in Figure 5.27. The conduit flow paths are given in Figure 

5.28, and the merged conduit flow and surface flow basins are given in Figure 5.29.

The watertable interpolation was not completed across the entire study area (see areas o f 

NODATA value to the NE and SE in Figure 5.27) as no watertable information existed for some 

areas, and the interpolation procedure autom atically ceded beyond a certain distance from the 

known data points. However, it is clear that the derived porous flow groundwater basins were 

largely striated, with only a small number o f large distinct basins present (Figure 5.26 (b)). This 

was largely a result o f  the modelling procedures, both from the TIN specifications used and the 

abrupt halt o f  the basin delineation. The derived seepage areas also seemed to be mainly 

modelling-induced, especially along the river network (Figure 5.27). Here, the artificial 

lowering o f the river elevation (necessary when burning the river network into the DEM) caused 

these areas to have lower elevations than the modelled watertable, and hence caused a bias in 

the seepage areas towards areas located near the rivers and streams.

Striation was also evident in the conduit flow modelling (Figure 5.26) although, here, the 

striation was limited to individual bedrock blocks. The conduit flow was largely unidirectional 

and only interrupted along faultlines and bedrock block boundaries. Looking more closely at the 

conduit flow, however, it seems that, in the Negril Hill area, the dip is predominantly in a 

western direction, with south-west and north-west dips apparent on the southern and northern 

slopes, respectively (Figure 5.26). In the Fish River H ill-Jerusalem M ountain complex, while 

the dip seems to change several times, there is a dominance towards the western and south

western direction. Furthermore, interpolated directions indicating dip in northern, north-eastern 

and eastern directions seem to confluence with southern, south-western and western dip 

directions. Thus, ultimately, it may be assumed that any conduit flow in these directions will be 

redirected towards the dominant dip direction (Figure 5.30).

From the results o f the m terpolations o f both the saturated and unsaturated systems, there 

appears to be discrepancies in the delineated groundwater basins versus those indicated by 

Ferr.andez et al. (1997). This is in particular true for the assumption made that the Negril-Frome 

groundwater divide follows that o f  the surface water divide. In the Jerusalem  M ountains area, 

for instance, the saturated flow divide appears to be situated well inside the New Savanna River
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surface water catchment. However, since no data were available for the Frome groundwater 

catchment, the interpolation may be erroneous in this area. The dip direction, moreover, indicate 

flow towards the west and north-west for most o f  this complex, thus little or none o f  the 

unsaturated flow would drain into the New Savanna River catchment. However, this result is 

disputed by the presence o f two springs in the upper reaches o f this catchment. These are both 

situated on the western side o f the river, and are as such unlikely to be fed through groundwater 

flow from the eastern side o f  its catchment. It might be that the bedrocks o f the Jerusalem 

M ountains complex show well-developed jo in t conduits, and thus flow will be orthogonal to the 

dip. On the western side o f the mountains, however, a series o f known springs and blueholes 

occur, again most likely fed through unsaturated groundwater flow from the mountain complex. 

Here, then, the conduit development may be dominantly in the dip direction.

These observations stress the complexity o f the karst system, and the difficulties associated with 

predicting and modelling this system without highly detailed data. Nevertheless, in large parts 

o f the study area there does seem to be some agreement between the model derived and 

predicted flow paths for the unsaturated system, with the following main points apparent:

-  The conduit water flow in Negril Hills largely follow that o f  the surface water 

divide, with a clear east-west trending water divide, and groundwater flowing 

southwards and northwards from this divide.

-  Water reaching the ground o f the Fish River Hills is mainly discharged into 

the surface water system, and resurfaces mainly along the western, southern 

and northern sides o f  the hills, with little water being discharged into Cave 

River Valley.

-  W ater from Jerusalem  M ountains preferentially flows towards Cave River 

Valley, being discharged into the surface water system on the western side o f 

the mountains.

For the main parts o f  the study area, therefore, the groundwater flow model seems to give a fair 

indication o f the general flow across the system, although, again, this should only be used for 

guidance.

5 .7  C o n c l u s io n

This chapter has dealt with the collation and integration o f the various geographic datasets 

available to this study, as well as the modelling o f the basic watershed hydrology and 

hydrogeology. The establishm ent o f the database involved three separate stages: the integration 

o f  existing data (Section 5.2), the collection, establishment and integration o f  new data 

(Sections 5.3 and 5.4), and the modelling o f watershed processes (Sections 5.5 and 5.6). The
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modelled datasets, whilst one step removed from the true basedata, will serve as basedata for 

subsequent analysis (e.g. water quality-watershed characteristics relationships and 

environmental index calculation), and, as such, was defined as part o f  the database creation 

process. The complexity o f  the processes, the understanding o f GIS and related concepts 

needed, and the time spent carrying out each stage, varied. The first stage was the simplest and 

m ost straightforward, while the third stage was the most complex and demanding, both with 

respect to the time involved and the amount o f  knowledge and understanding needed to 

complete the process. Consequently, establishing a simple GIS database from existing data, 

while time-consuming, requires only a low level o f  GIS training (although a solid understanding 

o f  the underlying data quality issues is needed in order to evaluate and select the data to be 

included). If the database establishm ent relies heavily on data that need to be actively collected 

in the field, a w ider knowledge-base is needed, including fields outside o f GIS (e.g. RS, 

cartography, surveying, field sampling). The modelling also requires a basic understanding of, 

in this case, geomorphology, hydrology and hydrogeology.

The datasets in the GIS database varied greatly in their accuracy, and therefore in their 

reliability and, ultimately, their usability. As was discussed in Section 5.2.3, as well as in 

Section 2.5.7, the original data were not free o f  error, and any error will have been propagated 

throughout the manipulation carried out in order to digitise and integrate the different datasets. 

New inaccuracies and errors are also likely to have been introduced in the integration process. 

W hile no attempt was made at quantifying these, a qualitative ranking o f the various datasets 

have been included (Figure 5.31), and a detailed outline o f  the datasets, their sources, the 

manipulation processes these were subjected to, and possible problem s associated with them, 

are given in Appendix H. Together, Figure 5.31 and Appendix H form the m etadata associated 

with the Negril and Green Island area geo-referenced database ( c /  Section 2.5.7 (d)). The 

ranking in Figure 5.31 is based on the author's own knowledge o f the data and data sources, and 

assessment o f the m anipulation procedures carried out in order to establish the digital forms o f 

the datasets. It takes into account the variability between datasets caused by factors such as 

scale, currency, and method o f  display. O f the already existing datasets made available to this 

study, topographic data derived from the Jam aica 1:50,000 and 1:12,500 map series were 

considered to be o f  the highest accuracy and reliability. Consequently, the DEM derived on the 

basis o f  these data can also be regarded as more reliable than products derived from the 

groundwater and bathymetry data. As the differentiation and ranking o f  the datasets based on 

their accuracy and reliability allows rapid assessment o f the relative reliability o f the datasets 

and o f the analyses that may be carried out. Figure 5.31 and Appendix H will be important 

evaluation and reference sources when analysing the data and when using the data to draw 

conclusions and derive management decisions.
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6. M e th o d s  & R e s u lt s  II
- A n A p p l ic a t io n  o f  G IS  M e t h o d o l o g ie s  t o  t h e  

I n v e s t ig a t io n  o f  W a t e r  Q u a l it y  in  t h e  N e g r il  &
G r e e n  I s l a n d  A r e a  -

6.1 I n t r o d u c t i o n

The methodology used to investigate the water quality of a study area will depend on the 

scientific disciplines of the individual researcher. For example, an environmental management 

approach to water quality analysis is often limited to visualisation through chart or graph 

visualisations, with more in-depth investigations based on statistical analysis. The geographic 

approach would perhaps be more visually based, with a greater emphasis on spatial patterns and 

display. GIS offers both disciplines a range of analytical techniques. These range from map 

display to spatial overlay to spatial interpolation to automated data extraction.

This chapter apply a variety o f GIS methodologies to the analysis o f the water quality of the 

study area and its relationship to watershed characteristics. The methodologies applied are:

(1) Spatial visualisation

(2) Spatial interpolation

(3) Geometric overlay analysis

(4) Customised data extraction based on spatial parameter integration and 

modelling

Each type of GIS methodology will be assessed with respect to its ability to provide insight into:

(1) Intra-parameter spatial and/or temporal relationships

(2) Inter-parameter relationships

(3) Parameter versus watershed characteristics relationships
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The format o f  these investigations will consist o f  a presentation o f  a typical GIS output, 

interpretation o f  the output with respect to apparent or inferable relationships, and a discussion 

on the strengths or weaknesses o f  this type of output vis-a-vis the typical non-GIS equivalent 

(e.g. chart or graph). Where necessary, the GIS methodology used is outlined and discussed, and 

the functionality and operability of each technique is discussed and evaluated at the end of each 

main section.

A full investigation into the water quality o f  the study area would necessitate in-depth analysis 

o f  all the water quality parameters and their relationship to the various watershed characteristics. 

However, as the purpose o f  this chapter is one of investigating GIS methodologies for 

establishing these relationships rather than to exhaustively investigate the water quality data, the 

investigation will focus on two o f  the parameters; phosphorus (PO4) and faecal coliforms (FC), 

using the compound datasets Average Phosphorus and Average Faecal Coliforms established in 

Chapter 5. The PO4 dataset was selected because of its relatively high number o f  site locations, 

giving what was considered a sufficiently robust dataset for the analyses to be carried out. In 

addition, this dataset contains a monthly sampling series spanning from May 1995 to July 

\996^'\ giving an excellent opportunity to investigate monthly variation. The faecal coliform 

dataset offers fewer sampling sites, but is expected to be greatly affected by available toilet 

facilities and population densities o f  surrounding areas. This dataset, therefore, offers an 

opportunity to look into investigative techniques related to point-sources rather than diffuse 

sources as would be expected to affect the PO4 values. It must be noted that the methodologies 

applied here can just as easily be applied to any o f  the other water quality parameter datasets. In 

the sections dealing with spatial interpolation and customised data extraction (Sections 6.3 and 

6.5), a wider range of parameters will be analysed to provide data and information for the index 

generation in Chapter 7.

6.2 T e c h n i q u e s  f o r  V i s u a l  A p p r a i s a l  o f  W a t e r  Q u a l i t y  

6.2.1 Types o f Spatial Visualisation
Spatial visualisation is a very rapid and simple, but also highly effective, way o f  obtaining a 

first in^pression of the distribution of a parameter's values. Several types o f  spatial visualisation 

are possible, ranging from simple site location visualisation to temporal variability 

visualisations to parameter value versus study area characteristics visualisations. The types of 

visualisation that will be applied to the visual analysis o f  water quality are:

(1) Single parameter spatial variation symbol map

(2) Single parameter spatio-temporal variation bar chart map

Nott that no data were available for February 1996.
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(3) Single parameter versus single watershed characteristics comparison combined  

symbol and choropleth map

6.2 .1  (a) V isu a lis in g  relative spatial d istribution

For an environmental manager, the basic visualisation o f  spatial variation o f  water quality is 

often through charts or graphs. In spatially-based analysis, this is carried out using simple maps. 

W hile this approach may seem  relatively basic and mundane to a geographer, this is a 

visualisation technique that is only rarely used in environmental analysis. Figure 6.1 gives an 

exam ple o f  a simple spatial visualisation o f  the information held in the Average PO4 dataset 

(site IDs have been omitted to avoid cluttering the map). This type o f  visualisation is helpful in 

determining sites o f  high or low  concentration, and is in Figure 6.1 achieved through varying 

the size o f  dots representing the location o f  a sampling station. Just by looking at the size o f  the 

dots, it is possible to assess the magnitude o f  the concentration. Moreover, as the dots are 

represented on a map o f  the study area, it is easy to assess the measured concentration in 

relation to that o f  nearby stations.

The concentrations can also be visually assessed against other criteria. In this particular 

example, the possible accumulative effects with distance downstream for the riverine samples, 

or variation in concentrations with distance from land for the coastal sites, could be visually  

identified and assessed. For instance, it is apparent that large stretches o f  the near-shore coastal 

waters had PO4 concentrations o f  w ell above the coastal eutrophication threshold for coral reefs 

o f  0.003 mg.r' reported by Lapointe (1994) {cf. Section 3.5.1). In addition, assessing the 

measured concentrations in relation to nearby stations and in relation to certain physical 

characteristics becom es possible without needing an additional figure or lengthy descriptions. 

For instance, in the coastal waters, the observed PO4 concentrations were generally higher near 

river outlets (e.g. Pell River, South Negril River), and seem ed to som e extent to decrease with 

distance away from the shore (e.g. Long Bay). Specific hotspots could also be identified, such 

as the South Negril River site downstream o f  Sheffield, and the shoreline cave site in Little Bay. 

There were also clear indications that the North Negril River system  (including East Canal, Fish 

River and Orange River) showed overall lower PO4 concentrations than, for instance, South 

Negril River and Pell River.

6.2.1 (b) V isu a lis in g  relative spatio-tem poral d istribution

Representing both spatial and  temporal relationships using charts or graphs is more difficult. 

Representing the information on a single graph often results in cluttering and virtual 

incomprehensible figures. The solution com m only used by environmental managers is to draw
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each tim e series or each sampling event as a separate graph or chart, thus rem oving either the 

spatial or the temporal aspect. The interpretation o f  the spatio-temporal relationships will 

consequently involve extensive mental and visual cross-referencing o f  the different graphs.

Figure 6.2 visualises the spatial distribution o f  sites through bar charts, each giving a temporal 

impression o f  the relative PO4 values over the ten-month period from May 1995 to July 1996. In 

this w ay, it was possible to compare both specific and relative spatial and temporal variation in 

concentration based on the one single visualisation. This type o f  visualisation allow s rapid 

assessm ent o f  spatio-temporal intra-parameter relationships.

The m ost striking result from this visualisation were the two very high PO4 concentrations 

observed for March 1996 at the two sites in the North Negril River™. N o similar increases in 

concentrations were observed at the other sites for this month, and it is therefore likely that the 

observed concentrations resulted from som e localised event, possibly a dumping or spillage o f  

som e kind, or a localised intense rainfall event.

In addition, with general knowledge o f  the physical characteristics o f  the area, sim ple 

indications o f  the spatio-temporal relationships between the measured PO4 concentration and 

som e o f  the watershed characteristics can be derived. For instance, for the Long Bay sites, the 

PO4 concentrations seemed to be relatively stable throughout the year, with high concentrations 

occurring only in October and Novem ber 1995. This corresponded with the second annual wet 

season, as well as with the hurricane season. A s similar increases in concentrations were not 

observed at the riverine sites, nor to the same degree in the more sheltered B loody Bay, it may 

be that the high values observed in Long Bay were due to rough seas churning up phosphorus 

stored on the sea bottom {cf. Section 2.3.1 (a)). Fiigh rainfall is also known to cause intensified 

seepage from the Great Morass through the adjacent beach sands and into Long Bay, with 

overflow ing septic tanks providing possible point-sources o f  nutrients and coliform s {cf. 

Sections 3.4 and 3.5.4).

Another example relates to the Bloody Bay, Little Bloody Bay and Rutland Point sites 

indicating increases in PO4 concentrations in January and March 1996 relative to the other 

recorded months. As these months represent high season for the Negril area tourist season, and 

some o f  the largest hotels were situated in and around Bloody Bay, the increases observed 

might have been caused by higher activity in the area, both causing greater flushes o f  discharges

Note that the actual locations o f  these sites are where the blue bars representing March 1996 cross the
North N egril River. The displacem ent o f  the rest o f  the bar chart is a result o f  the software's attempt to
centre the w hole chart on the site location.
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from the hotel sewage systems, and increased turbidity in the bay from increased sea sports (e.g. 

boating, jet skiing, snorkelling).

It also seemed that the riverine sites were more sensitive to catchment-based changes, with 

observed concentrations varying greatly from month to month. While it was impossible from 

this figure alone to determine the exact cause of any increases or decreases observed, it is likely 

that variations in rainfall and flushing events may have caused much of the variation detected. 

The lack of similar variation in the coastal sites may be attributed both to greater dilution and, 

with a view to the observation that phosphorus is by and large the limiting nutrient in this 

coastal system {cf. Section 3.5.1), to a possible rapid uptake of the nutrients by coastal 

organisms.

This type of visualisation could also be applied to inter-parameter relationships, using the bar 

charts to compare the relative difference in two or more parameter concentrations at each site.

6.2.1 (c) V isualising param eter versus w atershed characteristics relationships 
One of the main assumptions when analysing water quality data is that the physical environment 

influences the observed water quality parameter concentrations {cf. Chapter 2). Consequently, 

increase or dominance of a certain physical characteristic in the catchment area would be 

expected to be associated with an increase or high level of a particular water quality parameter 

in associated waterways and waterbodies. In the Negril and Green Island area, one such 

assumed relationship is that high population densities are thought to be associated with high 

levels o f faecal coliforms in the ground and riverine waterbodies. Figure 6.3 (a) illustrates a 

spatial visualisation allowing visual comparison of population density on the ward level and 

average faecal coliform counts^'. To avoid cluttering the map, the river network was not 

included, but it should be noted that the land-based sites represented in this figure were all 

located either on the South or North Negril River.

A good equivalent o f this visualisation is difficult to obtain using tools most commonly 

available to environmental managers. Possible visualisations would include scatterplots or 

graphs, but there would be problems with establishing these. For instance, some of the FC 

samples were taken on rivers forming ward boundaries. The question would therefore be which 

ward to derive the associated population density from. Moreover, directly associating coastal 

site measurements with population density would be impossible, as these sites cannot be 

assigned to a particular ward.
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A ssessm ent based on the cartographic visualisation, on the other hand, does not require direct 

linking between sam pling sites and particular wards. For instance, visually exam ining  Figure 

6.3 (a), high PC counts could be identified to be associated with three main high population 

density  areas; the Negri I Town and Sheffield areas on the South Negri I River, and the 

Logw ood-M ount Pleasant area on the North Negril River. The link between population density 

and PC counts was particularly apparent in the Sheffield area. Here, the high population density 

was associated with relatively low coliform counts ju s t  upstream from the village, and high 

values in and ju s t  downstream o f  the village.

Som e o f  the problems associated with com paring FC counts and population density on the ward 

level could also be detected through simple visual appraisal o f  Figure 6.3 (a). For instance, as 

the river ran past the Great Morass, the coliform counts were erratic, with alternately very high 

and very low counts, despite the fact that the wards here showed low population densities. The 

low population densities calculated for these wards were mainly due to the wards covering large 

portions o f  the uninhabitable swam p to the north o f  the river. The observed variations in 

coliform counts would possibly be more successfully explained by investigating the location o f  

scattered residences and clusters o f  squatter settlements abounding im m ediately south o f  the 

river vis-a-vis  the location and PC counts o f  the sampling sites, than com pared against the 

population density on the ward level.

A similar problem was apparent for the North Negril River sites. Here, the average coliform 

counts were a little above 400 M PN/100 ml downstream o f  the high population density area 

encom passing Logwood and Mount Pleasant. However, the coliform count increased to well 

over 80,000 M PN /100 ml as the river ran through the relatively uninhabited regions o f  the 

northern Great Morass, but again drops to well below 200 M PN/100 ml at the outlet o f  the river. 

It may be that the high value observed at the middle site was greatly influenced by w ater from 

the East Canal, although, again, according to Figure 6.3 (a), the canal did not drain highly 

populated areas. It could also be the result o f  a single pollution event (e.g. intense rainfall event 

or spillage). In any case, for the North Negril River, there did not seem to be any direct 

relationship between the population density and observed coiiform counts based on this visual 

comparison.

As it appeared that using the wards as the spatial unit for determining population densities did 

not allow sufficient spatial differentiation, a second version o f  Figure 6.3 (a) was produced, this 

time using a 1x1 km grid as the spatial unit for population density (Figure 6.3 (b)). The

Note that Figure 6.3 (a) does not take into account any effect local concentrations of farm animals
(e.g. associated with large pasture areas) may have on the observed coliform counts.
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calculation o f  this grid was possible by, for each ward, calculating the average num ber o f  

inhabitants per household and subsequently transferring these estimated to the settlement 

datase t’ .̂ In this visualisation, the uninhabited areas o f  the Great Morass and Fish River Hills 

were clearly visualised, and the areas o f  high population densities were more readily 

identifiable, relating more clearly to known population centres. Nevertheless, the high coliform 

value observed in North Negril River was still not easily explained by this visualisation. For the 

South Negril River, however, the areas ju s t  south o f  the river were clearly quite densely 

populated with population counts in the 100-500 people per 1 km^ range, giving som e credence 

to the elevated coliform counts observed. The intermittent lower values could be caused by, for 

instance, localised inflow o f  less contaminated sw am p or groundwater. It could also be that the 

high values were associated with localised contam inant inputs (e.g. small stream s and gullies), 

with general dilution processes reducing the observed coliform counts between the input points.

N one o f  the hypotheses suggested could be confirmed by looking at Figures 6.3 (a) or (b), but 

this visualisation gave a basis on which to develop hypotheses, which can then be explored 

further, either using the information contained in the digital database and the GIS technology or 

through further field studies. Figure 6.4, for instance, shows a possible extension o f  using the 

GIS for investigating likely causes for observed coliform counts. Again, the simple visualisation 

format was used, introducing no new tools or technology. However, the parameters under 

investigation this tim e were the num ber o f  various toilet facilities in the study area. The main 

type o f  toilet facility that w ould be expected to reduce the am ount o f  faecal coliform s is the 

"WC linked to sewerage" category. This category represents the only form o f  toilet facility 

where the effluent receives formalised treatment (although only to the secondary treatment 

stage). The other forms o f  sewage treatment, notably pit latrine and septic tank systems, are 

known to be unsuitable for the prevailing shallow soil and karst bedrock conditions in the 

watershed and would therefore be expected to be associated with high FC contamination. The 

only areas where sewerage-1 inked WCs form an important proportion o f  the available toilet 

facilities is in the Negril Tow n-W est End area and Logwood. However, even in these areas, pit 

latrines were by far the m ost w idely  used toilet facility, and in some areas (particularly the more 

remote hillside locations) no formal toilet facilities were available (Figure 6.4). The availability 

o f  sewerage-linked W Cs, therefore, was unlikely to have had a noticeable effect on the observed 

coliform counts when assessing the maps o f  Figure 6.4. For instance, looking at the Negril 

Town area, the high num ber o f  sewerage-linked WC facilities was outstripped by an even larger 

num ber o f  pit latrines, and certainly surpassed by non-suitable effluent treatm ent and disposal

A discussion of the GIS processing needed to obtain this grid, as well as the data error issues 
associated with transferring the aggregated Census data from the ward to the settlement level has been 
included in Section 6.5.1 below.
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facilities when adding up the septic tank, pit latrine and no toilet facilities classes. The observed 

high coliform counts obtained near Negril Town were consequently not surprising.

6.2.2 Evaluation o f  the GIS Approach to Visual Appraisal
The information derived from the GIS-types of spatial and spatio-temporal visualisations in 

Section 6.2.1 (a) and (b) would no doubt also be possible to derive from the types o f  graph or 

chart-based visualisation commonly used in environmental management studies. However, the 

visualisations used here allowed simple, but highly efficient visualisation o f  the spatial and/or 

temporal variation, and their interpretation might be more intuitive, as spatial relationships (e.g. 

proximity, adjacency, distance) are immediately apparent. For instance, the variation in 

parameter values with distance downstream or distance from the shoreline could be assessed 

with relative ease. The visualisations, furthermore, allowed the assessment o f  a range of 

relationships between water quality parameters and watershed characteristics to be established. 

For instance, while no firm relationships could be established between the observed faecal 

coliform counts and the toilet facilities in the investigation carried out in Section 6.2.1 (c), it 

was clear that this type o f  simple visualising had a clear potential when assessing:

-  Spatial variations in the data (e.g. high versus low values)

-  Water quality conditions (e.g. observed values versus thresholds)

-  Potential rough or approximate relationships between possible dependent and 

independent variables (e.g. coastal water parameter concentration and distance 

from shoreline)

-  Limitations o f  the data (e.g. spatial mapping units)

These types o f  relationships cannot always be easily and effectively visualised using graphs or 

charts. Consequently, the spatial visualisations offer an effective extension o f  the visualisation 

methods already used in environmental management appraisals and analyses, and can either 

complement or replace the types o f  the more traditional visualisation methods.

6 .3  S p a t i a l  I n t e r p o l a t i o n  f o r  A n a l y s i n g  W a t e r  Q u a l i t y

A second, often-used, GIS-approach to data appraisal and assessment is that o f  spatial 

interpolation. As discussed in Chapter 2, this is a way o f  extrapolation known point information 

to an entire study area. In this way, intermediate values between two sampling points can be 

estimated. This information can be used for two purposes:

(1) To derive continuous data information for discretely sampled study areas 

which can be used as tentative proxy values for further analysis and modelling

(2) To derive a continuous surface o f  data values for better visualising the spatial 

variation
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The first application is only useful if  the interpolated data can claim a satisfactory degree o f 

accuracy” , and if  the phenomenon modelled in this way is o f  continuous nature across the 

spatial surface over which it has been modelled. The second application is not hampered by 

these constraints (although it is often greatly improved if  the nature o f  the param eter dispersion 

is taken mto account), and simply serves as a tool to enhance the visual impact and, therefore, 

the visual differentiation o f spatial variability o f the phenomenon. In order to evaluate the 

usefulness o f spatial interpolation to analysing the spatial variation water quality in the Negril 

and Green Island area, its usefulness for both these purposes will be investigated.

6.3.1 Deriving an Appropriate M ethodology for Interpolating the Water Quality Data 
Ideally, for spatial interpolation to be useful in a GIS-based coastal management analysis, it 

would be necessary to establish a standardised interpolation methodology that can be applied to 

all water quality datasets. Such a standardised approach necessitates:

(1) Selecting the best suited interpolation algorithm

(2) Determining the influence o f the number o f sampling points and the spatial 

distribution o f these on the interpolation

(3) Selection the type o f barrier ( if  any) to employ during the interpolation

Once these issues have been addressed and evaluated, it should be possible to conclude what 

type o f spatial interpolation is suitable for the study area's water quality data, if  using spatial 

interpolation may add any insight into the relative spatial distribution o f  the water quality and 

allow data to be extrapolated.

Due to the high computational and storage requirem ents o f interpolation techniques, only the 

PO4 dataset will be used to explore these techniques. Once the best technique(s) and 

methodology(ies) have been established, the remainder o f the main water quality datasets will 

be interpolated.

6.3.1 (a) Choice o f  interpolation technique
The three main interpolation techniques offered by the ArcView and Arclnfo software packages 

are inverse distance weighting (IDW), Spline and Krieging. W hile Krieging overall is regarded 

as the most robust o f these interpolation techniques {cf. Section 2.5.3 (b)), choosing the correct 

Krieging sub-algorithm to use is relatively difficult, as this will vary from dataset to dataset, 

depending on the num ber o f  sampling points and the variation in measured concentrations. 

Consequently, no single Krieging technique can be identified as suitable for all given datasets. 

This would prove a problem when employing the technique on the various water quality

What can be deemed a satisfactory degree of accuracy will vary from application to application.
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datasets available for this study. The IDW and Spline algorithms, on the other hand, are 

standardised, with a single algorithm employed for all datasets. Consequently, these are better 

suited for the type of standardised interpolation approach needed for this investigation.

In order to determine which of the two interpolation algorithms performed best with the 

available data, an initial investigation using the PO4  November 1995 data was carried out. This 

particular dataset was chosen as it imposed a series of constraints on the interpolation. It 

consisted of only 12 sites, with their spatial location restricted to the North and South Negril 

Rivers, Bloody Bay and Long Bay (Figure 6.4). These restrictions determine how the 

algorithms deal with interpolating PO 4  values for areas at great distances away from the 

sampling sites, with the greatest differences between the methods expected to be observed at 

locations some distance away from the sampled areas. In addition, this dataset provided a 

reasonable spread of concentration values, but with a definite outlier (the West End site) (Figure 

6.5). Outliers frequently affect the output interpolation, giving erratic interpolation values in 

other parts o f the study area. This has been reported to be the case particularly with Spline 

interpolations {cf. Section 2.5.3 (b)).

While both the IDW and Spline algorithms are relatively standardised, some operator input is 

allowed in order to adjust them to the data being interpolated. In the case of the IDW algorithm, 

the way that it chooses points to include in the calculation of values can be set as either using a 

certain number of the nearest known sample points (Nearest Neighbour option), or as selecting 

the points within a certain distance from the point for which a value should be calculated (Fixed 

Radius option) (ESRI, 1997). In addition, the amount of influence each point should prompt on 

the calculated value can be controlled by setting the Power option to a value above 0, with the 

higher the power, the less the influence of distant points {idem).

For Spline, two different sub-algorithms can be used; regularised and tension. The regularised 

sub-algorithm outputs a reasonably smooth surface, while the tension algorithm varies the 

stiffness of the surface according to the character of the modelled phenomenon (ESRI, 1997). 

For each of these sub-algorithms, the number of points used for local approximation and the 

weight̂ "* can be specified through the No. of Points and Weight settings {idem). The latter 

setting is useful for suppressing the level of erratic values that might result from considerable 

variation in the known data values, resulting in a smoother surface, and the greater the weight, 

the smoother the surface.

W eight o f  the third derivative o f  the surface in the curvature m inim isation expression for the 
regularised sub-algorithm, and weight o f  tension for the tension sub-algorithm.
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To investigate the variation in interpolated surface both between and within a lgorithms, seven 

individual interpolations were run Table 6.1 Settings used for the IDW interpolations.
on the PO4 dataset, three o f  which 

used IDW and four o f  2. which 

used Spline. The settings used for 

each o f  the runs are outlined in 

Tables 6.1 and 6.2. N ote  that the 

IDW Fixed Radius method was 

not used, as this would limit the 

interpolation to areas close to the 

sampled sites. For both the IDW

Data Point  
Selection

N u m ber  o f  
Input Sites

Algorithm
Power

Run 1 N earest N eighbour 12 2
Run 2 N earest N eighbour 12 4
Run 3 Nearest N eighbour 12 6

Table 6.2 Settings used for the Spline interpolations.

Algorithm
Option

Local
A pprox im ation

W eight

Run 4 Regularised 12 0.1
Run 5 Regularised 12 0.5
Run 6 Tension 12 0.1
Run 7 Tension 12 0.5

and Spline interpolations, the output resolution was set to lOxlO.m to keep with t 

for the DEM modelling

le values used

The IDW  and Spline techniques resulted in dramatically differing outputs (Figure 6.6). The 

IDW  algorithm, being an averaging algorithm, and, therefore, resulting in no interpolated cell 

having a higher or lower value than the input m inim um  and m axim um  values {cf. Section 2.5.3 

(b)), gave relatively smooth surfaces with clear centres o f  high or low values at particular 

sam pling sites. The Spline algorithms, on the other hand, resulted in clearly banded surfaces, 

indicating steeper-sloping surfaces, with the slope seemingly steepening with distance away 

from the sampled points. In addition, when using the Regularised option, extrem e values

occurred in relatively close proximity to the sampled sites, with interpolated values o f  less than

0.0 m g .r '  and greater than O.I mg.l ' (well above the highest input value o f  0.61 mg.T')

apparent. Values less than 0.0 mg.I ' could also be observed for the Tension option

interpolations, but to a much lesser extent than the Regularised interpolations.

For the IDW interpolations, increasing the Power setting clearly decreased the influence o f  

distant-lying points on the interpolation, with greater areas being influenced by single sam pling 

points. The outlier value was clearly present in all the surfaces, but was given increased 

significance with the higher Power settings. In the same way, the interpolated values for the 

areas not sampled (i.e. m ost o f  the land areas east o f  the Great Morass and coastal areas north 

and south o f  the Long Bay-Bloody Bay area) were more greatly influenced by the sampled 

points with higher Pow er settings. Based on the observation that the outlier value was exerting a 

much too great influence on the surrounding values as the Power setting was increased, it 

seemed that the lowest Power setting (i.e., 2) gave the most cautious result, and thus possibly 

the least pretentious o f  the three scenarios. The interpolated values in this scenario, then, were 

based on limited local influence o f  the sampled points, with more distant-lying interpolated
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po in ts  be ing  g iv en  m o re  o f  an ave rage  va lue ,  ind ica t ing  to  so m e  ex ten t  a  c a u t io u s  e s t im a te  o f  

the  m o s t  l ike ly  a v e ra g e  value.

For th e  S p line  in te rpo la tions ,  inc reas ing  the  W e ig h t  se t t ings  dec reased  the  s lope  g rad ie n t  o f  the  

su rface ,  g iv in g  a less rap id  ch a n g e  o f  in te rpo la ted  va lues  ac ross  the  surface .  T h e  R egu la r ised  

in te rpo la t ions  w e re  h igh ly  affec ted  by the  location ,  n u m b e r  and  va lues  o f  the  s a m p l in g  points ,  

g iv in g  little re l iab le  in te rpo la tions  bey o n d  the  im m ed ia te  a rea  sa m pled .  T h e  T ens ion  

in te rpo la t ions  w ere  less a f fec ted  by  these  cons tra in ts ,  but w ere  still sh o w in g  se r io u s  issues o f  

re l iab il i ty  bey o n d  the  im m e d ia te  sa m p l in g  area. W h i le  the  ID W  se em e d  to  g ive  so m e  ca u t io u s  

ind ica t ion  in these  areas ,  the  S p line  a lgo ri thm  b roke  d o w n  w ith  inc reas ing  d is tan c e  a w a y  from  

the  sa m p le d  area,  g iv in g  little o r  no ind icat ion  as to  ex p e c ted  ave rag e  v a lu es  b ey o n d  th is  area.

F rom  th is  re la t ive ly  s im p le  inves tiga tion ,  it s e em e d  tha t  the  ID W  a lg o r i th m  g av e  the  least 

p re ten t io u s  o u tp u t  o u ts id e  the  sa m p le d  area, a l though  the  S p line  g av e  good  a c cu rac y  w ith in  the  

s tr ic t  bo u n d ar ie s  o f  the  s a m p le d  area. W ith  the  irregu la r  spatial d is t r ibu t ion  o f  s a m p l in g  po in ts  

fo r  the  d a tase ts  av a i la b le  fo r  th is  study . Sp line  ap p e ared  unsu itab le ,  g iv in g  little c re d e n c e  to 

in te rpo la ted  va luec  in u n sa m p le d  areas. I f  the  spatia l d is t r ibu t ion  o f  s a m p l in g  s ites  had te n d ed  

m o re  to w ard s  the  reg u la r  grid  type ,  how ever,  S p line  w o u ld  have  been  a l ike ly  c o n te n d e r  as a 

su itab le  in te rpo la tion  techn ique .  For  the  su b se q u en t  inves tiga tions ,  ID W  w as  used, and  its 

P o w e r  se tt ing  w e re  kep t  c o n s tan t  at  2, as th is  seem ed  to  rende r  the  m o s t  co n se rv a t iv e  es t im a te .

6.3.1 (b)Number and distribution o f  sampling points
A se cond  issue to  co n s id e r  w as  th a t  o f  the  n u m b e r  and  d is t r ibu t ion  pat tern  o f  s a m p l in g  po in ts  

necessa ry  for  a re l iab le  in te rpo lation .  F igure  6.7 i l lustra tes  the  va r ia b i l i ty  in in te rpo la tion  resu lts  

tha t  w e re  o b ta ined  by  us ing  subse ts  o f  a large n u m b e r  o f  sa m p l in g  points .  T h e  in te rpo la t ions  in 

th is  f igu re  w ere  p ro d u ce d  by  se lec ting  a n u m b e r  o f  po in ts  at r andom  from  th e  m a in  A v e ra g e  

P O 4 datase t ,  w ith  su b se ts  o f  25 ,  50 and  100 sam p l in g  s ites  be ing  used, as  w ell  as  the  full d a ta se t  

o f  153 sites. A s  can  be seen, inc reas ing  the  n u m b e r  o f  kn o w n  va lues  into the  in te rpo la tion  

inc reased  the  local accuracy .  T h is  obse rva t ion  is a lso  suppo r ted  by  s im p le  s ta t is t ics  ca r r ie d  ou t 

on the  d a ta  (T a b le  6.3). T h e  m e an  d if fe rence  and  assoc ia ted  s tandard  dev ia t io n  b e tw e en  the  

m e asu red  and  in te rpo la ted  PO4 v a lu es  dec reased  as the  n u m b e r  o f  inpu t v a lu es  w e re  added .  T h is  

w as  fu r the r  su p p o r ted  by a pa ired  tw o -s id ed  t-test,  ind ica t ing  th a t  th e re  w as  no  d i f fe rence  

be tw e en  the  tw o  se ts  o f  da ta  at the  9 0 %  c o n f id e n ce  interval w h en  50 or  m o re  m e a su re d  s ites  

w ere  used. H o w ev er ,  d if fe rences  w ith in  the  s a m p le d  su rface  w ere  ev iden t.  F o r  instance,  the
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T able 6.3 M ean d ifferen ce , standard d ev ia tion  and t-tests  
o f  the m easured and extrapolated  PO 4  v a lu es. T he statistics  
are based on the 153 sites o f  the A v era g e  PO 4  dataset, and 
are ca lcu lated  from  the three ID W  interpolations. Ho 
ind icates there is no statistical d ifferen ce  b etw een  the 
m easured and extrapolated  va lu es, w h ile  H | ind icates 
statistical d ifferen ce  at the sp ec if ied  c o n fid en ce  interval 
(C l).

interpolated surface based on 25 

known sites gave limited accuracy in 

the areas in the west and north-west of  

the study area, where no sampling 

sites occurred. As the number of 

known sites included in the 

interpolation increased, the 

knowledge o f  the true values in these 

areas increased as well, giving a better 

prediction of values in unsampled

areas. The prediction in areas o f  high sampling coverage was good, even when only a few sites 

are used. For instance, the coastal surface obtained from the 25-site interpolation did not change 

greatly vis-a-vis that o f  the 153-site interpolation, with much o f  the excessively elevated values 

caused by an outlier at Rutland Point. The effect o f  this outlier could be seen in all four o f  the 

interpolated surfaces, although the impact it had on surrounding areas decreased with increasing 

number of inputted sampled sites.

N u m b e r  
OF S i t e s

M e a n

D i f f e r e n c e

S t .
D e v .

