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Summary
This thesis deals with the hydrochemistry and the algal communities in a set of 22 Irish turloughs 

(karstic seasonal lakes) which represent a broad hydrogeological spectrum. During a flooding 

season (2006/2007) turloughs were sampled monthly from the onset o f flooding (October) until 

they dried out (March to June). Temporal patterns in chemical characteristics amongst the 

turloughs were identified. Nitrogen (N) had a similar temporal pattern in all turloughs: a rise until 

peaking in mid winter and a steady decline thereafter. Phosphorus (P) and chlorophyll a (Chi a) did 

not show a common pattern amongst turloughs, with peaks of P and Chi a occurring at different 

times in different turloughs. A significant positive correlation was found between total phosphorus 

(TP) in the water and previously measured values of trophic sensitivity of the terrestrial plant 

communities, suggesting an influence of water P on plant community structure. Analyses of the 

concentrations of chemical variables revealed some discrete groups of turloughs with distinctive 

characteristics. In particular, a group of four deeper, hydrologically connected and more coloured 

turloughs in the Gort Lowlands was identified. The high colour in these tmloughs is thought to be 

related to larger proportions of peat areas in their catchments.

Turloughs showed similar levels o f nutrients and Chi a to those reported for Irish and international 

permanent lakes. Chlorophyll a, which peaked between November and February in the majority of 

turloughs, presented values at times higher than those measured in mesotrophic Irish lakes during 

the summer. A significant log-linear regression was found between TP and Chi a which suggests P- 

limitation of algal biomass in the majority of the turloughs (N=17). The regression characteristics 

were not significantly different to those described in similar studies o f permanent lakes. Some 

turloughs were considered to have factors other than P limiting phytoplankton biomass.

The seasonal succession of phytoplankton communities in turloughs is described for the first time. 

R-selected species dominated throughout the duration o f flooding and a clear succession of 

communities, with three distinct phases, was found in most turloughs. Algal communities in 

turloughs resemble those of ponds, lakes or even slow-flowing rivers, depending on the time of the 

year. Multivariate analysis showed that the variables significantly affecting phytoplankton 

composition in turloughs were TP, season and mean depth/colour. Turloughs with higher TP 

tended to have a higher prevalence of green algae, particularly filamentous forms. Tychoplanktonic 

algae were also important in turloughs (up to 82% of total biovolume), probably owing to their 

shallow nature and to the presence of terrestrial vegetation on the bottom of the basins.

The occurrence of benthic filamentous algal mats (previously described in the literature as “algal 

paper”) is reported for the 22 turloughs in three years (2007, 2008 and 2009). Algal mats were not 

found to be widespread in turloughs and, when present, they were found to cover a small 

percentage of the total area of the inundated basins (maximum extension found was 8% of the total 

area of the basin). The taxa constituting these mats are described. The most common taxa were 

Cladophora, Mougeotia and Spirogyra, but others such as Oedogonium, Zygnema and Tribonema
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were also found. The results are discussed in terms of the factors that may affect filamentous algal 

mat development in turloughs.

During a second flooding season (2007/2008) a subset of four turloughs out of the original 22 were 

sampled near the edge and at a number of points within the water body to assess the degree of 

spatial heterogeneity and interannual variation in turlough water chemistry and algal communities. 

It was found that there was a high degree of spatial homogeneity in most chemical parameters but 

some important variables, such as TP and Chi a, were found to be considerably variable spatially, 

especially during early and later stages of flooding, at low water levels. In most cases these higher 

values of TP and Chi a near the edge were found to be owing to the accumulation of filamentous 

algae at this location. On the other hand, turlough waters were found to be quite homogeneous both 

in terms of their chemistry and the algal communities present in the middle of the flooding season, 

when water levels are at their peak. Overall turloughs had very similar chemical characteristics and 

phytopiankton communities fi'om one year to the next but the contrary finding in one turlough 

(where substantial increases in algal biomass occurred in one flooding season but not in the other) 

illustrates that important interannual changes can also occur.

Possible sources of nutrients to tiu-loughs are discussed. In general the results suggest that nutrients 

in turloughs may come primarily fi'om the groundwater flowing in their catchments. For example, it 

was found that, in the majority of cases, the levels of nutrients in groundwater fi-om springs close to 

the turlough catchments are of the same magnitude, or higher, than the levels measured in 

turloughs. However, a few cases of considerably higher nutrient concentrations in turloughs than in 

the nearby groundwater suggest that other, more local sources of nutrients can be important. Some 

correlations between catchment land use and nutrient levels in turloughs were found to be 

significant. Particularly, the extent of agricultural land and pasture within the catchments was 

significantly correlated with nutrient levels in turloughs, as was the density of septic tanks in the 

catchments with TN in turloughs. However these correlations were not strong (i.e. they had a low 

correlation coefficient) and it is suggested that more detailed studies on the nutrient sources within 

the catchments be made to clarify the results that were obtained.

The final chapter of this thesis summarises and discusses the main results obtained, and gives 

suggestions for fijture research. It also describes the results in relation to the larger limnological 

context. In particular, comparisons with what is known of other seasonal and permanent lakes are 

made.
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1 Introduction

1.1 Turloughs

Turloughs are usually defined as predominantly groundwater-fed seasonal lakes, occurring 

in depressions in karstic areas in Ireland (Coxon, 1986). Groundwater enters turlough 

basins through fissures or springs in the karst, and leaves mostly via swallow holes^. A 

cavity that functions both as a spring and a swallow hole has been named an estavelle

(Ford & Williams, 2007). Part o f the definition of turloughs includes as well the presence

of soils and ecological communities characteristics of wetlands (Working Group on 

Groundwater, 2004). Turloughs normally start to fill between September and November, 

and water persists until late spring or early summer (Fig. 1.1). Some turloughs may retain

some standing water throughout the year,

but most drain completely; dried areas are

normally used as pasture for grazing cattle 

(Reynolds, 1982).

Figure 1.2: Geographical distribution of 304 
turloughs according to the Geological 
Survey Ireland karst database  
(http:/Avww.gsi.ie/Mapping.htm). Shaded 
a rea s  represent a reas  of pure bedded 
limestone.

Turloughs are virtually unique to Ireland 

(Goodwillie, 2001, Sheehy Skeffington et 

al., 2006). The word “turlough” or 

“turlach” itself is an Irish word (Coxon 

1986). They occur predominantly in the 

west o f the country, where the dominant 

bedrock is pure bedded Carboniferous 

limestone (particularly susceptible to 

karstification), with relatively thin and 

permeable glacial drift cover (Coxon, 1987; 

Fig. 1.2).