T - t e s t

p
9 0 %

C l
95 %

C l

25 -0.051 0.141 0 . 0 0 0 H, H,
50 -0 .0 2 6 0 . 1 2 1 0 .0 3 8 Ho H,

1 0 0 -0 .0 0 5 0 .0 2 9 0 .2 2 3 Ho Ho

Intuitively, increasing the number o f  sampling sites will give a more accurate prediction of 

interpolated values. This corresponds to the general scientific notion o f  the higher the sampling 

density, the more accurate the conclusion {cf. Chapter 2). However, an infinitely high number of 

sampling sites is not feasible both from an economic and logistic point o f  view. A better 

approach may be to consider the spatial distribution o f  the sampling points. As was apparent in 

Figure 6.7, a good idea o f  the overall PO4 concentration could be obtained by a relatively small 

number o f  sampling sites, provided they were situated close enough to each other to depict 

trends. Thus, a regular sampling grid, or, if  this would not be suitable, a sampling scheme where 

distance to other sampling points would be taken into account when designing the sampling site 

distribution, might aid if interpolation is to be used as a visualisation and/or analysis tool. With 

a lack o f  such a scheme, as is the case for the collated datasets used in this study, visualising and 

analysing through interpolation is still an option, but the limitations imposed by the site 

distribution must be clearly stressed when drawing conclusions from the interpolations.

6.3.1 (c) Barriers
No effort has so far been made to distinguish between coastal and land-based sites, or to 

distinguish sampling sites in one river catchment from those in another catchment. This means 

that the resulting surfaces have, for instance, shown interpolated land-based values being 

affected by nearby coastal values, and vice-versa. As discussed in Section 2.5.3 (b), to avoid the 

indiscriminate influence o f  non-associated sampling sites, barriers can be used in the
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interpolation procedure. To investigate the impact such barriers would have on the output 

interpolated surfaces, three sets of barriers were defined, and IDW interpolations run on the 

Average PO4 dataset. The three barriers sets were:

(1) Shoreline Barrier. A coast-land barrier defined by the shoreline, separating 

the interpolation based on the coastal sample points and the land-based sample 

points. For this barrier, the coverage SHORELINE was used.

(2) River Barrier. A barrier separating areas 500 m or less away from the river 

network and land areas^^ In this way, interpolation o f  the riverine and coastal 

sites would not result in interpolation in unsam pled land areas, and the 

interpolation in estuaries would be influenced both by near-lying coastal and 

riverine sites. The 500 m distance was chosen as this would give a wide 

enough area for the interpolated values to show clearly on a derived map, even 

when presented in a small-scale version (e.g. 1:250,000).

(3) Watershed Barrier: A  watershed and coastal barrier, isolating each river 

catchment and separating the coastal from the land-based sampling sites^®.

The introduction o f barriers in the interpolation calculation increases the amount o f  processing 

power necessary to complete the calculations. As the interpolation calculations in themselves 

are highly processing-intensive procedures, and the com puter used to carry out these 

calculations did not have unlimited processing powers^’, it was necessary to reduce the amount 

o f computation required for these barrier runs. The runs were therefore carried out at 100x100 

m resolutions. This decrease in resolution necessitated an investigation into the reduction in 

information caused by such a decrease in resolution. Simple interpolations without barriers were 

therefore run on the Average PO4 dataset at 100x100 m and 10x10 m resolution to establish the 

implications o f  the resolution decrease.

The loss o f  information when using a 100x100 m rather than a 10x10 m resolution for the 

interpolated surfaces appeared to be minor (Figure 6 .8). W hile the resulting output was more 

blocky in character, most o f the detail was still preserved, and the interpolated phosphorus 

concentrations were not affected. Using the coarser resolution, therefore, did not appear to cause 

significant loss o f information for this particular dataset, and is unlikely to cause significant loss

This barrier was constructed by establishing 500 m buffers around the rivers as defined by RIV125, 
using the B U F F E R  procedure. The shoreline was then added from the SHORELINE coverage. 
SHORELINE segments within the 500 m buffer at the mouth o f  the rivers were deleted.
The barrier was constructed by merging the sub-catchments o f  the PO4 sampling sites for each river, 
and then adding the shoreline from the SHORELINE coverage. The methods used for the sub-catchment 
delineation are described in Section 6.5.1 (c).
The computer used for data processing in this study had a Pentium II, 350 MHz processor with 128 
Mb RAM,
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o f  inform ation for the other collated datasets availab le for th is study, as these have sim ilar  

sam pling  d en sities to that o f  the A verage PO4 dataset.

U sin g  the Shoreline Barrier to separate the land-based and coastal sites a ffected  the near-shore  

interpolation, both on the seaward and landward sid es (Figure 6 .9 ). Apart from  tw o  outliers (one  

in S am uels Bay and one just north o f  N egri! L ighthouse), the coastal w aters sh ow ed  relatively  

low  PO4 concentrations, w ith values generally w ell under 0 .0 2 0  mg.I '. S om e higher va lu es w ere  

ob served , but these seem ed to be clearly linked to sim ilar va lu es on the landward sid e o f  the 

shoreline cut-off, e.g . in the Homers C ove area, w here both the landward and the seaward  

sam ples indicate PO4 concentrations in the 0 .0 4 0 -0 .0 6 0  mg.T' region. E xtrem ely high valu es  

w ere m ainly  on ly  found at land-based sites, and w ith the barrier here em p loyed , these va lu es did  

not a ffect the interpolated coastal values.

The interpolation derived with the River Barrier (Figure 6 .10 ) show ed  a sim ilar result as that 

derived with the Shoreline Barrier for the coastal interpolation. For the land-based interpolation, 

the results w ere m ore confused. The com p lex ity  o f  the barrier used and the lack o f  sam ple  

valu es in parts o f  the study area resulted in the interpolation algorithm  being unable to  

extrapolate inform ation from the known valu es into all areas o f  the w atershed. T his w as  

particularly a problem with the N ew  Savanna R iver buffer, where large parts o f  the upper h a lf  

o f  the buffer were g iven  N O D A T A  values. In addition, sam pling sites located on the ou tside o f  

the buffer zon es (e.g . sites located in w ells , ponds and b lueholes), caused the interpolation o f  

these sites to cover large land areas between river buffers and the shoreline c u t -o f f  There w ere  

a lso  problem s with som e o f  the riverine buffers m erging with other riverine buffers, esp ecia lly  

near the headwaters o f  som e o f  the rivers. T his m eant that the interpolations in the individual 

river buffers w ere influenced by the sam ple va lu es in other river buffers if  these w ere c lo se  

enough to the first river buffer, as the betw een-river barrier w as not present. It is fu lly  p ossib le  

to m anually c lo se  the buffer zones in the overlapping regions, but this w ould  to som e extent 

d efy  the uniform ity autom ated buffering and other GIS procedures offer. M oreover, it w ould  

result in a great deal o f  extra work if  large study areas with co m p lex  river netw orks w ere  

attem pted interpreted in this way.

The benefits o f  this particular barrier were nevertheless quite clear. W ithin the river buffers, the 

in fluence o f  each sam pling point w as relatively  lim ited , and w ould  on ly  in fluence the  

interpolation for som e distance upstream and dow nstream  o f  the sam pling location. T his is very  

m uch in keep ing with the general interpretation o f  riverine water quality sam pling results; what 

is observed at one point is usually a result o f  som ething happening upstream from the sam pling  

location, and the sam pled value w ill lend a certain degree o f  in fluence on dow nstream
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co n c en tra t io n s .  W ith  th is  tcind o f  in te rpo lated  surface ,  the re fo re ,  it is re la t ive ly  s t ra ig h tfo rw ard  

to  v isua l ly  locate  "con tam ina ted"  and  "unco n ta m in a ted "  sites,  as  well as es tab l ish  th e ir  in f luence  

on  d o w n s tre a m  concen tra t ions .  For instance, a  s ite in the  Eas t  C ana l  ju s t  north  o f  Sheffie ld  

ind ica ted  a  re la t ive ly  high PO 4 concen tra t ion ,  w h ile  d o w n s tre a m  sites ind ica ted  m u c h  low er  

co n c en tra t io n s .  T h is  cou ld  indicate  bo th  high po llu t ion  loads f rom  the  S heff ie ld  a re a  into the  

E ast C a n a l ,  and  low pollu tion  loads from  d o w n s tr e a m - ly in g  a reas  c o u p led  w ith  d i lu t ion  o f  

c o n ta m in a n ts  by  in flow  o f  re la tive ly  pure  w a te r  from  the  Fish R iv er  Hills  and  the  G re a t  M orass .  

A second  e x a m p le  is the  conflux  o f  N ew fo u n d  R iver  and  C a v e  R iver  ju s t  sou th  o f  the  v i l lage  o f  

C a m p b e l to n .  N e w fo u n d  R iver w as seen to  have  a  very  h igh  PO4 co n c en t ra t io n  based  on 

s a m p l in g  o f  its headw ate rs ,  w h ile  C a v e  R iver  ap p e ared  to  h ave  low  c o n c en tra t io n s .  A t the  

co n f lu e n c e  point,  the  PO4 concen tra t ion  w as low ered  co n s iderab ly ,  bu t  re m a in e d  h ig h e r  than  

tha t  o f  the  C a v e  R iver  water.

T h e  W a te rsh e d  Barrie r-based  in terpolation  (F igu re  6 . 1 1) gave  a s im i la r  in te rpo la t ion  resu lt  as 

w ith  the  R iver  Barrier,  but avo ided  m o s t  o f  the  m e rg in g  o f  un re la ted  r iver  sy s te m s  th a t  p roved  

p ro b le m a t ic  for  tha t par t icu lar  barr ier  in te rpo la tion  run. T here  w ere  still so m e  p ro b le m s  o f  

m e rg ing ,  b u t  these  were  confined  to the m o re  c o m p le x  r iver  sy s tem s .  For  instance ,  the  su b 

c a tc h m e n ts  o f  N e w fo u n d  R iver  and the  headw ate rs  o f  O ra n g e  R iv er  w ere  not rec o g n ised  as 

separa te  en t i t ie s  as these  r iver  sys tem s  co n f luence  d o w n s trea m  and  ev e n tu a l ly  f low  into the  

N orth  N eg r i l  River. T he  tw o  sub-ca tchm ents ,  therefore ,  w ere  m e rg e d ,  and  the  s a m p le d  PO4 

co n c en t ra t io n s  in the  tw o  sys tem s  exer ted  som e in f luence  on the  in te rpo la tion  o f  b e tw e e n - ly in g  

values.  T h e  high in terpo lated  PO4 va lues  o b ta ined  fo r  the  e x t re m e  u p p e r  pa r ts  o f  the  O ra n g e  

R iver  h ea d w a te rs  w ere  hence caused  by the  h igh  s a m p le d  PO4 co n c en t ra t io n s  in the  N e w fo u n d  

R iver  sys tem .

T h e  loca lised  nature  o f  som e PO4 concen tra t ion  o b se rv a t io n s  w as  even  m o re  ap p a ren t  in the  

W ate rsh e d  Barrier  interpolation  than  the  p rev ious  in te rpo la tions .  G o o d  e x a m p le s  inc lude  

R u tland  Point,  D elve Bridge and G o o d  H ope/N egri l  T o w n  fo r  the  la n d -b a sed  sites,  and  S am u e ls  

B ay and  the  w a te rs  ju s t  o f f  W est End  for  the  coas ta l  sites. T h e  c h a n g e  in PO4 v a lu e s  at the  

co n f lu e n ce  o f  N e w fo u n d  R iver  and C a v e  River, no ted  w ith  the  R iv er  B arr ie r,  w as  a lso  qu ite  

o b v io u s  in these  interpolations.

T here  ap p e a red  to  be c lear  benefits  to  us ing  barr iers  fo r  the  in te rpo la tion  o f  w a te r  qua l i ty  sites. 

T h e  barr iers  o ffe red  a w ay  o f  b reak ing  the  in te rpo la tion  dow n  into a reas  in w h ich  the  sa m p le d  

locations w ere  likely to  exert influence on n o n -sam p led  locations,  th u s  a v o id in g  the  in f luence  o f  

non-re la ted  sites, and consequen tly  m is in te rp re ta t ions  d ue  to  in d isc r im in a te  in te rpo la tion .
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A serious constraint o f  the barrier usage, however, was the high computational requirements it 

imposed on the interpolation processing, with interpolation calculations including com plex  

barriers requiring several hours to complete (Table 6.4). While the processing time would be 

less with a more powerful computer, even the newest 2 GHz processor and 512 Mb RAM  

m achines would take som ewhere in the region o f  4-80 hours to com plete the finer resolution, 

com plex barrier interpolations^*. Carrying out such interpolations, therefore, is not practical for

large study areas, or for studies jab le  6.4 Estimates o f  time taken for ArcView to complete
w here m ultip le interpolation runs IDW interpolations for the study area employing different

barriers and resolutions. The estimates are based on a PIl, 
are needed (e .g . w here the num ber 350 MHz computer processor with 128 Mb RAM.

o f  parameters is large). For this

study, with the computing facilities

available, running such

interpolations, even at a coarse

resolution, would be relatively

cumbersome.

6.3 .1  (d ) Sum m ary o f  m eth o d o lo g y  and ap p lication  o f  m eth o d o lo g y  to ail datasets 

Given the limitations o f  computational power available to this study, and based on the above 

discussion o f  the outputs and limitations o f  the interpolation procedures, the conclusion must be 

that, for this study, spatial interpolation is most successfully achieved using:

-  IDW interpolation algorithm

-  1 OOx 100 m resolution

-  Shoreline Barrier

For projects where more powerful computational equipment is available, the resolution may be 

increased, and more com plex barriers enforced. However, given the constraints o f  this study, the 

above methodological specifications are seen as giving the best approximation.

To allow  investigation into the visualisation and data extrapolation potential o f  the spatial 

interpolation, the spatial variation o f  the Average PO4, NO3, NH3, TSS and FC datasets and Dr. 

Goreau's July 1996 PO4, NO3, NH3, DO and chlorophyll-a datasets were interpolated using the 

m ethodology here derived. N:P ratios for both the Average datasets and Dr. Goreau's datasets 

were derived by dividing the NO3 by the PO4 interpolated surfaces. N:P ratios are particularly

The processing time would be reduced significantly if a parallel processor computer were used.

B a r r i e r  T y p e

T i m e  T a k e n  t o  C o m p l e t e  
In t e r p o l a t i o n

10x10 m 
3008x1784 cells

100x100 m 
301x178 cells

No Barrier 15-20 min 30 sec
Shoreline Barrier 2-3 hrs 40-60 min
River Barrier 
W atershed Barrier 36-200 hrs 8-60 hrs
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important for determining if  tiie aquatic system is suffering from eutropiiication, and if  not, 

wliicii o f  nitrogen and phospiiorus constitutes the limiting factor.

6.3.2 Evaluation o f  Visualisation Potential
The first thing to note from the interpolated surfaces was that the surfaces derived from the 

Average and Dr. Goreau PO4, N O 3 and NH 3 datasets (Figure 6.12 (a) to (c) and (e) to (g)), were 

highly similar. Areas o f  high and low values were identical for the two datasets for all three 

parameters, apart from an extreme PO4 outlier value recorded at Rutland Point in the Average 

PO4 dataset. Som e similarity between the two datasets was expected, as som e 50-60%  o f  the 

input sampling sites were identical in the two sets. However, it did seem to indicate that Dr. 

Goreau's values, although only taken from a single sampling event, corresponded w ell with the 

overall average values for the watershed. This was true with respect to both their measured 

concentrations and their spatial distribution. Thus, at least for the nutrient parameters, the 

general concentrations observed were relatively constant, and likely to be indicative o f  the 

concentrations to be expected under the current watershed conditions.

This type o f  relationship would not be apparent from, for instance, histogram or bar chart 

representations o f  the two datasets because o f  the spatial component o f  this relationship. A 

histogram would show the distribution o f  concentration magnitudes and would likely indicate 

the same type o f  distribution in the two datasets. However, no information would be available 

from the histograms as to whether the two datasets showed similar parameter concentrations in 

the same geographic locations. Similarly, a bar chart would only offer comparison o f  parameter 

concentrations for the sites that have been sampled in both datasets. N o direct comparison  

would be possible between sites located close to each other. The visualisation o f  the datasets 

obtained in Figure 6.12, therefore, allows a type o f  comparison, and, consequently, an 

evaluation o f  the datasets, that otherwise would not be feasible.

Aside from the dataset evaluation, the interpolations allowed effective visual differentiation 

between areas o f  high and low  parameter concentration. For instance, the Average TSS 

interpolation indicated low concentrations o f  suspended solids in the coastal waters (Figure 6.12 

(i)), but with high values (20-30 mg.I ') at the mouth o f  the South Negril River. High values 

were also apparent in one o f  the smaller streams feeding into Orange Bay. Otherwise, the rivers 

showed intermediate va lu es(l0 -20  mg.I '), with occasional hotspots o f  20-30 mg.I '.

Based on the interpolations and general knowledge o f  the study area speculation as to the cause 

o f  hotspots could also be made. For instance, high concentrations o f  the various nutrients 

seemed to coincide largely with areas o f  relatively dense human settlement. High concentrations
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also found in less densely populated areas, such as the upper reaches o f Pell River (phosphates), 

the Cave and Fish Rivers catchment areas (ammonia) and the coastal strip from Homers Cove to 

Salmon Point (phosphates and nitrates). However, these areas (apart from the Homers Cove- 

Salmon Point coastal strip) were all under intense agriculture, and local practices or conditions 

may have been the causes o f the above-normal nutrient concentrations observed. For the 

Homers Cove-Salm on Point coastal strip, the observed values o f  nitrate might have been caused 

by groundwater transport o f contaminants from above-lying agricultural and populated areas, as 

the sam ples are taken from caves and springs.

It was also possible to delineate areas above and below set concentration thresholds. For 

instance. In the same way, the faecal coliform interpolation clearly showed that the average FC 

concentrations in the coastal water was below the US EPA bathing water threshold o f 200 

MPN/100 ml (Figure 6.12 (j)). The coastal water chlorophyll-a concentrations, on the other 

hand, were generally well above the eutrophication threshold o f 0.5 ).ig.l ' identified by Lapointe 

(1994). Only one area (the coastal caves at Little Bay) indicated productivity levels below this 

threshold. The N:P ratio surfaces indicated that most o f  the coastal water productivity was 

limited by nitrate availability (N:P ratios at or below 20:1) (Figure 6.12 (d) and (h)), and, 

consequently, that an increase in nitrate concentrations would cause increased coastal water 

eutrophication.

W hether this type o f visualisation is more effective than that obtained using the simple map 

display (Figure 6.1) is uncertain, and would most likely depend on the dataset attempted 

visualised and personal preferences. The benefits o f this type o f visualisation are related to the 

effect caused by the variation in colours, and how these can be used to make certain values 

"leap out at" the observer. The use o f continuous surfaces also aids the observer to pick out 

transitional changes. However, there are also problems with using this type o f  visualisation. The 

fact that the visualisation shows a continuous surface o f  values gives the impression that every 

point o f  the surface has been sampled. This is obviously not the case, and most o f the values 

indicated by the visualisation are, in fact, extrapolated values. This was not an issue with the 

simple visualisation in Figure 6.1, where only the sampled values were shown and these were 

clearly linked to their sampled locations. The extrapolated values need to be interpreted with 

extrem e caution, and can only be used for drawing firm conclusions z/they are associated with a 

high degree o f accuracy {cf. Chapter 2). This particularly becomes an issue when the 

interpolated surfaces are used for public dissemination visualisation, or when threshold contours 

or areas are derived from these surfaces.
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6.3 .3  E valua tion  o f  D ata E x trap o la tio n  P o ten tia l
As stated at the beginning o f  this investigation (Section 6.3), to successfully extrapolate valued 

from the sampled sites, the interpolation would need to adhere to the natural distribution and 

dispersion o f the parameter it is extrapolating values for. In other words, it cannot allow known 

values to influence the interpolation across natural boundaries or breaks.

The m ajority o f water quality sites in this study were either coastal or riverine. In coastal surface 

waters, no true barriers exist, and, as such, a multi-directional interpolation, only interrupted by 

the shoreline, would give a satisfactory basis for data extrapolation. For riverine waters, on the 

other hand, the dispersion is limited to the river channel and guided by the direction o f the 

waterflow. Consequently, the interpolation should be oriented largely along the upstream- 

downstream  direction, with clear interruption by the riverbanks in the cross-channel direction. 

These conditions were largely achieved through imposing barriers (especially the Shoreline and 

River Barriers) on the interpolation calculation.

As was seen in the interpolation o f PO4 with varying numbers o f sampling sites (Figure 6.7), the 

extrapolated values were relatively close to the observed values even when only subsets o f  the 

original Average PO4 dataset were used. This did not hold true at sites showing extremely high 

values (i.e. outliers). However, as with all modelling, interpolation does not actively attempt to 

predict outlier values, but rather strives to describe expected values given "normal" conditions, 

where "normal" is taken to mean the inputted values. The extrapolated values obtained here, 

therefore, must be considered the best estimate given the available data and interpolation 

algorithms.

Given the dispersion properties o f the coastal and riverine waterbodies, it is likely that the data 

extrapolation was more accurate in the coastal areas than in the riverine areas. This was due to 

the more successful delineation o f a coastal barrier than a riverine barrier. However, the riverine 

PO4 interpolations were likely to be o f  a higher accuracy when using the River Barrier than 

when not using this barrier. As a consequence, given the computational limitations imposed on 

this study, it must be expected that extrapolation accuracy o f the surfaces given in Figure 6.12 

was high in the coastal areas, but low in the riverine areas.

6 . 4  S i m p l e  O v e r l a y  A n a l y s e s  U s i n g  I n t e r p o l a t e d  S u r f a c e s  f o r  
E s t a b l i s h i n g  W a t e r  Q u a l i t y  R e l a t i o n s h i p s

The interpolated surfaces established in Section 6.3.3 provided good visualisation o f the intra

param eter spatial variation o f each o f the water quality param eter, but allowed easy 

establishment o f neither the inter-parameter relationships, nor that between each individual

231



parameter and the physical environment. One GIS-approach to evaluating these relationships is 

that o f  overlay analysis. This section w ill investigate whether overlaying the interpolated 

surfaces may allow  inter-parameter relationships to be established. It w ill also address the 

possibility o f  establishing parameter-watershed characteristic relationships by overlaying the 

interpolated PO4 surface with the land-use dataset.

6 .4 .1  M eth od s

There are two main types o f  vector overlay, union and intersection, and these can be performed 

on the spatial and/or attribute part o f  the datasets. The union overlay generally involves taking 

all the data from one dataset and adding these onto a second dataset (Figure 6.13). Any lines- 

segm ents or polygons crossing each other w ill be intersected, and new  line-segm ents and 

polygons w ill be created. If desired, the attribute data from both the initial datasets can be 

included in the output dataset. In this way, each new spatial feature w ill contain all the attribute 

data relevant to that feature as dictated by the two input datasets. For instance, i f  a land-use 

dataset is unioned with a county dataset, each o f  the resulting features in the output dataset will 

contain information relating to both the land-use (e.g. land-use type and productivity) and  the 

county (e.g. county name, population and unemployment figures) in which it is found.

The intersect overlay usually takes one o f  the follow ing forms: point-in-polygon, line-in- 

polygon and polygon-on-polygon. The intersect overlay, therefore, requires one o f  the datasets 

to be a polygon dataset (i.e. contain spatial features described as areas, e.g. land-use parcels or 

counties). A  polygon-on-polygon intersection is similar to the union overlay, but the output w ill 

be clipped (i.e. limited in extent) to the second polygon dataset (i.e. the one that is "intersecting" 

the other, thus if  the land-use dataset was intersected by the counties dataset, the land-use 

dataset w ill be clipped to the extent o f  the counties dataset) (Figure 6.14). Line-in-polygon and 

point-in-polygon intersections cause the lines or points features o f  the first input dataset to be 

clipped to the extent o f  the polygon features o f  the second input dataset. The output is a clipped  

line or point dataset containing the attribute information from both the line/point dataset and the 

polygon dataset.

The interpolated surfaces o f  the Average PO4, NO3, NH3, FC datasets, along with Dr. Goreau's 

July 1996 PO4, NO3, NH3 and chlorophyll-a datasets were reclassified into categories o f  "Low", 

"Medium" and "High" concentration according to the category intervals given in Table 6.5. The 

category intervals were based on a combination o f  the indications given by Chapman and 

Kimstach (1996) as to concentrations o f  the various parameters to be expected depending on the 

status o f  the watershed {cf. Section 2.3.1), the eutrophication thresholds for Jamaican coastal
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Table 6.5 Categories and concentration intervals used to reclassify the interpolated values o f  the various 
water quality parameter datasets.

P a r a m e t e r L o w M e d i u m H i g h

Ammonia (NHj) < 0.014 mg.r' 0,014 - 0.050 mg.r' > 0 .0 5 0  mg.r'
Nitrate (NO3) < 0.014 mg.r' 0.014 -  1.000 mg.r' > 1.000 mg.r'
Phosphorus (PO4) <0.003 mg.r' 0.003 - 0.020 mg.r' > 0.020 mg.r'
Faecal Coliforms (PC) < 2 0 0  MPN/100ml 2 0 0 -  lOOOMPN/lOOml > 1000 MPN/lOOml
Chlorophyll-cj <2.5ng.r' 2 .5 - 5 .0  lag.r' > 5 .0  ng.r'

w aters indicated by Lapointe (1 9 9 4 ) ( c /  Section  3 .5 .1 ), and the observed va lu es in the datasets 

used.

The resulting categorised grids (F igure 6 .1 5 ) w ere then com pared by producing zonal 

histogram s (Figure 6 .16). These g iv e  the num ber o f  c e lls  o f  a g iven  category  o f  the first grid 

fa llin g  w ithin the various categories o f  the second grid. In this w ay, it is p ossib le  to determ ine if  

there is a high or low  number o f  ce lls  fa llin g  into the sam e categories in several grids. For 

instance, it m ay be expected  that high nitrate va lu es should be associated  w ith  high phosphate  

values. In that case, the zonal histogram  should sh ow  high in cidence o f  c e lls  categorised  as 

"High" from the nitrate grid w ithin the "High" category from the phosphate grid. Zonal 

histogram s were produced betw een  each o f  the A verage datasets, and betw een  each o f  Dr. 

Goreau's datasets. The categorised grids w ere a lso  com bined to produce new  grids sh ow in g  

w here the categories o f  tw o parameters coincided  (Figure 6 .17 ). In addition, the reclassified  

Shoreline and River Barrier interpolations o f  A verage PO4 dataset w ere overlaid  the land-use  

m ap to a ssess if  any relationships betw een  PO4 and land-use could  be estab lished  in th is w ay  

(F igures 6 .18  and 6.19).

6 .4 .2  E v a lu a tio n  o f  In terp o la ted  S u r fa c e  O v e r la y

T he sim ilarities betw een the A verage PO4, NO3 and NH3 datasets and the corresponding  

surfaces based on Dr. Goreau's datasets noted in Figure 6 .12  w ere even  m ore apparent in the 

reclassified  figures (Figure 6 .15). W hile zonal h istogram s w ere not produced to  com pare these  

surfaces, the result w ould  undoubtedly be a high co in cid en ce o f  like categories o f  the A verage  

dataset with like categories o f  the corresponding Dr. Goreau's dataset.

Ov erall, there did seem  to be som e correspondence betw een  the level o f  nitrates and phosphates, 

and also to som e degree between these tw o  and am m onia (Figures 6 .15  to 6 .17 ). A s d iscu ssed  in 

Section  2.3.1 (a), nitrates are usually  to som e degree associated  with fertiliser run o f f  and 

sew age effluents, w ith nitrates and phosphates a lso  generally  linked to anim al w astes. Thus, as 

th ese  parameters are largely derived through the sam e pollution sources, the correspondence  

observed betw een these three parameters w as as expected . The areas o f  high va lu es w ere
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generally located in areas o f  high population density (e.g. near villages and towns, such as 

Negril Town, Sheffield and Delve Bridge) and/or o f high agricultural intensity (e.g. sugar cane 

plantations and mixed cultivation areas). The high concentrations o f phosphate observed in 

relatively uninhabited areas (e.g. Jerusalem M ountains-M oreland Hill area), may have been 

related to a combination o f high rates o f weathering o f the underlying phosphate rocks coupled 

with steep hillsides causing rapid water movement, and relatively low nitrate availability. The 

first o f  these factors ensures high phosphate concentrations in the water, while the rapid water 

movement and lack o f available nitrates makes phosphate uptake by plants and micro-organisms 

limited, thus resulting in high observed PO4 values. The weathering o f phosphate rocks in the 

less steep parts o f  the watershed is likely to be similar to that o f  the more higher-lying areas, but 

the less rapid water movement and higher available nitrate concentrations in these areas are 

likely to enhance biological uptake processes, and therefore result in a lower observed 

phosphate level. This hypothesis is to some extent reinforced by the observations o f  phosphate 

limiting conditions (N:P ratios greater than 20:1) in parts o f  the watershed (Figure 6.12 (a) and 

(h)), the high chlorophyll-a concentrations in areas o f slow-moving waterbodies (e.g. the Great 

M orass and lower reaches o f  some o f the rivers, Figure 6.15 (h)), and the clear association o f 

high chlorophyll-a values in similar phosphate values in lower-lying regions (Figures 6.16 (k) 

and 6.17 (g)).

It must be noted that the accuracy o f  the delineation o f  areas o f high and low parameter 

concentration suffer from the constraints outlined in Section 6.3. Thus, it may be more 

interesting to note the localised hotspots o f contam inant concentration, rather than concentrate 

on the larger areas. W hile such hotspots were clearly visible in the individual parameter 

interpolations shown in Figure 6.12, the hotspots shown in Figure 6.17 indicated areas seriously 

affected by several different contaminants. This was particularly a concern o f  the Delve Bridge 

area where high values o f  nitrate, phosphate and ammonia were measured, and o f the Good 

Hope-Negril Town area where, in addition to nutrients, high faecal coliform  counts were 

recorded. For the Delve Bridge area, FC counts were estimated to be in the "Medium" range 

based on the interpolation (Figure 6.15 (d)). However, as no direct m easurements o f faecal 

coliforms have been carried out in Delve Bridge or the surrounding area, it may be that the true 

FC counts may have been high there, too.

The overlay o f PO4 interpolations and land-use gave relatively little indication as to any 

relationships that might have been present. In the Shoreline Barrier overlay, most o f the 

anthropogenic land-use types were almost exclusively associated with "High" PO4 

concentrations (Figure 6.18 (a)). However, this was also the case with some o f the natural
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vegetation covers (e.g. Woodland and Mangrove), with only Trees and Scrub being clearly 

associated with "Medium" PO4 concentrations.

The reason for the inability o f  this overlay to distinguish between likely sources of higher and 

lower PO4 releases can be seen in Figure 6.19. Here, the areas of high and low interpolated PO4 

were indicated in relation to the land-use. Owing to the lack of inland barriers, the interpolation 

did not take natural breaks in the water flow into account, and therefore allowed interpolations 

across catchment areas. Moreover, high values observed in the rivers sampled were allowed to 

influence the interpolation in unsampled areas. Using the River Barrier interpolation, the 

influence of distant areas and non-associated catchment areas was reduced, but did not yield 

notably better differentiation between land-use types associated with "High" and "Medium" PO4 

concentrations (Figure 6.18 (b)). This might have been due to this comparison only taking the 

land-use o f  the areas in the 500-m buffers into account, and not the land-use of the catchment 

areas truly contribute to the water quality. Consequently, this type o f  overlay, while giving an 

indication as to areas associated with PO4 contamination, did not appear to be a good tool for 

robust scientific investigation into likely contamination source-observed contamination 

relationships.

6 .5  S t a t i s t i c a l  A n a l y s i s  o f  t h e  W a t e r  Q u a l i t y  D a t a

The previous section looked at relatively simple and standard ways o f  assessing spatial and 

temporal water quality using GIS technology. It was evident that display and visualisation were 

straightforward using the generic GIS tools. However, it was also clear that while some 

relationships could be established (e.g. inter and intra-parameter relationships and parameter 

versus watershed characteristics relationships) using these tools, in-depth analysis was poor and 

firmer relationships were more difficult to establish. Moreover, the full power o f  the GIS 

technology was not used, and much o f  the information held in the geographic database was 

ignored. To carry out more complex analysis, therefore, the possibility o f  extracting data and 

using this for establishing statistical correlations between observed water quality and watershed 

characteristics was explored.

6.5.1 M ethods

6.5.1 (a) W ate rshed  characteristics  selection

From the general literature and previous studies carried out on the Negril Watershed, five 

different sets o f  watershed characteristics were identified as (a) possibly having an influence on 

the measured water quality, and (b) being in a suitable format for modelling. These were land- 

use categories, soil types, slope, total drainage area, and the abundance and distribution of
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various types o f  sewage facilities. Tiiese characteristics were readily available from the 

geographic database established in Chapter 5, either directly as inputted datasets, or indirectly as 

possible outputs from the modelling.

6.5.1 (b) Dataset selection
A s there was no reliable model o f  the coastal currents for the Negril and Green Island area, only 

land-based sampling sites could be used for this analysis. However, as most o f  the water quality 

datasets available consisted o f  mainly coastal sites or a combination o f  coastal and land-based 

sites, the choice o f  datasets were limited to those that offered a high enough number o f  land- 

based sites to allow robust statistical analysis. As a guideline for choosing datasets, the 

minimum number o f  land-based sites were taken as 20 sites, and the sites were not to be centred 

so lely  around one river system to m inim ise catchment bias.

These constraints were only met by a handful o f  the datasets. Moreover, in most cases these 

datasets did not meet the minimum requirements for more than two or three single months over 

the entire 10-year temporal span (Section 5.4.2). This was the case even when looking at the 

consolidated datasets. Consequently, using a statistical correlation method for investigating  

m onthly, seasonal or annual variations was considered impractical and statistically unreliable. 

Only the Average datasets identified in Section 5.4.5, along with Dr. Goreau's June 1996 

datasets, were considered robust enough for statistical analysis and consequently as appropriate 

for the statistical analysis. The number o f  land-based sites and the river system s covered by each 

dataset are given in Table 6.6. Based on the discussion in Section 5.4.5, only four (NO3, N H ,, 

PO4, Chlorophyll-a) o f  the eight parameters measured in Dr. Goreau's dataset were included in 

the analysis.

6.5.1 (c) Sub-catchment delineation
For each o f  the 9 datasets, sub-catchments for each o f  the sampling sites had to be delineated to 

establish the extent o f  their respective influence areas (Figure 6.20). To allow  inclusion o f  

influence areas draining directly into groundwater pathways, two sets o f  sub-catchment 

delineation were carried out; one for surface water, and one for groundwater.

The surface water sub-catchments were derived from the LAND-DEM. This produced sub

catchments for any area not draining into a sinkhole, and therefore included most o f  the lowland 

areas o f  the Negril Watershed along with most o f  the hilly Green Island Watershed. The 

groundwater sub-catchments were derived from the COND-SURF flow-direction grid. As
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Table 6.6 Characteristics o f  the datasets used for statistical analysis.

D.VTASET S a m p l e d  b y N u m b e r  OF S i t e s A r e a s  S a m p l e d

Average Total Suspended Solids 
(TSS)

Dr. Greenaway
NCRPS
NWC

23 Pell River 
Island River 
North Negril River 
South Negril River 
New Savanna River 
Orange Bay

Average Faecal Coliforms (FC) Dr. Greenaway
NWC
UDC

22 North Negril River 
South Negril River 
Orange Bay 
Rutland Point

Average Ammonia (NH3) Dr. Goreau 
Dr. Greenaway 
NCRPS

63 Pell River 
Island River 
North Negril River 
South Negril River 
New Savanna River 
Orange Bay 
Great IVIorass 
South Coast

Average Nitrates (NO3) Dr. Goreau 
NCRPS 
NWC 
UDC

62 Pell River 
Island River 
North Negril River 
South Negril River 
New Savanna River 
Orange Bay 
Great Morass 
South Coast

Average Phosphates (PO4) Dr. Goreau 
NCRPS 
NWC 
UDC

62 North Negril River 
South Negril River 
Pell River 
Island River 
New Savanna River 
Orange Bay 
Great Morass 
South Coast

Dr. Goreau's datasets (NO3, 
NH3, PO4, C hlorophyll-a)

Dr. Goreau 39 North N egril River 
South Negril River 
Pell River 
Island River 
N ew  Savanna River 
Orange Bay 
Great Morass 
South Coast

exp la in ed  in the previous chapter, this grid gave a rough estim ate o f  the f lo w  paths o f  water 

entering the conduit f lo w  part o f  the groundwater system . It assum ed that any water draining  

into th is pathw ay above 20 m a.s.l. w ould  resurface through springs, fault lin es and seep age  

areas, and thus rejoin the surface drainage system . W hile this assum ption m ay be argued to be 

h yd ro log ica lly  pretentious, it d oes a llow  inclusion  o f  conduit f lo w  into the an alysis. A s this 

represents an im portant pathway in the N egril W atershed system , ignoring it m ay g iv e  less  

accurate results than using rough approxim ations.
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Prior to sub-catciiment delineation, all riverine sites had to be corrected against the delineated 

stream network. This was carried out by manually displacing each o f the digitised sampling 

points by 10-50 m to place them as close to the derived stream network as possible, and 

subsequently by an automated snapping procedure using the SNA PPOUR command with a 100 

m threshold. This two-step procedure ensured firstly that the digitised sampling points were 

located close to the derived stream network, which would not coincide exactly with the map 

representation o f the river network. Secondly, the automated SNA PPOUR procedure ensured that 

the sampling sites were situated at their respective DEM cells o f  highest flow-accumulation 

within a specified radius o f their original locations (here: 100 m). W ithout such a correction, the 

sub-catchments delineated could easily consist o f  only a few cells, making further analysis 

impractical. Consequently, this two-step correction o f the sampling site locations was necessary 

to ensure successful delineation o f the sub-catchments’’’.

After site location correction, the sub-catchments were delineated using the WATERSHED 

command and the LAND-DEM and COND-SURF grids for surface and conduit flow respectively. 

This, then, produced two sub-catchment grids for each o f the datasets. For ease o f subsequent 

analysis, each o f the sub-catchment grids was converted to polygon coverages using the 

G RID PO LY  procedure.

In addition, to avoid counting a watershed characteristic twice in the subsequent analysis, any 

part of a conduit flow sub-catchment overlapping its associated surface flow sub-catchment had 

to be eliminated^". The resulting reduced version o f the conduit flow sub-catchment coverages 

was used for all subsequent analyses.

6.5.1 (d) Determining watershed characteristics within each sub-catchment
To allow statistical investigation into the relationship between measured water quality and the

watershed characteristics, the individual watershed characteristics for each sub-catchm ent had to

be derived.

Land-Use and Soils: Summary tables o f land-use and soil types were obtained in ArcView, by 

appl>ing the TABULATE AREA  procedure on the LANDUSE-RS and SOIL coverages. The sub- 

catchnent coverages were used to specify the areas on which to summarise the areal extents o f

Ncte that the SNAPPOUR correction was only carried out against l a n d - d e m , as a second correction 
against COND-SIIRF would cause incorrect displacement away from the river or stream locations.
This was achieved by overlaying the two coverages with the UNION com mand, and subsequently 
deeting  common features.
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the land-use and soil types, In this way, the total area covered by each characteristic within each 

sub-catchment was derived.

Slope Gradient-. The slope gradient o f the study area was derived by running a S L O P E  

procedure on the LAND-DEM grid. As the LAND-DEM was o f  a 10x10 m resolution, the grid 

resulting from the SL O P E  procedure was o f the same resolution. However, because o f the 

inherent uncertainties associated with the DEM modelling procedures in general, and the 

tendency for sharp increases in elevation from one cell to the next when m odelling rugged 

terrain in particular, a smoothing o f the slope data was deemed necessary to avoid locally overly 

steep slope gradients. This smoothing was carried out by re-sampling the slope grid using the 

BLOCKMEAN function with the RECTANGLE and DATA options, and a width and height o f 10 

cells. This particular procedure is a combination o f a re-sampling procedure and a smoothing 

filter in that it calculates the mean o f a specified number o f  cells and gives all o f these cells the 

resulting value. Thus, the output is a grid o f  the same resolution, but where the values have been 

averaged and aggregated into blocks of, in this case, 10x10 cells (or 100x100 m). The 

preservation o f the original resolution, along with the option o f having the output ignore any 

NODATA cells in the original grid (the DATA option), gives this procedure a distinct 

advantage over true re-sampling procedures which often result in the output grid being extended 

beyond the original boundary o f the input grid. The resulting average slope gradient o f  the 

various sub-catchments were determined using the SUMMARIZE ZONES  procedure in 

Arc View, with the aggregated SLOPE grid and the sub-catchment coverages as inputted data 

sources.

Population and Toilet Facilities Counts: In order to assess the influence o f  direct human 

influence on the water quality, a measurement o f population and toilet facilities within each sub

catchment was needed. The relevant data for such analysis were available to this study in the 

form o f  the 1991 Census. As was discussed in Chapter 5, in order to prevent issues o f breach o f 

confidentiality, this type o f  data is given as a summary for each electoral ward, and not on a 

house-to-house basis. It is hence impossible to pinpoint exactly which houses have a certain 

type o f toilet facility and how many people are in each household. For the purpose o f this study, 

using the summarised ward data was a possibility. However, the wards did not work well as a 

spatial unit when assessing settlement distribution-related contam ination issues, as settlements 

are generally clustered, rather than evenly distributed throughout the wards (Section 6.2.1 (c)). 

Eirum (1998) suggested that determining an indicative population and toilet facility distribution 

based on the settlement pattern would be more useful. She allocated a mean population or toilet 

facility number to each household based on the total population or toilet facility number and the
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total num ber o f  houses in each ward. These mean values were then transferred to each o f  the 

houses  held in the SETTLEMENT coverage, making it possible to extract a likely total o f  people 

or  toile t facilities within each sub-catchment.

Thus, for this study, population and toilet facilities data for each sub-catchm ent were extracted 

from  the WARDS coverage through first overlaying the s e t t l e m e n t  coverage with the WARDS 

coverage , and then intersecting the resulting coverage with the sub-catchm ent coverages using 

the IN T E R S E C T  procedure (Figures 6.20  (a) and 6.21 '"). From the first step in this procedure, 

any house contained in the SETTLEMENT coverage would contain the same C ensus information 

as the  ward in which it was located. This included information on total num ber o f  houses, 

population count and available toilet facilities. However, the num ber o f  houses contained in the 

se tt lem ent coverage did not always com pare with the count given by the Census data (Figure 

6 .2 3 ). This  was likely to have been a result o f  cartographic simplification processes applied 

w hen producing the 1987 Jam aica 1:50 ,000  map series from which the s e t t l e m e n t  coverage 

was derived, as well as the discrepancy between the year o f  the surveying for that map series (c. 

1979) and the year o f  the Census data collection (1 9 9 1 ). It was assumed, however, that the 

general settlement distribution pattern as given by the Jam aica 1 :50 ,000  map series was 

representative o f  the 1991 pattern, as increases in population numbers as well as construction o f  

new residences would be expected to occur in close proximity to existing settlements (i.e. 

through strip development). Thus, the spatial settlement distribution pattern should still be the 

same. To allow  for the discrepancy in household numbers, however, a correction o f  the num ber 

o f  a particular variable per household within each ward (Vj_Gis/housc) could be carried out using the 

following general formula:

Vj^ccnsus
' ' i-Gis/house =  --------  w h ere  Vj.census = Num bcr o f  thc Variable (c.g. pit iatrincs) (Eq. 6.1)

J per house in Ward j as given by the
Census data

h j-G is  = Num ber o f  houses in Ward j  as given by
the s e t t l e m e n t  coverage

This results in an adjustm ent o f  the num ber o f  a particular variable per household reflecting the 

d ifference between the num ber o f  households in the Census data and the GIS database. For 

instance, i f  Ward 1 were recorded as having 50 households in the Census data, but only 35 

houses were  recorded in the SETTLEMENT coverage, and the num ber o f  pit latrines were noted 

as 20, then the corrected num ber o f  pit latrines (V|.ois/i,ouse) would be:

■*' For the sake o f  com pleteness, a flow chart o f the methodology needed for deriving estim ated o f 
population and toilet facility type statistics at the sub-catchm ent level) has been included as Figure 
6.22. This methodology is com plem entary to that outlined in Figure 6.21, and was used for deriving 
the 1x1 km grid-unit maps in Figures 6.3 and 6.4.
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j -G lS/house = —  = 0.58 
35

and not:

V = —  = 0 40j-ce n su s/h o u se  ’

as w ou ld  be the case if the num ber o f  houses taken from the Census were to be used for the 

calculation.

This  correction was applied to the equation suggested by Eirum (1998), which did not allow any 

correction  for discrepancies between the GIS and Census-derived total num ber o f  households. 

From Eirum's original equation:

i= l,j= l j-ce n su s

where Vi = Number o f the variable (e.g. pit
latrines) in Sub-Catchment i 

Z| = Number o f Vj,ois/housc in Ward j
hj-census = Number o f  houses in Ward j as given

by the Census data 
Hj = Number o f  houses in Wardj falling

within Sub-Catchment i

(Eq. 6.2)

the fo llow ing corrected equation was derived:

V  jV i=  ^ H i T   where V| = Number o f the variable (e.g. pit (Eq. 6.3)
j latrines) in Sub-Catchment i

Zj = Number o f  Vj.qis in Ward j
h j-G is  = Number o f houses in Wardj as given

by the s e t t l e m e n t  coverage 
Hi = Number o f houses in Ward j falling

within Sub-Catchment i

Thus, i f  Sub-catchment 1 covered parts o f  Wards 1 and 2, and Ward 1 had 150 houses and 80 

pit latrines, Ward 2 had 300 houses and 100 pit latrines, and 30 o f  the houses in Ward 1 and 120 

o f  the houses in Ward 2 were located within Sub-catchment 1, the num ber o f  pit latrines (Vi) in 

Sub-catchm ent 1 would be:

V. =30x —  + 120x-----= 16+40=56
' 150 300

N ote  tha t for the statistical analysis, the information on treated sewage toilet facilities were not 

included. This was because the effluent from these facilities was released at the two sewage 

trea tm ent facilities rather than directly from the settlements at which it was produced.
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6.5.1 (e) Statistical analysis
For each o f  the original 9 water quality datasets (A verage T SS, FC, N H 3 , N O 3 , PO4 and Dr.

Goreau's N H 3, N O 3, PO4 and C hlorop hyll-a), s ix  separate w atershed characteristics catchm ent

datasets w ere derived;

( 1 ) one for surface flow  w here each o f  the sub-catchm ent increm ents w ere treated  

as entirely separate entities

( 2 ) one for surface f lo w  w here the entire upstream area o f  a sam pling  point w as 

regarded as its sub-catchm ent

(3 ) one for conduit f lo w  w here each o f  the sub-catchm ent increm ents w ere treated  

as entirely separate entities

(4 ) one for conduit flow  w here the entire upstream area o f  a sam pling  point w as  

regarded as its sub-catchm ent

(5 ) one com bining (1) and (3 )

( 6 ) one com bining (2 ) and (4 )

The derived datasets are included in A ppendix  1.

For each o f  these datasets, Pearson's product-m om ent correlations and associated  va lu es  

betw een  m easured water quality param eters and the various w atershed characteristics were  

calcu lated  using SPSS v.lO . For the land-use and so il data, the areal va lu es (A rea) w ere 

converted to percentage o f  area (% Area) and logjo o f  area (L ogA rea) to in vestigate i f  correcting  

for the m agnitude o f  the areal extent w ould  g iv e  better correlations than the true areal extent 

(i.e . by rem oving any statistical bias caused by the areal d ifferen ce in com m on  and uncom m on  

land-uses or soil types).

A s the w ater-flow  m odels produced in Chapter 5 w ere unable to determ ine in fluence areas o f  

coastal sites, it w as also necessary to ascertain i f  there w as a relationship betw een coastal 

sedim ent transport processes and T SS values obtained at estuarine sites. B y estab lish in g  the 

distance betw een the coastline and the various inland sites, and g iv in g  all coastal sites a uniform  

artificial distance from the shore o f  0  m , statistical correlation an alysis w as a lso  p ossib le  on the 

in fluence o f  distance inland on the observed T SS values'’^

A on e-sid ed  Student's t-test w as a lso  carried out to estab lish  if  there w as a statistica lly  

sign ifican t d ifference in the TSS concentration o f  the coastal and land-based sites. T his w as in 

order to ascertain whether any correlation observed betw een  d istance inland and T SS

This was achieved through using a F IN D  D I S T A N C E  procedure on the l.AND-BOliNi), and 
subsequently running a cross-tabulation {T ABULA TE A R E A S  procedure) between the derived  
distance grid and the TSS-SITES coverage.
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concentration could be a function o f  other functions than sim ply distance away from the 

coastline.

Critical values for the different statistics were derived from Siegel ( 1994) and Zar (1999).

6.5.2 Assessment o f  Statistical Relationships Obtained
The location o f  the water sampling sites along with their surface and conduit flow  sub

catchment increment areas are given in Figure 6.24. In this figure, only the reduced (i.e. non

overlapping) versions o f  the conduit flow  sub-catchments are shown. Figures 6.25 and 6.26 list 

those watershed characteristics that were seen to correlate to the various water quality 

parameters at the 95% and 99% significance level, and thus give a summary o f  the results from 

the statistical investigation. The full statistical results have been included in Appendix J, and 

include both correlation and results.

6.5.2 (a) Differences in results for the Average and Dr. Goreau nutrient datasets
The Average and Dr. Goreau datasets did not invariably yield the same correlations for the NHj, 

NO3 and PO4 subsets. Particularly in the case o f  PO4 did these datasets fail to produce similar 

statistical correlations. The discrepancies may have been due to several factors, including 

variations in number o f  sampling sites, sampling locations, and sampling intervals or seasons o f  

the input values in the Average and Dr. Goreau datasets.

Dr. Goreau's data, for instance, formed an integral part o f  the Average nutrient datasets. Dr. 

Goreau's sites were sampled on one single occasion, thus having been subjected to the same set 

o f  meteorological boundary conditions (e.g. prolonged drought or heavy rainfall). However, 

they did not account for more than some 60% o f  the sites included in the Average datasets, thus 

leaving another 40%> o f  the sites containing data from a variety o f  sources, taken at various 

points in time, and most o f  them representing averages values obtained from recordings done 

over a series o f  months and/or years. They may, therefore, have been influence by specific  

events (e.g. heavy rainfall with subsequent flushing or dilution) at the time o f  sampling, with 

extreme outliers affecting the observed average value. The outlier PO4  value observed at 

Rutland Point (Figure 6.12 (a)) is a good example o f  just such an occurrence, indicating a far 

greater PO4  concentration than any o f  the surrounding points. An increase in site density might 

also have disguised high or low  values, as was the case in the Average PO4  interpolation in the 

Orange Bay area (Figure 6.12 (a)) when compared to that o f  Dr. Goreau's PO4  values (Figure 

6.12 (e)). The relatively high PO4  value recorded by Dr. Goreau lost its prominence when 

compared to the Average PO4  values obtained at near-lying sites.
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All these factors probably acted towards varying the individual outputs o f the statistical 

investigation carried out on the two different datasets. Because o f the constraints o f the Average 

datasets (chiefly the lack o f  uniformity in sampling intervals and the number o f  samples taken 

for each site), however, the statistical results obtained from these data cannot be said to be more 

accurate than those obtained from Dr. Goreau's data. The relationships obtained from the latter 

may, nevertheless, be easier to interpret than those from the Average data, due to the uniformity 

o f meteorological boundary conditions.

The Average measured values for both the NO3 and NH3 data subsets, moreover, produced 

fewer and less consistent statistically significant relationships between the nutrient parameters 

and slope gradient, drainage area, population number and toilet facilities than Dr. Goreau's 

values. The high number o f statistically significant correlations does not autom atically indicate 

that Dr. Goreau's datasets were in any way describing the actual situation more accurately than 

the Average data subsets, in fact, some o f the correlations obtained, especially for the NO3 data, 

were surprising and require a certain amount o f scrutiny before they can be accepted as true 

relationships or rejected as artefacts o f  the statistical process and/or mere coincidences.

6 .5.2 (b )N itra te s
The consistent negative correlations obtained between nitrates and most o f  the watershed 

characteristics were surprising. An increase in nitrate concentrations is usually associated with 

both agricultural run-off and sewage disposal, while decreases should consequently be observed 

with increasing influence o f natural vegetation and undisturbed areas. The observed negative 

correlations with urban areas, sugar cane plantations and the different types o f mixed cultivation 

are consequently hard to explain. The overall negative correlation observed with increasing 

drainage area could indicate that high nitrate values were associated with point-sources, and, 

therefore, that the negative correlations observed with land-cover types were caused by dilution 

effects. This hypothesis was particularly well supported in the Average NO3 dataset where 

statistically significant decreases in nitrate concentrations were only found at the true sub

catchm ent level and not on the sub-catchment increment level. This hypothesis could also 

explain the negative correlations obtained between Dr. Goreau's dataset and toilet facilities and 

population numbers. No attempt was made in this investigation to look at distances away from 

sampling sites to various point-source locations, and it may be that if such an investigation had 

been made, further indications o f dilution effects would have been observed.

In the case o f  natural vegetation, it seemed that for Dr. Goreau's data, there were some 

significant negative correlations between nitrate and the true areal and LogArea extents o f 

woodland, although these were to some degree belied by strong positive correlations on the
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% Area level. H ow ever, increases in nitrate concentrations w ere a lso  seen to be associated  with  

increases in slop e gradient. T his association  is largely supported by the availab le literature. A s  

d iscu ssed  in S ection  2.3.1 (a), nitrogen com pounds are known to be rapidly so lu b le, and w ill 

therefore be subject to preferential leach ing during even ts o f  rapid overland- and throughflow . 

W ith the increased flo w  v e lo c ity  on steep  slop es, therefore, preferential leach ing should  be high, 

and associated  nitrate concentrations should be thereafter. A s m uch o f  the steepest slop es in the 

w atershed  are covered  w ith  d en se w oodland , this m ight to som e degree exp lain  the observed  

variability  in w oodland-nitrate relationships on the Area, % Area and L ogA rea levels .

There w as no statistica lly  sign ifican t decrease in N O 3 concentrations with increases in w etland  

exten ts w ithin the sub-catchm ents. T his w as particularly surprising as the interpolations (Figure 

6 .12  (b) and (f)) sh ow ed  relatively  low  concentrations in areas such as the Great M orass, N egri! 

Spots and the St Johns Point and Ireland Pen m angrove areas. It m ay be, though, that as m ost o f  

the sub-catchm ents have m ixed  land-covers, the effec ts o f  the w etland areas on the observed  

nitrate concentrations w ere to som e degree m asked by the effec ts o f  other vegetation  covers.

The nitrate-soil type relationships w ere a lso  to som e degree surprising. D ue to the high  

so lu b ility  o f  nitrate com pounds, p ositive  correlations w ould  be expected  b etw een  nitrates and 

soil typ es o f  rapid drainage and/or high erosion potential. H ow ever, on the Area and L ogA rea  

level on ly  clear n egative correlations w ere apparent, with som e p ositive  correlations on the 

% Area level. The soil types that both appeared in the A verage and Dr. Goreau dataset 

in vestigation s w ere "Bonny G ate Stony Loam" and "Bonny Gate S tony Loam  /  St Ann C lay  

Loam", both o f  w hich  are c la ssified  as rapid drainage, high erosion  potential so ils , but these  

w ere a lso  the soil types that changed from p ositive to n egative correlations.

There is a high prevalence (c. 63% ) o f  soil types o f  the high erosion  potential, rapid drainage  

category in the w atershed, h ow ever, and any effect these m ay have on the observed  water 

quality m easurem ents m ay not have been picked up by the statistical an alysis. For instance, i f  

m ost o f  the sub-catchm ents have a high coverage o f  one particular so il type, variations in 

observed  param eter concentrations m ay not be seen as influenced by the soil type, but rather by 

vegetation  cover, slop e gradient or other watershed characteristics. The p ossib le  d ilution effec t  

m entioned ab ove m ight a lso  have played an im portant role in m asking the e ffec ts  individual so il 

types m ight have on the observed  nitrate concentrations.

6.5.2 (c) Ammonia
The observed  correlations betw een  am m onia and land cover were largely as w ould  be exp ected  

based on the availab le literature. There w ere clear indications that am m onia increased with
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increasing areal extent o f  agricultural (notably sugar cane plantations, pasturelands and cereal 

and vegetable mixed cultivation) and urban areas. Agricultural lands often yield am m onia  

through fertiliser additions and animal grazing, while urban areas are often associated with high 

population clustering with associated sewage and other dom estic  effluent production {cf. 

C hapter  2). As was discussed in Chapter 3, in the Negril area, these effluents are seldom treated 

to a sufficient level, thus likely to contain high concentrations o f  nutrients, coliform s and other 

contaminants.

Positive correlations were also seen between am m onia  and both woodland and marshland. 

Areas with a high occurrence o f  ponds also seemed to yield positive correlations with am m onia. 

These positive associations between natural vegetation types and am m onia  values are 

surprising, as none o f  these vegetation types are generally associated with high am m onia  values. 

O ne possible contributing factor to high am m onia  values in areas o f  extensive natural vegetation 

cover is the extensive legal and illegal grazing taking place along river banks and on marginal 

marshland. Pond areas are also extensively used for grazing, as these land areas are unsuitable 

for cultivation unless extensive drainage is put in place. The influence o f  this grazing, therefore, 

could mask any beneficial effect these land-cover types actually exert on the prevailing 

am m onia  concentrations. Moreover, the problem o f  degradation o f  the wetlands and the fact that 

w ater drained into the rivers and canals surrounding the Great Morass never actually trickles 

through the wetland may again be a contributing factor to the observed lack o f  negative 

correlations.

A further consideration is the fact that particularly woodland showed negative correlations at the 

% A rea  level. This was in keeping with the observed relationships for nitrate and soil types 

above, where the expected correlations only occurred on this particular level. This could 

indicate that for some o f  the more spatially extensive watershed characteristics, the % A rea  

correlations give a better indication as to their influence on contam inant concentration than Area 

and LogArea. Moreover, the fact that no positive correlations were obtained between w oodland 

and groundwater-derived am m onia, even though the conduit flow sub-catchm ents drain the 

largest areas o f  woodland suggests that the observed positive correlations were results o f  the 

statistical techniques used, rather than reflecting true relationships.

In addition to being clearly affected by land-cover or vegetation type, the observed am m onia  

concentrations also seemed to be positively influenced by the size o f  the drainage area. This 

may indicate an accum ulative effect o f  the contam inant in the receiving waters with little or no 

removal o f  am m onia  through bio-assimilation and colloidal absorption or adsorption. It m ay 

further indicate that am m onia  was largely provided through diffuse sources in the study area.
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T h is  latter d o e s  no t ex c lu d e  th e  add it iona l p ro v en a n ce  o f  a m m o n ia  th ro u g h  po in t-sou rces ,  

how ev e r ,  and  pos i t ive  co rre la t io n s  be tw een  a m m o n ia  and, in par t icu la r ,  pit  la tr ines, bu t  a lso  

p o pu la t ion  n u m b e rs  and  lack o f  to i le t  facili t ies,  w ere  seen  w hen  us ing  Dr. G o re au 's  data .  T h e  

a c c u m u la t iv e  e f fec t  w a s  p a r t icu la r ly  ev iden t  w ith  these  fac tors ,  as m o s t  o f  th e se  w ere  seen  on ly  

w h en  lo o k in g  at the  t ru e  su b -ca tch m en ts  o f  the  c o m b in e d  flow.

T h e  soil ty p e  c o r re la t io n s  w ere  seen  to  be  m ore  erra tic  in the  case  o f  a m m o n ia  than  nitra te ,  w ith  

p os i t ive  co rre la t io n s  ap p a ren t  at  the  true  areal ex ten t  level for  a range  o f  soil types .  A ga in ,  

"B o n n y  G ate  S tony  L o am ,"  and  a lso  to  a certa in  ex ten t  "B o n n y  G a te  S to n y  L o am  / C h u d le ig h  

C la y  L o am " ,  w o u ld  ch a n g e  f rom  be ing  posi t ive ly  to  n e g a t iv e ly  co r re la te d  to  a m m o n ia  

d e p e n d in g  on the  type  o f  a re a  da tase t  used . A s w ith  n itra te , ho w ev e r ,  a m m o n ia  w o u ld  be 

e x p e c ted  to  be p o s i t iv e ly  co r re la ted  w ith  soil ty p e s  w ith  h igh  ero s ion  po ten tia l  and  rap id  in ternal 

d ra inage .  N o  such  pa t te rn  w as  o bv ious ,  h ow ever ,  rega rd le ss  o f  w h ich  da tase t  resu lts  w ere  used.

6 .5 .2  ( d ) P h o s p h a t e s

T h e  re la t ive ly  few  ap p a ren t  co r re la t io n s  be tw een  p h o sp h a te  and  both  the  va r io u s  la nd -cover  

ty p e s  and  an th ro p o g e n ic  fac to rs  m ig h t  at f irs t  g lance  seem  surp ris ing .  H o w ev er ,  as w as  seen 

from  F igure  6 .12  (d )  and  (h), p h o sp h o ru s  w as  by and  large the  l im iting  n u tr ien t  in the  

w ate rshed .  T h e  av a i la b le  p h o sp h o ru s  w o u ld  the re fo re  rap id ly  be as s im ila te d  by  o rg a n ism s  in the  

w a te r  co lu m n ,  and  the  o b se rv e d  level w o u ld  c o n seq u e n t ly  be kep t at a co n s tan t ly  low  level. T h is  

is su p p o r ted  by th e  re la t ive ly  c o n ta in e d  in te rpo la ted  areas  o f  ph o sp h a te  h o tspo ts  (F ig u re  6 .12  (a) 

and  (e)), w ith  an y  o b se rv e d  h igh  co n c en tra t io n s  m a k in g  little o r  no  im p a c t  on  o b se rved  

d o w n s tre a m  co n c en tra t io n s .  T h is  w as  not the  case  for, for  instance,  a m m o n ia  and  n itra te ,  w h ere  

localised  h o tspo ts  w o u ld  a lso  h ave  an effec t  on d o w n s trea m  sites.

T h e  re la t ionsh ip s  o b ta in ed  from  the  A v erag e  and  Dr. G o re au  da tase ts  w e re  re la t ive ly  d iss im ila r ,  

and  the  re la t io n sh ip  be tw e en  u rban  areas  and  p h o sp h a te s  o b ta ined  from  the  A v e ra g e  da ta se t  

c h a n g e d  from  pos i t ive  to  n eg a t iv e  in the  % A r e a  and L o g A re a  datase ts .  T h e  overa ll  im p ress io n ,  

how ever ,  w a s  one  o f  pos i t ive  co r re la t ions  w ith  sa n d y  areas  and  m a n g ro v e  fores ts ,  and  n ega t ive  

co r re la t io n s  w ith  tree s  and  scrub. T h e  ac cu rac y  o f  th e se  re la t ionsh ip s  is d if f icu l t  to  as sess  

m a in ly  due  to  the  rap id  rem o v a l  o f  P O 4 m e n t io n e d  above .  T he  o b se rv e d  re la t io n sh ip s  w ith  

m a n g ro v e  fo res ts  and  sa n d y  areas, h ow ever ,  m a y  be ca used  by localised  p ro ce sses  o f  p h o sp h a te  

re leases  th ro u g h  h igh  tu rb u le n ce  (e.g. s to rm  even ts) ,  o r  poss ib ly  from  g ro u n d w a te r  resu rfac ing .  

T h is  la tter is a  p la u s ib le  op t ion  in the  L itt le  B ay  area  w h e re  high PO4 m e a s u re m e n ts  w ere  done  

in a  sho re line  ca v e  (F igu re  6 .12  (a) and (e)). It m u s t  be noted ,  h ow ever ,  th a t  bo th  sand  and  

m a n g ro v e  fo re s ts  w ere  p o o r ly  rep resen ted  in the  de r ived  su b -ca tch m en t  land -use  da tase ts ,  w ith  

o n ly  one  o r  tw o  sites  s a m p l in g  w a te r  d ra in ing  th e se  land -use  types
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The positive correlation with sandy areas for the Average PO4 dataset was reinforced with 

strong positive correlations with "Beach-Sandy" soil type. Again, this suggested increase in 

phosphate concentrations with increasing areas o f sand may be due to local leaching processes 

or groundwater seepage. It might also be that the sand, consisting mainly o f coral calcareous 

algae fragments, and therefore being almost pure calcium, is particularly rich in phosphorus, as 

phosphorus compounds tend to form precipitates with calcium carbonate (Section 2.3.1 (a)).

For the other soil types for which statistically significant correlations with phosphate existed, no 

real pattern emerged. Again, the correlations were relatively erratic, with some o f the soil types 

changing from positive to negative correlations depending on whether the calculation was 

carried out with the Area, % Area o f LogArea data. For the groundwater flow sub-catchments, 

there did seem to be a consistent negative correlation between phosphate and the soil types 

"Carron Hill Clay / Bonny Gate Stony Loam" and "Shoothill Clay". These are both rapid 

drainage type soils, and as phosphorus is not as readily soluble as, for instance, nitrate, the rapid 

drainage through these soil types and into underlying bedrock might suggest little or no PO4 

leaching occurred. However, other "Bonny Gate Stony Loam"-rich soil types (e.g. "Bonny Gate 

Stony Loam / St. Ann Clay Loam" and "Bonny Gate Stony Loam / Chudleigh Clay Loam"), 

while having an equally rapid internal drainage, showed positive correlations with PO4.

6.5 .2  (e) C h lo ro p h y ll-a
The land-cover and chlorophyll-a correlations were largely as would be expected. The positive 

correlations with most agricultural lands (especially sugar cane plantations, pasturelands and 

cereal and vegetable mixed cultivation), as well as urban areas, corresponded well with the 

general notion o f agricultural and urban lands being main sources o f nutrient-rich runoff. The 

nutrient-rich untreated sewage effluents were also seen to correlate positively with chlorophyll- 

a concentrations, especially on the true sub-catchment level. The positive correlation between 

population numbers and chlorophyll-a was likely to be associated with increased sewage and 

domestic effluents.

The positive correlations with ponds and to some degree marshland were also relatively easy to 

explain. Although nutrients may be relatively limited in marshlands, and certainly lower than in 

the surrounding rivers, the stagnant or slow-moving water in marshes and ponds encourage 

algal growth (M oss, 1988). This relationship between slow-moving water bodies and increased 

chlorophyll-a productivity was also clearly stressed in the strong negative correlation between 

chlorophyll-a and slope gradient. M oreover, for the soil type correlations, the only categories 

showing consistent positive correlations to productivity were "M angrove Swamp" and "Salt 

Swamp".
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For the other soil types, "Lucky Hill Clay Loam / Bonny Gate Stony Loam" and "M arym ount 

Clay" both seem ed to be positively correlated to ch lorophyll-a  concentrations on the 

g roundw ater  flow level, with "Agualta Silty Loam" and "Bundo Clay" correlating positively and 

negatively respectively on the surface and combined flow levels. Apart from the first o f  these 

soil types, these are all classified as slow drainage soils. "Lucky Hill Clay Loam / Bonny Gate 

Stony Loam ", being a mixed soil type, had an internal drainage classified from very slow to 

extrem ely  rapid based on the drainage classes o f  the tw o soil types it consisted of. It could be 

that the drainage veered more towards that o f  "Lucky Hill Clay Loam" than "Bonny Gate Stony 

Loam", and as such, both this soil type and the "M arym ount Clay" m ay represent soils o f  high 

impermeability , and consequently o f  pooling or water-logging. This was further supported by 

their only being found on relatively flat ground (slope gradients o f  less than 5%). This would be 

sufficient to  explain the strong positive correlations observed. This hypothesis w ould also be 

applicable to "Agualta  Silty Clay" on the same grounds. "Bundo Clay", however, even though 

characterised by very slow internal drainage and also only found on level ground, was seen to 

correlate negatively with productivity.

6 .5 .2  (f) F a e c a l  C o l i fo rm s

The clearest relationships between faecal coliforms and watershed characteristics were those 

directly related to population distribution, with increasing urban areas, population num bers and 

untreated sewage all being .strongly related to increasing FC counts. This was not surprising as 

faecal coliform s are derived through human and animal excreta, and are subsequently to a large 

degree a point-source contaminant. Surprisingly enough, however, pastureland was not one o f  

the categories that overall correlated positively to FC counts, with only groundw ater  flow at the 

sub-catchm ent increment level showing positive correlation between pasture and FC counts. For 

the other w ater flow scenarios, pastureland correlated negatively with FC when looking at the 

LogArea data.

For the A rea  data, most o f  the land-cover types correlated positively. It may, therefore, again 

have been a case o f  local social and socio-agricultural procedures masking the effects o f  certain 

types o f  land-use (including grazing on riverbanks and marginal land), and bathing and clothes 

washing  in rivers and springs. Moreover, faecal coliforms are generally a largely conservative 

contam inant, with accumulation o f  concentrations with distance downstream  in a given river 

system, provided considerable dilution is not taking place. This conservative effect was 

supported by the strong positive correlation between the drainage area and FC counts.

Soil type is expected  to have an influence on the faecal coliform counts e ither if  the soil type 

provides a rapid route from source to water body (i.e. high internal drainage for contam ination
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o f groundwaters and high impermeability for contamination o f surface waters), or if it provides 

sufficient retention o f the effluents for natural attenuation and bio-degradation to take place (cf. 

Chapter 2). The statistical investigation yielded a great number o f predominantly positive 

correlations, with both high internal drainage and low internal drainage type soils. No pattern 

was apparent, however, without any clear differentiation o f soil types being positively correlated 

in the groundwater and overland water scenarios. The accumulative effect, moreover, resulted in 

the combined flow datasets correlating with almost half o f  the available soil types.

The lack o f clear correlation patterns may to some degree have been a result o f  the relatively 

limited spatial extent o f the faecal coliform sampling, with all the sampling sites concentrated in 

the area bounded by Salt Creek, Logwood, Sheffield and Negril Town. Sampling o f other 

locations throughout the watershed may result in different correlations being apparent.

6 .5 .2  (g )T S S
The positive correlations seen between TSS and urban surfaces and cereal and vegetable mixed 

cultivation corresponded well to the expectations based on available literature (Chapter 2). 

Urban surfaces are known for high overland run-off rates, with little or no attenuation o f dust, 

soil and various discarded materials. Equally, cereal and vegetable cultivation is often 

associated with seasonally bare soils (e.g. before planting and after harvesting). The plants 

them selves may not be grown densely enough to provide sufficient soil retention even during 

growth season. The lack o f significant correlation with sugar cane, on the other hand, was 

somewhat surprising, but may possibly have been due to constraints o f the data (e.g. sampling 

times, sites and intervals). It must be stressed, however, that for this particular dataset, all 

months were represented. Nevertheless, there was some bias towards some o f the sites only 

being sampled during the summer months, at which time the sugar cane fields were generally 

planted and well into their growth season.

It also seems surprising that increases in slope gradient were related to decreases in TSS loads, 

as, in general, steep slopes are associated with high erosion rates when compared to gentler 

slopes. This may to some extent be justified by the observed negative correlation between 

woodland and TSS. As most o f  the steeper slopes in the catchment were covered in prime 

rainforest, erosion rates must be expected to have been lower than in cultivated and thinly 

forested areas, even though the slope gradient o f the latter is less steep. Equally, retention o f 

particulate matter in the overland flow must be expected to be greater in forested than non

forested areas, it might be that if forested areas were excluded from the slope-TSS correlation 

calculation, the resulting observed correlation may have been lower, and perhaps even positive 

rather than negative as currently indicated. This influence o f dense woodland vegetation on
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m easured  TSS was also supported by the higher negative correlations observed between TSS 

and slope gradient from the conduit flow ddXaversus  the surface flow data, as the groundwater 

f low  to a large extent was derived from the steep, wood-covered Fish River Hills and Jerusalem 

M ounta in  areas. The surface flow mainly originated from more gently rolling terrain covered in 

light forest or cultivated vegetation.

T he  correlations between soil types and TSS were not easily explained. The "Beach-Sandy" soil 

c lass only appeared locally along the coast, and the observed statistically significant positive 

correlation was likely due to its occurrence in one single coastal sub-catchment; a small 

ca tchm ent feeding into O range Bay. This very localised distribution o f  the soil class explained, 

to  a large extent, w hy no statistically significant correlations between "Beach-Sandy" and TSS 

were  observed on the true sub-catchment level. It is important to note, though, that, as "Beach- 

Sandy" is occurring along the shoreline area and not to any great extent within the inland parts 

o f  the watershed, the lack o f  observed correlation on the true sub-catchm ent level did not 

exclude the possible influence this soil type may have had on coastal waters, in fact, the 

observed localised effect on the sub-catchment increment level strongly suggested that a 

positive "Beach-Sandy"-coastal water TSS concentration correlation might hold true. This was 

not supported by the investigation into the difference in TSS concentration with distance inland 

from shore, with the calculated correlation being 0.185 (d f  = 41, =  0.30! at the 95%

probability  level), and the t-test indicating that the coastal samples overall showed lower TSS 

concentrations than the land-based sites on the 99.9%  level = -3.56, d f  = 39, p = 0.000). 

However, this m ay have been more a result o f  the difference in coastal and riverine TSS 

concentrations. It seemed, therefore, that since the site at which "Beach-Sandy" influenced the 

measured TSS concentrations was a shoreline site, the observed TSS concentration m ight be a 

direct result o f  coastal sand and sediment transport processes rather than influenced by the local 

soil types.

The positive correlation with "Salt Swamp" (which in the Jamaican soil classification system 

includes the Great Morass, Negril Spots and large areas o f  mangrove sw am p) may, as was 

suggested for phosphate in relation to mangrove forests (Section 6.5.2 (d)), have been caused by 

storm events prior to some o f  the sam pling events. The salt swam ps are likely to have high silt 

contents, and rapid flow could cause flushing o f  this silt with associated resuspension o f  

sedim ents into the w ater  column.

6.5.3 Evaluation o f  Relationships Derived
Overall, the statistical investigations largely indicated the types o f  relationships between the 

w ater quality parameters and the watershed characteristics that were expected based on the
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availab le  literature. The overall relationships found betw een the various w ater quality  

param eters and the m ain w atershed characteristics have been sum m aries in T able 6.7.

Table 6.7 Relationships between the various water quality parameters and the main watershed 
characteristics, as obtained from the statistical analysis and subsequent discussion. The toilet facility 
classes have been grouped into "Treated Sewage" (WC linked to sewerage) and "Untreated Sewage" (all 
remaining toilet facility categories). As no real tangible correlation patterns between the water quality 
parameters and soil type could be established, this group of watershed characteristics have been excluded 
from this matrix. + indicates clear positive correlation, indicates clear negative correlation, and symbols 
in brackets indicate possible correlation.
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L and-cover and land-use w ere those characteristics that gave the best correlations both in that 

they  generally  corresponded to expected relationships, and that they d iv ided relatively  clearly  

into negative and positive correlations based on natural vegetation  and an thropogenic land- 

cover. H ow ever, both n itrates and phosphates tended to show  unexpected  - or lack o f  - 

correlations, but these w ere also possib le to attribute to  natural w atershed processes, including 

b io-assim ilation , d ilu tion and aggregation.

The point-source data (i.e. to ile t facilities and population num bers) also  gave consistent, 

re la tively  indisputable correlations, w hich clearly  follow ed the pattern expected w hen looking at 

the literature. A gain, n itrate and phosphate did not conform  to the expected pattern, but 

p lausib le exp lanations for the d iscrepancies w ere attem pted given.

T he lack o f  c lear patterns w ith soil categories w as som ew hat d isappoin ting , but not surprising. 

The dom inance o f  a handful o f  soil types rendered clear soil type-derived  varia tions in 

param eter concentration  unlikely. M oreover, the lack o f  detailed soil type inform ation in general 

and the lack o f  data on depth to  bedrock in particular, m ade d ifferentiation o f  soil type im pact 

difficult.
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T he general im pression, then, w as that m ost o f  the w ater quality  param eters increased w ith 

increases in contam inant point-sources density  and w ith increases in the areal ex ten t intense 

farm ing  and urban surfaces. Increases in slope gradient, and thereby increases in flow  velocity  

and volum e, w ere seen to  increase nitrate concentrations, but decrease w ater colum n 

productiv ity . The size o f  the drained area also  affected the w ater quality  param eter 

concentrations, causing d ilu tion o f  n itrates, but accum ulation o f  m ore conservative param eters 

such as am m onia and faecal coliform s.

6 .6  C o n c l u s io n

T his chap ter has em ployed d ifferent types o f  GIS m ethodologies for estab lish ing  and analysing 

rela tionsh ips betw een the observed w ater quality  and the w atershed characteristics. It was 

ev iden t from  this investigation that a variety  o f  GIS too ls and approaches can be used to 

determ ine  these relationships, albeit w ith varying degrees o f  success. O verall, there w ere 

indications that both nutrients and faecal coliform  contam ination  w ere linked to  an thropogenic 

activ ities w ith high concentrations found in densely populated and/or heavily  cu ltivated  areas.