 ̂ Please note that the word “basin” is used throughout the thesis as the topographical area in a turlough that 
is inundated.
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Figure 1.1; Lisduff turlough empty in August 2006 (above) and full in D ecem ber 2006 
(below). The arrows point to the sam e tree in both situations. Photos by the author (below) 
and by Norman Allot! (above).
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The flow systems in karst aquifers are commonly differentiated into three main types, 

according to the nature o f the gaps through which water is stored and transmitted: inter- 

granular, fracture and conduit (Ford & Williams, 2007). It is generally considered that 

primary porosity is inter-granular (owing to the very nature of the rock material), fractures 

come about from rock folding and faulting (secondary porosity), and caves and conduits 

appear through extended rock dissolution by circulation of the water along penetrable 

fissures (tertiary porosity). However, in contrast to most o f the karst formations in Europe 

(from which the hydrogeological conceptual models for karst arise), Irish karst is mostly 

low-lying (below 150 m above sea level); lowland karsts have been studied in much less 

detail and the precise hydrogeological nature o f Irish karst systems is still uncertain (Drew, 

2008).

Different karst aquifers have varying proportions o f the tliree types of flow systems 

mentioned. The Irish Carboniferous limestone aquifers (in which turloughs are situated) do 

not have any significant inter-granular flow, but have a varying proportion of fracture and 

conduit flow (Drew, 2008). There is however litfle information on the relative proportions 

o f conduit and fracture flow and of deep and shallow water transport in Irish karst systems 

(Fitzsimons et al., 2005). Areas o f conduit flow are known to occur in south and east 

Galway for example (Drew & Daly, 1993). However, available data suggests that mixed 

groundwater flow regimes (diffused and conduit) may be more typical for Irish aquifers 

(e.g. Ballinrobe area, Co. Mayo, Coxon & Drew, 1986). An important component in many 

Irish aquifers is the epikarst, which is defined as the shallow (3-1 Om) top layer o f the karst 

aquifer, beneath the soil. Many turloughs are considered to be fed mainly through epikarst 

aquifers (Tynan et al., 2005).

Although regions of purest limestone are often characterised by extensive areas naturally 

devoid o f surface drainage systems (e.g. eastern Co. Galway, south Co. Mayo, south Co. 

Clare, and Co. Roscommon), most of the lowlands are characterised by a complex and 

intimate interaction between surface (fluvial and lacustrine) and groundwater flows (e.g. 

Coxon & Drew, 2000, see e.g. Fig. 2.10). Turloughs are a clear reflection o f this 

relationship. Karst aquifers are also unique in terms o f their water flow velocities. Flow 

velocities in karst are usually relatively high (90-250 m/hr, European Commission, 1995) 

when compared with other geological systems. Coxon & Drew (1986) report flow 

velocities o f 47 to 123 m/hr in a karst aquifer in Co. Mayo, values the authors deem typical 

o f karst systems.
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1.2 Impacts, environmental protection and legislation

Lowland karst aquifers, the principal source o f groundwater in Ireland, are at once areas 

with the most productive land, the greatest economic and intensive agricultural activity, 

and the ones having the greatest demand for water resources (Drew, 2008). Turloughs are 

potentially threatened habitats by three main factors: traditionally by artificial drainage and 

more recently by nutrient enrichment (eutrophication) and land management (primordially 

grazing) changes (Sheehy Skeffington et al., 2006; Ni Bhriain et al., 2003). Turlough land 

drainage has had a major impact in the past, leading to a reduction o f 60% in the total area 

o f turloughs since the 1850s (Goodwillie, 2001). Management changes such as the increase 

in stocking densities or even the abandonment o f land are also a matter o f concern, as these 

changes can affect terrestrial vegetation and macroinvertebrate biodiversity in the basins 

(Sheehy SkefTmgton et al., 2006; Ni Bhriain et al., 2003; Ni Bhriain et al., 2002). Besides 

these there is the issue o f eutrophication. The intimate surface-groundwater relationship 

and the high underground flow rates o f karstic hydrological systems renders turloughs 

quite vulnerable to anthropogenic pressures from the catchment (Coxon & Drew 1998; 

Drew & Hotzl, 1999; Tynan et al., 2005). In particular diffuse sources o f nutrients, such as 

those coming from agricultural activities, are expected to be the major confributors of 

nutrients to turlough waters, as has been seen extensively for catchments elsewhere 

(Haggard et al., 2003; Castillo et al., 2000; Heathwaite et al., 1996). In Irish karst aquifers 

it has been shown that phosphorus levels in groundwater can be high enough to potentially 

lead to eufrophication o f surface water bodies (Kilroy et al., 2001). The possibility o f 

nutrient release from the agricultural soils in the turlough basins to the water following 

inundation can also be considered, as it has been shown that phosphorus can be fransferred 

from soils to flooding surface water in Irish farmyards (Tunney et al., 1997).

A hundred and thirty eight turloughs are included in 44 designated candidate Special Areas 

o f Conservation (cSACs), protected under the EU Habitats Directive (Mayes, 2008; 

European Union, 1992). Turloughs are priority habitats as defined within this Directive to 

the extent that they have a small natural range, have very specific environmental needs that 

make them vulnerable to changes, and are at risk o f disappearing (Goodwillie, 2001). This 

Directive requires the establishment o f management plans for these cSACs and to ensure 

correct management relevant landowners are issued with a list o f ‘notifiable actions’ 

(operations not to be carried out without ministerial consent) for each habitat within the 

site. Ten o f the seventeen main notifiable actions for turloughs are related to agricultural
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activities, including farming above a sustainable level and fertilising o f any kind within 50 

m o f the normal flood levels (Ni Bhriain et al., 2003).

An additional number o f turloughs are also designated within Special Protection Areas 

(SPAs) under the Birds Directive (European Union, 1979) and still another set may be 

designated within Natural Heritage Areas under the Wildlife (Amendment) Act (2000) 

(Mayes, 2008; Working Group on Groundwater, 2004). On top o f all this legislation, the 

Water Framework Directive (European Union, 2000) requires the achievement o f good 

ecological status for all European aquatic systems, and turloughs have been defined as 

Groundwater Dependent Terrestrial Ecosystems under this Directive (Working Group on 

Groundwater, 2004).

1.3 Present knowledge of furlough ecology

Any conservation plan for turloughs requires full assessment o f their biodiversity and the 

factors affecting it but there is, at present, a lack of knowledge on many aspects of turlough 

ecology (Sheehy Skeffington et al., 2006). While there have been studies on geo-hydrology 

(Southern Water Global, 1998, Coxon, 1986), vegetation (Goodwillie, 1992), invertebrates 

(Porst, 2009, Reynolds, 1985, Lansbury, 1965) and land management practices (Ni Bhriain 

et al., 2003; Ni Bhriain et al., 2002), these have not been usually put into the overall 

context o f turlough ecological functioning.