The sim plest GIS m ethodology em ployed was visualisation , w ith a range o f  options for spatial, 

tem poral, in ter-param eter and param eter-w atershed characteristics v isualisation  and analysis 

attem pted . W hile the relationships derived in this w ay cannot be sc ien tifically  "tested", this 

approach proved satisfactory  for a first assessm ent. C onsequently , this technique is useful for 

d issem ination  and for selecting  param eters and characteristics that w arrant fu rther investigation.

The in terpolation approach illustrated the pow ers o f  this type o f  com putation , but, due to the 

lim itations o f  the com puter equipm ent available, th is approach w as not used to  its full potential 

in th is study. There w ere indications that the interpolated surfaces could provide useful 

con tam ination  d istribution estim ates when using appropriate barriers, and the ou tput from  these 

interpolations could be em ployed to  derive inform ation on likely contam ination  sources. The 

m ain benefit obtained in this study, how ever, was one o f  added visualisation pow er.

F inally, the delineation o f  sub-catchm ents and subsequent extraction o f  sub-catchm ent 

characteristics gave good, relatively  robust relationships. T his type o f  analysis w as probably  the 

m ost scientific  o f  the approaches used. H ow ever, apart from adding robustness to  the analysis, it 

m ainly  served to confirm  relationships already derived or suspected from  the previous analyses.

The G IS technology, then, offered a range o f  w ays and approaches to  estab lish ing  w ater quality- 

w atershed characteristics relationships. The sub-catchm ent delineation and statistical analysis 

approach is suitable for scientifically  robust analyses, w hile visualisation  is appropriate for rapid
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assessment. Certain limitations and caveats must be pointed out, however. Firstly, deriving 

average values for the parameters as carried out in this study m ay not have been the most 

appropriate  way o f  collating the various datasets into one large dataset. Moreover, the analyses 

m ay have been more successful and/or correct if  extreme outliers had been rem oved prior to 

analysis. In addition to problems with the w ater quality datasets, limitations and caveats were 

also associated with the w atershed characteristics datasets (as outlined in Chapter  5), and the 

GIS techniques used. This latter was particularly an issue for the interpolation investigations, as 

the interpolation algorithms are invariably associated with a high degree o f  uncertainty {cf. 

Section 2.5.3 (b)).

Despite these limitations and caveats, it appeared that the anthropogenic activities contributed 

the m ost to the deterioration in water quality, with agriculture and urban areas/high population 

density  being associated with high nutrient and faecal coliform contamination. M ost o f  the 

natural vegetation categories, on the other hand, were not associated with increases in 

contam ination load, and in some cases were even negatively correlated with contam ination load. 

Consequently, based on these findings, the managem ent effort should prioritise reducing or 

counteracting the anthropogenic pollution sources, for instance through introduction o f  more 

appropriate sewage disposal and treatment systems and o f  a scheme for actively prom oting 

riparian vegetation along streams, drainage ditches and sinkholes. This latter would also entail a 

curbing o f  intermittent riparian grazing by domestic animals. A secondary m anagem ent focus 

w ould be a reduction o f  infringement on natural vegetation such as forest clearing and wetland 

drainage. Additionally, a third focus could involve reforestation o f  abandoned grazing and 

agricultural lands.
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7. M et h o d s  a n d  R esults III

- D e v e l o p i n g  E n v i r o n m e n t a l  In d i c e s  f o r  t h e  
N e g r i l  & G r e e n  I s l a n d  W a t e r s h e d s  -

7 .1  I n t r o d u c t i o n

The previous chapter looi«;ed at the possibility o f  using the GIS technology to analyse the water 

quality data, and to establish relationships between the observed water quality  and the 

watershed characteristics. The technique that showed most promise for establishing quantitative 

relationships was the statistical analysis carried out on Section 6.5. However, this was a 

relatively laborious process, involving a large num ber o f  steps and a considerable am ount o f  

computational processing and modelling, and was associated with numerous assum ptions and 

generalisations. As discussed in Chapters 5 and 6, the outputs o f  these processes largely fulfilled 

their purposes, but their robustness depended on that o f  the source data and the m odelling 

processes employed. These outputs, therefore, will only provide useful information if  adequate 

metadata and lineage is provided with the outputs them selves ( c /  Figure 5.3 1 and Appendix  H). 

The amount o f  work involved in establishing some o f  these outputs, therefore, could be argued 

to be too considerable in relation to the value o f  the output if this was to be done for a larger 

study area, for numerous study areas, or possibly for the entirety o f  the Jam aican coastline.

Consequently, the next research question is whether there are alternate w ays o f  extracting 

similar relationships, and if the relationships established for the Negril and Green Island study 

area can be applied in som e w ay to other, similar study areas. One approach that addresses both 

these questions and which is frequently used in medium to large-scale m anagem ent 

applications, is establishing and applying a com bination o f  pollution load, environm ental risk 

and vulnerability indices. I f  such indices could be established using the available data from the 

Negril and Green Island area, along with the knowledge gained from the investigations carried 

out in the previous chapters and additional knowledge gained from the literature (so-called
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proxy data), these could provide a two-fold benefit to Jamaican watershed management. Firstly, 

these could be used to consolidate the basedata and the analysed data obtained for the Negril 

and Green Island watershed into datasets that are more easily interpreted. This follows Ott's 

(1978) idea of reduction of data quantity with retention o f  essential information idea {cf. Section 

2.4.3), and could be used in the study area, for instance, to identify areas o f  particular 

management concern. In addition, if successful, such indices could usefully be applied to other 

watersheds around the island, thereby possibly reducing the amount o f  both initial data and 

work necessary to establish areas o f  concern in these watersheds.

There are two main factors determining the risk of environmental contamination to the 

waterbodies o f  the Negril and Green Island watersheds; contamination sources present, and the 

vulnerability o f  the watershed and its waterbodies to the available contaminants. The possible 

contaminant sources were investigated and discussed in the previous chapter, and it was 

concluded that there were both point sources (mainly in relation to human settlements and 

effluent disposal from these) and diffuse sources (agricultural and built-up land) present. The 

degree to which these would affect the water quality varied both as a factor o f  presence/absence 

o f  a given parameter, and the extent or number of contaminant sources contributing to the water 

quality. Any specific discussion on the vulnerability o f  the study area's waterbodies has not yet 

been carried out in any detail. However, it is clear from the previous three chapters that the 

waterbodies of the Negril and Green Island watersheds can be divided into groundwater, surface 

water and coastal waters. As discussed in Chapter 2, each of these will have different conditions 

attached to their vulnerability to contamination.

As a consequence o f  this two-fold division o f  the risk to water quality, this chapter will attempt 

to establish three types of environmental indices for the Negril and Green Island watershed:

(1) Pollution Load Potential Index (PLPI)\ defining areas o f  high potential for 

contamination outputs into the waterways.

(2) Waterbody Vulnerability Index (WVI): defining areas o f  high vulnerability to 

ground, surface and coastal waters - with the different sub-types of the WVI 

being referred to as GWVI, SWVI and CWVI, respectively.

(3) Waterbody Risk Area Index (WRAI): defining areas that have both high 

vulnerability and high pollution load potential, thus indicating areas in need of 

specific attention for water quality management purposes - with the different 

sub-types o f  the WRAI being referred to as GWRAI, SWRAI and CWRAI for 

ground, surface and coastal waters, respectively.

It is hoped that each o f  these three types o f  indices will contribute to the identification of 

specific management needs. The first type will identify areas o f  high pollution load, thus areas
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where changes in, for instance, land-use practices need to be addressed. The second type is 

intended to identify areas o f high vuhierabiiity to water contamination, and could, therefore, be 

envisaged to aid in land zoning policy development. For instance, areas o f high groundwater 

vulnerability could be zoned for recreation, while areas o f low groundwater vulnerability could 

be zoned for housing developments o f high-intensity agriculture. The third type, being a 

combination o f the other two, is expected to indicate current hot-spots in need o f immediate 

attention if a reduction o f water contamination is to be achieved. This would allow the NEPT, 

for instance, to focus their current community-oriented environmental training to the 

com m unities most in need o f restructuring their land-use and waste management.

7.2 G e n e r a l  I n d e x  S t r u c t u r e

Index theory was briefly outlined in Section 2.4.3. It was clear from this that two main 

structures o f environmental indices are currently in use; the first generation reductionist 

descriptive index, and the new generation conceptual framework index. The indices produced in 

this study have the following boundaries:

(1) Ainr. By using the relationships found in the previous chapter, as well as the 

relationships established in the literature (Chapters 2 and 3), establish areas o f 

environmental concern.

(2) Intended End-Users'. Researchers, managers, policy makers, GOs and NGOs.

(3) Questions Asked: A series o f relatively simple "where" type questions, such 

as:

Where are the areas o f high vulnerability?

Where is the contamination likely to originate from?

Where has improvement in pollution load potential occurred 

between Year A and Year B?

(4) Limits'. Not intended to provide information on policy alternatives, or produce 

projections analyses and trend reports (beyond the possibility o f  answering 

questions o f the type "what will the index scores be if all pasture areas were 

converted into woodland, or if all households were connected to the central 

sewerage system?").

Given this, the conceptual framework model was not required in order to obtain the desired 

output. Moreover, the data available for this study were mainly physical, with no real 

information on socio-ecopolitical impacts and responses to the observed environmental 

pressures further prohibiting the application o f a conceptual framework model. As a 

consequence, the tlrst-generation type model was used as a tem plate for the indices produced 

here. More specifically, the indices loosely followed the subjective additive approach used by 

Stednick et al. (1998) in their Belize watershed ERI development (Section 2.4.3 (b)). The
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indices tiiemselves were produced based on three-step aggregation procedure as outhned in 

Figure 7.1.

7.2.1 F irst L evel o f  A ggregation : Index  B ase R eso lu tion

J\\Q first level o f  aggregation consisted o f a forcing o f the data into a specific base resolution. 

This index resolution would need to meet two criteria. Firstly, the resolution should be no finer 

than that o f  the coarsest input parameter. As most o f the parameters for input were to be derived 

from vector data (although one or two o f the parameters were derived from relatively fine- 

resolution grids), the specific coarseness was not dictated by the coarseness o f the input grids. 

Rather, the minimum output coarseness was dictated by the spatial positional accuracy o f the 

various parameters. This relates to the discussion in Section 5.7 on the accuracy and reliability 

o f the datasets held in the geographic database. For instance, the land-use dataset rated as the 

best dataset in the database based on its accuracy and reliability (Figure 5.31) was derived from 

a 1:50,000 mosaic o f aerial photographs. The boundary tracings for this dataset were carried out 

with a 0.25 mm thickness pen ( c f  Section 5.2.2 (a)). The positional accuracy o f this inputvw-a- 

vis the original aerial photograph mosaic, therefore, would be in the order of±12.5 m, provided 

the line was accurately drawn in the first place. Some further degree o f inaccuracy might have 

been added in the digitising, cleaning and editing processes, decreasing the accuracy to maybe 

±25 m (cf. Chapter 3). The minimum resolution for an index based on this type o f positional 

accuracy would therefore be 25x25 m. For the bedrock data, rated as one o f  the less accurate 

datasets, on the other hand, the positional accuracy must be expected to be much lower. This 

was not due to greater inaccuracy in the tracing and/or digitising process, as this was exactly the 

same as for the land-use data. Rather, this was due to greater generalisation inherent in the 

original map from which the data were extracted, with geological boundaries being 

approxim ate, and marked with relatively thick lines. In this case, the inaccuracy could be 

expected to be in the order o f ±250 m or more. Thus, if this was the least accurate dataset to be 

included in the index process, the output index grids should be in the order o f this coarseness, 

with a resolution no finer than 250x250 m.

The second consideration was related to the balance between the need for reasonably sized areas 

for m anagem ent purposes, and the need for small enough units to identify and differentiate 

between localised characteristics. For instance, a base unit o f 100x100 m is far too insignificant 

on a watershed-wide management scale, where 1x1 km areas may be the minimum manageable 

area. On the other hand, a 100x100 m base unit may be adequate and necessary for identifying 

specific sm all-scale environmental problems, such as small sinkholes and point sources o f 

contam ination. A balance between the two, therefore, may be extrem ely difficult to reach.
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However, with a GIS, going from the large scale (fme resolution) to the small scale (coarse 

resolution) requires very little extra work, and often no more than the addition of one or two 

GIS commands to the index development. The opposite option of going from the small scale to 

the large scale is much more work intensive, with a good chance o f having to start the indexing 

process from the very beginning, using the initial non-manipulated datasets. Thus, in general, 

the finest possible resolution for deriving the index should be used, with the possibility of 

adjusting the resolution to reflect the need of the application, rather than committing to too 

coarse a resolution with little possibility to later adjusting it down to a finer resolution.

To take account of both the problems of minimum accuracy and the question of fine versus 

coarse resolution, it was decided to produce grids at both 250x250 m resolution and 100x100 m 

resolution. The 250x250 m resolution grids would make up the final output, and the 100x100 m 

grids would be used as intermediate indices. The use o f 250x250 m resolution data would tally 

with the observation of the relatively low accuracy of the geological data, whereas the 100x200 

m grids would ensure that small-scale features and point source locations made viable 

contributions to the indices. These preliminary 100x100 m indices were then used as a basis for 

deriving the final 250x250 m indices, using a technique o f median smoothing of the index data. 

This involved calculating the median value for the 25 100x100 m cells making up one 250x250 

m cell, and using this as the final index value for that cell. In this way, extreme values were not 

ignored, but neither were they allowed to distort the output value as they might have done if 

calculating mathematical means. This technique has been suggested as one of the simpler, but 

highly effective ways of extracting and identifying mean trends in spatial data (Bailey and 

Gatrell, 1995). This conversion from 100x100 m to 250x250 m grids was not strictly necessary, 

as the 100x100 m indices could usefully be employed provided they were accompanied by the 

necessary metadata on source and associated accuracy data. However, the conversion was 

included in this study for the sake of completeness (showing the finest resolution at which the 

indices are considered robust with respect to positional accuracy), for comparison purposes 

(between the base unit and coarser-resolution indices), and for illustrating the resampling of the 

indices for applications requiring coarser base units (e.g. regional watershed management). This 

conversion corresponded to the fourth level o f  aggregation indicated in Figure 7.1 as part of an 

alternative pathway to the main index compilation.

7.2.2 Second Level o f  Aggregation: Categorising the Input Inform ation
The second level o f  aggregation was related to the classification of the data into discrete

categories. As none of the parameters available were immediately comparable, this

categorisation of the data was necessary to allow compilation of the index, or to use Hyatt's
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Table 7.1 The cardinal range 
system used in the parameter 
classification and the 
corresponding generic ordinal 
range.

(1999, p. 9) simile, it was necessary "to convert oranges to apples, so that we [could] compare

apples and apples”. It was decided to categorise the data on a cardinal measurement scale

ranging from 0 to 5, with the corresponding generic ordinal scale indicated in Table 7.1. The 

score o f  0 (or "None") was only applied when there were good 

reasons to believe a parameter would not have any impact on 

the process quantified by the index or was absent. For instance, 

if  an area were inaccessible to humans, human settlements 

would be expected to be absent and human impacts considered 

to be truly nil. The quantity or quality referred to in the generic 

ordinal scale varied with the indices, but represented variables 

such as the increase in vulnerability or pollution load caused by 

the param eter. The cardinal measurement range was chosen as 

the prim ary categorisation scale as this allowed direct entry o f the classified values into the 

index calculation, as well as being perfectly suited for the GIS processing. The categorisation 

itself was largely subjective, as there were no real guidelines for what could be deemed high and 

low values for most o f the parameters. Where guidelines did exist, these were followed as 

closely as possible. Any deviations from the given guidelines or any subjective categorisation 

has been outlined in full, and any assumptions made have been discussed in the appropriate

sections. A summary o f the assumptions made, along with a discussion on the possible caveats

and lim itations these may impose on each index, have been included at the end o f each o f the 

index sections.

C a r d i n a l O r d i n a l

R a n g e R a n g e

0 None
1 Very Low
2 Low
3 Intermediate
4 High
5 Very High

7.2.3 T h ird  L evel o f  A ggregation : C alcu la tio n  and C a teg o risa tio n  o f  the Ind ices 

The th ird  level o f  aggregation was related to the calculation o f the indices and the categorisation 

o f  the additive scores obtained. For the calculation o f the index, there are several general types 

o f equations that may be used, including simple arithmetic types, geometric types, and more 

com plex combination types (including probabilistic, derivation, integration and fuzzy) o f index 

calculation. As the indices developed for this study were intended to show variations caused by 

a series o f  graded presence and absence conditions, it was assumed that the simple additive type 

was appropriate. Thus, the indices took the form o f  the simple additive general formula:

n

Index = ^  P; = P, + Pj +... + iP, (Eq. 7 .1)
/=1

where P, represents the index parameters. W eighting o f individual parameters was only 

attem pted where the simple additive approach severely increased the effect o f one parameter in 

relation to other parameters deemed more important (e.g. through eclipsing). The scientific 

grounds for doing this can be questioned as specific parameter interrelationships were not
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know n, and the data available did not easily lend themselves to the m odelling necessary to 

derive such interrelationships. However, in the case o f the vulnerability indices (Section 7.4), 

the num ber o f input parameters was relatively low, and the effect o f  some o f these parameters in 

relation to the remaining parameters could not be ignored. In these cases. Equation 7.1 was 

altered as indicated in Equation 7.2, with kj id the weighting given to each param eter P/.

n , m

Index = ^  A:  ̂ X X + Aj X Pj + ••• + ^„ X Z’,, (Eq. 7.2)
/= i . y = i

If m ore detailed information on the exact interrelationships between the included parameters are 

derived in the future, the index calculation should be altered to reflect this.

The fmal additive index scores varied from index to index depending on the number o f 

param eters used in the index calculation. For instance, the additive scores o f  an index based on 

three parameters would range from 3 to 15, while one based on six parameters would range 

from 6 to 30. Direct comparison between these would be difficult. Thus, for comparative, as 

well as display, purposes, the additive scores were simplified by categorising the obtained 

scores into an ordinal scale from "Very Low" to "Very High". The categorisation used in this 

study was based on the "majority o f the added category values"-categorisation as suggested by 

Kitsiou and Karydis (2000). An example o f such categorisation is given in Table 7.2. For some 

o f the indices in this study, the categorisation was altered slightly to reflect a low number o f 

input parameters, or to adjust for differences in parameter influence. In these cases, the 

alterations have been clearly outlined.

Table 7.2 Example of categorisation of additive scores according to the method proposed by Kitsiou and 
Karydis (2000). The Additive Parameter Score indicates the mean value for a particular index category, 
while Index Score Range indicates all additive values that will be included in each category.

In d e x  C a t e g o r y V e r y  L o w Low In t e r m e d i a t e H i g h VERY H i g h

In
d

iv
id

u
a

l

P
a

r
a

m
e

t
e

r

S
c

o
r

e
s

P a r a m e t e r  I 1 1 2 3 4
P a r a m e t e r  II 1 1 2 3 4
P a r a m e t e r  I I I 1 2 3 4 5
P a r a m e t e r  IV 1 2 3 4 5
P a r a m e t e r  V 1 2 3 4 5

A d d i t i v e  P a r a m e t e r  S c o r e 5 8 13 18 23
In d e x  S c o r e  R a n g e 5 -6 7 - 10 11-15 16-20 21 -25

For the discussion in the remainder o f this chapter, score has been used to refer to individual 

param eter categorisations, index score refers to the added parameter scores, and index category 

refers to the final categorisation o f the additive score.

261



7.2.4 Index Parameters
The index parameters used in the compilation o f the indices were identified from the basedata 

and analysed using information described in Chapters 5 and 6. Each param eter was chosen 

based on its perceived suitability as an indicator o f the water quality o f waterbody vulnerability 

status o f  the study area (Table 7.3). The criteria used for assessing suitability for inclusion 

followed those outlined by Winograd et al. (1999) (Section 2.4.3 (a)), with specific attention to 

their points I, 3, 4 and 5 (relevance, clarity in design/definition, realistic collection or 

developm ent costs, and quality/reliability). The emphasis was largely on the basedata rather 

than modelled data, both owing to the reduced reliability o f the latter, and to the underlying 

purpose to limit the indicators to information/data readily available for other watersheds in 

Jam aica. Parameters were also rejected on the grounds o f low reliability. The rationale for 

including each o f the parameters had been given in the relevant sections pertaining to the 

individual indices.

T ab le  7.3 T he ind icators used in the index calcu lations and the w ater quality  and w aterbody  vu lnerab ility  
de te rm in an t factors p red icted  by these. * indicates strong  ability  o f  ind icator to  p red ic t w ater quality  o f  
w ate rb o d y  vu lnerab ility . (*) ind icates w eak ability  o f  ind icator to pred ict w ater quality  o r w aterbody  
vu lnerab ility .

E n v i r o n m e n t a l  P r o p e r t y  P r e d i c t e i )

P h y s i c a l  P r o c e s s e s
P o l l u t i o n
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Fa
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ol
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s

Q
<

Soil Erosion 
Potential

♦

< L and-U se * * (*) (*) (*) * ♦ * *
u

§ P Population  D ensity (*) * ♦ *
<
c/2 ^  p

U ntreated  Sew age 
Facility  D ensity

* * *

cC O H otel Bed D ensity (♦) * * * *

H Slope G radien t (*) {*) (*) * (*) (*)Z
Ui A quifer Potential (*) {*) * *
z D epression  A reas ♦oOS o ^ Fault'iines (*) ( * ) * ♦
>
z X  3 Soil Internal 

D rainage
♦ * ♦ *

>
D istance from  
W aterbody ♦ * (*)

7 .3  P o l l u t i o n  L o a d  P o t e n t i a l  I n d e x

The Pollution Load Potential (PLP) Index should reflect the potential amount o f  a contaminant 

or a group o f contaminants that the various watershed characteristics are likely to contribute to
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tlie watershed system. It should also reflect any positive or negative effect the watershed 

characteristics may induce, as some characteristics may actively bring about a reduction in the 

concentration o f some contaminants. The characteristics available for which some indication o f 

the pollution load potential is known or can be deduced, are slope gradient, erosion potential, 

land-iise, and distribution o f  toilet facilities, population numbers and hotels. The rational for 

including these, along with suggested classifications o f  their values into a PLP Score system, is 

discussed below.

7.3.1 Slope Gradient
The initial literature review suggested that increasing slope gradients would increase the 

erosion, and thus the sediment load o f the waters (Section 2.3.1 (c)). Increases in nitrate 

concentration were also predicted, as most nitrate fractions are highly soluble, and the increased 

water flow velocities over steep slopes would facilitate the dissolution o f nitrates. This latter 

prediction was confirmed by the statistical investigation carried out in the previous chapter, 

indicating strong positive correlation between nitrate concentrations and slope gradient. In 

addition, the statistical investigation also indicated strong negative correlation between 

chlorophyll-a and slope gradient, a relationship not specifically found in the literature. This 

relationship is one likely to be caused exclusively by biological constraints, and is therefore not 

a reliable indication o f contaminant loads o f the waterbodies. Consequently, increasing slope 

gradients have a increasing effect on the pollution load potential, and would be an important 

com ponent o f a PLPI.

As outlined in Chapter 6, the slope gradient data available to this study were derived from the 

LAND-DEM 10x10 m grid, and resampled into a 100x100 m grid. The slope gradient data ranged 

from 0 to 90°. Classifying this range into discrete categories can be done in a variety o f ways. 

The original classification used in the 1960s Jamaica Soil Surveys (Price, 1960; Stark, 1964) is 

given in Table 7.4. This used six classes, with interval ranges for the different classes varying 

from 2-3° at the gentle slope end o f the classification, to 10° at the steep slope end (with 

anything above 30° assigned to the highest category). A more detailed categorisation has been 

suggested for an expected new soil survey to be carried out by the Jamaican Ministry of 

Agriculture in the near future (Table 7.4) (M inistry o f Agriculture, 1988). This employs seven 

categories, with the 1960s Soil Surveys category F divided into two new categories, f  and g, of 

30-50° and >50° respectively. For the purpose o f the PLPI, however, neither o f  these two 

categorisations are directly applicable.
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Even though no investigation has been carried out in this study into the threshold at which the 

slope gradient starts to act as a statistically significant influence on water quality, it must be 

assumed that the steepest slopes contribute the most, and the gentler slopes less. W hat exactly 

this threshold between "steep" and "gentle" is, however, can only be guessed at. However, if

Table 7.4 C lassifications suggested by Price (1960) and Stark (1964) in the 1960s Soil Reports, Ministry 
o f  Agriculture (1988), and proposed PLP Slope Score. The table also indicates how  much (in percent) o f  
the study area falls into each category.

Sl o p e  
G r a d ie n t  (°)

1960s So il  R e p o r t s M in ist r y  o f  A g r ic u l t u r e PLP S lo p e

C l a ss
% OF St u d y  

A re a
C l a ss D e s c r ip t io n

% o f  St u d y  
A r e a

C la ss

% OF
St u d y

A re a

< 2 A 3.4 a Flat to alm ost flat 3.4
1 5.7

2 -  5 B 2.3 b Gently undulating 2.3
5 -  8

C 4.8
c Undulating 3.0

2

O
O

o68 - 10
d R olling 6.71 0 - 15

D 8.415 - 16
3 11.51 6 - 2 0

e H illy 10.6
2 0 - 3 0 E 7.1
3 0 - 5 0

F 73.9
f Steeply dissected 11.4 4 11.4

> 5 0 g V. steeply dissected 62.5 5 62.5

using 30° as the threshold for the uppermost category, as suggested in the 1960s Soil Survey 

reports (Price, 1960; Stark, 1964), almost three-quarters o f  the study area would qualify for this 

category (Table 7.4). When using the 50° threshold suggested by the M inistry o f Agriculture 

(1988), the portion o f the watershed included is reduced to below two thirds (Table 7.4). 

Keeping in mind that the study area is unusually rugged and steep-sloped, this is still a 

considerable proportion o f the watershed, but does not seem as unreasonable as the near 75% 

suggested by the Soil Survey Reports. Employing this higher threshold for the uppermost 

category also eliminates some o f  the inaccuracies o f  the DEM -derived slope grid, which, due to 

the ruggedness o f the true terrain, does tend to exaggerate local slope gradients.

The low gradient categories employed by both the 1960s Soil Survey reports and the suggested 

new classification o f the M inistry o f  Agriculture span a very narrow gradient interval when 

compared to the more wide-spanning steep gradient categories. From the point o f view o f their 

influence on water quality, it is likely that these narrow gentle-gradient categories do not vary 

significantly from each other, at least not when compared to the steeper categories. For the 

PLPI, therefore, it is suggested that the lower slope gradient categories be grouped so that the 

original 1960s Soil Survey reports classes A and B or the M inistry o f Agriculture's classes a and 

b form the lowest class (1), and the M inistry o f Agriculture's classes c and d form the second 

lowest class (2). The PLP Slope classes are given in Table 7.4, along with the percentage o f 

cells o f  the Negril and Green Island watersheds falling within each category. Even with this
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b ro a d en in g  o f  tine lo w er  c la s s e s ,  it is l ik e ly  that s o m e  o f  the  g e n t ly  s lo p in g  areas w i l l  be 

m is c la s s i f ie d  into the  s teep  s lo p e  c a te g o r ie s  du e  to inherent errors in the or ig in a l LAND-DEM  

grid.

7.3.2 Erosion Potential
An im portant factor especially  in relation to  coral ree f health (as identified in C hapter 2) was the 

clarity  o f  the coastal w aters. In the N egril and G reen Island area, land-derived suspended solid 

loads w ere identified as considerable and likely causes o f  the observed decreases in coral ree f 

health (C hap ter 3). The high suspended solid loads w ere thought to be directly  linked to  changes 

in land-use practices and encroachm ent on natural habitats, causing increases in w atershed-w ide 

erosion. M oreover, variations in soil type erosion potential is know n to influence the total 

suspended solid concentrations both when the soil is under natural vegetation cover, and 

especially  when either the vegetation  cover o r the soil overburden (o r both) has been disturbed 

in som e w ay (Section 2.3.3). T herefore, including the erosion potential o f  the overburden 

surfaces o f  the study area in the PLPI calculation  w as considered necessary.

The 1960s Soil Survey Reports for the W estm oreland and H anover counties (Price, I960; Stark,

1964) contained inform ation related to the erosion ' r u i - r c n  c
’  T ab le  7.5 Proposed PLP E rosion S core m

potential o f  each soil type. This w as given as a relation to the categories used in the 1960s
S o il Survey Reports.

range from "N one" to "V ery H igh", and included 

eight separate categories. Based on this, a PLP 

Erosion Score w as devised grouping the original 

"Nil /  N one", "A lm ost N il / N one" and "V ery 

Slight" categories and the "Fairly  High" and 

"H igh" categories into tw o new categories, and 

leaving the categories "S light", "M oderate" and 

"V ery High" as separate categories. The PLP 

Erosion Score categorisation is given in Table 7.5.

Som e problem s w ere encountered w hen applying this categorisation  to  the SOIL coverage, 

how ever. The first problem  w as one o f  inconsistency in the categorisation  betw een the reports. 

As the Soil Survey reports for each o f  the 14 Jam aican parishes w ere developed by d ifferen t 

scien tists, som e discrepancies resulted. To obtain a reliab le indication o f  the  erosion potential, 

therefore , six o f  the original 14 reports w ere used to  derive the original categorj^^ W here

St. C atherine - V ernon (1 9 5 8 )
C larendon - F inch (1 9 5 9 )
H anover - Price ( 19 6 0 )

O r ig in a l  Er o sio n  
C a t e g o r i e s

P L P  E r o s i o n  
S c o r e

N il /  N o n e
1A lm o st N il /  N o n e

V ery  S light
S ligh t 2
M oderate 3
Fairly H igh

4
H igh
V ery H igh 5

1 - V. Low, 2 - Low , 3 - In term ediate , 4 - H igh, 

5 -V .  High
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discrepancies ex isted , tiie h ighest category  w as used, as this w ould ensure that both the erosion 

potential and the overall vu lnerab ility  to environm ental degradation  o f  the soil types w ere not 

underestim ated. In the sam e w ay, som e o f  the soil types w ere given a range o f  erosion potential, 

e.g. ranging from  "Slight" to  "M oderate". In these cases, again, the h ighest category  was used. 

Som e soil types w ere given as m ixes o f  soil classes on the 1:50,000 m aps accom panying  the 

Soil Survey reports. The Soil Survey reports gave no detailed inform ation about these m ixes, 

but for categorisation  purposes in this study, it was assum ed that the m ixed soil classes w ould 

behave as the soil c lasses w hich they w ere m ade up of. C onsequently , the m ixed soil classes 

w ere given the h ighest erosion potential o f  the tw o or three soil types it w as m ade up of. For 

instance, "B onny G ate Stony Loam /  St. Ann C lay Loam " w ould be given the erosion potential 

o f  "V ery High" (PL P Erosion Score 5), as "St. Ann C lay Loam " ranged from  "M oderate" to 

"H igh", and "B onny G ate Stony Loam " w as classified  as "V ery High".

A further problem  w as related to  soil classes that could not really  be classified  as true soil types. 

T hese included classes such as "M angrove Sw am p", "U rban A rea" and "Bare Coral Rock". For 

these, no erosion potential w as given. PLP Erosion Scores w ere ten tatively  given to these soil 

c lasses as indicated in Table 7.6.

Table 7.6 Proposed PLP Erosion Scores o f  soil classes not given an erosion potential in the 1960s Soil 
Survey Reports.

S o i l  C l a s s
PLP E r o s i o n  

S c o r e
C o m m e n t s

River Wash
5

These are both unconsolidated sands and gravels, and must 
therefore be expected to have very high erosion potential.Beach Sandy

Salt Swamp

1

Provided these types are not damaged through vegetation  
removal or drainage cutting, they should be relatively stable 
due to dense vegetation, and thus offer little - if  any - erosion  
potential. This is supported by the soil class Morass Peat 
erosion potential being classified as "Nil".

M angrove Swamp

Urban Area 1 Urban surfaces are known to have very low  erosion potential 
unless greatly damaged.

Bare Coral Rock 1 This is a relatively w ell-cem ented type o f  bedrock, and when  
compared to soils has an extrem ely low  erosion potential.

1 - V. Low, 2 - Low, 3 - Intermediate, 4 - High, 5 - V. I ligh

7.3.3 Land-Use/Land Cover
It w as seen in C hap ter 6 that, w hile there w ere several statistically  sign ifican t re la tionsh ips 

obtained betw een the various land-use categories and w ater quality  param eters, only  som e o f  the 

relationsh ips ob tained w ere as expected , and som e had to be d iscarded. N evertheless, there w ere 

clear indications that the  land-use and land cover affected observed w ater quality . As a

St. Mary - Vernon (I9 6 0 )  
W estmoreland - Stark (1964) 
St. Ann - Barker (1968)
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consequence, including this in a PLPI is vital for a good estimation o f areas o f high and low 

pollution load potential.

Selecting a categorisation scheme for the land-use parameters was relatively difficult due to the 

limited amount o f analysis carried out in the previous chapter. As was noted in that chapter, 

some o f the observed correlations, or lacks of observed correlations, were likely to be caused by 

complex interrelationships between the different water quality parameters (e.g. nitrate versus 

phosphate), as well as between the water quality parameters and the watershed characteristics 

(e.g. high chlorophyll-a concentrations in stagnant water bodies). Others, again, were attributed 

to be caused solely by the statistical calculation process, or the robustness of the statistical 

correlation being compromised by there being too few sampling stations including specific 

land-use parameters (e.g. "Mangroves", "Ponds / Lakes"). The statistical correlation results, 

therefore, must by used only with extreme caution when assigning PLP Land-Use scores. 

Moreover, the fact that some land-use categories actively reduce the pollution load in overland 

flow through attenuation processes needs to be taken into account. Classic examples of this 

include the attenuation of contaminants by riparian vegetation, and the ability of dense 

woodland, to a large degree, to prevent soil erosion, even given an underlying high erosion 

potential soil type. Thus, a division of the land-use classes into those with contaminant release 

potential and those with contaminant attenuation potential is necessary.

Given the limited amount o f statistical analysis performed on the data, using the differentiation 

offered by the negative and positive correlation would be the most logical solution for 

differentiating between the two. This would also necessitate classifying land-use types not 

showing any significant statistical correlations as having no likely effect (i.e. neither positive 

nor negative) on the pollution load. In this case, a differentiation like that presented in Figure 

7.2 could be envisaged. Here, the observed positive correlations have been divided into 

categories of "Very High Release Potential" and "Medium Release Potential", the negative 

correlations into "Very High Attenuation Potential" and "Medium Attenuation Potential", and 

those lacking statistically significant correlations have been lumped into a "No Likely Effect" 

category. The differentiation between "Medium" and "Very High" is based on the level of 

statistical significance, with 95% qualifying for "Medium" and 99% for "Very High". The only 

deviations from this were done for the Chlorophyll-a parameter for "Mangrove", "Marsh / 

Swamp" and "Ponds / Lakes" categories, which all showed positive correlations. Under the 

conditions present in these vegetation types, high chlorophyll-a concentrations are largely a 

function of biological processes (e.g. still or slow-running waters encourage algal growth), and 

not a direct indication o f high nutrient or other contaminant load. In Figure 7.2, therefore, the 

Chlorophyll-a parameter in these land-use types was set to "No Likely Effect" rather than the
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"Very High Release Potential" dictated by the statistical correlations. In addition, an "Overall 

Trend" was tentatively derived, indicating the overall influence o f  the land-use types on the 

observed water quality.

In Figure 7.2, a categorisation o f  the land-use types has also been included based on the 

relationships apparent from the literature (marked "Expected"/"’. It is apparent from this that 

there were large discrepancies between what was observed and what could be expected. In 

particular, the land-use types "Mangrove", "Marsh / Swamp", "Ponds / Lakes", "Scrub" and 

"Trees and Scrub" are, according to this categorisation, expected to provide contaminant 

attenuation. However, none of these land-use types were observed to follow these expectations, 

and most o f  the parameters showed no statistically significant increase of decrease. This 

complete lack o f  influence on the observed water quality was hence quite surprising, but in 

Chapter 6 largely explained to be a function o f  the limited number o f  sites (I or 2 sites) 

measuring water draining these land-use types (e.g. for the "Ponds / Lakes" land-use type) or a 

failure o f  the sampling sites to truly measure the water quality o f  some land-use types. For 

instance, the discrepancies observed for the "Marsh / Swamp" category was found to most likely 

be caused by the water quality o f  sites sampled in or near these land-use features largely 

reflecting the water quality of the waters flowing through the rivers/canals, rather than the water 

draining the wetlands. As the rivers and canals were largely artificial and/or channelised, the 

water flowing through their channels would not be expected to benefit significantly form the 

attenuation and purification properties o f  the swamps.

In addition, the "Tree and Scrub Mixed Cultivation" land-use types showed a complete lack of 

significant correlations with the water quality, although the literature indicated some nutrient 

contamination could be expected from this land-use type through limited additions o f  fertilisers. 

Thus, as an attempt at consolidating the observed and expected relationships, a third 

classification was derived (noted "Combined" in Figure 7.2). This was derived based on the 

following set o f  rules:

(1) Where the observed  relationship is indicated as either positively or negatively 

statistically significant, this observed  relationship should be used as the 

expected  relationship. Non-statistically significant relationships should be 

ignored at this stage.

Note that, while most o f  the literature indicate a likely very high attenuation o f  nutrients in wetland 
areas, the expected relationships between nutrients and the land-use types "M arsh / Swamp" and 
’M angrove" were here set to "Medium Attenuation Potential". This was done because the wetlands o f  
ihe study area are to some degree degraded, e.g. through heavy grazing in the Negril Spots swamp and 
extensive artificial drainage o f the Great Morass. Their attenuation and purification properties are 
iherefore likely be lower than that o f  undamaged or healthy wetlands.
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(2) Where the observed relationship is indicated as not statistically significant, the 

average of the observed and expected relationship categories should be 

derived and used as the combined relationship.

(3) Where both observed and expected statistically significant relationships are 

indicated, and these do not match, the average o f the two relationship 

categories should be derived, and used as the combined relationship. Where 

the average value falls between categories, the greater category should be 

used.

This allowed some of the more surprising observed relationships to be smoothed with the 

expected relationships, without completely ignoring the observed relationships. This could 

possibly slightly increase the robustness of the derived impact of the land-use types on the 

pollution load potential of the watershed.

The relative distribution of the three different categorisation alternatives across the study area is 

given in Figure 7.3, and the overlap in categorisation between the three alternatives is given in 

Figure 7.4. It is clear from these figures that the Expected and Combined categorisations are 

similar, with "Trees and Scrub" being the only land-use type given a different influence 

categorisation in the two alternatives. The Observed categorisation differs from the other two 

mainly in that the wetland categories (i.e. "Mangrove", "Marsh / Swamp" and "Ponds / Lakes") 

are assigned as having "No Likely Effect". As already pointed out, this is highly unlikely and a 

product of the sampling scheme and watershed processes rather than an actual lack of effect on 

the water quality. The "Medium Attenuation Potential" categorisation assigned in the other two 

alternatives is therefore more likely to accurately describe the effect o f these land-use types on 

the water quality. This discrepancy in wetland classification between the Observed and the other 

two classifications account for some 14.7% percent of the study area, and 94.1% of the total 

discrepancies. The remaining 5.9% of the total discrepancies (or 0.8% of the total area) can be 

attributed to the variation in categorisation of the "Trees and Scrub" and "Sand" Land-use types. 

These have been classified as having "No Likely Effect" and "Medium Release Potential" 

respectively in the Observed categorisation, and "Medium Attenuation Potential" and "No 

Likely Effect" in the Combined categorisations (Figure 7.2).

Given the (a) high degree of certainty that the effect of the wetland land-use types were not 

correctly described through the statistical analysis, and (b) the relatively limited spatial extent of 

the remaining discrepancies, it was felt that using the Combined categorisation alternative 

would be most beneficial to the PLPI development. This categorisation has therefore been used 

for the analyses in the remainder of this chapter. The PLPIs obtained with the Calculated and 

Expected categorisations have been included in Appendix L for reference.
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In order to reflect the fact that some o f the land-use encourage contaminant attenuation while 

others encourage contaminant release, the PLP Scores given to the land-use types deviated from 

the other PLP scores in that, in this case, both negative and positive scores were given. If  a 

positive score were given to all classes, the final additive PLPI would not accurately reflect the 

beneficial effects some land-use types have on the water quality. By giving the "beneficial" 

land-use types a negative score, these vegetation types would effectively cancel out some o f the 

effects o f  the other param eters in the final additive PLPI. For instance, if  dense woodland 

vegetation were found in areas o f soil o f  high erosion potential, these two parameters would to 

some degree balance each other out, with the dense woodland providing stabilising properties to 

the soil, strongly reducing the likelihood o f  erosion. In comparison, if  the area o f  high erosion 

potential soil types were used for grazing, this land-use type would provide little stabilisation, 

and the trampling and grazing would add to the erosion problems. This process o f one 

param eter reducing the effects o f other parameters in the index calculation assumes a direct 

quantifiable relationship between the involved parameters. This is not necessarily true, and no 

attempt has been made to quantify such relationships in this study. However, this was 

considered the only approximation that could be made based in the available data if  the 

beneficial effects o f  some land-use types were to be taken into account.

This lack o f  quantifiable differentiation between the parameters in general, and between the

land-use types in particular, also made it difficult to impose as detailed an ordinal scale as that

already used for the slope gradient and soil erosion parameters. To avoid imposing too much

differentiation, therefore, the categories o f  "Very High", "Medium" and "No Likely Effect"

already identified for the land-use types were preserved, without any further differentiation

beyond this. The ordinal scores used, _  . ,  _ _ ^  ^lable 7.7 Conversion from water quality parameter
therefore, were as indicated in Table 7.7, andland-use relationship to PLP Land-Use Score, 

with the "Very High" categories taken to 

corresponding to the score 5 and the 

"Medium" categories to the score 3. The 

"No Likely Effect" category was taken as 

not adding anything to, or removing 

anything from, the pollution load potential, and was given the score 0. To prevent having to 

operate with two different land-use inputs when deriving the PLP Index, the land-use types 

exhibiting negative correlations with the water quality parameters (i.e. those that were likely to 

possess contam inant attenuation properties) were given negative scores.

Further differentiation could be enforced if  more data were made available or collected, 

allowing more m-depth investigations into the interrelationships between water quality

L a n d -U s e  P r o p e r t y
P L P  L a n d -  
USE S c o r e

Very High Attenuation Potential -5
Medium Attenuation Potential -3
No Likely Effect 0
Very High Release Potential 3
Medium Release Potential 5
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parameters and the effect o f  the land-use types on these. For instance, with data relating to 

fertiliser loads and animal density, nutrient load models could be em ployed, and total nutrient 

loss established.

7.3.4 Population Density and Toilet Facilities
From the information gathered in Chapter 6, there were clear indications that the num ber o f  

people living in a catchm ent area affected the observed water quality, with am m onia  and 

chiorophyll-a  concentrations and faecal coliform counts, in particular, increasing with 

increasing numbers o f  people. A similar pattern was observed with the num ber o f  untreated 

sewage facilities. Inclusion o f  these in the overall PLPI would hence also be essential.

There are no specific guidelines as to what can be considered high num bers or densities o f  

populations, and what could be considered low num bers or densities. M oreover, no 

investigation was carried out in this study to determine the impact o f  population density on 

water quality. It is hence difficult in this study to justify  any given classification o f  population 

density on scientific grounds. A subjective classification was therefore derived based on the 

author's personal knowledge o f  the Jamaican settlement structure, and views on what constitutes 

scattered and dense settlements.

Rural Jamaican .settlements typically consist o f  one household surrounded by a "yard" used for 

fruit and vegetable farming and chicken, goat and pig rearing. A 100x100 m (or 1 hectare) plot 

would  be m ore than ample for this purpose, and is larger than most yards observed by the 

author. Therefore, one settlement per 100x100 in plot was considered to represent the lowest 

possible pollution load category ("Very Low" or Category 1). Often, the settlements consist o f  

more than one household, with tw o or more houses in a single yard, usually housing mem bers 

o f  the same family. Tw o households on one 100x100 m plot is still low, and was taken as 

representing the "Low" category (Category 2). A typical Jamaican village has people living 

more densely together, with 3-5 households per 100x100 m plot in the outskirts o f  the villages, 

and 6-10 households per 100x100 m plot in the centre (pers. obs.). This latter also corresponds 

well to the densities observed in small towns. Densities o f  more than 10 households per 

100x100 m plot are generally found in town centres and around som e densely inhabited road 

junctions. Based on these observations, these densities were categorised as "Intermediate", 

"High" and "Very High" (Categories 3, 4 and 5). In addition, some 100x100 m plots must be 

expected to be uninhabited. These areas, therefore, were assumed not to add significantly to the 

settlement-related pollution load o f  the area, and were effectively ignored when calculating the 

index.
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A ccord ing  to the Census data available for the w ards in the study area, the average num ber o f  

persons per household was 3.381 ±0.500 persons. Based on this, a conservative

estim ate  o f  3 persons per household was 

used for th is study, giving the categories 

for a PLP Population Score as outlined in 

T able 7.8. It m ust be noted that the 

population  counts o f  individual 100x100 

m cells m ay be greater or sm aller than 

w hat they  actually are, due to  the 

d iscrepancies in num ber o f  houses in the 

S E TT L E M E N T  coverage and the num ber 

o f  houses indicated in the 1991 Census data ( c /  Section 6.5.1 (d)).''^

For the to ile t facilities, again, no specific guidelines ex ist as to w hat can be considered  high and 

low densities. Using the sam e argum ent as for the population densities, how ever, and assum ing 

that one to ile t facility  should be sufficient to  serve one household, the ca tegorisation  o f  to ile t 

facility  density  was taken as follow ing that o f  the population density . This gave a "V ery Low" 

o r C ategory 1 score for areas o f  one to ile t facility  per 100x100 m, and a "V ery High" or 

C ategory  5 score for areas o f  m ore than six to ile t facilities per 100x100 m. A directly  

proportional relationship betw een num ber o f  people and to ile t facilities w ould not be likely to 

exist, as m any households are sm aller than the three people indicated above, and som e 

households m ay have more than one to ilet. H ow ever, the assum ption that, on average, one 

household  o f  three people has access to  one to ile t facility  w as supported by the C ensus data 

indicating  an average o f  3.354 ±0.465 people per to ile t facility.

A nother consideration when categorising the to ile t facility  data w as that o f  how  to d istinguish  

the effect o f  the treated and untreated sew age facilities. As m entioned above, both types w ere 

seen to  cause increases in certain w ater quality  param eter concentrations, yet not necessarily  to 

the sam e extent. In addition, the num ber o f  treated sew age facilities w as far low er than the 

num ber o f  untreated sew age facilities. C onsequently , giv ing them  the sam e categorisation

N ote that the densities derived here were calculated per hectare. They did not take the presence o f  
roads, public space and wastelands into account, and were only assum ed to be sustained for a 
geographically limited area. As a consequence, a direct transfer o f  the PLP Population Score 
categorisation from the density per hectare level used here to a density per larger unit level (e.g. 
density per km^ or density per mi"), where non-housing land features w ould have a significant effect 
on the calculated population densities, w ould not be correct. For instance, the highest category used 
here w as >30 persons per hectare. A direct conversion to a square-kilometre unit yields a density o f  
> 3000 persons per km^. This is a density only expected in very densely populated cities and inner-city  
areas, and, in Jamaica, would only be found in Downtow n Kingston.

Table 7.8 Conversion from population counts per 
1 OOx 100 m cell to PLP Population Score.

H o u s e h o l d  
C o u n t  (p e r

100x100 M)

P o p u l a t i o n  
C o u n t  ( p e r  
1 00x100  M)

P L P
P o p u l a t i o n

S c o r e

0 0.000 0
1 0.001 - 3 .000 1
2 3.001 - 6 .000 2

3 -  5 6.001 - 15.000 3
6 -  10 15.001 -3 0 .0 0 0 4
>  10 >  30.000 5

0 - N .A ., 1 - V. Low , 2 - Low , 3 - In term ediate , 4 - High, 

5 - V .  High
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Table 7.9 Proposed PLP Sew age  
Score based on number o f  untreated 
sew age type facilities (i.e. pit latrines, 
sceptic tanks and no toilet facilities) 
per 100x100 m grid square.

w ould not be correct. However, the treated sewage was, at the time when the C ensus data were 

released, concentrated at two specific sewage outfalls 

de term ined by the location o f  the treatm ent facilities, not 

by the location o f  the toilet facility from where the 

effluent originates. Consequently, the treated sewage type 

facilities did not play an important part in watershed- 

w ide pollution load pattern, but rather acted as two point 

sources. As a result, for the PLPI calculation, the treated 

sew age type facilities were ignored, and only the 

untreated sewage type facilities were used. The proposed 

PLP Sewage Score categorisation is given in Table 7.9.

Again, cells with a toilet facility count o f  0 were given a

U n t r e a t e d  S e w a g e  
T m >e F a c i l i t i e s  ( p e r  

100x100 M)

P L P
S e w a g e

S( ORE
0.000 0

0 .0 0 1 -  1.000 1
1.001 - 2 .000 2
2.001 - 5 .000 3
5.001 - 10.000 4

> 10.000 5
0 - N .A ., I - V. Low , 2 - Low,

3 - In term ediate , 4 - H igh, 5 - V. High

PLP Sew age Score o f  0 to reflect their lack o f  influence on the overall PLP.

7 .3 .5  H o te ls  a n d  R e so r ts

From a pollution load point o f  view, the hotels and resorts act similarly to the local population 

settlem ents in that they represent concentrations o f  people, and, therefore, o f  dom estic  effluent 

and waste  production. All other factors being equal, the larger the hotel, the more effluent and 

waste is produced. Thus, the hotels are likely to be point sources o f  anthropogenic-derived 

contaminants, and the contaminant output assumed to be proportional to the num ber  o f  people 

staying in the hotel. However, this does not take into account any differences that may exist 

between the hotels with regards to, for instance, their sewage treatment, or a bias towards higher 

food waste  production in larger hotels as m any o f  the smaller hotels do not offer in-house eating 

facilities (e.g. breakfast service, restaurants).

The only measure o f  the size o f  the hotels available for this study was the num ber o f  beds in 

each hotel. While this is not a direct measure o f  the average num ber o f  guests at any given time, 

it does reflect the m axim um  numbers, and is likely to, at least to some degree, reflect the 

proportional difference in num ber o f  guests between the hotels at any given time. The size o f  

the hotels in the Negril area ranged from very small operations (c. 10 beds) to large resorts (with 

H edonism II being the largest o f  the included hotels, with 280 beds). Based on this, and the 

discussion above pertaining to population counts, a PLP Hotel Score was derived, and is given 

in Table  7.10. Again, areas w ithout any hotels were effectively ignored. N ote  that this 

categorisation only takes into account the num ber o f  beds, i.e. guests, and does not include the 

num ber o f  s taff  on duty or in residence. Moreover, it assumes a direct correspondence between 

the contam inant load o f  the num ber o f  hotel guests (i.e. beds) and that o f  the sam e num ber o f
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local inhabitants. Thus, a hotel bed density o f  10 beds per 

100x100 m area is given the same score as a 

corresponding area with a population density o f  10 

people. This assumption may not be correct due to the 

non-inclusion o f  s ta ff  noted above, as well as a likely 

h igher waste production (especially greater usage o f  

w ater for personal and hotel hygiene, greater detergent 

usage, greater am ounts o f  food wastage) in the hotels 

than in the local population households.

Som e o f  the hotels included in the dataset available to this study were not registered with the 

Jam aican Tourist Board (JTB). Consequently, data relating to num ber o f  beds for these hotels 

were  not available. This lack o f  registration would suggest that the hotels were small (here taken 

as up to 50 beds), as most o f  the medium to large sized hotels and resorts are JTB registered. 

For the hotels for which the data were lacking, therefore, the num ber o f  beds was set to 20. This 

corresponds to hotels larger than the small family-run operations (usually in the region o f  4-6 

room s or 8-12 beds), but smaller than the more commercial pseudo-resort sized operations 

(usually  a m in im um  o f  20 rooms or 40 beds).

In addition, the dataset o f  hotel locations available to this study only encom passed 48 hotels, 

and was by no m eans complete even when it was established in 1998. In addition, new  hotels 

are springing up each year. As a consequence, the hotel dataset is not showing all hotels, 

l imiting the accuracy o f  the hotel data 's influence on the calculated PLP Index.

7.3.6 Pollution Load Potential Index (PLPI)
As stated at the beginning o f  this section, the PLPI is a simple additive index. With the 

param eters outlined above, and based on Equation 7.1, the index score {P L P I Score) was 

calculated as follows:

PLPI Score = Slope + Erosion + Landuse + Population + Sewage + Hotels (Eq. 7.3)

This  produced a set o f  values ranging from -3 up to 30, reflecting the varying pollution load 

potential o f  the different areas in the watershed. In order to convert this into a 1 to 5 scoring 

system, the m ajority  method outlined in Section 7.2 was used. However, as the PLP Land-Use 

Score could be both positive and negative, the mean category value was calculated based on the 

addition o f  five param eter scores according to the majority principle, and the lowest possible

Table 7.10 Proposed PLP Hotel 
Score based on the number o f  beds 
o f  the hotels and resorts per 
100x100 m area.

N u m b e r  OF 
B e d s

P L P  HOTEL  
S c o r e

0.000 0
0.001 - 3 .000 1
3.001 - 6 .000 2
6.001 - 15.000 3

15.001 - 30 .000 4
> 30.000 5
0 - N . A . ,  I - V .  Low, 2 -L o w ,

3 - Intermediate.  4 - High,  5 - V. High
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PLP Land-Use Score (i.e. -5). Interval ranges for each o f  the PLPI categories were then derived. 

The resulting applied PLPI categorisation system is given in Table 7.11.

Table 7 .11 Calculation o f  intervals for the PLP Score, and conversion to the five categories o f  the PLPI.

P L P I  C a t e g o r y V e r y  L o w Low I n t e r m e d i a t e H i g h V e r y  H i g h

P a r a m e t e r  I 1 1 2 3 4
P a r a m e t e r  H 1 1 2 -t

J 4
^  ^  G t— cs P a r a m e t e r  111 1 2 3 4 5

^  i  8 P a r a m e t e r  I V 1 2 3 4 5
P a r a m e t e r  V 1 2 3 4 5
P a r a m e t e r  VI -5 -5 -5 -5 -5

A d d i t i v e  S c o r e 0 3 8 13 18
PLPI S c o r e  R a n g e -3 - 1 2 - 5 6 -  10 11 - 15 1 6 - 3 0

7 .3 .7  L im i ta t io n s  a n d  C a v e a ts

The PLPI was constructed from a series o f  different datasets, all with their own limitations and 

error potential. The assumptions made in the classification o f  each input indicator are

sum m aries  in Table 7.12, while the reader is referred back to the discussion in Section 5.7 for

dataset-specific  error potential. It is apparent from Table 7.12, however, that even if  there were

no problems associated with the input data themselves, the categorisation o f  at least four o f  the 

six indicators m ay not be as robust as would be desirable. In particular:

(1) The classifications o f  the population density, hotel bed density and toilet 

facility density were largely arbitrary, and hampered by the lack o f  adequate 

guidelines. Even if  such guidelines did exist, they would need to be resolution 

specific (e.g. in this case applicable at a 100x100 m resolution), or, failing 

that, at least be adjusted for the variety o f  scales at which such estimates may 

be needed (e.g. local, regional, national, global). Further disparities between 

these data inputs were avoided, however, by keeping the classification

assum ptions the same or in proportion to each other.

(2) The classification o f  the land-use data was hampered by the limited am ount o f  

statistical analysis carried out on its relationship to water quality. However, 

given the limited data availability and knowledge relating to the w ater  routing 

system, it is unlikely that such an in-depth statistical analysis would yield 

sufficient information to establish a truly robust classification. The land-use 

classification, therefore, was only indicative, and was limited to tw o main 

categories ("Intermediate" and "Very High").
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Table 7.12 Data source and categorisation assumption for each o f  the input datasets used in the PLPI 
calculation.

D a t a s e i O r i g i n a l  S o u r c e I n d e x  C l a s s i f i c a t i o n  B a s i s / A s s u m p t i o n s

Slope
G ra d ie n t

•  DEM • Classification based largely on a sim plified version o f  that 
suggested by the M inistry o f  Agriculture (1988).

E rosion
P o ten tia l

•  1:50,000 Soil maps 
and associated Soil 
Survey Reports

•  Classification based on a sim plified version o f  that suggested in the 
Soil Survey Reports.

•  W here mixes o f  soil types occurred, the highest erosion potential 
classification category was used.

• Where ranges o f erosion potential categories were given, the highest 
category was used.

•  Where no erosion potential category was given, a tentative 
classification category was given.

Land-U se • 1:50,000 Land-Use 
m ap produced 
from 1:15,000 
aerial photographs

•  3 classifications suggested:
-  Classification based on statistical relationships obtained 

between land-use types and six water quality parameters.
-  Classification based on literature-derived expected 

relationships between land-use types and six w ater quality 
parameters.

-  Classification based on a com bination o f  the statistically and 
literature-derived relationships o f  the two previous points.

P opulation
Density

•  1991 Census 
Figures

•  A "standard" household was assumed to consist o f  3 persons.
•  A density o f  3 or fewer persons (1 household) per 1 OOx 100 m were 

considered a "Very Low" density (Category 1).
•  A density o f  more than 15 persons (> 5 households) per 100x100 m, 

were considered a "High" density (Category 4), while a density o f 
more than 30 persons were considered "Very High" density 
(Category 5).

•  Densities ofO persons per 100x100 m cell were considered 
uninhabited areas, and were classified as "None" (Category 0),i.e. 
basically ignored.

Toilet
Facilities
Density

•  1991 Census 
Figures

•  A "standard" household was assumed to contain 1 toilet facility.
•  By the assumption made for the population density, if  a density o f  3 

or fewer persons (1 household) per 100x100 m were considered a 
"Very Low" density (Category 1), then 1 or fewer toilet facilities per 
100x100m cell should also be considered a "Very Low" density 
(Category 1).

•  By the same argumentation as in the previous point, density o f  more 
than 10 toilet facilities (> 10 households) per 100x100 m, were 
considered a "Very High" density (Category 5).

•  Densities ofO toilet facilities per 100x100 m cell were considered to 
have no impact on the indices, and classified as "None" (Category 
0), i.e. basically ignored.

Hotel
D ensity

• GPS Survey o f 
Hotel Locations 
and associated data 
on N um ber o f  
Beds provided by 
Jam aica Tourist 
Board

•  Hotels where no data on the num ber o f  beds was available was 
given a num ber o f  beds o f  20 (corresponding to a m edium -sized 
hotel).

•  No hotels were assumed to be hooked up to the main sewerage.
•  No attempt was made to include the num ber o f  on-duty or resident 

staff in the estimation o f  pollution potential from the hotels.
•  The categorisation followed that o f the population density.

There are also problems with the PLPI itself:

(1 ) The additive nature assumed accumulative properties o f  the important 

contaminants (sedim ents, faecal coliform s and nutrients), although this may 

not necessarily have been correct.
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(2) All parameters were given equal weight (i.e. were assumed to, in sum, 

contribute an equal amount o f  contaminant load). This is a highly unlikely 

scenario given the variability in the nature o f the param eter as well as the 

type(s) o f  contaminant(s) they contribute. For instance, it would probably be 

more correct to give the Hotel Bed Density param eter at least double 

weighting, as this was supposed to quantify both the waste and effluent 

portions o f the hotels' contaminant contribution. The local population waste 

and effluent contributions, on the other hand, were quantified through two 

separate indicators (population density and toilet facilities density), each 

carrying equal weight to the hotel bed density indicator.

(3) The negative scoring o f the land-use types assumed to exhibit attenuation 

properties could, in fact, be seen as being an introducing weights into the 

index calculation (with these land-use types being given a weight o f  -1).

W hile this goes against the grain o f the none-weighted, additive type o f index 

compilation, it was in this case a strict necessity in order to ensure the 

inclusion o f  any contamination load reducers in the contamination load 

estimation.

(4) The PLPl score categorisation was based on the median principle. This is a 

valid classification system if  the assumptions o f additivity and accumulation 

are valid. However, given the concerns voiced in (1) and (2) above, this type 

o f categorisation may cause eclipsing if  one o f the indicators, in truth, 

contributes a much higher contamination load than the others, and this 

indicator scores very high while the rest o f  the indicators score very low. In 

this case, the median classification system will indicate a very low final PLPI 

value.

7 . 4  W a t e r b o d y  V u l n e r a b i l i t y  I n d i c e s

A vulnerability index reflects how vulnerable a certain feature is to particular events, 

occurrences or substances. This study is concerned with the vulnerability o f  the different 

waterbodies to watershed-derived contamination, and a waterbody’s vulnerability is here 

defined as the ease o f  which the water in the watershed is entering this waterbody. As a coastal 

watershed can be divided into three distinctive waterbodies (groundwater, surface water and 

coastal waters), it is necessary to look at the vulnerability o f  all three. However, each o f these 

waterbodies will show varying vulnerability with different combinations o f watershed 

characteristics. The most important parameters will be related to the local geology and 

overburden, especially in the case o f groundwater, but other features, such as distance to the 

waterbody may exert a greater influence in terms o f surface and coastal waters. The rational for
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including the various param eters is given below, along with proposed individual vulnerability 

scores reflecting each parameter's influence on the overall waterbody vulnerability.

7.4.1 B ed ro ck  and its R ela tio n sh ip  to A q u ife r P o ten tia l

Bedrock data can be used in the vulnerability indices to provide information on aquifer potential 

and other hydrogeological characteristics o f the different bedrock types. Information such as 

permeability, storage capacity and hydraulic conductivity indicates the capacity o f the rock to 

absorb, store and transport water. Aquifers will generally exhibit medium to high permeability 

and large storage capacity, while aquicludes will be virtually impermeable. From the point o f 

view o f the impact this may have on vulnerability, the presence o f aquifers will indicate high 

vulnerability to groundwater as much o f the water reaching the bedrock will permeate into the 

rock and be held for storage. Aquicludes, on the other hand, will prevent water from entering 

into bedrock storage, and water will be forced to remain part o f  the surface water pathways. 

This type o f bedrock, therefore, represents a high risk to surface waters. In addition, if  the 

aquicludes are located along the shoreline, surface water will be forced to drain into the coastal 

waters, thus giving rise to greater vulnerability to these waters.

While maps o f  bedrock geology are available for the entire island o f Jamaica, very little specific 

information is available on hydrogeological characteristics. For the Negril and Green Island 

watersheds, moreover, the information - while all from one main organisation, the Jamaican 

W ater Resources Authority (WRA) - is contradictory. Three documents (a leaflet o f  country

wide groundwater resources (WRA, 2000a), a poster presentation on country-wide groundwater 

resources (W RA, 2000b), and a hydrogeological report specific to the Negril watershed 

(Fernandez et al., 1997)) have been found by the author, all giving slightly varying information. 

They operate both with differing categories o f aquifer types, as well as with varying and 

inconsistent definitions o f the types o f  bedrock to be included in each category. All three 

docum ents offer m ap-visualisations o f  their classifications, and the hydrogeological report 

(Fernandez et al., 1997) gives a relatively detailed list o f  what bedrock types fall within each 

category. The poster presentation also gives an indication as to what bedrock types should be 

included in the different categories, but is far more general than that given in the poster 

presentation.

Figure 7.5 (a) to (c) indicates the spatial distribution o f each aquifer type based on the map data 

given in the different documents. The boundaries have been altered slightly to conform with the 

bedrock boundaries given in the Jamaica 1:50,000 Geology map series. In addition, Table 7.13 

indicates the percentage o f  each bedrock type falling within each o f the aquifer categories, and
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T able 7.13 Percentage o f  each bedrock  type falling  w ith in  the aqu ifer type classifica tions suggested  in the 
th ree W R A  docum ents.

AQUIFER
Be d r o c k  T y p e

F e r n a n d e z  e t a l . W R A W R A
T ^P E 1997 2 000a 20 0 0 b

A lluv ial
A qu ifer

A lluvium 100.0 - -

in terio r V alley  A lluvium 100.0 - -

Sw am p / M arsh 100.0 - -
A lluvium - 98.9 -

A lluv ial C oastal L im estone - 7.4 7.4
A quic lude N ew port L im estone Form ation - 19.6 -

Sw am p / M arsh - 98.9 98.9
A lluvium - - 98.9
C oastal L im estone 100.0 - -

G ibraltar-B onny  G ate  L im estone Form ation 100.0 - -

In terior V alley A lluvium - 100.0 -

L im estone N ew port L im estone Form ation 100.0 - 19.6
A quifer Sw answ ick L im estone Form ation 100.0 100.0 100.0

T roy L im estone Form ation %1.1 51.2 87.2
W alderston-B row ns T ow n L im estone Form ation 64.0 64.0 18.5
W hite L im estone G roup  (und ifferen tia ted ) 100.0 - 73.3
Y ellow  Lim estone G roup  (und ifferen tia ted ) - 5.2 5.2

L im estone
A quic lude

Coactal L im estone - 70.4 -

G ibraltar-B onny  G ate L im estone Form ation - 100.0 100.0
N ew port L im estone Form ation - 80.4 80.4

C oastal
A qu iclude

C oastal L im estone - - 70.4

A lluvium - 1.1 1.1
C oastal L im estone - 22.2 22.2
H anover Shale Form ation (C am panian) 100.0 100.0 100.0
Interior V alley A lluvium - - 100.0

Basal Red Beds (M aestrichtian) 100.0 100.0 100.0
A quiclude Sw am p / M arsh - 1.1 l . l

T roy L im estone Form ation 12.8 48.8 12.8
W alderston-B row ns Tow n L im estone Form ation 36.0 36.0 81.5
W hite L im estone G roup  (und ifferen tiated) - 100.0 26.7
Y ellow  Lim estone G roup  (und ifferen tiated) 100.0 94.8 94.8

was derived by comparing the classified aquifer maps with the geological map o f  the study area 

(Figure 3.4). As there is generally little direct correspondence between bedrock type and aquifer 

type in these categorisations, it is likely that neither o f  the classifications is com pletely correct. 

The classification with the best correspondence between bedrock and aquifer types is that taken 

from Fernandez et al. (1997). However, this seem s to be a rough generalisation o f  the actual 

hydrogeological situation, recognising neither alluvial nor limestone aquicludes. The Fernandez 

et al. (1997) and WRA (2000b) classification lists are given in Tables 7.14 and 7.15.

The different classifications do seem to agree that the Fish River Hills area, and areas 

im m ediately to the north o f  this, should be considered Limestone Aquifers, and that m ost areas 

to the east and north- east o f  Fish River Hills form a Basal Aquiclude. When comparing these to 

the geological map, however, it is clear that even these two relatively w ell-defined  

hydrogeological areas contain inconsistencies vis-a-vis  their bedrock com positions. The Basal
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Aquicliides - though clearly defined 

by WRA (2000b) to consist o f  

Cretaceous Iniiers (Table 7.14) - also 

include several types o f  limestone, 

both from those formations defined as 

Limestone Aquifers and as Limestone 

Aquicludes (Table 7.13). Similarly, 

the Limestone Aquifers appear to 

cover Limestone Aquiclude 

formations (e.g. Coastal Limestone 

Group) as well as alluvia.

To attempt to get around the problem o f  inconsistencies and contradictions, it was decided to 

use the most detailed map along with the written definitions as a basis for establishing an 

aquifer classification for the study area. The WRA (2000b) map was clearly the most detailed as 

it contained the most categories, and combined with its associated written definitions, as well as 

the written definitions given in the Fernandez e? al. (1997) document, would seem to be a good 

starting point. However, the WRA's (2000b) map's lack o f  recognising any Alluvial Aquifers, 

despite the clear guideline o f  recognising riverine alluviums as such, seems contradictory, 

especially when seen in combination with the geological map indicating extensive alluvium 

deposits in the upper reaches o f  South Negril River and the lower reaches o f  New Savanna 

River. This area has been defined as alluvial in both the other two documents, although these 

contradict each other with regards to whether these deposits act as an aquiclude or an aquifer. 

Thus, the other two maps would necessarily serve as an aid where clear contradictions between 

written and mapped information have to be resolved.

Consequently, up to six distinctive classes of  aquifers and aquicludes should be recognised for 

the study area; Alluvial Aquifer, Alluvial Aquiclude, Limestone Aquifer, Limestone Aquiclude, 

Coastal Aquiclude and Basal Aquiclude. Two o f  these categories are relatively easy to 

determine. Firstly, the Basal Aquiclude is defined as only encompassing Cretaceous outliers in 

the WRA (2000b) definitions. These include the Hanover Shales and the Red Beds. The 

Fernandez et al. (1997) definitions also include the Yellow Limestone Group, and all three 

maps include this group as a Basal Aquiclude. In the Fernandez e? al. (1997) report, it is also 

stressed that the Yellow Limestone Group may at times be difficult to distinguish from the Red 

Beds, and may be seen as something in between limestones and sandstones. Given this, the 

Yellow Aquifer Group will be included in the Basal Aquicludes for this study's classification.

T able 7.14 C lassification  suggested  in the 
H ydrostratig raphic  M apping Project poste r p resen tation  
(W R A , 2000b).

AQUIFER T y p e B e d r o c k  T y p e

A lluv ial A qu ifer R iverine sed im en ts and deposits

A lluv ial A quiclude
S edim ents derived  from  
breakdow n o f  lim estone

L im estone A qu ifer W hite L im estone G roup

Lim estone
A quiclude

Y ellow  L im estone G roup  and 
som e fo rm ations from  the W hite 
L im estone G roup

C oastal A quicludes
C oastal L im estone G roup  w hen 
situated  a long  the coast

B asal A quiclude C retaceous Inliers
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Table 7.15 Classification and hydrogeological description o f bedrock formation with particular reference 
to the N egril watershed, as given in the Fernandez et al. (1997) report. Where the aquifer type indicated in 
the written description clearly deviates from the classification given by the WRA (2000a; 2000b), the 
written description aquifer type has been em phasised in bold.

AQDIFER
TM ’E

Be d r o c k  T y pe DESCRIPIION

Alluvial
A quifer

Swamp / Marsh

-  Low permeability alluvium consisting o f  clay with lenses o f 
fine-grained, poorly sorted sand.

-  Great Morass Swamp / Marsh deposits reported to overlie an 
alluvial aquiclude.

Alluvium (River)

-  In Orange River and Fish River catchments, m ainly consist o f 
soils and sand with clay o f  low permeability.

-  At Negril Spots, the alluvium is reported to be a tru e  alluvial 
aquiclude.

-  The South Negril River and New Savanna River deposits are 
purported to be sim ilar to those o f  the Great Morass.

Interior Valley 
Alluvium

-  Consists mainly o f  impervious, variegated and fine sands.
-  In Cave Valley area, predom inance o f  low perm eability clays.

Limestone
Aquifer

G ibraltar-Bonny Gate 
Limestone Formation

-  Karstified with north-south solution channel lineation, but 
solution channels are shallow and poorly developed with little 
interconnection between the individual drainage systems.

-  Well yields reported to be very small, and this formation 
should be considered a lim estone aquiclude.

Swanswick 
Limestone Formation

-  High intergranular permeability, although fissure flow is 
dom inant along faultlines.

-  High storage capacity.

Troy / Clarem ont 
Limestone Formation

-  W ell-developed karstification with high perm eability through 
large fractures, and internal transport through interconnected 
channels.

-  Storage is negligible due to high elevation and therefore 
gravity-derived transport, but the formation is important in 
providing a transport network down to lower-lying 
formations.

Newport Limestone 
Formation

-  W ell-developed karst features coupled with low altitude 
makes this a high storage aquifer.

Coastal Limestone

-  Com posed mainly o f  limestone and reef deposits, m aking it a 
fine-grained, indurated limestone.

-  Exhibits strongly developed horizontal solution channels 
discharging directly into coastal waters.

-  Characterised by high transm issivity and low storage.

Basal
Aquiclude

Hanover Shale 
Formation

-  Calcareous m udstones interbedded with thin lim estone and 
calcareous sandstone beds, forming an im perm eable layer.

Red Beds
-  Red-brown tufaceious sandstones with shales and 

conglomerates, providing an impermeable barrier to vertical 
flow.

Yellow Limestone 
Group

-  Similar in composition to the Red Beds, but containing poorly 
sorted clastic sediment deposits as well as calcareous clay and 
marl beds, forming a low perm eability rock.

The second easily distinguishable category is the Coastal Aquiclude. This was clearly defined in 

the WRA (2000b) written definitions as being made up only by the Coastal Limestone Group, 

and should therefore be easily distinguishable based on this criteria. The Fernandeze/ al. (1997) 

report has the Coastal Limestone Group as a Limestone Aquifer, but describes it as having 

mainly secondary porosity and low storage capacity, and discharging directly into coastal
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waters. The definition o f this geological group as an aquiclude, therefore, seems reasonable 

from a groundwater point o f  view''^.

The Limestone Aquifer o f the Fish River Hill area (obvious in all three maps) was in Table 7.13 

seen to consist mainly o f the Swanswick and Troy Limestone Formations. This corresponds 

well with the information given by the Fernandezes al. (1997) report, rating both o f these as 

Limestone Aquifer formations. Basing the Limestone Aquifer classification on these formations 

would result in a large portion o f the Troy Limestone Formations previously categorised under 

Basal Aquiclude due to their apparent isolated locations on the Cretaceous outcrops, now being 

classified as Limestone Aquifer. This could be argued to be incorrect, as the Troy Limestone 

Formations (due to their relatively elevated positions) serve largely as transport m edia down to 

underlying and surrounding aquifer bedrocks. When overlying Basal Aquicludes, therefore, the 

water transported through the Troy Limestone Formations would not reach an aquifer, but rather 

an aquiclude, and therefore resurface through springs. On the other hand, the Fernandez et al. 

(1997) report also reported clear indications o f a steady perennial watertable under most parts o f 

the watershed, including the Cave Valley to Moreland Hill area where the isolated Troy 

Limestone Formaiions can be found. Thus, there is a likelihood that some o f the water 

transported through the Troy Limestone Formations enters the saturated part o f  the groundwater 

through this route. Consequently, for the purpose o f determining their contribution to 

groundwater and surface water vulnerability, the Troy Limestone Formations in this area should 

also be classified as aquifers.

Two other White Limestone Group formations also occur in the areas previously categorised as 

Basal Aquicludes, the W alderston-Browns Town Limestone Formation situated along the south

western and northern boundary o f the Swanswick Limestone Formation, and a localised 

occurrence o f undifferentiated White Limestone near Davis Cove. N either one o f  these 

formations has been specifically addressed in the written descriptions and definitions provided 

in the Fernandez et al. (1997) and the WRA (2000b) documents. On the WRA (2000b) map, 

however, the W alderston-Browns Town Limestone Formation apparent in the Sheffield area is

It is nonetheless important to note that the classification of Coastal Limestone as a Limestone 
Aquiclude (or Coastal Aquiclude) is disputed. Dr. Goreau, for instance, reckons the Coastal 
Limestone is of high primary porosity and low secondary channelling, therefore making it a 
Limestone Aquifer rather than a Limestone Aquiclude (Dr. T. Goreau, pers. comm.). He also disputes 
the classification of the bedrocks found along the south coast o f the study area into the Coastal 
Limestone Group, arguing that these bedrocks appear to be composed of older Miocene/Pliocene 
corals overlying deep sea limestone chalk oozes rather then the Eemian coral reefs normally classified 
as Coastal Limestones {idem). Moreover, it is his belief that the classification of the Coastal 
Limestone Group into the Aquiclude category might be associated with this being the lowest-lying of 
the limestones, and therefore more easily saturated or flooded during periods o f elevated watertable 
heights {idem).
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clearly marked as a Basal Aquiclude. The occurrence south o f  Green Island is also indicated as 

a Basal Aquiclude. It may appear, therefore, that this is in an aquiclude, despite it being a White 

Limestone Group formation. On the other hand, it has been classified as a Limestone Aquifer in 

the other two documents. Due to these discrepancies, previous categorisations of both the 

Walderston-Browns Town Limestone formations and the undifferentiated White Limestone 

Group occurrences will be ignored. Based on their being classified under the White Limestone 

Group, and both the WRA (2000b) and Fernandez et al. (1997) reports recognise geological 

formations o f  this group to be predominantly aquifers, these two formations will be treated as 

Limestone Aquifers in this study. In addition, the Newport Limestone Formation, being 

described as a high storage aquifer in the Fernandez e/ al. (1997) report, will be included in this 

category.