At present there are no published comprehensive data on the algae or chemical 

characteristics o f turlough waters (Working Group on Groundwater, 2004). Accordingly, 

their trophic status has never been determined directly, only values o f “trophic sensitivity” 

have been calculated, based on the proportion o f enrichment-sensitive terrestrial plant 

communities present on the basins (Goodwillie, 1992, Working Group on Groundwater, 

2004).

1.4 Algae

Phytoplanktonic algae are usually the main primary producers in open waters, and benthic 

algae can develop in large quantities in shallow water bodies or in the littoral zones of 

deeper lakes (Wetzel, 2001). Phytoplankton communities in lakes normally develop 

following a generally predictable ecological succession (Sommer et al., 1986), with highest 

biomass developments occurring normally during spring and early or late summer, a period 

usually termed “the growing season” (e.g. Khalili & Weyhenmeyer, 2009; Phillips et al..
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2008). Benthic algal communities constitute the periphyton, which can be complex in 

terms of its structure and the diversity and interaction o f the different communities present, 

including bacteria, fungi, algae, macroinvertebrates and macrophytes (Wetzel, 2001). In 

terms o f algae, periphyton is usually predominantly composed o f pennate diatoms but also 

o f filamentous algae and cyanobacteria (McCormick & O'Dell, 1996).

Some algae are neither strictly attached to substrata nor truly suspended. These 

communities are living somewhat in between the plankton and the benthos and are referred 

to as metaphytic algae (Wetzel, 2001). They include for example filamentous algae 

{Tribonema, Mougeotia) or cyanobacterial mats (such as Oscillatoria). Some of these 

algae are known to be able to spend part o f their life cycle attached and part in the plankton 

(e.g. Tribonema, John et al., 2002). A final classification that may be relevant in the case of 

turloughs is that o f tychoplankton. This term refers to algae that are normally benthic but 

are accidentally found in the plankton owing to turbulence or wind-induced mixing (see 

e.g. Casamatta et al., 2001).

1.5 Nutrients and primary productivity

Many studies have focused on the relationships between nutrients in the water and primary 

productivity, especially following concerns related to eutrophication of water bodies. 

Perhaps the ultimate example of this concern was that of the extensive study conducted by 

the International Eutrophication Programme (OECD, 1982), which aimed at providing 

simple and practical methodologies for the management o f the trophic state of lakes and 

reservoirs (Rast & Thornton, 2005). Their approach was that o f modelling the response of 

lakes to nutrient loading through an extensive survey of (mainly) temperate lakes. One of 

the main outputs was the establishment o f trophic status categories based on the levels of 

algal biomass and total phosphorus in lakes and reservoirs.

It has now been established that biomass o f primary producers in water bodies is largely 

dependent on the bioavailability o f one or two main nutrients: phosphorus (P) and nitrogen 

(N). Phosphorus has long been recognised as typically the most important limiting nutrient 

for algal growth in temperate lakes due to its low bioavailability (Reynolds, 1984 and 

2006; Correll, 1998; Hutchinson, 1973). Consequently, many studies o f lakes have found P 

to be positively correlated with algal biomass (Phillips et a l, 2008; Dillon & Rigler, 1974; 

Sakamoto, 1966). However, there are cases where N is an important limiting nutrient, such 

as in tropical and subtropical lakes (Vincent et al. 1984) or in eutrophic and hypertrophic 

temperate lakes with high P concentrations (McCauley et al., 1989; Canfield, 1983;
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Kanninen et al., 1982). Some experiments have even shown that P and N can be co- 

limiting within the same water body (Morris & Lewis, 1988). Carbon, due to its theoretical 

endless supply from the atmosphere, is considered not to be limiting to phytoplankton 

growth in most freshwaters (Reynolds, 2006; Harris, 1986).

1.6 General aims, project framework and thesis structure

This thesis studies the hydrochemistry and the algal communities o f 22 turloughs. Besides 

assessing the general chemical characteristics o f the turloughs, it also studies the 

relationships between nutrient levels, biomass and community structure o f phytoplankton, 

and discusses the possible sources o f nutrients to turlough waters. Furthermore, it describes 

the occurrence o f filamentous algal mats in turloughs and determines the spatial and year- 

to-year variation in a subset o f turloughs. The results are discussed in terms o f their 

ecological meaning, putting them as much as possible in the Irish and international 

limnological context, for which the most recent literature was consulted. The objective is 

to provide the reader with a holistic view of turloughs as primary producing aquatic 

ecosystems.

This work is part o f a multidisciplinary project entitled ‘Assessing the Conservation Status 

o f Turloughs’. It was funded by the National Parks and Wildlife Services o f Ireland 

(NPWS) and was carried out by a team o f research scientists from Trinity College Dublin 

(TCD). The NPWS/TCD project included four PhD and one Post-doctoral sub-projects, 

each dealing with a particular aspect o f turlough ecology (hydrology, algae and 

hydrochemistry, terrestrial vegetation, aquatic invertebrates, soils and land management at 

the catchment and basin levels). Hydrological and land use data from other subprojects are 

referred to predominantly in this thesis; these data were provided by Owen Naughton and 

Sarah Kimberiey respectively.

For the work presented in this thesis turloughs were sampled monthly over two flooding 

seasons. The season o f 2006/2007 is described throughout the thesis as “the first year 

flooding or sampling season” and the season o f 2007/2008 is termed “the second year 

flooding or sampling season”. Each chapter in the thesis deals with a particular set of 

questions. Below follows the structure o f the thesis:

Chapter 1 -  General introduction
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Chapter 2 -  Site characteristics

This chapter describes the chemical, geographical, hydrological and environmental 

characteristics o f  the sampled turloughs. It highlights relevant ecological patterns that stem 

from the research and identifies turloughs that can be grouped together in relation to a set 

o f  measured variables. This chapter thus lays the foundation for the whole thesis.

Chapter 3 - Relationships between nutrients and chlorophyll a  in turloughs

This chapter deals with the relationships between the main limiting nutrients o f algal 

biomass (N and P) and phytoplankton biomass as chlorophyll a .  Comparisons o f  trophic 

status and nutrient limitation were made with Irish and non-Irish permanent lakes. This text 

was accepted for publication in the Canadian Journal o f  Fisheries and Aquatic Sciences 

(Cunha Pereira et al., 2010a)

Chapter 4 - Phytoplankton communities in turloughs

This chapter describes the phytoplanktonic communities found in the 22 turloughs studied: 

their succession over time, differences between turloughs and relationships to 

environmental variables. It discusses their occurrence in terms o f  what is presently known 

o f  phytoplankton ecology, such as the functional group approach (Padisak et al., 2009; 

Reynolds et al., 2002). The chapter presented here was accepted for publication in the 

Journal o f  Plankton Research (Cunha Pereira et al., 2010b).