The Gibraltar-Bonny Gate Limestone Formation has been categorised as Limestone Aquiclude 

in two o f  the three WRA documents. In the Fernandez et al. (1997) report, in which the 

accompanying map indicates this formation as a Limestone Aquiclude, the description o f  the 

formation clearly indicates that it is an aquiclude based on very low well yields and relatively 

low storage potential. The reasoning for including it with the aquifers, however, could be due to 

its karst characteristics, with north-south lineated solution channels present. Well location data 

for the area also indicate that wells situated along the north-eastern boundary along the Negril 

Spots marshland area give reasonable yields, thus supporting the formation's potential as an 

aquifer. However, the information given in the Fernandez e/ al. (1997) report seems to indicate 

that these wells are drilled into karst solution channels, and that little water is stored within the 

bedrock itself. Rather, water entering the formation seems to quickly drain back out into the 

surface water part o f  the watershed system through a series o f  springs and seepage areas along 

the boundary between this and surrounding formations. In this study, therefore, the Gibraltar- 

Bonny Gate Limestone Formation will be regarded as a Limestone Aquiclude.

The final two categories. Alluvial Aquiclude and Alluvial Aquifer, are difficult to differentiate 

between based on the written information and the accompanying maps. What seems clear is that 

the Great Morass area, classified as "Swamp / Marsh" on the Geological map, is an aquiclude. 

The swamp alluvium is characterised as mainly clay, with a very low permeability, and next to 

nil where the alluvium has weathered to a compact soil (Fernandez e? at., 1997). The Great 

Morass is also underlain by an impervious alluvium {idem), further strengthening the argument 

for this area being classified as an aquiclude rather than an aquifer.

The riverine and interior valley alluvia, on the other hand, are less clear-cut. The Fernandeze/ 

al. (1997) report describes both these as consisting mainly o f  low permeability clays, while the
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WRA (2000b) definition clearly distinguishes the polje-type alluvium (Interior Valley 

Alluvium) from the riverine type (Alluvium), with the former having low and the latter high 

permeability. The riverine alluvium present in the upper reaches o f  the South Negril River and 

the lower reaches of the New Savanna River is relatively thick (5 to 18 m), and underlain by 

what is thought to be Tertiary limestone aquifers (WRA, 1997; Ministry o f  Mining and Natural 

Resources, n.d.). It is therefore likely that either the alluvium, the underlying limestone or these 

two combined provide a significant aquifer potential, as well as good connectivity with the 

saturated groundwater. The riverine alluvia will therefore be regarded as Alluvial Aquifers for 

the purpose of this study.

The Interior Valley Alluvium, while being relatively impervious, appears to be underlain by 

limestone aquifers from the White limestone Group. However, the deposits are reasonably thick, 

generally in excess o f  9 m (Fernandez et al., 1997). Any water that may percolate into the 

alluvium, therefore, is unlikely to rapidly make its way down to the underlying aquifers, and 

these alluviums, therefore, appear to qualify as Alluvial Aquicludes.

Based on this discussion, the classification system to be used for this study is summarised in 

Table 7.16, giving the aquifer type and its associated bedrock types. The resulting new Aquifer 

Potential map has been given in Figure 7.5 (d).

T able 7.16 D erived aqu ifer type c lassification  based  on the th ree W RA docum ents.

A q u i f e r  T y p e B e d r o c k  T y p e

A lluvial A quifer A lluvium

A lluvial A quiclude
Interio r V alley  A lluvium  
Sw am p / M arsh

L im estone A qu ifer

N ew port L im estone Form ation 
S w answ ick  L im estone Form ation 
T roy  L im estone Form ation 
W alderston-B row ns T ow n L im estone Form ation 
W hite L im estone G roup  (und ifferen tia ted)

L im estone A quiclude G ibra ltar-B onny  G ate L im estone Form ation

Basal A quiclude
H anover S hale Form ation  (C am panian)
Red B eds (M aestrich tian)
Y ellow  L im estone G roup  (und ifferen tia ted)

C oastal A qu ic lude C oastal L im estone

Having consolidated the available information on aquifer potential, this information can be used 

for developing an Aquifer Vulnerability score for surface, coastal and groundwater as was 

briefly outlined in the beginning o f  this section. The vulnerability categorisation is relatively 

simple: aquifers represent areas of  high vulnerability to groundwater, and low vulnerability to 

surface and coastal waters, while aquiciudes represent high vulnerability to surface and coastal 

waters and low vulnerability to groundwater. As the hydrogeology o f  the study area is highly
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karstified, this categorisation has to be modified slightly. In the case o f Basal and Alluvial 

Aquicludes, these represent bedrocks, which have very little potential o f allowing water to enter 

the groundwater waterbody, and therefore water flowing over these bedrocks has a low potential 

for altering the groundwater quality at this particular point o f  the watershed. On the other hand, 

as water is not being channelled into the groundwater at this point, these bedrock types 

represents areas where the water has a high potential to alter the quality o f surface and coastal 

waterbodies. Equally, Alluvial Aquifers represent minimal potential for contamination to 

surface water, but high potential for contamination to groundwater. This contamination potential 

to groundwater is unlikely to be as high for Alluvial Aquifers as for Limestone Aquifers, 

however, due to greater dependency on percolation-type entry into the alluvial groundwater 

reserves than on dual percolation and conduit-type entry, as is the case with the karst limestone 

aquifers. Limestone Aquicludes may also represent some potential for contamination to 

groundwater, as (even though they are relatively impervious) karst conduits may cause limited 

am ounts o f surface water to enter the groundwater storage. By the same argument. Limestone 

Aquicludes do not represent as great a potential for contamination to surface and coastal waters 

as Basal and Alluvial Aquicludes, as some o f  the water may be conducted away from the 

surface water part o f the system. Limestone Aquifers, while possessing very high contamination 

potentials to groundwater, also represent a limited amount o f contamination potential to surface 

and coastal waters. I'h is is due to the karst processes causing some o f the water entering into the 

aquifer to resurface at spring and seepage areas, both on land and in coastal water areas. The 

Coastal Aquicludes present an intermediate potential for contamination to both surface and 

groundwater, although, as most o f the water is drained directly into coastal waters, neither 

groundwater nor surface water quality is likely to be greatly affected. The coastal waters, on the 

other hand, will be at high risk from this aquifer type, as little or no natural retention is provided 

within this aquiclude, nor are natural surface water purification processes likely to act for long 

enough before the water is being discharged into the coastal waters to provide effective 

elim ination o f  possible contaminants.

Based on the above discussion, the proposed values for the Groundw ater Vulnerability (GW V), 

Surface W ater Vulnerability (SW V) and Coastal W ater Vulnerability (CW V) Aquifer Scores 

are given in Table 7.17. Note that the SWV and CW V Aquifer Scores generally are the same, 

except for the Coastal Aquiclude, which the Fernandez et al. (1997) report clearly states drains 

more or less directly into the coastal waters. Its CW V Aquifer Score is, therefore, considerably 

higher than that given for SWV. Further differentiation between the vulnerability o f  surface and 

coastal water will be provided through the distance to waterbody param eter (see Section 7.4.4 

below), which takes simplified attenuation processes into account.
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7 .4 .2  D epressions and Faultlines
Depressions and faultlines have often been found to be direct avenues for surface water into the 

groundwater part o f  the system (Section 2.4.2 (b)). In the Negril and Green Island watersheds, 

depressions, in particular, have been found to play a critical role in the water flow system, 

channelling water into karst pathways (Sections 3.3 and 5.6). The role o f faultlines in the study

Table 7.17 Proposed G W V and SW V Aquifer categories.

A q u i f e r

P o t e n t i a l

G W V  A q u i f e r  
Sc o r e

S W V  A q u i f e r  
S c o r e

C W V  A q u i f e r  
S c o r e

A lluvial Aquifer 4 1 1
A lluvial Aquiclude 1 5 5
Lim estone Aquifer 5 3 3
Lim estone Aquiclude 3 3 3
Coastal Aquiclude 2 2 5
Basal Aquiclude 1 5 5

1 - V. Low, 2 - Lx)w, 3 - Interm ediate, 4 - H igh, 5 - V. High

area's water flow system has not been studied to the same extent, but some documents indicate 

that faultlines may be important features for karst conduit development in some o f  the local 

bedrocks, and, hence, also for karst groundwater routing (Fernandez et al., 1997; Goreau, 1995). 

This study has already made the assumption that the faultline features represent, if  not true 

pathways, then at least potential pathways for unsaturated groundwater flow (Section 5.6), and 

this assumption will be maintained in this section. Thus, both depression areas and faultlines 

will be considered areas o f high vulnerability to groundwater. However, the fact that these areas 

represent high vulnerability to groundwater will not mean that they autom atically represent low 

vulnerability to surface and coastal waters. As was discussed extensively in Chapter 5, much o f 

the water entering into the unsaturated groundwater flow system through secondary porosity 

features resurface relatively quickly in seepage and spring areas, thus rejoining the surface water 

system. The direct entry o f water into karst aquifer systems - as is the case with water flowing 

into depressions - therefore, is likely to increase the overall potential for contamination to 

surface and coastal waters from these aquifers. The changes in vulnerability o f surface and 

coastal waters from faultline areas are similar to those o f  depressions, and should also be seen as 

representing a slight increase in the potential for contamination dictated by the bedrock type to 

the vulnerability o f these waters.

As a guideline, the GWV Aquifer Score is modified as follows:

(1) Depressions:

(a) If the bedrock is classified as aquifer, the aquifer potential should 

be raised to the highest category.
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(b) If  the bedrock is classified as aquiclude, and the bedrock type is 

not "Swamp / Marsh", the aquifer potential should increase by 

two categories (although no categories can be higher than "Very 

High").

(c) If  the bedrock type is "Swamp / M arsh", the aquifer potential 

category should remain unchanged.

(2) Faultlines:

(a) If the bedrock is classified as aquifer, the aquifer potential should 

be raised to the highest category.

(b) If the bedrock is classified as a Limestone or Alluvial Aquiclude 

other than when the bedrock type is "Swamp / M arsh", the 

aquifer potential should increase by two categories (although no 

categories can be higher than "Very High").

(c) If the bedrock is classified as a Coastal or Basal Aquiclude, the 

aquifer potential should increase by one category (although no 

categories can be higher than "Very High").

(d) If the bedrock type is "Swamp / M arsh", the aquifer potential 

category should remain unchanged.

W ith respect to both depressions and faultlines, the SWV and CW V Aquifer Scores are 

modified as follows:

(a) If the bedrock is classified as a Limestone Aquifer or Aquiclude, 

the aquifer potential should increase by two categories (although 

no categories can be higher than "Very High").

(b) All other aquifer potential category should remain unchanged.

The resulting adjusted Aquifer Scores are given in Table 7.18, and these adjustments should 

ensure that the influences o f depressions and faultlines are not neglected in the final indices.

Table 7.18 Adjusted GWV, SWV and CWV Aquifer Scores when applied in the presence o f  depressions 
and faultlines.

A q u i f e r  T y p e GWV A q u i f e r  S c o r e SWV A q u i f e r  
S c o r e s

CWV A q u i f e r  
S c o r e sB e d r o c k  T y p e D e p r e s s i o n F a u l t l i n e

Alluvial Aquifer 5 5 1 1

Alluvial Aquiclude
Swamp / Marsh 1 1

5 5Other 3 3
Limestone Aquifer 5 5 5 5
Limestone Aquiclude 5 5 5 5
Coastal Aquiclude 4 3 2 5
Basal Aquiclude 3 2 3 3

1 - V. Low, 2 - Low, 3 - Interm ediate, 4 - H igh, 5 - V. High
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7.4.3 Internal Soil Drainage
In addition to the erosion potential mentioned above, the 1960s Soil Survey reports also gave 

extensive information regarding the internal drainage of the different soil types. The internal 

drainage plays an important role in routing and retention of water, and, consequently, also in the 

vulnerability of different waterbodies to waterborne contamination. Simply put, where water 

cannot drain into the soil (i.e. if  the soil has no internal drainage), surface runoff will be high 

and no natural soil-derived attenuation and purification o f the water can take place. In this case, 

the vulnerability of the surface water will be great. On the other hand, if  the internal drainage is 

extremely rapid, such as is often the case with sand and gravels, water will rapidly find its way 

down to the bedrock-overburden boundary, and, provided the bedrock is not impermeable, can 

then enter the groundwater. Some natural attenuation will take place, but it is unlikely to be 

highly significant. In this case, therefore, the vulnerability to groundwater will be high. Where 

internal drainage is moderate, soil retention of water will be satisfactory, and natural soil- 

derived purification will be at its greatest. In this case, there is relatively low vulnerability both 

to groundwater and surface water. This is, of course, a highly simplified account o f the 

processes of water routing and retention. It does not consider factors such as saturation, 

waterlogging, slope gradient and karst direct linkages between ground and surface or coastal 

waters, all of which may influence the true pattern of water routing and retention, and, therefore, 

the relative vulnerability of groundwater and surface water. From the point of view of deriving a 

GWV, SWV and CWV Drainage Scores from the information available, however, looking at 

more complex relationships would be counterproductive, as no data are currently available to 

study these relationships for the study area.

For the GWV, SWV and CWV Drainage Scores, therefore, the internal drainage information 

was extracted from the 1960s Soil Survey reports. As with the erosion potential data in the Soil 

Survey reports, the internal drainage was given on a scale ranging from "Nil/None" to 

"Extremely Rapid", and encompassing ten classes. These were reclassified into five classes in 

the same way as with the erosion potential. As the vulnerability potential of the internal 

drainage to groundwater and surface water would be inverse, the rapid drainage categories 

would be given high values and the slow drainage low values for the GWV Drainage Score, and 

vice versa for the SWV Drainage Score. It was decided that the CWV Drainage Score should 

follow the SWV Drainage Score. This was based on the same reasoning as for making the SWV 

and CWV Aquifer Scores the same, with the lack of conclusive flow routing information the 

most important of these reasons. The vulnerability scores, along with the original classifications, 

are given in Table 7.19.
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Problems o f inconsistencies in o,,,w j •
Table 7.19 Proposed GW V, SW V and CW V Drainage Scores in

c la ss if ic a tio n  b e tw e en  rep o rts  relation to the internal drainage categories used in the 1960s Soil
Survey Reports.

and mixed soil classes were 

similar to those experienced for 

the erosion potential, and were 

treated in much the same way.

Also, the same six classes o f  

marginal soil or other surface 

type were lacking any indication 

o f internal drainage. Again, these 

were given a tentative score 

based on general knowledge o f these types o f surfaces. These scores, along with comments on

why these scores were suggested, are given in Table 7.20.

Table 7.20 Proposed GWV, SWV and CW V Drainage Scores o f  soil classes not given internal drainage 
ratings in the 1960s Soil Survey Reports.

S o i l  C l a s s

GW V
D r a i n a g e

S c o r e

SW V / CW V  
D r a i n a g e  

S c o r e

CO.MMENTS

River W ash
5 1

These are both unconsolidated sands and gravels, and, 
therefore, must be expected to exhibit rapid to 
extremely rapid internal drainage.Beach Sandy

Salt Swamp

1 5

Provided these overburden types are not dam aged 
through vegetation removal or drainage cutting, they 
should be relatively stable owing to dense vegetation, 
and are known to be prone to waterlogging. They are, 
therefore, likely to exhibit very slow - if  any - intem al 
drainage. This is supported by the soil class M orass 
Peat's intemal drainage being classified as "Nil".

M angrove
Swamp

Urban Area 1 5 Urban surfaces are known to be highly impermeable, 
and should thus exhibit low or no internal drainage.

Bare Coral 
Rock 3 3

This is a relatively well-cem ented type o f  bedrock, but 
may exhibit some developm ent o f  karst intemal 
drainage. A moderate intem al drainage has been 
assumed for this surface type, both for GW V and 
SW V/CW V Drainage Scores purposes, although it may 
in places exhibit extrem ely high intem al drainage (e.g. 
where karst features exist) or no intem al drainage (e.g. 
in areas o f  exceptional cementation).

1 - V. I^ w , 2 - Lx)w, 3 - Interm ediate, 4 - H igh, 5 - V. High

7.4 .4  D istance from W aterbodies
Distance from waterbodies is important especially for surface and coastal waters as the distance 

the water has to flow from the point where it is deposited on the ground to the point where it 

enters the waterbody will, at least in part, determine the amount o f  attenuation and other natural 

processes that can act to remove any contaminants from the water. In this way, it is assumed

O r i g i n a l  E r o s i o n  
C a t e g o r i e s

G W V  D r a i n a g e  
S c o r e

SW V / C W V  
D r a i n a g e  S c o r e

Nil / None
1 5Almost Nil / None

Very Slow
Slow 2 4
M oderate

3 3
Good
Fairly Rapid

4 2
High
Very Rapid

5 1
Extremely Rapid

1 - V. Low, 2 - Low, 3 - In term ediate , 4 - H igh, 5 - V. High
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that the greater the distance the water has to flow, the less o f a particular contaminant it 

contains. This is not a direct and unequivocal relationship, however, as some contaminants may 

be conservative and/or accumulative (i.e. there is little chance they will be removed through 

natural processes, and an increase in the distance o f flow may cause an increase in contaminant 

concentration). The contaminants o f most concern in the study area (nutrients, faecal coliforms 

and suspended sediments), however, are not truly conservative. M oreover, while it was found 

that some o f the contaminants showed some accumulation (i.e. increasing concentrations with 

increasing areas drained), they would nevertheless be expected to cause greater contamination if 

the contamination source is located near the waterbody.

The actual distance needed to provide sufficient contam ination attenuation varies greatly 

depending on factors such as vegetation cover, soil types and slope gradient. Consequently, no 

guidelines are available for how far water needs to flow before attenuation outweighs 

contamination accumulation. Distance

thresholds were therefore set only based on 

the author's personal views o f "close" and 

"far". (Table 7.21), with the Category 5 

distance threshold (250 m) based on the 

smallest unit o f  the final index (250x250 

m). More scientifically robust categories 

could be employed if  more information on

Table 7.21 Proposed SWV and CWV Distance 
Scores based on the distance o f  an area away 
from the nearest surface or coastal waterbody.

D i s t a n c e  ( m )
SWV / CWV 

D i s t a n c e  S c o r e
>2000 1

1000 - 2000 2
500- 1000 3
500- 250 4

0 -  250 5
1 - V. Low, 2 - Low, 3 - In term ediate, 4 - H igh, 5 - V. 

High

local attenuation-accumulation processes become available.

7 .4 .5  G roundw ater V ulnerab ility  Index

For the GroundW ater Vulnerability Index (GW VI) a simple additive index was initially 

calculated according to Equation 7.4.

GWVI Score = GWV Aquifer + GWV Drainage (Eq. 7.4)

This gave good distinction between areas o f high and low vulnerability, in most o f the Negril 

watershed'*’. However, in the Green Island watershed and in eastern parts o f the Negril 

watershed, the GWVI showed only slightly lower categorisations for the Basal Aquiclude areas 

than for some o f the Limestone Aquifers. This was due to the Cretaceous bedrock being covered 

with soil types o f  rapid internal drainage, and the index structure causing low vulnerability 

dictated by the bedrock to be directly counteracted by the high vulnerability dictated by the 

drainage. This was considered highly unlikely, as no m atter how rapid the drainage through the

The resulting GWVI has been included in Appendix M for reference purposes.
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overburden, if an aquifer is not present, there is no groundwater body to potentially be 

contaminated. Thus, in the case of groundwater vulnerability, the aquifer potential seemed more 

important than the dramage. It was decided, therefore, to use a weighted index rather than the 

simple additive one suggested in Equation 7.3. The aquifer potential was consequently given a 

coefficient of 2 and the drainage a coefficient of 1. This resulted in Equation 7.3 being altered to 

the following:

GWVI Score  = 2 x G W V  A quifer + G W V  D ra in age  (Eq. 7 .5)

This gave a GWVI Score ranging from 3 to 15, reflecting the variation in vulnerability of the 

groundwater bodies of the watershed. With the weighting of the parameters, the GWVI Score 

was effectively based on three parameters rather than two, and, consequently, the interval ranges 

were derived based on a three-parameter additive score following the majority procedure 

outlined by Kitsiou and Karydis (2000). This led to the GWVI categories given in Table 7.22.

Table 7 .22 Calculation o f  intervals for the GW VI Score, and conversion to the five categories o f  the 
GW VI.

G W V I  C a t e g o r y V e r y  L o w L o w I n t e r m e d i a t e H i g h V e r y  H i g h

In
d

iv
id

u
a

l

P
a

r
a

m
e

t
e

r

S
c

o
r

e
s

Parameter I 1 1 2 3 4

Parameter II 1 2 3 4 5

Parameter I I I 1 2 3 4 5

A d d i t i v e  Sc o r e 3 5 8 11 14
G W V I  SCORE R a n g e 3 4 - 6 7 - 9 1 0 -  12 13 - 15

7.4.6 Surface W ater V ulnerability Index
A simple additive index was initially attempted for the Surface Water Vulnerability Index 

(SWVI), with the initial SWVI Score calculated by:

SW Vl Score  = SW V A quifer + SW V  D ra in age  + D istan ce fro m  Stream  (Eq. 7 .6)

Again, this resulted in very little differentiation between areas close to and further away from 

the streams, as well as between shoreline areas versus stream areas'**. Weightings of the 

different input parameters were therefore attempted, with a coefficient o f 2 given to the 

Distance from Stream parameter and a coefficient of 1 for the other parameters. This was found 

to better reflect the importance of the flow distance on surface water quality, (especially with 

regards to natural attenuation and purification processes), without disregarding the importance 

o f aquifer potential and internal drainage in determining the relative importance of surface flow 

in the watershed flow system. The resulting SWVI Score calculation, then, became as follows:

The resulting SW VI has been included in A ppendix M for reference purposes.
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S iv y / Score = SWV Aquifer + SWV Drainage + 2 x Distance from  Stream  (Eq. 7.7)

The output o f  Equation 7.6 was a set o f  values ranging from 4 to 20. Following the majority 

principle, the conversion from SWVI Scores to SWVI categories is as given in Table 7.23.

Table 7.23 Calculation o f  intervals for the SWVI and CWVI Scores, and conversion to the five categories 
o f  the SWVI and CWVI.

SWVI/CWVI C a t e g o r y V e r y  L o w Low I n t e r m e d i a t e H i g h V e r y  H i g h

In
d

iv
id

u
a

l

P
a

r
a

m
e

t
e

r

S
c

o
r

e
s

P a r a m e t e r  I 1 1 2 3 4
P a r a m e t e r  I I 1 2 3 4 5
P a r a m e t e r  I I I 1 2 3 4 5
P a r a m e t e r  IV 1 2 3 4 5

A d d i t i v e  S c o r e 4 7 11 15 19
SWVI/CWVI SCORE R a n g e 4 - 5

OO1 9 -  12 13 - 16 1 7 - 2 0

7.4 .7  C oasta l W ater V ulnerab ility  Index

As with the GWVI and SWVI, the Coastal Water Vulnerability Index (CW VI) calculation was 

initially attempted according to an additive formula:

CWVJ Score = C W y Aquifer+ CWV Drainage + Distance from  Shoreline (Eq. 7.8)

It was found that this relationship was too simple for the purpose o f  describing the coastal water 

vulnerability, with many inland areas seemingly having a significant effect on the derived 

vulnerability'*''. This is, to some degree, the case, as direct linkages between inland 

sinkholes/faultlines and offshore groundwater springs and seepage areas are suspected. 

However, as mentioned previously, while these have not been successfully traced, the added 

potential vulnerability posed by these features were already included in the assessment through 

the adjustm ent o f the aquifer data. Nevertheless, it does not seem possible to justify  the derived 

high vulnerability solely by the aquifer potential adjustments. As in the case o f  the SWVI, 

giving an added weighting o f 2 for the distance from shoreline was hence attempted, as this 

would reduce the impact o f areas in the inner parts o f  the watershed, while still taking the 

aquifer potential and internal drainage into account. Subsequently, the CW VI Score calculation 

became as follows:

CWVI Score = CfVV Aquifer + CWV D rainage+ 2  x Distance from  Shoreline (Eq. 7.9)

The resulting CWV Score ranged from 4 to 20, and the conversion from this score to the CW VI 

categories followed that o f the SWVI conversions above (Table 7.23).

The resulting CWVI has been included in Appendix M for reference purposes.
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7 .4 .8  L im ita tions and C aveats
As with the PLPI, the individual indicators used for the WVIs had a series o f limitations and 

error potential. The categorisations o f these indicators were also based, to a large degree, on 

assumptions and subjective decisions (Table 7.24). The most important points to be aware o f 

with the categorisation o f these indicators are:

(1) The information on aquifer potential was extracted from three different 

documents, all o f which appeared to possess flaws, errors and generalisations. 

Consequently, a series o f  compromises had to be made in order to derive at 

one aquifer potential map. The derived aquifer potential map may not be more 

correct than the original maps, and there is no way o f  actually checking the 

validity o f  this new map without perform ing a full hydrogeological 

investigation.

(2) The classification o f the individual bedrock blocks into waterbody 

vulnerability classes was primarily based on their perceived aquifer potential, 

but also on the available information o f the degree and nature o f  their 

karstification and their hydrostratigraphic placem ent where this was felt to 

have a significant impact.

(3) The 1:50,000 geological maps used in this study did not always include 

detailed differentiation o f  some o f the bedrock formations (e.g. different types 

o f Coastal Limestones were grouped together as "Coastal Limestone Group - 

Undifferentiated"). The formations grouped in this fashion may exhibit quite 

different aquifer properties, and may therefore have been misclassified.

(4) The inclusion o f faultlines in the assessment o f aquifer potential and 

vulnerability was considered vital. However, with the lack o f any solid 

information regarding both the way in which they influence, and the quantity 

o f this influence on, the properties in question, the increases in aquifer 

potential imposed by the classification process employed here is only 

tentative. A more robust approach should ideally be developed. Again, 

however, this would require in-depth field study into the local hydrogeology.

(5) The faultline information given in the 1:50,000 geological maps may not be 

complete. In fact, the entire W est End is known to be riddled with faults that 

can be seen as fractures and cracks in the exposed bedrock (Dr. T. Goreau, 

pers. comm.). Inland, similar fault systems are marked by straight lines o f 

sinkholes {idem). It is therefore unlikely that the derived indices take all 

faultlines present into account.
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Table 7.24 Data source and categorisation assumption for each o f  the input datasets used in the

Waterbody Vulnerability Indices calculations.

D a t a s e t O r i g i n a l  So u r c e I n d e x  C l a s s i f i c a t i o n  B a s is /A ssliiviptions

A q u ife r
P o te n t ia l

• Aquifer potential 
information given by the 
Water Resources 
Authorities (Fernandez 
e ta l ,  1997; WRA 
2000a; 2000b).

• Bedrock information 
held in the 1:50,000 
Geology map.

• The aquifer potential used to classify the bedrock blocks 
were taken from three different WRA documents.

• It is assumed that bedrock type is the only determinant of 
aquifer potential, and therefore uniform aquifer potential 
across bedrock blocks is also assumed.

F a u l t l in e s • Faultlines information 
held in the 1:50,000 
Geology map.

• The presence of a faultline was assumed to facilitate entry 
of water into underlying bedrock, and faultlines were 
therefore seen to increase the vulnerability o f groundwater, 
and also in some cases increase that of surface water and 
coastal waters.

• For the groundwater vulnerability, the aquifer potential 
vulnerability scores were modified as follows:

-A ll areas recognised as faultline and aquifers were 
classified as having a "Very High" (Category 5) 
vulnerability.

-A ll areas recognised as faultline and Limestone or 
Alluvial Aquiclude (other than bedrock type "Swamp 
/ Marsh") were upped two vulnerability categories.

-A ll areas recognised as faultline and Coastal or Basal 
Aquiclude were upped one vulnerability category.

• For the surface and coastal water vulnerability, the aquifer 
potential vulnerability scores were modified as follows:

-A ll  areas recognised as faultline and  Limestone 
Aquifer or Aquiclude were upped two vulnerability 
categories based on the karst nature of the limestone 
bedrocks in the area.

D e p re ss io n s • Depression contours 
provided by the Jamaica 
1:12,500 Map series.

• The presence o f a depression was assumed to facilitate 
entry of water into underlying bedrock, and depressions 
were therefore seen to increase the vulnerability o f 
groundwater, and also in some cases increase that of 
surface water and coastal waters.

• For the groundwater vulnerability, the aquifer potential 
vulnerability scores were modified as follows:

-  All areas recognised as depression areas and aquifers 
were classified as having a "Very High" (Category 5) 
vulnerability.

-  All areas recognised as depression areas and 
Aquiclude (other than bedrock type "Swamp / 
Marsh") were upped two vulnerability categories.

• For the surface and coastal water vulnerability, the aquifer 
potential vulnerability scores were modified as follows:

-  All areas recognised as faultline and Limestone 
Aquifer or Aquiclude were upped two vulnerability 
categories based on the karst nature of the limestone 
bedrocks in the area.
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Table 7.24 (Continued).

D a t a s e t O r i g i n a l  So u r c e IM)EX C l a s s i f i c a t i o n  B a s is /A s s u m p t i o n s

I n t e r n a l  Soil 
D r a in a g e

• 1:50,000 Soil maps and 
associated Soil Survey 
Reports

• Classification based on a simplified version o f  that 
suggested in the Soil Survey Reports.

•  Where mixes o f  soil types occurred, the highest drainage 
rate classification category was used.

•  Where ranges o f  drainage rate categories were given, the 
highest category was used.

•  Where no drainage rate category was given, a tentative 
classification category was given.

D is ta n c e
f r o m
W a t e r b o d y

• River network obtained 
from the Jamaica
1:12,500 Map series.

• Shoreline obtained from 
the Jamaica 1:50,000 
Map series

•  Assumes that removal o f  contaminants through attenuation 
and purification processes is greater the fiirther the water 
flows before entering the waterbody.

(6) The distance to waterbody indicator was used as a proxy in lieu o f robust, 

local data on the effect o f  attenuation and accumulation processes present in 

overland and throughflow on the observed water quality for the surface and 

coastal waterbodies. The distance thresholds used in the categorisation were 

entirely arbitrary due to a lack o f guidelines. However, general guidelines 

would be extremely difficult to derive at, as these thresholds will depend on a 

series o f factors, all related to the local environment (e.g. land-use, soil, 

geology, slope). Moreover, this param eter was included on the basis that the 

further the water has to flow before reaching the waterbody, the more 

attenuation and natural degradation o f  contaminants may take place. W hile 

this is to a large extent true for the contaminants o f concern in this study, some 

o f the contaminants may be conservative and accumulative. In fact, the 

statistical analysis indicated such tendencies for some o f the parameters 

included for the distances and residence periods likely to be applicable in the 

Negri 1 watershed.

Each o f  these points must be taken into account when assessing the final output o f  the WVIs. In 

addition, for the compiled indices, it is important to stress the following:

(1) The weightings given to the distance from waterbody indicators in the SWVI 

and CWVI and to the aquifer potential indicator for the GW VI are entirely 

arbitrary, and have been imposed to avoid problems o f  too high an influence 

from other (assumed less important) input indicators. Again, given more 

information pertaining to the local hydrogeology, more appropriate weightings 

could be derived, and the index calculation modified to reflect this.
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(2) The final index categorisation suffers the same limitations as those outlined 

for the PLPI score categorisation (Section 7.3.7).

7 . 5  E n v i r o n m e n t a l  W a t e r b o d y  R i s k  A r e a  I n d i c e s

The overall environmental risk to the waterbodies can be seen as a combination o f the pollution 

load of an area, and the chance that the contamination will reach the waterbody, measured by its 

vulnerability. Thus, the areas of high and low environmental waterbody risk (WRAI Score) can 

be seen as a function of the PLPI Score and one of the GWVI, SWVI or CWVI Scores WVI 

Score, depending on the waterbody in question, with;

WRAI Score = PLPI Score + WVI Score (Eq. 7.10)

Weighting of either of the input indices was not attempted for the WRAIs. This because such 

weighting, while possibly providing added differentiation and increased accuracy in some areas, 

could cause unexpected and unwanted categorisations in others. For instance, if  the GWVI was 

given a coefficient of 2 and the PLPI a coefficient of 1, the Fish River Hills area (due to its very 

high vulnerability) would be seen as an area currently at particular risk, despite the pollution 

load potential of this area being low (see Sections 7.7 and 7.8 below). In the same way, giving 

the PLPI a higher coefficient than the GWVI would result in the low vulnerability Basal 

Aquicludes of the Green Island watershed appearing to be an area of concern in the 

GroundWater Risk Area Index due to high PLPI scores.

7.5.1 GroundW ater Risk Area Index
The GroundWater Risk Area Index (GWRAI) was calculated according to the following 

relationship:

GWRA/ Score = GWV Score + PLP Score (Eq. 7.11)

The resulting GWRAI Score ranged from 0 to 45. The category intervals from PLPI and GWVI 

conversions were added (Tables 7.12 and 7.22), and the resulting intervals were used as a basis 

for the GWRA Score to GWRAI conversion (Table 7.25). For instance, the GWVI and PLPI 

Category 2 intervals were 4 to 6 and 2 to 5, respectively. Adding these intervals gives a GWRAI 

Category 2 interval of 6 to 11. This form of addition results in there always being one 

intermediate score value between each of the derived intervals, however. This intermediate 

value was decided to be included in the higher category to make sure cells were classified into 

the highest possible categories where applicable. This adding of the GWVI and PLPI Scores 

equates to using Kitsiou and Karydis's (2000) median method, but allows rapid calculation of 

the GWRAI categorisation intervals without the need to know the original number of 

parameters used for the PLPI and GWVI.

296



Table 7.25 Conversion from calculated GWRA Score to the five categories o f  the GWRAI.

GWRAI  C a t e g o r y V e r y  L o w L o w I n t e r m e d i a t e H i g h V e r y  H i g h

PLPI S c o r e  R a n g e -3 - 1 2 -  5 6 -  10 1 1 - 1 5 1 6 - 3 0
GWVI  S c o r e  R a n g e 3 4 -  6 7 -  9 10-  12 13 - 15
A d d i t i v e  S o r e  R a n g e 0 - 4 6 - 1 1 1 2-  19 21 - 2 7 2 9 - 4 5
GWRAI  S c o r e  R a n g e 0 - 4 5 - 11 12 - 19 2 0 - 2 7 2 8 - 4 5

7.5 .2  Surface W ater and C oastal W ater R isk  A rea  Ind ices
The Surface Water Risk Area Index (SWRAI) was calculated using the following formula;

SWRAI Score = SWV Score + PLP Score (Eq. 7.12)

while the Coastal Water Risk Area (CWRA) Index is given by the following:

CWRAl Score = CWV Score + PLP Score (Eq. 7.13)

Both these calculations resulted in scores ranging from 1 to 50. By the same method as applied 

to the GW RAI Score to GWRAI conversion, these scores were converted into SWRAI and 

CW RAI categories (Table 7.26). Again, the intermediate score values were included in the 

higher category.

Table 7.26 Conversion from calculated SWRA and CWRA Scores to the five categories o f  the SWRA 
and CWRA Indices.

SW RAI/CW RAI C a t e g o r y V e r y  L o w L o w I n t e r m e d i a t e H i g h V e r y  H i g h

P L P I  S c o r e  R a n c e -3 - 1 2 -  5 6 -  10 1 1 - 1 5 1 6 - 3 0
SW VI/CW VI S c o r e  R a n g e 4 - 5 6 -  8 9 -  12 13 - 16 1 7 - 2 0
A d d i t i v e  S o r e  R a n g e 1 - 6 8 - 1 3 1 5 - 2 2 2 4 - 3 1 3 3 - 5 0
SW RAI/CW RAI Sc o r e  R a n g e 1 - 6 7 - 13 1 4 - 2 2 2 3 - 3 1 3 2 - 5 0

7.5.3 L im ita tions and C aveats
As the W RAIs were derived from the PLPI and WVIs, the problems, limitations and caveats 

outlined for these indices are valid for the WRAIs, as well. The reader is referred to Sections 

7.3.7 and 7.4.8 for more information. Alternative WRAIs have also been calculated using the 

different alternative PLPIs and non-weighted WVIs. These have been included in Appendix N 

for reference.

7 .6  U s i n g  G I S  t o  C a l c u l a t e  t h e  I n d i c e s

Using the GIS to calculate the indices requires the use o f two specific GIS techniques; 

reclassification and raster overlay. Reclassification is a technique that allows the user to 

reorganise data that are too detailed or not provided in the right classification system into 

discrete categories that better serves the user's needs. For instance, a land-use survey may have 

divided the land-use class Woodland into the sub-classes Coniferous Forest and Deciduous 

Forest, and the Coniferous Forest land-use class into Pine, Larch and Spruce. Thus, the database
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reports the woodland land-use as Pine, Larch or Spruce. For some applications, such as 

ecological studies and forestry services, these may be valuable classes. For other purposes, for 

instance urban planning or agriculture, knowing what the dominant species is in the woodland, 

or that it is coniferous or deciduous may not be o f any value. In these cases, simply stating that 

an area is covered in woodland may suffice. The reclassification is limited to the categorisation 

used and the lowest common denom inator used in that category, therefore splitting the Spruce 

category into Sapling and Mature Tree stands will not be possible. For the index calculations, 

reclassification was used to classify and prepare the data for subsequent calculation.

The actual index calculation was carried out using raster overlay techniques. The raster structure 

offers a discrete modelling framework providing the base units for mathematical cell-by-cell 

operations (Wegener, 1999). Any spatial feature, be it o f  point, line or polygon structure, can be 

represented in a raster format (DeMers, 2000), and, provided all map layers are o f  uniform grid 

structure (i.e. same grid origin and same cell size), new grids can be derived through simple 

arithmetic (or more complex geometric) operations (Heywood et al., 1998). The calculations 

themselves are performed on a cell-by-cell basis, taking the input values from the same cell in 

the two grids and outputting the derived value into the same cell in the resulting output grid 

(Figure 7.6).

A flow chart o f the dataset manipulation and index calculation procedures has been given in 

Figure 7.7, and detailed overviews o f the manipulations carried out for the individual indices are 

given below. The reclassified data themes are included in Appendix K for reference.

7.6.1 C alcu la ting  the PLPI

In order to calculate the PLPI, the six input parameters had to be converted to 100x100 m grids 

and reclassified to reflect their individual scores. The slope gradient was already available as a 

100x100 m grid (SLOPE). This grid was reclassified using the R E C L A S S  procedure with the 

PLP Slope Score classes given in Table 7.4, and the output named plp-SLOPE. The soil classes 

in the SOIL coverage and the land-use types in the LANDUSE-RS coverage were given their PLP 

Erosion Scores and PLP Land-Use Scores from Tables 7.5 to 7.7. The coverages were 

subsequently converted from vectorised polygon files into 100x100 m grids using the 

P O L Y G R ID  command, giving the two new grids PLP-SOIL and PLP-LANDUSE.

As discussed in Section 6.5.1 (d), the Census data contained information on population and 

sewage disposal facilities within each ward, while the SETTLEMENT coverage gave an 

approximate estimate o f the actual settlement distribution across the study area. In order to
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obtain an estimate o f the density per 100x100 m grid cell, a 100x100 m polygon grid 

(FISHNETlOO) was established using the GENERATE function with the FISHNET option. For 

each o f  the settlement units in the SETTLEMENT coverage, the average number o f inhabitants 

and toilet facility types were established using Equation 6.1, and the Census data held in the 

WARD coverage. The toilet facility data were grouped into Treated Sewage and Untreated 

Sewage categories, with the former containing the WC Linked to Sewerage type facility, and the 

latter the WC not Linked to Sewerage, Pit Latrines and None type facilities. The densities o f 

population, untreated toilet facilities and were then calculated for each o f the 100x100 m grid 

squares o f the FISHNETlOO coverage. The exact steps needed for this conversion was given in 

Figure 6.22 and Section 6.5.1 (d), and the reader is referred to these for details. PLP Population 

and PLP Sewage Scores o f  each 100x100 m cell were then assigned based on Tables 7.8 and 

7.9. The FISHNETlOO coverage was subsequently converted into two grids, PLP-POPULATION  

and PLP-SEWAGE.

The HOTEL point coverage was converted to a 100x100 m grid, using the POINTGRID 
conversion function, and the number o f beds as the grid value. W here two or more hotels fell 

into the same grid cell, the sum o f their number o f  beds would be used as the cell value. The 

grid was subsequently reclassified to reflect the PLP Hotel Scores given in Table 7.10, giving 

the grid PLP-HOTELS.

The six PLP individual score grids where subsequently added together with the ADD procedure, 

producing the intermediate 100x100 m PLPL This was then resam pled to a 250x250 m grid 

through the AGGREGATE procedure, with the M EDIAN, EXPAND and DATA options. Both 

PLP grids were then reclassified using the intervals given in Table 7.11, producing the final 

PLPI grids PLPI-lOO and PLPl-250.

The datasets making up the PLPI and GIS m anipulations perform ed on these have been 

summarised in Table 7.27 for reference.

7.6.2 C alcu la ting  the G W V I. SW V I and C W V I

To calculate the vulnerability indices, all vector coverages had to be converted to grids and 

reclassified according to their individual scores. For the drainage data, the GW V, SWV and 

CW V Drainage Scores given in Tables 7.19 and 7.20 were added to the SOIL coverage. This 

coverage was then converted to two different 100x100 m grids through the POLYGRID 
function, using the GWV and SW V/CW V Drainage Scores for the output grid cell values. This
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produced the grids GWVI-DRAINAGE and SWVI-DRAINAGE (with the latter also being 

representative o f  the CW V Drainage Score).

To determine the Distance to Waterbody parameter, a FIND DISTA NCE  procedure was run on 

both the RIV125 and SHORELINE coverages. This produced two 100x100 m grids (RIVER-DIST

Table 7.27 Data sources and GIS manipulation for each of the input datasets used in the PLPI calculation.

D a t a s e t O r ig in a l  S o u r c e M a n ip u l a t io n

Slope
G rad ien t

• DEM • Reclassification of cells to reduce resolution from 
1 Ox 10 m to 1 OOx 100 m through BLOCKMEAN 
procedure. New 100x100 m cells given mean value of 
the original 100 10x10 m cells.

E rosion
P oten tia l

• 1:50,000 Soil maps and 
associated Soil Survey Reports

• Conversion of polygon coverage to a 100x100 m grid.

L and -U se • 1:50,000 Land-Use map 
produced from 1:15,000 aerial 
photographs

• Conversion of polygon coverage to a 100x100 m grid.

P opulation
D ensity

• 1991 Census Figures • Calculation of average number of persons per 
settlement registered on the Jamaica 1:50,000 Survey 
Department map series.

• Population density subsequently estimated per 
100x100 m cell.

T oilet
F acilities
D ensity

• 1991 Census Figures • Calculation of average number of persons per 
settlement registered on the Jamaica 1:50,000 Survey 
Department map series.

• Population density subsequently estimated per 
100x100 m cell.

• The different types o f untreated sewage toilet 
facilities (pit latrines, soak-aways/septic tank systems, 
no toilet facilities) were added together to form one 
single category (Untreated Sewage Toilet Facilities)

• Centrally treated sewage toilet facilities (water closets 
linked to the main sewerage) were disregarded.

H otel
D ensity

• GPS Survey of Hotel Locations 
and associated data on Number 
of Beds provided by Jamaica 
Tourist Board

• The number of hotel beds per 100x100 m cell was 
calculated.

and COAST-DIST) indicating distance away from the nearest surface and coastal waterbodies, 

and these grids were reclassified using the categories specified in Table 7.21, producing SWV- 

DlSTANCE and CWV-DISTANCE. This procedure does not take into account the direction o f  flow  

from the individual cells, however, and is consequently not a direct measure o f  distance 

travelled by the water reaching the waterbody. M oreover, it may be that som e o f  the areas 

calculated to be at a certain distance away from a waterbody may in truth not drain into that 

waterbody at all, but rather drain into a more distant-lying waterbody.

Converting the geological and topographic data into grids representing the individual geological 

scores involved a series o f  steps. Firstly, as faultlines were stored as line features in the GIS,
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and the exact spatial positioning o f these were relatively uncertain both owing to their 

approximate placing on the geological maps and the excessive thickness o f the lines 

representing them on these maps, two-sided 50 m buffers were created around the faultlines 

using the B U F F E R  procedure. This converted the faultlines from line features to polygon 

features, with a 100 m thickness. This was both to reflect the uncertainty o f their exact 

placement, and to give them an influence area, i.e. a minimum area from which surface water is 

likely to drain into the fault and the underlying groundwater system. The faultline areas were 

subsequently converted into a 100x100 m grid (FAULT) through the P O L Y G R ID  procedure.

The depression areas were taken from the LANDDEP-MASK grid created for the DEM modelling 

described in Chapter 5. This grid, however, had a 10x10 m resolution, and therefore had to be 

resampled to a lOOx 100 m resolution to conform with the other index input data. As depressions 

are deemed extremely important features o f the Negri! and Green Island watershed systems, it 

was considered that conserving the extent o f  these features were o f utmost importance. The 

resampling o f a grid into a coarser resolution grid may result in loss o f areal extent o f  some 

features, and in this case, it was considered that it would be better to derive a grid that 

exaggerated the areal extent o f  the depressions rather than risking loss o f  extent o f this 

important feature. Instead o f the standard resampling procedure offered with the RESAM PLE  

command, therefore, the resampling was carried out using the AGGREGATE function with the 

MAX option was used. This ensured that any new cell that was made up o f at least one o f the 

old smaller depression cells was given the depression value. The differences in areal extent o f 

the sinkholes o f  the original 10x10 m LANDDEP-MASK and the 100x100 m grids produced 

through the RESAMPLE and AGGREGATE (M AX) procedures are shown in Figure 7.8. It can be 

seen from this that, even though the RESAM PLE procedure resulted in virtually the same overall 

areal extent o f depression features as the original 10x10 m grid (areal gain: 0.01%), the 

locations o f the depressions were altered. The AGGREGATE (M AX) procedure gave a larger 

overall extent o f the depression areas (areal gain: 6.56%), but ensured all original depression 

locations were preserved in the new 100x100 m grid. The new coarser resolution grid was 

subsequently reclassified to give the depression areas the value 0 and the surrounding land areas 

a NODATA value, producing the grid d e p .

The AQUIFER grid was added to the d e p  and FAULT grids, using the DEP and FAULT grids as 

masks to retain the NODATA value o f cells not recognised as depressions or faultlines, and the 

resulting grids were reclassified according to the vulnerability scores given in Table 7.18. This 

produced six grids (SWV-DEP, SWV-FAULT, GWV-DEP, GWV-FAULT, CWV-DEP, CWV-FAULT),  

each reflecting the vulnerability o f the surface-, ground- or coastal water systems in relation to
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depression and faultline areas. The AQUIFER grid was then reclassified to reflect the 

vulnerability o f surface and groundwater based on the aquifer potential o f the bedrock, 

producing the grids SWV-AQ, GWV-AQ and CWV-AQ. SWV-FAULT and SWV-DEP were 

subsequently inserted into the SWV-AQ grid, GWV-FAULT and GWV-DEP into the GWV-AQ grid, 

and CWV-FAULT and CWV-DEP into the CWV-AQ grid, using the GRIDINSERT procedure with 

the UPDATE option, thus updating the vulnerability score o f those cells recognised as 

representing areas o f depressions or faultlines. In the case o f the groundwater vulnerability 

grids, the GWV-DEP grid was inserted last to ensure the highest vulnerability scores were 

preserved in case some faultlines and depression areas overlapped. The GRIDINSERT 
procedures produce the three grids GWV-AQUIFER, SWV-AQUIFER and CWV-AQUIFER, 

reflecting the vulnerability scores o f  ground and surface water based on hydrogeological 

features.

The resulting grids were added together according to Equations 7.4, 7.6 and 7.8, producing the 

interm ediate 100x100 m GWVI, SWVI and CWVI. These grids were resam pled to 250x250 m 

grids, with the AGGREGATE (MEDIAN, EXPAND, DATA) procedure, and the lOOxlOOm and 

250x250 m grids were then reclassified according to Tables 7.22 and 7.23, producing the final 

vulnerability index grids (GWVI-lOO, GWVl-250, SWVI-100, SWVl-250, CWVI-100, CWVI-250).

The datasets making up the PLPI and GIS manipulations performed on these have been 

sum m arised in Table 7.28 for reference.

7.6.3 C alcu la tin g  the G W R A I. S W R A I and C W R A I

The GW RAI, SWRAI and CWRAI were calculated according to Equations 7.11 to 7.13. The 

resulting 100x100 m grids were then resampled to 250x250 m grids and reclassified according 

to Tables 7.25 and 7.26 following the procedure outlined for the PLP and vulnerability indices 

above. In this way, six waterbody risk area index grids were produced; GWRAI-100, GWRAl-250,  

SWRAI-100, SWRAI-250, CWRAI-100, CWRAI-250.

7.7 R e s u l t s

The derived 100x100 m and 250x250 m Pollution Load Potential and W aterbody Vulnerability 

Indices (PLPI and WVIs) have been given in Figures 7.9 to 7.11, while the W aterbody Risk 

Area Indices (WRAIs) are given in Figures 7.12 and 7.13. Maps o f the individual reclassified 

index param eters have been included in Appendices 7-A and 7-B for reference. In addition, 

alternative PLPIs, WVIs and WRAIs based on the alternative PLPI Land-Use scores and non

weighted W VIs have been included in Appendices 7-A to 7-C for comparison purposes.
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Table 7.28 Data sources and GIS m anipulation for each o f  the input datasets used in the Vulnerability 
Indices calculation.

D a t a s e t O r ig in  a l  S o u r c e M a n i p u l a t i o n

Aquifer
Potential

• Aquifer potential 
information given by the 
Water Resources 
Authorities (Fernandez et 
ciL, 1997; WRA, 2000a; 
2000b).

• Bedrock information held 
in the 1:50,000 Geology 
map.

• Aquifer potential for individual bedrock types was 
derived based on an am algamation o f the information 
held in the three W RA documents.

Faultlines • Faultlines information held 
in the 1:50,000 Geology 
map.

•  Faultlines were buffered by 50 m  to produce linear areas 
o f  100 m thickness.

•  The buffers polygon coverage was converted to a 
100x100 m grid.

Depressions • Depression contours 
provided by the Jamaica 
1:12,500 Map series.

•  The depression areas defined by the contours had already 
been converted to a 10x10 m grid for the DEM 
production. This grid was resam pled to a 100x100 m  grid 
using an AGGREGATE function. This resulted in the 
depression covering a larger area in the 100x100 m grid 
than in the 10x10 m  grid, but prevented loss o f  areal 
extent.

Internal Soil 
Drainage

• 1:50,000 Soil maps and 
associated Soil Survey 
Reports

• Conversion o f  polygon coverage to a 100x100 m grid.

Distance
from
W aterbodies

•  River network obtained 
from the Jamaica 1:12,500 
Map series.

•  Shoreline obtained from 
the Jamaica 1:50,000 Map 
series

•  FIN D  D IST A N C E  operation run on the two coverages to 
obtain a 100x100 m grid o f  distances away from the river 
and shoreline features.

The reduction in resolution from 100x100 m to 250x250 m caused some loss o f detail, with 

smaller, non-contiguous areas o f  the same classification value being lost (Figures 7.9 to 7.13). 

The main features removed (and which, therefore, to some degree lost their impact) by this 

coarsening, were faultlines (especially in the Waterbody Vulnerability Indices) and population- 

related features (especially in the PLP and Waterbody Risk Area Indices). The resampling 

nonetheless seemed to retain the overall essence o f  the index category distributions. However, it 

must be noted that some o f the areas classified into the highest index category were local in 

nature, and therefore removed by the resolution reduction procedure. The areas lost in this way 

were often associated with built-up areas, indication that the coarser resolution would be 

unsuitable for identifying such small scale or localised but highly important (from an 

environmental management point o f view) features.

The areas o f highest pollution load potential were built-up areas, while cultivated areas were 

classified as having intermediate to high pollution load potential (Figure 7.9). Most o f  the
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natural vegetation type land-use categories were recognised as having low to very low pollution 

load potential.

For the WVIs, there was a clear differentiation between groundwater and surface/coastal water 

vulnerability (Figures 7.10 and 7.11), although high vulnerability potential in one did not 

exclude similar vulnerability potential in the others. The GW VI indicated very high 

vulnerability mainly in the Fish River Hills, Jerusalem  M ountains, the Campbelton-Logwood- 

Phoenix Town area, and the Spring Garden-Delve Bridge-Broughton sugarcane belt. High 

groundwater vulnerability potential was indicated in the Negril Hills area, and low groundwater 

vulnerability potential in the Alluvial Aquiclude areas o f the Great M orass, the Fish River and 

Cave Valleys, and the Basal Aquiclude areas o f the Green Island watershed (Figure 7.10 (a)).

For the SWVI, this situation was reversed, with areas o f  very high vulnerability in areas o f 

Alluvial and Basal Aquicludes, and low vulnerability in the Negril Hills area (Figure 7.10 (b)). 

However, some o f the areas classified as high vulnerability to surface water corresponded with 

similar classifications in the GW VI, and many o f the areas classified as having very high 

vulnerability in the GWVI were indicated as having intermediate to high vulnerability in the 

SWVI. The CWVI indicated similar trends to those in the SWVI, but areas o f high and very 

high vulnerability were mainly found along the coastline, and inland Limestone Aquifers were 

seen as overall having low vulnerability (Figure 7.10 (c)).

The GW RAI indicated that built-up areas, along with some sugarcane areas (especially the 

Negril Spots and the Little London-Broughton areas), were o f  particular concern to groundwater 

quality in the Negril and Green Island watersheds (Figure 7.12 (a)). In addition, cultivated areas 

in general were indicated as high risk areas. M arshland and mangrove areas appeared to be 

associated with low risk to groundwater quality, while the forested and scrub-covered higher- 

lying areas o f Negril Hills, Fish River Hills, Jerusalem  M ountain and M oreland Hill were 

indicated as being o f intermediate to high risk. The risk to surface and coastal waters seemed to 

be limited to built-up and cultivated areas (Figure 7.12 (b) and (c)). Higher-lying areas covered 

in natural vegetation, as well as lower-lying marshland areas, were indicated as posing low to 

intermediate risk to the surface and coastal water quality. The areas posing greatest risk to 

coastal waters appeared to mainly be concentrated along the coastline.

7.8 A s s e s s m e n t  o f  t h e  In d i c e s

The PLPI clearly differentiated between areas o f natural vegetation, on the one hand, and 

cultivated and built-up areas, on the other. Despite being classified as having high erosion 

potential and steep slopes, the woodland areas, for instance, were clearly recognised as areas o f
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low pollution potential due to their dense vegetation cover. The PLPI structure, therefore, met 

the expectations o f differentiation between natural and anthropogenic land-cover. In addition, 

the index seemed able to recognise variations within the different land-use categories based on 

erosion potential, slope and settlement characteristics. For instance, sugar cane plantation areas 

were not uniformly classified under one particular PLPI class, but ranged from Low to Very 

High depending on the other parameters. This is not to say that the indications given by the 

PLPI are absolute truths. The index is greatly limited in its predictive qualities owing to its 

being based on limited information (i.e. only based on available data), and on relationships 

deduced from proxy data, with few true, watershed-specific interrelationships deduced to any 

degree o f  certainty. In addition, the additive index structure and the subjective classification 

lend themselves poorly to statistical investigation into the appropriateness or correctness o f the 

index categorisation. Nevertheless, the ability o f the index to provide inter- and intraspecific 

differentiation between the various parameters is valuable when attempting to identify potential 

areas o f high and low contamination potential.

The W aterbody Vulnerability Indices (W VIs) also made reasonable distinctions between areas 

o f  high and low vulnerability, particularly in the Negril watershed. The inclusion o f differential 

weighting o f the input parameters ensured this distinction. As with the PLPI, the W VIs accuracy 

and usefulness are limited by the basedata and the subjective assumptions made. The final 

variable categorisations and index calculations were based to a large degree on trial and error, 

with an underlying aim to obtain results that best fit the operator's assumptions o f that would be 

a "correct" or "reasonable". This reliance on the operator's subjectivity is a problem  with most 

indices that are not based on statistics or other recognised scientific methodologies, and is, 

therefore, possibly the most important limitation o f the W VIs derived in this study. W hile this 

may be seen as limiting the scientific robustness o f the indices developed in this study, similar 

approaches have successfully been employed in comparable studies (e.g. Bryant and co

workers' Coastlines at Risk index (Bryant et al., 1998) and Stednick and co-workers' Belize 

watershed ERI (Stednick et al., 1998)). The indices developed in this study also conform to 

Opschoor and Reijnders's (1991) philosophy o f indices - by their nature - needing to be 

compromises between the needs for accuracy, informativeness and usefulness {cf. Section 

2.4.3). Thus, the WVIs must be assumed to give some indication as to areas where special 

attention have to be given to ground, surface or coastal waters. As such, they have a certain 

potential o f providing valuable information for planning officials and watershed managers. This 

information may not otherwise be available or may require excessive data collection.

The W RAls, being a combination o f  the PLPI and WVIs, are necessarily subject to the same 

limitation as these initial indices. Given this, these indices again only become indicative. The

305



W RAls must be expected to provide some degree o f insight into current environmental risk 

areas o f the watershed. In fact, these indices provide information both on areas currently in need 

o f management, as well as areas that currently do not pose a threat to the water quality. Both o f 

these general areas will only remain in those threat/no-threat categories provided the situation is 

unchanged. From a management point o f view, it is only possible to change or actively manage 

a limited number o f the input parameters, notably the land-use and population-related 

parameters. With that in mind, it is possible to use the GIS to extract more information 

regarding the areas recognised as threat or no-threat. For instance, profiles o f  the changeable 

parameters can be derived. Figure 7.14, for instance, indicate the distribution o f the different 

land-use types within each o f the three WRAIs, clearly stressing the importance o f natural and 

cultivated/anthropogenic land-cover types in decreasing and increasing the risk to the water 

quality o f  the area. What is also apparent from these profiles, however, is that cultivated land- 

cover IS not unequivocally associated with high risks. Rather, there are areas, based on the 

geology and drainage situation o f the watershed, where some land-cover types are better suited 

than others. Consequently, the WRAIs can be used both to identify areas o f current risk 

concerns, and areas o f where development moratoriums could be usefully employed to preserve 

current no-threat areas.

It must be noted that these indices do not directly take into account localised socio-economic 

factors such as illegal grazing (e.g. cattle grazing along the river banks and the Great Morass), 

vegetation clearing, crop planting and settlement on marginal land (e.g. shanty town 

developments on marginal swamp and scrub areas near established village or town centres), 

disturbance o f vegetation cover and overburden for drainage purposes, and bathing and washing 

areas. Some o f these issues are partially covered by the inclusion o f  specific parameters (e.g. 

settlement patterns), or assumptions made when categorising the impact o f a certain parameter 

(e.g. scrub land being assumed to have slightly less positive impact on pollution load than other 

types o f  natural woodland vegetation due to extensive illegal grazing o f this vegetation type, 

and surface water vulnerability being in part a function o f proxim ity to the river network). 

Complete coverage can only be obtained by including these as independent variables, however, 

and would require extensive surveys o f  spatial extent o f  the relevant socio-economic variables. 

Due to safety issues, some o f these variables would not necessarily lend themselves well for 

collection. This is particularly a concern with illegal crop planting, as many o f  the illegal plots 

are used for ganja cultivation, with the farmers being extremely protective o f  their crops. 

Moreover, many o f the socio-economic variables may not lend themselves easily to the 

inclusion in a coarse resolution index, as these are often o f point-source character, or cover 

extremely small areas, with mdividual illegal crop fields often covering areas o f less than 50x50 

m. As already noted, the decrease m resolution from 100x100 m to 250x250 m caused loss in
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the overall impact from population-related contamination on the indices. If added localised data 

are to be mcluded in the indices, this lowering of the resolution may be counterproductive. 

Thus, if localised factors are to be usefully included, it may be necessary to disregard the 

locational accuracy and low input resolution issues posed by, for instance, the geological data. 

The result would have to be a compromise between the need for localised information and the 

need for spatial accuracy. Which of these needs would be most important would depend greatly 

on the application to which the indices were being put.

To aid in long-term management and planning decisions, the indices could be coupled with the 

basedata and other, hitherto unused, datasets. For instance, watershed-wide crop suitability 

maps could be derived based on the WRAIs and the soil type-based vegetation suitability 

provided in the 1960s Soil Survey Reports (Figure 7.15), providing useful information for 

guided cultivation pattern alterations. To illustrate how more suitable land-use types may affect 

the index scores, recalculations of the GWRAU was carried out for the Broughton area. This 

area was seen in Figure 7.12 (a) to pose a very high contamination risk to underlying 

groundwater. A profile of the land-use o f this area (Figure 7.16) indicated that agricultural land- 

uses were the main contributors to the highest GWRAI scores. Sugar cane, for instance, was 

seen to cover some 50% of the area, and was found in 65% of the area ranked as having a very 

high groundwater contamination potential. Based on the soil types o f the area, it is clear that 

sugar cane is unsuitable as a vegetation cover in this area (Figure 7.15 (a)). Better suited 

vegetation covers would be food trees, coffee and farmed woodland. In the land-use 

categorisation used in this study, these vegetation types correspond to "Tree and Scrub Mixed 

Cultivation" (both food trees and coffee) and Woodland (farmed woodland). If the areas deemed 

suitable for such vegetation cover were converted from their current land-use to either "Tree and 

Scrub Mixed Cultivation" or "Woodland", the average GWRAI score of the area would be 

lowered from almost 4.0 to 3.7 and 3.4 respectively (Figure 7.17). While the potential risk of 

groundwater contamination would still be relatively high, the risk would be reduced, and this 

conversion would most likely ensure that the agricultural production would be optimised based 

on soil capacity and environmental risk.

The indices may also be used to produce time series maps showing areas of changes in pollution 

load potential and/or contamination risk as the management programme progresses. In the case 

of the Broughton area example, if one of the aims o f the management programme was to 

gradually convert the areas currently under sugar case to farmed woodland, such time series 

maps could be used to monitor the progress of this conversion.
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7.9 C o n c l u s i o n

This chapter described the development of three environmental indices for the study area using 

most of the information contained in the database. Overall, these indices produced seemed to 

have some value in aiding the consolidation of the information held in the various datasets. The 

scientific rigour of this consolidation can be questioned, but they appear to be largely valid 

approximations based on the information and technology available. The indices indicated high 

pollution load potential in built-up and intense agriculture areas (especially pasturelands), ŵ ith 

areas under natural vegetation having low pollution load potential. Consequently, the areas of 

that were identified as likely to contribute significant amounts of pollution were towns, villages 

and agricultural areas in the lowlands. When coupling the pollution load potential information 

with the water vulnerability, it was clear that surface water contamination was overall a greater 

threat in the Green Island and New Savanna River watersheds than in the Negril watershed. In 

the latter area, the contamination risk was largely associated with groundwater, and high risk to 

surface water mainly limited to areas adjacent to rivers and streams. In the same way, coastal 

waters were seen to be most affected by pollution originating from the coastal strip. However, it 

must be noted that the relationship between contaminant source and affected areas in the study 

area is more complex than might be apparent from these results, with the groundwater, surface 

water and coastal water systems being intrinsically linked {cf. Chapter 3).

The indices developed are thought to be useful for providing indicative information to 

watershed managers and planners in that they allow identification of high or low pollution load 

potential and high or low vulnerability. They could possibly be used to disseminate information 

to the public, although, due to the inherent uncertainties o f the indices, care would need to be 

taken as to the format of this dissemination. However, as they currently stand, the indices would 

be most useful in the initial stages of a management programme to aid in the prioritisation of 

areas and parameters/problems to target. With added information on watershed-specific 

relationships and thresholds, as well as a better understanding of the socio-economic responses, 

the indices could be improved and form important sub-indices of more holistic sustainability 

indices. An example of how the indices here presented could be included in such a sustainability 

index is given in Figure 7.18. This uses the Pressure-State-Impact-Response conceptual 

framework, with the WVIs and the PLPI forming the main inputs into the State and Pressure 

levels of the new index. Additional information needed to complete this index could include 

water quality (State), human water quality-related health (Impact), coral reef health (Impact), 

sewage treatment (Response), land-use improvements (Response), and enforcement of water 

quality protection legislation (Response).
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Similar indices to those derived in this study have not, to the author's knowledge, been 

attempted developed in Jamaica, although environmental indices developed for Belize (Stednick 

et al., 1998) and Latin and Central America^® include some of the same parameters and attempts 

to reach similar aims. These indices were developed for much larger scale areas, however, and 

with fewer input parameters. Both the strengths and the limitations of the indices developed 

here lie in the fact that they have been developed for the local scale. The strengths relate firstly 

to the fact that if the same data themes are available in digital format for the whole of Jamaica. 

Using the GIS technology, the indices can easily be calculated for any given management area 

(or the whole island). Secondly, if the indices are calculated on the national scale, they can still 

be used on the local scale. The limitations are associated with the failure to include factors that 

do not occur in the Negril and Green Island area. This includes different land-use types (e.g. 

banana plantations and dry limestone forests), industrial point sources o f pollution (e.g. sugar 

cane refineries and bauxite mines) and different geological and pedological conditions.

For references, see the CIAT-UNEP,Environmental and Sustainability Indicators web pages: 
www.ciat.cgiar.org/indicators/unepciat/index.htm
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8. G IS  AS A C o a st a l  W a t e r sh e d  
M a n a g e m e n t  T o o l  in  J a m a ic a

- D is c u s s io n  &  C o n c l u s io n s  -

8 .1  I n t r o d u c t i o n

In the previous chapters, the available data relating to the Negril and Green Island areas have 

been explored using the ArcView and A rclnfo  GIS software, as well as other techniques and 

technologies. As stated in the introductory chapter, the aims o f  this exploration have been to 

assess (a) if  the data, while limited, m ay still contain enough information to provide a good 

starting-point for making coastal watershed m anagem ent (C W M ) decisions, and (b) if  the GIS 

technology in general, and ArcView and Arclnfo, in particular, may act as a useful tool in the 

data assessment and exploration. While the results and pitfalls o f  the particular m ethodologies 

and analyses carried out in each chapter have been discussed as part o f  these chapters, there has 

not as yet been a discussion o f  the overall applicability o f  these methods and analyses to C W M  

in Jamaica. This chapter will therefore attem pt to draw together the findings o f  the previous 

three chapters, and, by explicitly putting them in the context o f  C W M , assess the potential o f  the 

GIS approach to watershed analysis. A substantial proportion o f  this chapter will also be 

devoted to the discussion o f  how to im plement GIS as a m anagem ent tool. This is because no 

m atter how successful the technology is in performing a task, much thought and care has to be 

put into issues such as the exact technical structure o f  the system, the user-system interactions 

and the  user hierarchy and managem ent structure, to make the system work for the organisations 

and agencies involved.
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8 .2  A s s e s s m e n t  o f  t h e  S u c c e s s  o f  t h e  S t u d y

8.2.1 The Data: Limitations and Benefits
It w as outlined in Section 2.5.1 that the GIS approach to  spatial data analysis projects often 

invo lves less discrim inate collection o f  dataset than trad itional scientific  approaches. The exact 

usefu lness o f  each collected dataset to the analysis is assessed during the initial analysis stage, 

and som e datasets may at this stage be excluded from further analysis. The approach used in this 

study  fo llow ed this assum ption quite closely. The datasets collected  w ere gathered on a 

"w hatever is available and m arginally  relevant"-basis. L ittle focus w as in itially  put on the issues 

o f  accuracy, scale, currency and other issues associated w ith reliability . A s a consequence, the 

datase ts  and inform ation presented in Chapters 5 to 7 w ere quite disparate, ranging  from  draft 

reports to m aps to aerial photographs to GPS recordings, and u ltim ately  to  personal 

observations and personal com m unications. For the initial database generation , all the available 

da tasets w ere included, and no distinction was m ade betw een high and low -reliab ility  datasets. 

T his lack o f  differentiation was deliberate, and reflected the fact that the data availab le w ere 

lim ited  and, as "beggars can't be choosers", all and any data w ere considered to have potential in 

supp ly ing  inform ation and understanding o f  the w atersheds. The result w as a surprisingly  

substan tia l database, covering m ost o f  the inform ation needed to form  a basic portrait o f  the 

study  area. A dm ittedly, som e potentially valuable data w ere m issing (e.g. coastal current data, 

conduit flow  tracings, detailed inform ation relating to fertiliser use, depth to  bedrock) and som e 

o f  the data included were only m arginally  reliable (e.g. bathym etry  data, cave and spring 

location), or potentially  out-of-date (e.g. land-use data indicated on the Jam aica 1:50,000 m ap 

series). O verall, however, the data available w ere not as lim ited as w as orig inally  expected , and 

w ere no m ore lim ited than data used in m any GIS studies carried out in the developed w orld.

The m ain lim itations o f  the data (apart from the obvious lack o f  som e datasets) w ere related to 

the variab ility  in accuracy and reliability. The problem s associated  w ith the accuracy  and 

re liab ility  issues becam e m ore im portant and becam e com pounded as analysis, and particu larly  

m odelling , w as perform ed on these datasets. N o attem pts w ere m ade at quantify ing  the initial 

and propagated  errors in this study, although a subjective assessm ent o f  the relative accuracy, 

re liab ility  and associated usability o f  the datasets w as included at the end o f  C hapter 5. From 

that assessm ent, it appeared that som e o f  the essential datasets (e.g. bedrock geology) w ere not 

particu larly  reliable. In addition, w hile som e o f  the m odelling  outputs did not suffer too  greatly  

from  reliab ility  issues, datasets derived from these were som etim es o f  m uch poorer quality , and 

as such w ere associated w ith relatively low reliability , accuracy and usability . This was 

particu larly  the case o f  the D EM -derived datasets. The DEM  itse lf exhib ited  inaccuracies that 

w ere w ith in  the boundaries o f  what could be deem ed acceptable, but som e o f  the derived
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datasets (particularly the slope gradient) were highly inaccurate. This may have been due to the 

focus on the DEM-modelling to describe the stream network rather than slope gradient.

In addition, the inaccuracies and unreliability o f  some o f the base and derived datasets did cause 

some o f the analyses carried out to also be o f low reliability, and drawing firm conclusions 

based on these analyses was difficult. However, when assessed in combination with the more 

reliable datasets, and in view o f the knowledge that could be gained from the literature, they 

more often than not did provide adequate indications as to what the dominant factor or condition 

was. For instance, when assessing the modelled conduit flow in combination with karst features 

(e.g. caves, sinks, springs) and written documentation relating to the local groundwater 

hydrogeology, it was possible to determine areas o f high and low accuracy, in the same way 

(although not carried out in this study), examining the slope gradient in combination with the 

contour and spotheight data, is likely to reveal that the areas o f high inaccuracy are concentrated 

in areas o f  clear breaks in the smoothness o f the topographic surface (e.g. along the boundaries 

o f  steep hills, such as the boundary between the Great Morass and Fish River Hills).

Another main limitation was related to the water quality data. While the number o f water quality 

studies in the area is quite impressive for an area that has not been system atically monitored, the 

lack o f overlap in sampling parameters, analysis techniques, sampling sites and sampling 

frequency made it difficult to collate the data into one large dataset that could provide adequate 

spatial and temporal analysis into water quality issues {cf. Chapter 5). The only solution 

identified in this study was the calculation o f total averages for each site, thus providing larger 

datasets containing large numbers o f sites, which then allowed for spatial and statistical 

analysis. These combined datasets did not provide any temporal differentiation, however, and, 

subsequently, did not allow any temporal analysis to be performed. This is likely to have 

introduced site-specific biases towards dry or wet season samples, and towards specific years, 

particularly at sites that were only sampled on one or a few occasions. However, individual 

analysis o f each sampling programme was beyond the scope o f this study, and would in any 

case have been hampered by lack o f detailed historical meteorological records and possible 

pollution events for each o f the sampling times. Moreover, the comparison o f the average water 

quality-derived results with those obtained for Dr. Goreau's once-off watershed-wide sampling 

effort showed a tendency overall to reflect similar relationships. Consequently, it seemed that 

the calculation of site averages did not unduly reduce the quality o f  the water quality data.

The type o f analyses performed were limited by the availability o f specific datasets, with some 

analyses never attempted solely because the data were not available (e.g. investigation into 

drainage areas of coastal sampling sites and associated correlation analysis between coastal
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water quality and watersiied characteristics). However, the data available seemed to be 

sufficient to establish a good understanding o f  the environmental state o f  the study area, and 

served to establish several quite distinct types o f  relationships. Firstly, the datasets themselves 

provided important information on the watershed characteristics (Chapter 6), including good 

indications of possible and definite locations o f  point and diffuse pollution sources (e.g. 

population distribution, degree o f  sewage treatment, hotel distribution, land-use). This in itself 

provides a basis upon which to make management decisions, particularly when assessed in 

combination with the knowledge gained from the literature {cf. Chapters 2 and 3).

Secondly, the water quality data gave some indication as to where possibly affected areas were 

located (Chapter 6). For instance, the South Negril River as a whole seemed to invariably be 

associated with high contaminant concentrations. Lower concentrations were generally observed 

in the river systems in the north of the study area. This spatial variation stresses the need for 

water quality management in the South Negril River area. In addition, by assessing this 

information in combination with the pollution source information and the literature, likely local 

sources o f  contamination can be derived. Likely contenders in the South Negril River 

catchment, for instance, would be high-density population centres (e.g. Sheffield and Negril 

Town), squatter settlements (e.g. along the main road between Sheffield and Negril Town), and 

both legal and illegal animal grazing. The water quality data also provide a yardstick with which 

to gauge any improvement or deterioration throughout a management effort.

Thirdly, the statistical analysis o f  the water quality and watershed characteristics data (Chapter 

6) provided more robust indications to actual relationships (although the statistical analysis 

carried out in this study was not comprehensive, and better relationships may be derived 

through, for instance, multivariate and cluster analysis). This could be used to prioritise any 

contamination-reducing efforts to be implemented as part o f  the management effort.

Finally, the environmental indices generation consolidated several o f the datasets and provided 

a way o f  distinguishing areas o f  concern (Chapter 7). The indices themselves were associated 

with a wide range o f  caveats and limitations, some caused by the limitations and inaccuracies of  

the data, but mainly associated with assumptions made when categorising the data and 

calculating the indices. Nevertheless, there appeared to be some benefits associated with 

developing the indices. While the WVIs are relatively static indices, unlikely to change 

significantly over the foreseeable future, and only requiring updating if more detailed or more 

correct basedata become available, the PLPI and, consequently, the WRAIs, are likely to change 

over time and with changes imposed by the environmental management strategies. Thus, again, 

these indices may be used as yardsticks to assess any progress. They also provided useful
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differentiation between areas o f iiigh and low vulnerability and high and low pollution load 

potential. As such, they may be valuable when imposing development and land-use restrictions, 

and when selecting target areas for management initiatives.

8.2.2 The Technology: Limitations and Benefits
The GIS technology in itself was able to perform the tasks that were demanded o f it, albeit 

sometimes requiring roundabout approaches to arrive at the goal. However, the types o f  tasks 

were limited by the technology and the mindset o f the author (i.e. trained in the use o f GIS and 

having preconceived ideas o f the technological limitations). This latter may have acted as a 

barrier to the types o f analysis attempted.

The task o f integrating all datasets into one common digital, geo-referenced database was 

relatively straightforward. As this in one o f the prime functions offered by any GIS software 

package, it was easily performed using the available tools. The data entry was time-consuming, 

however, and the initial establishment o f a digital database will invariably require a substantial 

proportion o f the initial time and costs o f a project. Once established, however, the subsequent 

updating o f data is simple, and access and cross-referencing o f data become rapid and 

automatic.

Visualisation o f data was also greatly aided by the use o f  GIS technology. The visualisation 

tools allowed rapid production o f several different types o f spatial display, which could then be 

assessed and the best alternative selected for the final presentation or dissemination. The 

displays used throughout this thesis include choropleth, graduated symbol and different symbol 

maps. In addition, although not presented here due to their multimedia nature, 3D-visualisation, 

linking o f photographic material to specific sites (so-called hotlinking), and production o f a 

digital video 3D fiy-by o f the study area^', have all been used for assessment and dissemination 

o f results.

O f the more advanced tasks carried out with the technology, some tasks proved relatively easy 

and gave satisfactory results. For instance, the hydrological modelling and interpolation are 

standard operations within many o f the generic GIS packages, and have been developed and 

improved over 20 years or more. W hile the associated technologies and m ethodologies are still 

continuously being improved and assessed {cf. Chapter 2), for the purposes o f this study, and 

given the limitations o f  the available basedata, the hydrological m odelling procedures offered 

were more than adequate. However, owing to the lack o f some customised procedures, and the

The 3 D  fly -b y  digital v id eo  is included on the C D -R O M  that co m es w ith this thesis.
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quirks and peculiarities o f others, even these well-established techniques required much thought 

and manipulation to provide satisfactory results. Thus, for these tasks, the GIS technology is 

adequate, but lacks style, flair and user-friendliness.