Chapter 5 - Occurrence o f  filamentous algal mats in turloughs

Dried algal mats (“algal paper”) have been reported to occur in turloughs, but their 

occurrence has not been studied in detail (Reynolds, 1983, Scannell, 1972). This short 

chapter describes the occurrence o f  mats o f  benthic algae in the studied turloughs and 

provides the identity o f  the algae constituting them.

Chapter 6 - Spatial and vear-to-vear variation in chemistry and algal communities in four 

turloughs

This chapter studies the spatial heterogeneity o f  nutrients and algal communities in a 

subset o f  four turloughs. Different locations within basins are sampled and variations are 

assessed. Given that the four studied turloughs are a subset o f  the 22 studied in the first 

field season, the year-to-year variation is also assessed.

24



Chapter 7 - The source of nutrients in turloughs: relationships with catchment land use, 

hydrology, and nutrient concentrations in groundwater

This chapter investigates the source o f nutrients in turloughs. For this, the concentration of 

N and P in each turlough is compared with the hydrological changes in each basin, the 

levels o f P and N in groundwater near the turloughs, and the land use within turlough 

catchments. This information provides the basis for the discussion on the possible sources 

o f N and P to turlough waters as well as on the hydrological transfer mechanisms o f these 

nutrients through the catchments and within the turloughs.

Chapter 8 -  Overall conclusions

This final section summarises and discusses the main results o f the thesis, integrating them 

into the main conclusions that can be drawn from the work. It also includes suggestions for 

ftiture research.

APPENDIXES

APPENDIX 1 shows the topographical maps of the turloughs overlaid on aerial 

photographs. Sampling points used in the study are marked.

APPENDIX II presents a correlation matrix with the relevant chemical, hydrological and 

environmental variables and highlights significant correlations. These are discussed in 

more detail in section 2.3.4 and throughout the thesis.

APPENDIX III is a CD that contains the monthly data for water chemistry and 

phytoplankton counts over the two flooding seasons studied (2006/2007 and 2007/2008). 

This data constitutes the raw material upon which most o f  the analyses were done.
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2 Site characteristics

2.1 Introduction

Although turloughs share a common definition, there still exist considerable differences 

amongst sites. The differences cover various aspects, including morphological (size o f the 

basins or type of soil cover), hydrological (depth and duration of flooding) or land 

management (grazing intensity). Hydrologically some turloughs are considered “dry” 

(meaning short inundation periods) while others are “wet” (i.e. retaining water for longer 

periods), and in some permanent pools can remain throughout the year (Goodwillie, 1992; 

Coxon, 1986). Indeed some turloughs are quite similar to permanent lakes because they 

may retain considerable amounts o f water throughout the year. Nevertheless, even in these 

turloughs water levels rise and fall seasonally; they also share enough ecological features 

with drier turloughs to still be considered turloughs (Southern Water Global, 1998; 

Goodwillie, 1992). More recently it has been suggested that rather than falling into 

constrained categories, a furlough is instead part o f a dry-wet continuum (Visser et al., 

2006). The position of a given furlough in this gradient affects all aspects o f its ecology.

Other differences amongst turloughs refer to the hydrological systems feeding them. Some 

turloughs are known to be dominated by conduit flow while others are considered to be 

mainly fed through shallow epikarst (Tynan et al., 2005; Southern Water Global, 1998). In 

terms o f land management, it has been found also that grazing practices can differ 

markedly amongst closely located turloughs, or that differences can be considerable even 

between adjacent fields within the same furlough (Ni Bhriain et al. 2003). Likewise, some 

turloughs fimcfion mostly as a commonage (i.e. one large field grazed by animals owned 

by several people), while others are divided in several fields that can be managed by the 

same or by different individuals (Ni Bhriain et al. 2003; Goodwillie 1992; Sarah 

Kimberley pers. comm.). Other more general differences between turloughs include the 

topography o f the basins such as the number and position o f swallow holes, or the presence 

or absence o f permanent surface inflows (Goodwillie, 1992; Coxon, 1986).

Trophic status o f furlough waters have never been determined but “trophic sensitivities” 

have been estimated (Working Group on Groundwater, 2004). These trophic sensitivities 

were calculated based on the proportion o f enrichment-sensitive plants present on the 

basins. After categorisation and ranking of turloughs according to this method, only three 

categories were assigned: 1 (extreme sensitivity to enrichment), 2 (high sensitivity), and 3
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(medium sensitivity). Another approach was taken by Goodwillie (1992). He categorised 

each vegetation community type into a trophic category, ranging from eutrophic (A) and 

mesotrophic (B) to oligotrophic (categories C -  calcareous, D & E -  peaty, and W -  wood 

species present). According to this scheme it was considered that turloughs ranged from 

oligotrophic to eufrophic (Tynan et al., 2005). Both approaches indicate that turloughs can 

range considerably in their trophic status but both constitute only a crude categorical 

measurement, and relate only to the trophic status as dictated by the terrestrial vegetation. 

As there is normally an active interchange of nufrients between the soils and the water in 

wetlands (Novak et al., 2004; Reddy et al., 1999; Patten, 1990), the trophic status of the 

water, which the present work describes, is fiindamental knowledge for the further 

understanding of the trophic status of turloughs as wetlands. As a first approach, the 

frophic sensitivities measured by the Working Group on Groundwater (2004) can now be 

compared with the trophic status of the waters as indicated by the nutrient and chlorophyll 

a concentrations, and the implications of the water trophic status to the plant communities 

can be assessed.

This chapter introduces and characterises the 22 turloughs that are the object of study of 

this thesis. It presents data on their geographical setting, hydrological and chemical 

parameters and variations over time. Primarily this chapter lays the foundations for the 

discussion that follows in succeeding chapters. It highlights general chemical and 

hydrological patterns found. It also describes the characteristics that were common 

amongst turloughs as well as the parameters in which particular turloughs or group of 

turloughs stood out.

2.2 Methods

2.2.1 Sampling site selection

The selection of the set of turloughs to be sampled was dictated by the various aspects of 

the NPWS/TCD Turlough Project. Hydrological and ecological information was available 

for 90 turlough sites (Tynan et al., 2005; Southern Water Global, 1998; Goodwillie, 1992; 

Coxon, 1986) mostly located in Counties Galway, Clare, Mayo and Roscommon. The 

main criterion used for selection was hydrological, as this is thought to be a key 

determinant of wetland ecology (Mitsch & Gosselink, 2000). Specifically, turloughs were 

chosen based on the Karstic Flow System hypothesis, which postulates that turloughs 

associated with specific hydrological system types (shallow epikarst, conduit) are
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associated with specific ecological characteristics (Tynan et al., 2005). Where reliable 

hydrological data were missing, inferences were made based on limited evidence, such as 

the distribution of the aquatic mosses Cinclidotus fontinaloides and Fontinalis antipyretica 

as a surrogate for duration of flooding, or the elevation of Cinclidotus fontinaloides as a 

measure of depth of flooding (Coxon, 1986). Table 2.1 describes the geographical, 

hydrological and trophic characteristics of the 22 turloughs; these characteristics were 

relevant in the selection process. Figure 2.1 presents the geographic spread of the 22 

turloughs studied. All sites are designated candidate Special Areas of Conservation under 

the Habitats Directive (European Union, 1992) except for three (Brierfield, Carrowreagh 

and Rathnalulleagh).
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Figure 2.1: Geographical distribution of the 22 turloughs studied. Shaded a reas  correspond 
to a reas  of pure bedded limestone (geological data from the Geological Survey of Ireland 
database: http://wwv\/.gsi.ie/Mapping.htm).
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Table 2.1: Geographical and morpho-hydrological information of the turloughs sampled in the first flooding season (2006/07). This 
information was used in the site selection process._______________________________________________

Type of Trophic sensitivity
Irish National karstic flow Hydrological (Working Group on

Turlough Grid (Tynan at al. 2005) data source Groundwater 2004)
Aleenaun R24740 95440 shallow

epikarst
Southern Water Global (1998), David Drew pers. 
comm.

3

Ardkill M27360 62500 N/A Coxon (1986), David Drew pers. comm. 3
Ballinderreen M41060 14920 N/A Coxon (1986) 1
Blackrock M49780 08130 Conduit Tynan et al. (2006) 3
Brierfield MSI 600 76560 N/A Coxon (1986), David Drew pers. comm. -

Caherglassaun M41550 06340 Conduit Tynan et al. (2005) 3
Caranavoodaun M45450 15450 Shallow

epikarst
Southern Water Global (1998), Tynan et al. (2005) 1

Carrowreagh M78420 75080 N/A Coxon (1986), David Drew pers. comm. -

Coolcam M57420 71390 N/A Coxon (1986), David Drew pers. comm. 2
Coy M49000 07500 Conduit Southern Water Global (1998), Tynan et al. (2005) 3
Croaghill M59631 70711 N/A Coxon (1986), David Drew pers. comm. 3
Garryland M41750 04050 Conduit Southern Water Global (1998) -

Gealain R31450 94730 shallow
epikarst

David Drew pers. comm. 1

Kilglassaun M27860 64550 N/A Coxon (1986), David Drew pers. comm. -

Knockaunroe R31400 94180 shallow
epikarst

Drew (1990) 1

Lisduff M84250 55500 N/A Coxon (1986), David Drew pers. comm. 2
Rathnalulleagh M77710 73760 N/A Coxon (1986), David Drew pers. comm. -

Roo West M38630 02210 shallow
epikarst

Tynan etal. (2005) 1

Skealoghan M24750 62900 N/A Coxon (1986), David Drew pers. comm. 1
Termon R40920 97350 shallow Southern Water Global (1998) 1

epikarst
Tullynafrankagh M43210 15340 shallow

epikarst
Southern Water Global (1998), Tynan et al. (2005) 2

Turioughmore R34950 99480 N/A Coxon (1986) -



2.2.2 Sampling and chemical analysis

The 22 turloughs were visited monthly (during the first two weeks of each month) fi'om 

October 2006 to June 2007. Water samples were collected by throwing a weighted 5 L 

plastic bottle attached to a rope from the shore to an area of open water, in order to avoid 

disturbance of the substrate. Locations near springs and swallow holes were avoided. The 

aerial photographs in Appendix I include the location of the sampling points as well as the 

topographical lines and the individual fields present within each basin. One sample (Coy in 

December) could not be collected because a representative sampling point was not 

accessible due to extreme flooding conditions.

Samples were analysed for total phosphorus (TP), total nitrogen (TN), soluble reactive 

phosphorus (SRP), total oxidised nitrogen (TON), chlorophyll a (Chi a), pH, alkalinity, 

colour, turbidity and dissolved oxygen. Measurements of pH, alkalinity and filtering (using 

Whatman GF/C filters) were performed in a field laboratory within 6 hr o f sample 

collection. Temperature and dissolved oxygen were measured in situ, using a field 

thermometer and a field oxygen meter (YSl model 57). TP concentration was obtained by 

acidic persulphate digestion of samples at 120°C and subsequent determination of 

phosphate by colorimetry (Eisenreich et al., 1975; SHIMADZU UV-VIS 

Spectrophotometer UV-1700). SRP was measured in filtered samples by the colorimetry 

methods used for TP but without digestion. TN was measured atter alkaline persulphate 

digestion of samples at 120°C followed by measuring the resuhing nitrate by automated 

colorimetry (Grasshoff et al., 1999; Bran+Luebbe Auto Analyzer 3). TON was measured in 

fihered samples using Ion Chromatography (Dionex Instruments ICS-1500). Chlorophyll a 

was determined by methanol extraction fi'om a filtrate, followed by absorbance 

measurement of the extract at 665 nm (Chi a peak) and 750 nm (turbidity correction) 

(Standing Committee o f Analysts, 1980; SHIMADZU UV-VIS Spectrophotometer UV- 

1700). Silicates were measured in filtered samples following an acid colorimetric method 

(Grasshoff et al., 1999).

pH was determined electrometrically (Jenway model 3030) with a glass electrode 

(resolufion 0.1 pH units) and alkalinity was measured by titration to pH 4.5 with O.OIM 

H2SO4 (Eaton et al., 2005). Colour was measured spectrophotometrically at 455 nm after 

filtration of the water sample through a GF/C filter, and expressed as FM:Co units or Hazen 

values (Hach DR/2000 Instrument, Instrument Handbook and Eaton et al., 2005). Turbidity
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was measured nephelometrically on unfiltered homogenised samples (Eaton et al., 2005) 

using a Hach 21 OOP instrument.

2.2.2.7 Missing chemical data

Three samples analysed revealed some variables with extremely atypical values and so 

these were left out o f  the results The sample from Caherglassaun in May had extreme 

turbidity (120 NTU) in the water column probably owing to extreme weather conditions. 