Other tasks were less well-developed, and the usefulness o f  the technology, therefore, limited to 

what the author could force it to do. The groundwater modelling (particularly the conduit flow 

modelling), for instance, was not well supported. As pointed out in Section 2.5.5, the version o f 

Arclnfo used in this study offers only three groundwater m odelling-specific commands. 

However, for this study, the lack o f appropriate m odelling procedures was relatively irrelevant, 

as the available data pertaining to groundwater flow patterns were minimal. Nevertheless, if 

more data were to become available, it is unlikely that the generic GIS technology will be 

sufficient to provide adequate modelling capabilities. Thus, if  hydrogeological modelling should 

become an important part o f  the analysis capabilities o f  a CWM GIS-based system, external 

software, add-ons or customised modules similar to those discussed in Section 2.5.5, would be 

needed.

8.2.3 U n ex p lo red  A nalysis O ptions
A series o f other approaches and analysis options offered by the GIS technology was not 

explored due to both time constraints and technical difficulties. For instance, owing to delays 

and reorganisations o f data capture methodologies caused by the failure o f the board digitiser, 

the inclusion o f  a second study area, which would have allowed comparisons into inter and 

intra-site specific relationships, was not attempted. Lack o f  adequate computational equipment, 

and inability to gain access to the university's "super-computer"^^, prevented in-depth 

investigations into the usefulness o f barriers in the interpolation runs. In addition, exploration o f 

any benefits o f  employing ArcView's 3D-Analyst extension (expected to be particularly useful 

for 3D-display visualisation and associated visual analysis) were not looked into as the 

university was unwilling to obtain a licence for this program.

Technical difficulties aside, many possible analysis options remain unexplored, and a few o f the 

datasets made available to this study were not assessed at all. Two o f the datasets not explored 

were (a) the buoy data provided by the NCRPS giving information on diving frequency at the 

Long Bay and Bloody Bay Reefs, and (b) a series o f hand-drawn maps provided by Dr. Goreau 

showing the sea-bottom fauna and flora along parts o f  the coastline. W hile time constraints were 

the main reason for not exploring these, the lack o f  modelling capabilities and data for the 

coastal waters, as well as the clear indication that land-based activities were key issues in the
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observed  environm ental deterioration, steered m uch o f  the attention  o f  th is study aw ay from  the 

coastal w aters and the state o f  these. H ow ever, the usefulness o f  these data in a w ider CW M  

contex t should not be ignored.

The buoy data, for instance, give valuable inform ation as to the tem poral and spatial d istribution 

o f  d iv ing-specific  pressure on the coral reefs. As such, th is inform ation can be in tegrated  into 

the possib le zonation  o f  the coastal w aters, and several d ifferent reef-zoning options could be 

envisaged. If  coupled with m onitoring o f  the state o f  the coral reefs, for instance, the diving 

activ ities could be lim ited to the least healthy  reefs. This w ould equate to  tak ing  the approach 

tha t if  it is a lready  badly dam aged, full recovery is unlikely. Thus sacrificing these reefs allow  

the preservation  and protection o f  the healthy reefs. This w ould likely cause som e loss o f  div ing 

tourism  potential, as the professional "seen it all, done it a ll"-d ivers w ould not be bothered to 

v isit an area sim ply  to look at struggling coral reefs (Pendelton, 1994). A lternatively , a long

term  approach o f  alternating  m oratorium s could be introduced, w hereby reefs show ing signs o f  

stress w ould be closed for diving, fish ing and boating activ ities for a substantial period o f  tim e 

(i.e. several years). This would allow  natural recovery and reduce the chances o f  added stress 

from  tourism  activ ities on top o f  possible chronic environm ental stresses. O ther approaches, 

such as a fixed lim it o f  dives, or short-term  (e.g. seasonal) m oratorium s could also  be envisaged. 

T he C IS  w ould aid in any o f  these approaches by providing a h istorical database allow ing  

tem poral and spatial com parisons and relationships to be established, and thus the identification 

o f  potential "hot" (both with respect to  diving popularity  and reef health) reefs.

The sea-bottom  fauna and flora m aps provide excellen t inform ation on the state o f  the coastal 

productiv ity  and w ater quality (Figure 8.1 (a)). H ow ever, as they stand, the m aps are only  static 

snap-shots and only provide inform ation relating  to  the tim e at w hich they w ere produced. They 

do, nevertheless, provide a starting-point for estab lish ing  a sea-bottom  fauna and flora 

m onitoring  program m e, and, once further data becom e available, the m aps can be used as 

indicators o f  the state o f  the coastal w aters. For instance, w eedy algae have been recognised as a 

sign o f  eu trophication, only occurring in lim ited quantities w hen the nutrient loads are kept low. 

The extent and variation o f  these algae, therefore, could be used to rapidly assess changes in 

coastal w ater quality  and possible provenance o f  contam ination. For instance, if  high densities 

o f  w eedy algae are observed at the m outh o f  the South N egril R iver, it is likely that high coastal 

nu trien t concentrations are derived from  this river catchm ent. A m onitoring  program m e could 

therefore be envisaged involving assessm ent o f  sea-bottom  cover (e.g. on a b i-m onth ly  basis) 

using glass-bottom  boats and GPS recorders. The data thus collected could be recorded on a

A parallei-processor computer able to perform computations at speeds several hundred times faster
than standard, top-range workstations

316



grid basis (e.g. a 100x100 m grid) where the predominant faunal or floral covers were noted. 

These data could then easily be added to the GIS database, and any changes would rapidly 

become apparent (Figure 8.1 (b)).

In addition to the unexplored datasets, further extensions to the usefulness o f  the GIS 

technology to Jamaican CWM can be envisaged. These include further modelling and analysis, 

development and application o f sustainability indices, and visualisation for dissemination. The 

latter point has not been given much attention in this study, but it is undoubtedly one o f the 

applications o f the CWM GIS that will be particularly useful in informing and educating the 

community about the necessity o f the CWM implementation, as well as the CW M  goals, efforts 

and progress.

8.2.4 Application o f  Study Findings to Jamaica as a W hole
From the above discussion, it seems that the benefits o f  using GIS to collate and explore data 

for CWM purposes were largely successful for the study area. The establishm ent o f 

relationships between water quality and watershed characteristics and the development o f 

environmental indices showed excellent promise for local CWM decision-making. However, to 

be truly beneficial it should also be possible to apply or extrapolate these findings to other 

watersheds in Jamaica.

As they currently stand, the relationships established in the study may be used with caution in 

other parts o f Jamaica. The calculation o f PLPI, WVIs and W RAIs, for instance, could be 

performed for the entire island. This would require the addition o f  non-included land-use types 

into the PLPI calculation, however, and the effect o f  these land-use types on the contaminant 

release would need to be derived from the literature. The resulting differentiation in 

vulnerability and pollution load status could be used to prioritise watersheds and thus allow the 

management effort to focus on the areas most in need.

The actual applicability o f this nation-wide application o f  the derived relationships has not been 

addressed in this study, but certainly warrants further investigation. Similar datasets to those 

collated for the Negril and Green Island area are available for most o f  the island, and repeating 

the study for a second study area should not prove too difficult. The main barrier would likely 

be finding a second study area for which adequate water quality datasets exist. Consequently, 

the choice o f a second study area would necessarily be limited by such data availability. It could 

be expected that a second study would result in similar relationships between observed water 

quality and watershed characteristics as obtained in this study. However, any discrepancies 

established should be used to adjust the relationships derived in this study. M oreover, a second
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study  m ight allow  the estab lishm ent o f  re lationships betw een w ater quality  and land-use types 

and /o r activities not present in the N egril and G reen Island area, including banana and coconut 

p lan tations, dry lim estone forests, savannah-type vegetation, sugar cane processing plants, and 

bauxite  m ines and associated red lake deposits. U ntil such a second study has been perform ed, 

how ever, it is d ifficult to com m ent on the app licab ility  and accuracy o f  apply ing  the current 

re la tionsh ips on a nation-w ide scale.

8.3 CWM G IS  S y s t e m  I m p l e im e n t a t io n

D espite the production o f  a national W atershed Policy, a national CW M  program m e has not 

been im plem ented, nor is one likely to be initiated over the next few  years. M ost o f  the current 

efforts are relatively sm all-scale local program m es, w ith funding being provided from  foreign 

sources (e.g. USA, UN, EU) for lim ited periods o f  tim e, and em ploying  foreign experts. The 

long-term  survival o f  these program m es, therefore, is uncertain. C onsequently , there  is a need 

for estab lish ing  a national CW M  program m e, and this issue should preferably  be resolved 

before the question o f  introducing GIS technology  can be approached. H ow ever, w hile the issue 

o f  the  im plem entation o f  a national CW M  program m e is outside the scope o f  th is study, the 

im plem entation o f  GIS technology as a CW M  tool is not. In fact, it is hoped that the database 

estab lished  as part o f  this study will be presented to the N E P T  som etim e betw een D ecem ber 

2001 and A ugust 2002, and A rcV iew  train ing  will be given to  the N E PT  staff. C onsequently , 

the im plem entation issues o f  the GIS technology are d iscussed in this section. For this 

d iscussion , the current lack o f  an integrated national CW M  effort will be ignored.

8.3.1 S y s te m  F o rm a t

The question  as to w hether the G IS technology  could be em ployed for CW M  purposes in 

Jam aica, involves assessing the feasib ility  o f  the practical im plem entation  o f  the system  on a 

coun try -w ide scale. This is a threefold issue. F irst o f  all, should the w atershed GIS be a 

standalone system  for each w atershed, or should there be a nation-w ide, fu lly  netw orked system  

that could  be accessed from any o f  the agencies and organisations involved? Secondly, 

depend ing  on w hether it is a standalone or nation-w ide type o f  system , w ho should have access 

to  the system  and w ho should m anage and update the data? A nd finally, w ho w ould u ltim ately  

be responsib le for the cost, training and overall m anagem ent?

Tw o scenarios can easily be envisaged. Firstly, one can envisage a standalone system  (F igure 

8.2). In th is case, the GIS would be specific to  the w atershed or m anagem ent area concerned. 

The responsibilities o f  installing, updating and m anaging the system , as w ell as providing 

adequate  s ta ff  train ing could reside w ith the organisation or agency responsible for the
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m anagem ent o f  the w atershed itself. The system w ould consist o f  one central server, netw orked 

to a lim ited  num ber o f  satellite w orkstations, depending  on how  m any people w ithin the 

organ isation /agency  would need access at any given tim e. Preferably, the system  should be 

m anaged  by a suitably trained Science O fficer, w ith a t least one additional technician  being 

responsib le  for data entry, m ap production, and associated  tasks^\ W ater quality  data and other 

m onito ring  data should be collected at appropriate intervals and at predefm ed sites, and the data 

entry , a long  w ith im m ediate data analysis, should be a standard task  o f  the technician  or Science 

O fficer. T his would allow  the database to  be up-to-date at any given tim e, and also  allow  

im m ediate analysis o f  the data fo llow ing one or m ore o f  the m ethods suggested in th is volum e. 

Both the data entry and the data analysis should be facilitated  and standardised in the  GIS w ith 

user-friendly  G raphic U ser Interfaces (G U Is) and one-step  procedures or com m ands for each 

analysis o r update procedure (Section 8.3.2). This w ould have to  be part o f  the GIS provided to 

the o rganisation  or agency, and w ould ensure that high level technical GIS skills w ould not be 

necessary  in order to  operate the system .

In som e m anagem ent areas, there m ay be one specific organisation in charge o f  the  general 

m anagem ent o f  the area, but there can be several independent and/or associated  organisations 

dealing  w ith particular aspects o f  the m anagem ent. The N E PA , for instance, is m anaged by 

N EPT. The N E P T  is responsible for m onitoring the activ ity  w ithin the area. Sam pling o f  w ater 

quality  sites, how ever, is currently  carried out in association w ith N C R PS and C W IP. Thus, 

w hen the m anagem ent responsibilities are divided betw een several groups, it m ight be 

beneficial for all parties involved to have access to the G IS, and each organisation m ight require 

a trained GIS technician w ho is responsible for the updating  and analysis o f  the organisation- 

specific  data. This need for trained technicians in each organisation w ould invariably  increase 

the costs o f  im plem enting such a system . H ow ever, the costs could be m inim ised through 

im plem enting  a system w hereby one fully  trained GIS O fficer is em ployed by the m ain 

o rganisation  or com m unally  b all organisations. This person w ould be given the overall 

responsib ility  o f  the GIS im plem entation and operation , as well as being responsib le for 

provid ing  adequate training to  at least one technician  in each organisation. The m ain GIS 

O fficer could  also  be envisaged being responsible fo r m anaging updates to  the databases. For 

instance, each organisation m ay update their portion o f  the database locally, but w ould  need to 

subm it the updated  files to the G IS O fficer to have it p laced on the m ain server. It m ust be noted

The training of both a Science Officer and a technician would ensure the availability o f an adequately 
trained member of staff at any given time, and ensure the continuity of the GIS programme should one 
o f  the two resign. Neither the Science Officer nor the technician would be assigned to GIS tasks on a 
fulltime basis, however, and would not necessitate the establishment of two new positions in the 
organisation. Rather, the GIS tasks should be given to two existing employees who would receive 
adequate training prior to implementing the GIS-based system.
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that this type o f  inter-organisational co-operation would require full agreement and commitment 

from all parties involved in order to succeed.

The second scenario is a nation-wide system, with a large central server, and one or more units 

hooked up from each o f the management areas (Figure 8.3). Again, each separate management 

area would need their own trained staff, being largely responsible for the updating and analysis 

o f  their own data. In addition, there would have to be a central GIS Officer (or alternatively a 

GIS Officer and an IT Administrator) devoted to m aintaining and managing the GIS. The GIS 

O fficer should be a highly trained GIS person, with good knowledge both in IT administration 

and GIS analysis. The officer should quality assure new data entered from the satellite 

m anagem ent areas, as well as provide technical support and education to the GIS users. He or 

she should also be responsible for adding any new national datasets to the existing GIS 

database, for updating and customising data entry or analysis procedures, and for updating 

hardware and software in the satellite stations.

This type o f nation-wide system would be beneficial in several respects. First o f  all it would 

ensure a nation-wide, single format system, allowing constant data updating and quality checks. 

It would also ensure proper support for the users, both regarding GIS issues as well as 

software/hardware problems. In addition, it would allow data analysis on a nation-wide scale, 

offering the possibility to monitor inter as well as m /ra-w atershed developments. It could then 

be used for not only regional or local, but also national planning purposes. This alternative 

would initially be more expensive than individual standalone systems. However, the system 

requirem ents for the national system do not differ greatly from the standalone systems. Thus, if 

the alternative is having ten standalone systems or one national system with ten local satellite 

stations, the added costs o f personnel and equipment would be counterbalance by the overall 

decrease in costs associated with software licenses, national-scale data collection (i.e. lack o f 

duplication o f datasets) and software customisation. Additionally, provided there is good 

communication and co-operation between the local organisations and the central agency, such a 

system would allow more efficient use and dissem ination o f all data collected.

8.3.2 Customisation o f the Software
As they currently stand, the methodologies presented in this study are far too complex for easy 

use in a non-specialist environment. The use o f most o f  the methods requires the user to 

understand not only the GIS processes and processing structure, but also the intricacies o f 

hydrological modelling, statistics and water quality-related issues. It will, therefore, be 

necessary to customise the GIS environment to allow ease o f access to the necessary processes. 

W hile the actual physical customisation was beyond the scope o f this study, a discussion o f the
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top ic  is nonetheless regarded as im portant for the com pleteness o f  this discussion on the 

im plem entation  o f  the system .

The fo llow ing types o f  main processes likely to  be required o f  a CW M  GIS can be recognised:

-  Data access and display^''

-  Data conversion and integration (e.g. from  A ccess database form at to  A rc V iew  

tabular form at or from scanned im ages to  geo-rectified  grids)

-  D ata updating (including data conversion and transfer)

-  M etadata (both for dataset updates and addition o f  new  datasets)

-  Data m odelling

-  Spatial data analysis (w ithin A rcInfo/A rcV iew )^''

-  S tatistical data analysis (including hook-up to  external softw are or custom ised 

statistical add-on m odules)

-  Reporting (e.g. reporting o f  analysed results in standard format)^'*

Each o f  these would have to be custom ised in order to  standardise the user-geographic database 

interaction.

The level o f  custom isation would depend on the level o f  standardisation  required. For instance,

w ith basic A rcV iew  training, accessing and d isplaying the data using the standard A rcV iew

interface should not present any problem s. H ow ever, if  lim ited access to som e datasets or m ore 

standard  displays are desirable, the access and display  could be standardised through the 

developm ent o f  GUIs allow ing the user to select the dataset(s) to be d isplayed and the type o f  

legend and display from a predefined list o f  choices. In the sam e w ay, easy data updating  m ay 

be best achieved through the use o f  standard form s, and the access to these form s should be 

included in the custom ised GIS interface. Thus, u ltim ately, the GIS could be standardised  and 

custom ised  to a point w hereby the user only interacts w ith the specified eight m ain units listed 

above through a custom ised A rcV iew  console. Each o f  the m ain units could be d isp layed  on the 

conso le  as tool buttons, each - when selected  - providing the user w ith a lim ited-choice d ialogue 

box. For instance, clicking the "Spatial D ata A nalysis" button w ould produce a d ia logue box 

w ith the choices "Interpolation", "H ydrological A nalysis" and "Index C alcu lation". Selecting  

the "H ydrological A nalysis" option w ould  then produce a new  d ialogue box provid ing  the user 

w ith the options o f  perform ing one or m ore o f  "Surface Sub-C atchm ent D elineation",

These tasks could be performed using ArcExplorer rather than A rcV iew . ArcExplorer is a lightw eight, 
easy-to-use GIS data viewer that displays and queries locally stored GIS data. It can be used for 
sim ple display, data queries, distance measurements, buffer generation, map generation for printing 
(ESRI, 2001). However, this would only be an option for low -end users w ho are not expected to 
update datasets or perform in-depth analysis o f  the data. For these tasks the custom ised version o f  
A rcV iew  w ould be needed.
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"G roundw ater Sub-Catchment Delineation", "Flow A ccumulation", "F low Direction" or 

"Stream O rder Delineation". Behind each o f  these options w ould be the processes necessary to 

obtain the desired output, in this way, the user would not be required to know  that in order to 

obtain the flow-accumulation output, both the F L O W DI RE C TI O N  and the 

FLOWACCUMULATION procedures would be needed and that the F LO W D IR E C TI O N  

calculation is o f  the following syntax;

[output] = FLOWDIRECTION ([input]) {[change in elevation grid]},{NORM AL | FORCE})

This type o f  customisation would firstly require that the exact tools and processes desired were 

known, and secondly require extensive coding, and thus be associated with a relatively high 

initial production cost. However, the end-product would be relatively easy to use and easy to 

implement. The training needed to use the system, moreover, w ould be m uch less extensive than 

a non-custom ised system, and the updating, analysing and reporting tasks would be performed 

rapidly, standardised and with a minimum o f  user-introduced uncertainty and error. The 

updating and recalculation o f  the indices developed in Chapter 7, for instance, could be reduced 

to a tw o-step  procedure. Firstly, the user would need to update that or those cells or parcels in 

the relevant dataset. For instance, it the land-use o f  the cell D, 135 had changed from woodland 

to pasture, the user would specify land-use as the dataset to change and D,135 as the cell to be 

updated, and then enter the new land-use value. Next, the user would ask for a PLPI calculation 

and the new  re-calculated PLPI would be produced in map format, ready for printing or further 

analysis, The whole  process would take no more than five minutes. W ithout this customisation, 

this procedure would  take 15 minutes to 2 hours depending on the user's skills and familiarity 

with the software.

8.3.3 Public Participation in the CW M  GIS
C W M  in Jam aica  is likely to benefit and necessitate public participation for num erous reasons 

{cf. Section 2.2.2 (e)). Firstly, the current environmental m anagem ent policies are built around 

poorly funded initiatives, and as such necessitate voluntary input from interested individuals. 

Secondly, as m any  o f  the most important environmental issues are directly related to the 

activities o f  local people (e.g. agriculture, fisheries, livestock grazing, extension o f  land areas 

through draining or clearing), the success o f  any CW M  initiative will depend on the willingness 

and acceptance o f  the public o f  the changes and restrictions brought on by this. M oreover, 

involving the public will allow local knowledge to be integrated into the m anagem ent effort, 

and will both increase the understanding o f  the system, and prevent initiating practices that 

infringe on local culture and long-standing local agreements. The questions that need to  be 

addressed in relation to the implementation o f  public participation in the C W M  GIS becom e (a) 

at what levels o f  the CW M  GIS project should the public be involved, (b) how can the public
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contribute  to the C W M  GIS project, (c) how can the public benefit from the C W M  GIS project, 

and (d) w ho  should be involved.

Possibly the greatest potential for public participation in a Jamaican C W M  GIS project would 

be at the data gathering and public education/dissemination levels. Locals are likely to possess a 

wealth o f  information regarding such issues as agricultural practices (e.g. site-specific land-use, 

fertiliser usage, grazing pastures, vegetation clearing and draining practices), fishery practices 

(e.g. the best fishing places, tidal and sea currents, locally recognised m oratorium areas), social 

practices (e.g. sites o f  waste dumping, bathing pools), and hydrological features (e.g. location o f  

caves, springs and blueholes). Most o f  this knowledge has a geographic footprint, and can 

consequently  be integrated into the GIS database. This type o f  information w ould serve both to 

com plete  the geographic model o f  an area, as well as provide information that o therwise would 

not be readily available, and that would be o f  vital importance when m aking  m anagem ent 

decisions. To gain access to this local knowledge, however, it is necessary to establish a high 

level o f  trust between the locals and the people responsible for gathering this information. Until 

such trust is established, less com m on, and sometimes sensitive, knowledge will not be shared. 

Consequently, this type o f  participation is likely to be successful only after the project has been 

firmly established in the community, and com m unication between the project co-ordinators and 

the general public has reached a comfortable level.

Locals m ay also supply data and information related to their perceptions o f  w hat is valuable or 

o f  concern to them as a community. This could be in the form o f  drawings, photographs, 

interviews and written descriptions. This type o f  information could potentially be integrated in 

GIS-based multimedia-type presentations, provide topics and illustration in discussion fora, or 

simply be used as pointers to the decision-makers as to what the public's  concerns are. Such 

public perception data have already been collected in the Negril area by the N EPT, and used to 

make formal data more accessible (Rybaczuk, 2001).

The GIS technology in itself could be used to enhance the presentation o f  data in local fora and 

discussion groups. As already mentioned, the GIS technology offers a w ide spectrum o f  

visualisation options. Consequently, the data held in the GIS database can be displayed and 

presented in ways that improve the understanding o f  the issues. M ap products in them selves 

m ay not be the best format, but if coupled with slides, videos, field visits and oral description or 

explanations, are likely to provide a powerful w ay o f  disseminating information and educating 

the public. Possible fora for this would include open com m unity  meetings, specific interest 

organisation meetings, information stands, and educational visits to schools and businesses.
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The pubhc could also be involved in the actual decision-m aking process. The different 

s takeholders (including various com m unity  groups) could com e together and discuss different 

alternatives to, for instance, land development. By producing maps o f  the different alternatives, 

it is possible, using the GIS technology, to cross-tabulate these, and quickly establish areas o f  

conflic ting interest (Kwaku Kyem, 1998). In this way, the technology opens for a focused 

debate  am ong the stakeholders as to their priorities and differences.

It m ay also be possible to for the public to actively use the GIS technology, and thereby enhance 

the understanding o f  both CW M  and GIS issues. With the lack o f  access to com puter 

technology  and the generally low level o f  education o f  most o f  the local population, active use 

will not be straightforward. However, there is great potential in introducing the technology in 

local schools. This would serve a dual purpose. Firstly, it would introduce young people to the 

technology  and allow them to test it out for themselves. Secondly, school children are invariably 

likely to  tell their parents and friends about what they learnt, and thus provide an excellent 

channel for disseminating the important lessons o f  C W M  and GIS to the w ider public. If the 

C W M  GIS is introduced as part o f  a larger project requiring the children to interview locals or 

conduct surveys and sampling exercises, they could also actively contribute to data collection. 

With the limited funds available, the introduction would be restricted to maybe one low-power 

workstation, and thus, the overall exposure to the technology would be very limited. However, 

most young people in Jamaica are keen to learn, and are amazingly inventive in their ways o f  

gaining access to limited resources.

W hile dissemination through the Internet is unlikely to be o f  great importance in relation to the 

local population, this forum should not be disregarded completely. This could provide an 

excellent forum for educating tourists about the area and its natural resources. Using 

photographs, maps and text, the tourists could be instructed on the dos and don'ts o f  the 

particular areas they are to visit, such as coral ree f  behaviour (e.g. do not stand or walk on coral 

reefs) and vegetation care (e.g. do not pick orchids). Similarly, m ultim edia  information kiosks 

located in hotels and resorts would be useful in tourist education.

8.3.4 Meeting the Costs o f a CWM GIS Implementation
W hether implemented on the national or local scale, the implementation will be associated with 

a relatively high initial cost and necessitate a long-term funding plan. The initial costs would be 

associated with purchase o f  equipment and software licences, establishm ent o f  a network or 

linking to a reliable existing internet provider, customisation o f  the software, initial data 

gathering and digitising and training o f  all personnel. Throughout the life-span o f  the project, 

costs w ould  be associated with updating and m aintenance o f  the equipment, updating o f
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software licences and of the database, personnel wages and training, as well as standard 

operational costs (e.g. electricity, office facilities, office stationary). With the current policy of 

self-funding and private sponsorships o f environmental projects {cf. Section 3.6), it is unlikely 

that the costs associated with the GIS implementation could be sustained. Alternative methods 

o f  financing are therefore necessary.

An alternative that has proved largely successful in the Herbert River catchment, a rural area in 

Australia, is a collaborative approach whereby the local GIS facility is supported by local 

industry, government, community and research agencies (Johnson et al., 1997). In the Herbert 

R iver community, it was recognised that most sectors would benefit from the implementation o f 

a GIS database and associated technology for decision-making processes. However, each 

organisation or company alone would be unable to bear the costs o f  implementing such a 

system. When all interested parties agreed to collaborate in the implementation o f  a local 

resource GIS, the overall costs were not only spread among the stakeholders, but also greatly 

reduced (De Lai, 1999). The implementation o f the common GIS also facilitated 

com m unication and co-operation among the stakeholders, thus ultimately providing a better 

com m unity-wide understanding and a more strongly knit com m unity (Johnson et al., 1997).

W hile the Herbert River community GIS is a Western World example, the collaborative 

approach does have potential also in Jamaica. The stakeholders in any given Jamaican 

watershed will be numerous and diverse, with differing data and decision-m aking needs. 

However, most o f  them could potentially benefit from access to GIS technology and digital 

spatial databases. In the Negril and Green Island area, there are likely to be enough stakeholders 

with enough financial buying power to provide the necessary funding for a com m unity GIS. The 

NEPT alone has representatives from no less than 13 local and national organisation^^ Some 

(e.g. Jam aica Hotel and Tourist Association and Negril Cham ber o f Commerce) o f which may 

both benefit greatly from, and be able to afford the monetary input into, a CWM GIS project 

implementation. It must be stressed that, for this approach to work, the inclusion in the 

program me should be voluntary, and the financial input must be adjusted to the individual 

organisation's or company's funding capacity. For instance, a local craft vendor cannot be 

expected to contribute as much as one o f the large resorts.

N C R P S , C W IP , N R C A , Public Health D epartm ent, Jam aica H otel and T ouris t A ssocia tion , N egril 
C ham ber o f  C om m erce, N egril C raft M arket A ssociation , Itinerant V endors A ssocia tion , N egril 
F isherm en C ooperative, N egril W atersports A ssociation, W hitehall C itizen 's A ssocia tion , Local 
Schools, N egril Police.
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8.3.5 Current Limitations to Implementing the System
Singh (1996) identified the following factors as limiting the use and usefulness o f remote 

sensing technology, data and analysis in developing countries:

-  Lack o f trained personnel

-  Lack o f appropriate training materials in local languages

-  High costs o f equipment and maintenance combined with lack o f capital 

resources

-  Availability o f geocoded data at an affordable price

-  Weakness o f  data analysis and interpretation methods

-  Reliance on short-term foreign experts and lack o f continuity

-  Inappropriate and insufficient technology transfer (visual versus digital image

processing)

-  Supply-driven approach as opposed to demand-driven approach

-  Inadequate dialogue between decision-makers and technical personnel

-  Promotion o f  technology rather than identification o f  users' needs, definitions o f

products and services in accordance with these needs

-  User gap (i.e. users do not appear themselves: any information and output 

generated must be systematically and continuously promoted)

-  Ad hoc assessment exercises are frequently performed instead o f establishing 

systematic monitoring capabilities

-  Assimilation o f technology (difficulty o f complementing existing information 

sources with new technology)

-  An inverse relationship between usefulness o f results and sophistication o f  tools 

and techniques

-  Lack o f financial resources to implement results o f  improved decision-m aking 

based on improved information

These factors are ju st as valid for the GIS technology as the RS technology, and, apart from the 

issue o f  the language in which training materials are provided, pertinent to the Jamaican 

situation.

GIS technology is currently actively promoted within most public sector agencies in Jamaica. 

For instance, the NRCA are using both Arclnfo and ArcView, and the Statistical Institute is in 

the process o f digitising all ward boundary maps and populating these with existing Census 

data. However, very few professionals in Jam aica possess adequate GIS operator and analysis 

skills. Structured GIS education in higher education institutes is limited to two courses at the 

University o f the West Indies' Kingston campus; one course for final year Geography and
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G eology  undergraduate students, and one course for a masters course in Environmental 

Resource M anagement. Neither o f  these courses go beyond the basic introduction o f  GIS tools 

and GIS data entry. Consequently, for successful use o f  the technology, further training is 

needed, or, as is currently the situation, GIS professionals are imported from other parts o f  the 

W orld (e.g. North A m erica  and Europe). While such reliance on foreign specialists m ay be 

necessary during the initial stages o f  the technology introduction, the successful implementation 

would  necessitate the establishment o f  a national core o f  fully trained GIS experts. This would 

be best achieved either through an active scheme o f  sponsoring well-qualified individuals to 

train at reputable institutes abroad, or through the establishment o f  an indigenous course 

providing professionals and students with the necessary skills. The training should ideally be 

offered to a range o f  professionals (e.g. planners, hydrologists, ecologist, engineers) so as to 

allow  a broad base on which to im plement the technology, as well as a com m on platform to 

provide and analyse various information. In addition, by training professionals in the use o f  the 

GIS technology, its tools would more likely be used to their full potential, thus increasing the 

benefits o f  introducing the technology and ultimately providing justification for the initial costs 

associated with implementing it.

To achieve full integration o f  the technology and to ensure it is used to its full potential, 

political consensus is required. Only then m ight it be possible to ensure both initial and long

term funding for implementation o f  a national GIS-based coastal watershed m anagem ent 

project. Currently, m any o f  the projects are funded through foreign aid organisation, and the 

projects are o f  limited duration. For instance, the coastal watershed m onitoring program m e 

initiated by CW IP in 1998 is only stipulated to five years. At the end o f  that period, the 

organisations currently being trained by CW IP are expected to continue the m onitoring and 

m anagem ent tasks unaided, and fund the operations through governmental and private 

sponsorships. The success o f  this remains to be seen. The political good-will is also needed in 

order to ensure both financial and legal backup when any improvem ents or changes in 

m anagem ent practices are identified and implemented as a consequence o f  the results obtained. 

Using the technology to gain information is only useful if  this new information is acted upon.

8 .4  C o n c l u s i o n s  a n d  R e c o m m e n d a t i o n s

This study has explored ways in which to use GIS technology for water quality  m anagem ent in 

a Jamaican coastal watershed. The aim o f  this study was to assess to w hat degree the technology 

could be used to successfully tease out information that would otherwise be difficult to extract 

from limited sets o f  data, and assess if these limited data contained enough information to make 

initial m anagem ent decisions. The range o f  methods used has been limited to the available data, 

the available GIS technology, the author's mastery o f  this technology, and ultimately the

327



author's imagination. Despite these limitations, however, a series o f different analyses were 

perform ed, including hydrological and hydrogeological modelling, visual interpretation, 

interpolation, statistical analysis and index generation. Some analyses were more useful than 

others. For instance, while visual interpretation provided useful insight in apparent relationships 

between water quality and watershed characteristics, some relationships only became apparent 

when resorting to statistical analysis. On the other hand, the statistical analyses resulted in a few 

surprising relationships, thus clearly stressing that this method also had its limitations. In 

addition, some analyses performed on the data were quite pretentious and ambitious, and have 

to be regarded more as explorations into how the technology can be employed rather than 

attempts at accurately establishing true relationships. This was particularly the case with the 

conduit flow modelling, which was mostly an attempt at seeing if  it was possible to bypass the 

almost complete lack o f data. The result, while not purporting to be accurate to any degree o f 

significance, did nevertheless appear to coincide with some o f the observed hydrogeological 

characteristics.

The benefits o f  usmg GIS technology over traditional methods in the coastal management 

process are many. In the initial stages, the perhaps greatest benefit is the collection o f available 

data into a common format, allowing rapid assessment, both quantitative and qualitative, o f  the 

information held in one dataset in relation to that held in other datasets. Traditionally, such 

assessment would involve visual comparisons and approximations. For instance, the delineation 

o f  areas o f concern carried out in Chapter 7 would traditionally involve manual data 

transformation and extensive acetate overlay analysis. On the other hand, it is important to be 

aware o f the highly work-intensive process o f making the data digital in the first place. Thus, if 

digital data are not available, establishing a GIS database for a small management area may not 

be beneficial, at least not for the initial management stages (e.g. delay in management initiation 

due to data digitising). For larger management areas, and especially on the national scale, the 

time, money and effort put into establishing a digital database may be paid back many times 

over in subsequent reduction o f work input and hence more rapid management decision-making. 

In later stages o f  the management process, the GIS technology offers rapid updating o f datasets, 

assessment o f  new data, and further analysis. Graphic information dissem ination also becomes 

more rapid and is much more an integral part o f the GIS m ethodology than other data analysis 

methods.

At present, the data available in Jamaica appear to be sufficient to base initial management 

decisions upon. The framework data are available, albeit somewhat out-of-date. Updates are 

therefore needed, particularly with respect to land-use. However, based on the present data, it 

should be possible to establish rough indications o f areas o f  immediate and long-term concern
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( c /  Chapter 7). For more in-depth analysis and more robust modelling, information regarding 

the following will undoubtedly be beneficial:

-  Hydrogeology: water tracing, depth to bedrock

-  Coastal Waters: better and/or more detailed bathym etry data, surface and tidal

currents

-  Coastal Ecology, sessile seabed fauna and flora distribution maps, mobile fauna 

distribution and migration patterns

-  Agriculture: detailed land-use maps, including details on fertiliser addition to 

individual plots and differentiation between high and low intensity agricultural 

areas (e.g. sugar cane plantations versus smaller sugar cane plots), riparian 

vegetation, number and distribution o f farm animals (especially goats, cows and 

horses)

-  Local Population: waste production and disposal

-  Hotels, Restaurants and Tourist Attractions: waste and effluent production and

disposal, intensity and impact o f  water sports

-  Industry: waste and effluent production and disposal

It could be envisaged that the data and methodologies used in this study could be used on a 

nation-wide scale for initial assessment o f local and regional needs for management and 

identification o f likely environmental problems. For the areas identified as most in need o f 

management, additional data could be collected as appropriate  rather than as a m atter o f cause, 

and the methodologies expanded to adjusted or allow inclusion o f  this new data, This could 

involve inclusion o f modelling add-ons and/or other software. If  a CWM GIS was implemented 

as a national network, the collection o f additional data could still be carried out on an "as 

appropriate" basis, but the addition o f software or customised analysis should be implemented 

on a system-wide basis. This would allow inclusion o f all types o f data in all satellite systems as 

and when the need arises.

Some o f the more ambitious data modelling and analysis attempts carried out in this study 

should probably not be attempted unless more detailed data and more appropriate software 

and/or methodologies are provided. This relates in particular to the conduit flow modelling {cf. 

Chapter 5). However, if  this type o f flow is found to be extremely important in a particular area, 

and extensive tracing is not initially an option, the methodology presented here may be the only 

alternative. As such, the conduit flow modelling presented here should not be dismissed 

completely, but it should only be used for indicative purposes and extreme caution is required 

when interpreting any results.
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To sum up, this study assessed the benefits o f using GIS in Jam aican coastal watershed 

m anagem ent by:

(1) Producing a geographic database o f the Negril and Green Island area using all 

currently available datasets.

(2) Deriving methods that allowed the GIS technology to be used to extract 

information from these datasets and to establish relationships between 

watershed characteristics and observed water quality.

(3) Deriving easily transferable methods that allow the GIS technology to be used 

for initial management decision-making with respect to management area and 

management issue prioritisation.

(4) Evaluating the usefulness and limitations o f each o f  the available datasets.

(5) Evaluating the usefulness and limitations o f the GIS technology.

(6) Addressing the issues o f GIS implementation for coastal m anagement both on 

a local and national scale.

The study has shown that:

(1) The impact o f the environmental problems o f the Negril and Green Island area, 

as identified in the literature, could largely be gauged through riverine, 

groundwater and coastal water quality

(2) The available data provided sufficient topological, spatial and temporal 

coverage to address many o f the important issues related to the CW M  o f the 

Negril and Green Island area. However, more data are needed in the following 

areas to complete the coastal watershed model:

-  Detailed information on the conduit-flow part o f  the hydrogeology

-  Surface and tidal currents

-  Agricultural practices

(3) The available GIS technology offered good capabilities for and was, at least 

partially, successful in:

-  Collating and integratng various types, scales and formats o f data

-  Providing visualisation o f spatial and temporal issues

-  Modelling key watershed characteristics

-  Establishing relationships between contamination sources and 

observed contamination problems

-  Deriving areas o f concern and areas in need o f  immediate 

management attention
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(4) It should be possible to extend the m ethodology to similar watershed 

management areas in Jamaica, although the results o f  such an extension would 

benefit from careful comparison with the results obtained in this study, and - if 

inconsistencies were apparent or more in-depth information becomes available - 

from site-specific adjustments to the methodology.

Finally, a cautionary quote that is relevant to any project involving GIS implementation:

"GIS is not user friendly, but data intensive, and time consuming. The p a yo ff is long 
term. [ .. .]  It is an excellent integration tool but it is only cost effective i f  you  plan on 
building and using the data over long time periods ."

Schreier et al. (1998)
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