This atypical value was also associated with excessive nutrient (SRP, TP, TN and TON) 

and Chi a levels, probably related to suspended particulate matter in the water column. The 

two replicates used for TP analyses fi'om the Skealoghan January sample were believed to 

be contaminated with particulate matter because the measured values were unusually high 

(213 |xg/L in January against an average o f 20.4 (xg/L and S.D. o f  6.2 ^g/L in the rest o f  the 

season). Finally, a high alkalinity value in Blackrock in October 2006 (283 mg/L CaCOs) 

was atypical (average o f  144 mg/L CaCO^ and SD o f 16 mg/L CaC03  for the rest o f  the 

season). Since such a high value was not found in the second year’s flooding season (see 

Figure 6.11) nor was it found in hydrologically related turloughs (see below), it was 

considered that this was a measuring error.

2.2.2.2 Quality control and quality assurance o f  chemical analysis

Replicates (at least two from each original 2.5 L sample) were used in all analyses except 

for pH, alkalinity, and Chi a, for which separate repeatability experiments were carried out. 

Repeatability is the smallest difference between two individual results that is likely to be 

real at p=0.05 (Caulcutt & Boddy, 1983). The repeatability values for the measured 

parameters were: 0.50 p,g/L for Chi a, 0.06 for pH, and 0.62 mg/L CaCOs for alkalinity. 

Repeatability values for pH and alkalinity are low in relation to the range o f  values 

measured (<1%), implying low error in the presented results for these parameters, but are 

higher for Chi a (10% o f the average o f  measured values). For Chi a there is therefore a 

probability o f  a ±10% error in the presented results.

Quality control (QC) was carried out by running a QC sample with each batch o f  N and P 

analyses. This solution was prepared to a given concentration (0.025 mg/L o f TP and 2.1 

mg/L o f TN) at the start o f  the research project, and it was kept in individual bottles in the 

freezer, which were defrosted prior to analyses. If the value obtained for the QC solution 

was very different from the expected value, the analysis would be re-run, until a clearly 

matching value (less than 5% difference) was obtained.
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N and P standard standards were prepared from certified solutions (Reagecon). These 

standard solutions were analysed together with the samples and used for calibration.

2.2.2.3 Ion Balances

Ion balance error calculations are used as an approximate quality check of quantitative 

anion and cation data (Lloyd & Heathcote, 1985). The concentration of the different anions 

and cations measured (in mg/L) were converted to miliequivalents and the ion balance 

error was calculated for each sample as the fraction of the difference between the sum of 

the concenfration of cations and the sum of the concenfration of anions, to the sum of the 

concentration of anions and cations:

> \cations\— > \anions
Ion balance error (%) =  ? x 100

y ^ations\ + ^  \aniom\

Figure 2.2 presents the histogram of the ion balance errors. Most samples were within a 

5% error interval, but some (16 out of 150) were between 5 and 9% (maximum absolute 

value was -8.4%). There is also a slight skew towards the positive side of the X-axis but, as 

the values of error are small, this was not considered to be a matter of concern. Overall the 

results give confidence in the robustness of the chemical analyses done.
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Figure 2.2: Histogram of the frequency of ion balance errors 
in the samples analysed (N=150 samples).
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2.2.3 Hydrological measurements

Water levels were recorded at hourly intervals using a variety o f Schlumberger Divers® 

(http://www.swstechnology.coni/groundwater-monitoring/groundwater-dataloggers) 

placed at or near the lowest point in each turlough. Divers measure the pressure o f the 

water and air column above them and from this the depth o f water can be calculated. In 

order to determine the water level accurately, compensation for the variation in prevailing 

air pressure was made by means o f a combination o f BaroDiver® (DI500) and Met Eireann 

synoptic station data. Sites were instrumented between September 2006 and January 2007 

with monitoring continuing until July 2009.

The turloughs were surveyed topographically during the summer periods when water 

levels were at their lowest. The surveys were carried out using both the Trimble R6 and 

4700 differential GPS systems with an average o f over one thousand topographic points 

taken at each site. The upper limit o f  the survey was based on the maximum level recorded 

in each turlough during the monitoring period. Digital terrain models were fitted to the 

topographic data using the kriging interpolation method in the Surfer software package. A 

stage-volume relationship was created by calculating the volume between the turlough 

surface and an upper horizontal surface representing a specific water level at 20 mm 

intervals over the recorded range. Stage-surface area relationships for the study sites were 

defined in a similar fashion. The hydrographs for each turlough are presented in Fig. 7.3 (it 

is considered more relevant to present them in Chapter 7).

Mean depth was calculated by dividing the volume by the surface area o f a turlough at a 

given time (Wetzel 2001). Hydroperiod was calculated as the total number o f  days a 

turlough was flooded during the flooding season. The first sampling date was used for all 

turloughs as a surrogate for onset o f flooding, which was not known for a number o f 

turloughs (as hydrological measurements started late in some turloughs, see section 

2.2.3.1). The last day of flooding was assumed to be when a turlough was found dry at the 

end of the season or with an estimated volume o f less than 10% of its peak volume in the 

case o f turloughs with water persisting throughout the year. Maximum flow rates during 

the flooding season of 2006/2007 were also calculated for periods o f obvious filling and 

emptying for each turlough; results are expressed as L/sec. The minimum number o f days 

that took a turlough to gain and lose 75% of its maximum volume during the flooding 

season were also calculated.
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2.2.3.1 Missing hydrological data

Topographic surveys were done for all turloughs except for Coolcam, Garryland and 

Tullynafrankagh and consequently there are no volume and surface area data for these 

three basins, and hence no mean depth values. In some turloughs, hydrological recording 

started later than water sampling. This is particularly visible in Gealain and Kilglassaun 

(see Fig. 7.3) but even here the maximum level in flooding season was recorded (Owen 

Naughton pers. comm.). Hydrological data for Roo West are lacking for the first flooding 

season owing to failure of the diver; the second year’s hydrograph is presented instead. 

The hydrograph for Kilglassaun (Fig. 7.3) has a plateau at the end o f the flooding season 

due to an error in the positioning of the diver; the levels recorded and presented for the rest 

o f the season are however thought to be accurate (Owen Naughton pers. comm.).

2.3 Results

2.3.1 Geographical setting and land use within the basins

The basins o f the studied turloughs are mostly covered by grassland, which is usually 

grazed when dry (Sarah Kimberley pers. comm, and personal observations). Notable 

exceptions are Knockaunroe and Gealain, whose basins are for the most part or completely 

covered in bare limestone (see aerial photographs in Appendix I). These two turloughs are 

the only two located within the boundaries of the Burren National Park. The Burren is an 

Irish region characterised by large areas o f bare limestone or thin soil cover 

(http://www.burrennationalpark.ie). Other turloughs (Roo West, Aleenaun and 

Turloughmore), although not within the boundaries o f  the Burren National Park, can be 

considered to be part o f the general region of the Burren also. As it will be seen (see 

section 7.3.5), turloughs in the Burren have the greatest bare rock coverage in their 

catchment areas o f all 22 studied.

Most o f the turlough basins are divided by stone walls into separate fields. Exceptions to 

this are Termon, Knockaunroe, and Gealain, where most o f the turlough is not divided; 

others such as Roo West, Caranavoodaun, Aleenaun and Lisduff, have also few land 

divisions (see aerial photographs in Appendix I). The grazed area in all basins (excluding 

Knockaunroe and Gealain, which are not grazed) ranges from 12% (in Termon) to 100% 

(in 10 turloughs) (mean=79%, median=94%, S.D.= 27%) (Sarah Kimberley, pers. comm.).
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2.3.2 Hydrological characteristics

The frequently inundated area o f the turloughs (as defined by Goodwillie, 1992) ranged 

from 10.7 to 67.1 ha and the maximum surface area of the water body ranged from 13.5 to 

77.0 ha in the studied year. In the majority o f cases the area inundated was larger than the 

frequently inundated area (Table 2.2). The flooding season of 2006/2007 was indeed wetter 

than normal, in particular over the winter months (October to February) (Met Eireann 

Annual Report 2006 and 2007; http://www.met.ie/publications/).

Broadly speaking, hydrological fluctuations in turloughs followed a similar pattern: an 

obvious initial rise would lead to a peak or an oscillating plateau, and an obvious emptying 

phase would follow; these periods o f obvious filling and emptying were characterised by 

linear or quasi-linear flows (Fig. 7.3, see also Naughton & Johnston, 2009). During these 

periods o f linear flow, the flow rates varied considerably among turloughs: they ranged 

between 135 and 3661 L/sec at filling and 64 and 1111 L/sec at emptying (Table 2.2). The 

minimum number o f days that took a turlough to gain or lose 75% of its maximum volume 

during the flooding season also varied considerably among sites: turloughs gained 75% of 

their maximum volume in between 13 and 77 days and lost the same amount in between 12 

and 121 days (Table 2.2).

All turloughs were continuously inundated after the initial rise in water level with the 

exception o f Aleenaun and Turloughmore which showed phases of inundation and 

recession throughout the sampling period (Fig. 7.3). The hydroperiod during the survey 

year ranged between 135 (Turloughmore) and 348 days (Croaghill), permitting to a 5 to 9 

months sampling period from October 2006. The timing of the initial rise and the final 

draining o f water differed between turloughs, indicating slighfly different hydrological 

behaviours. For example, the sharp increase in volume at the beginning of the season was 

in October for most turloughs, but it was later (November/December) in four turloughs 

(Caranavoodaun, Carrowreagh, Rathnalulleagh, Skealoghan; Fig. 7.3).

Maximum mean depth varied between 0.8 and 3.0 m in the majority o f turloughs, but was 

considerably higher in three o f the turloughs (Caherglassaun, Coy, Blackrock - 4.8, 5.9 and 

6.8 m respectively; Table 2.2 and Fig. 2.3a). Although there are no topographic data for 

Garryland, it is likely that mean depth in this turlough is o f the same magnitude as the 

above three, as it shares with them the highest maximum depths o f all 22 turloughs (9.1 to 

14 m. Table 2.2 and Fig. 2.3b). It is known that these four turloughs are part o f the same
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Table 2.2: Hydrological measurements made in the flooding season of 2006/2007 (see text for the detail on the methods).

Turlough

Area of
basin
(ha)*

Max. Max. Max. 
surface volume depth 
area (ha)* (m’ x10*) (m)

Max.
mean
depth
(m)

Hydro
period
(days)

Flow rate (L/sec) 
While While 
filling emptying

Min. nr. of days for a 
change of 75% of max. 
volume to occur 
While While 
filling emptying

Aleenaun 10.7 13.5 346 5.1 2.56 158 590 342 13 12
Ardkill 16.0 23.3 653 7.7 2.80 293 213 64 35 105
Ballinderreen 47.2 66.3 529 3.8 0.80 211 214 82 33 97
Blackrock 40.3 59.3 4008 14.0 6.76 169 3661 1111 21 57
Brierfield 52.9 54.1 933 3.2 1.73 267 272 90 55 91
Caherglassaun 41.8 62.5 2985 9.7 4.78 200 795 596 32 68
Caranavoodaun 24.8 32.3 432 2.4 1.34 205 186 71 29 87
Carrowreagh 26.3 28.3 546 7.4 1.93 186 238 137 39 39
Coolcam 67.1 - - 3.7 - 346 - - - -

Coy - 25.3 1479 9.7 5.86 187 770 439 30 31
Croaghill 37.4 38.6 636 3.3 1.65 348 259 85 33 82
Garryland 20.4 - - 9.1 - 211 - - - -
Gealain - 34.9 870 3.7 2.49 212 - 147 - 93
Kilglassaun 49.9 46.6 709 1.9 1.52 223 - 146 - 41
Knockaunroe 42.5 77.0 1742 3.5 2.26 213 506 312 28 88
Lisduff 54.1 53.5 765 2.3 1.43 234 241 125 69 67
Rathnalulleagh 26.4 29.5 878 8.2 2.98 175 289 217 40 65
Roo West** - 41.0 1077 5.0 2.63 213 791 217 57 92
Skealoghan 28.0 32.7 382 2.0 1.17 213 280 102 19 86
Term on 38.2 42.0 956 3.2 2.28 304 135 82 77 121
Tullynafrankagh - - - 1.7 - 246 - - - -
Turloughmore 21.7 30.4 403 3.3 1.33 135 183 379 19 16

* area of basin refers to the area covered by vegetation communities indicative of frequent inundation (Goodvi^illie 1992); maximum surface area 
was the maximum area of the water body measured during the flooding season.

** values for Roo West refer to the second year’s (2007/2008) flooding season (no hydrological data in the first year, see text).



large hydrological system (see discussion) and that they also had the highest measured 

colour o f the 22 (see section 2.3.3 below); as such these turloughs are referred to within the 

thesis as the “coloured/deep” turloughs.
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Figure 2.3: (a) Mean depth at the sam pled dates for the coloured/deep  
turloughs (broken line, N=3 as no topographic data w as available for Garryland) 
and the rest of the turloughs (solid line, N=15, no topographic data for 
Tullynafrankagh, Coolcam and no hydrological data for Roo W est in this 
flooding season); (b) maximum depth over time for the coloured/deep turloughs 
(broken line, N=4, including Garryland) and the rest (solid line, N=17, including 
Tullynafrankagh and Coolcam). Error bars are standard deviations. For 
explanation of the term "coloured/deep turloughs" s e e  the text.

Some o f the selected turloughs can be considered to be permanent or semi-permanent lakes 

(Caherglassaun, Coolcam, Gealain, Termon and Tullynafrankagh) as it is seen that they are 

seldom completely dry. However, their levels in 2006/2007 still dropped below 10% of 

maximum volume and thus the measured hydroperiod values were less than one year 

(Table 2.2). In all other turloughs periods o f complete dryness have been observed, 

although some o f these retained water for considerably longer periods o f time than others 

(e.g. Croaghill, Table 2.2). Small pools have occasionally also been observed persisting 

after otherwise complete drainage o f the basin in a number o f turloughs (e.g. Skealoghan, 

pers. observation).
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2.3.3 Chemical characteristics

Table 2.3 presents the average values and ranges o f all the ecologically important chemical 

variables made in turloughs during the first flooding season. pH ranged between 7.7 and 

8.3 and alkalinity between 112 and 236 mg/L CaCO^. There was a general trend across 

turloughs o f a slight rise o f pH over the flooding season, while alkalinity tended to 

decrease slightly (Fig. 2.4c; in Blackrock, Caherglassaun, Coy, Garryland, Gealain and 

Knockanroe there is not a noticeable initial drop in the first two months o f flooding as in 

other turloughs and alkalinity remains fairly constant throughout the season). Turloughs 

can be divided into two groups in relation to alkalinity, corresponding broadly to their 

relative geographical positioning (Fig. 2.4a and b); the lowest alkalinities were found in 

turloughs in the Burren region as well as in the four coloured/deep turloughs. Colour 

ranged between 8 and 48 mg/L P*tCo on average for most turloughs, but was much higher 

in the four deeper turloughs, Blackrock, Coy, Caherglassaun and Garryland; 72- 85 mg/L 

PtCo. (Table 2.3 and Fig. 2.5). By contrast, turloughs in the region o f the Burren (Gealain, 

Knockaunroe, Roo West, Turloughmore, Aleenaun) had the lowest colour values at ^14 

mg/L PtCo). Colour temporal variation was more pronounced in the coloured/deep 

turloughs, with high values in the beginning o f the season and a drop from December (Fig. 

2.5).
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Figure 2.5: Temporal variation of colour in the four coloured/deep  
turloughs (solid line) and in the rest of the turloughs (broken line).
Error bars are standard deviations.

Dissolved oxygen (O2) was close to saturation for most o f the season (Fig. 2.6). Turbidity 

in all samples ranged from 0.3 to 23.2 NTU (averages per turlough from 0.6 to 5.5 NTU). 

Silicates were measured because they are an essential nufrient for some algae (the diatoms 

in particular). Silicate concentration had a general similar frend across turloughs, with a 

steady decline until April and increasing again in May and June (see Fig 4.7). The 

ecological significance o f silicates is discussed in Chapter 4.
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Figure 2.6; Histogram of frequency of oxygen saturation in 
samples (as percentage) (N=135 samples).

2.3.3.1 furlough trophic status and nutrient variations over time

There was a general common pattern o f TN variation over time in all turloughs: an 

increase to a peak in mid-winter (December/January) and decreasing steadily after that 

(Fig. 2.7a). The occasional high values at the end of the season occurred at very low water 

levels. The increases in concentration measured here are probably related to the very low 

water levels, and are explained by the possible release o f nutrients and organic matter to 

the water column ovking to the increased soil-water interactions. Similar increases in P and 

Chi a concentrations in the same samples support this idea.

TP showed a more erratic pattern amongst turloughs than TN: each turlough had a unique 

seasonal pattem, with peaks occurring in different months (Fig. 2.7b). A similar pattern to 

TP was found for Chi a (Fig. 2.7c). This is not surprising as it was found that TP and Chi a 

were correlated in most turloughs (see section 3.3.3). It is worth noting that the peaks for
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TP and Chi a are often one or more orders of magnitude higher than the values in 

preceding months.

Average TP and TN were significantly positively correlated in turloughs (r=0.50, p=0.02, 

N=22, Spearman), especially once Tullynafrankagh, Caranavoodaun and Lisduff are left 

out of the analysis (r=0.88, p<0.001, N=19, Spearman), as these three turloughs appear to 

be outliers with a relatively high TN to low TP concentrations (Fig. 2.8).
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Table 2.3 [continues in next page]: Mean values, standard deviations and ranges for total phosphorus (TP), soluble reactive phosphorus 
(SRP), total nitrogen (TN), total oxidised nitrogen (TON), chlorophyll a (Chi a) and silicates, plus mean values for TN:TP ratio, pH, alkalinity, 
dissolved oxygen, colour and turbidity in the studied flooding season. Also shown are the trophic classifications of the turloughs according to 
the OECD (1982).________________________________________________________________________________________________________

Turlough

TP
(pg/L)

SRP
(mq/ l )

TN
(mg/L)

TON
(mg/L)

Chi a 
(ng/L)

Mean±SD Range Mean±SD Range Mean±SD Range Mean±SD Range MeanlSD Range
Aleenaun 31±14 17.0-59.9 9±6 0.7-16.6 1.25±0.27 0.8-1.5 1.01 ±0.28 0.7-1.4 9.2±12.8 1.5-36.6
Ardkill 82±33 32.3-117.1 42±27 1.6-82.6 1.74±1.04 0.6-3.8 1.25±1.04 0-3.1 12.7±16.1 1.8-52.4
Ballinderreen 12±9 4.6-27.8 1±0.4 0.3-1.6 0.73±0.41 0.2-1.5 0.15±0.21 0-0.5 3.0±2.7 1.0-3.8
Blackrock 52±16 27.4-73.5 27±10 15.1-38.0 1.72±0.29 1.3-2.1 1.21 ±0.37 1.0-2.0 1.3±0.7 0.7-2.5
Brierfield 20±10 12.1^1.2 2±1 0.5^.3 0.57±0.15 0.4-0.8 0.06±0.11 0-0.3 5.0±3.1 1.1-9.9
Caherglassaun 43±12 31.8-66.7 19±7 6.7-29.8 1,22±0.23 0.9-1.6 0.85±0.52 0.3-0.9 3.3±4.3 0.8-13.5
Caranavoodaun 11±4 6.3-18.6 2±1 0.8-3.1 2.30±1.42 0.8-5.1 1.86±1.42 0-4.1 2.8±2.8 0.7-9.2
Carrovi^reagh 43±8 32.8-55.7 8±8 1.8-21.6 0.91 ±0.45 0.5-1.6 0.36±0.41 0-1.0 12.1±9.5 2.8<31.3
Coolcam 34±21 8.8-80.8 4±4 0.3-13.9 1.27±0.67 0.5-2.6 0.92±0.59 0-1.7 18.1±11.6 3.0-31.7
Coy 43±16 24.7-61.9 21±10 4.8^4.4 1.41 ±0.26 1.1-1.9 1.00±0.25 0.6-1.3 5.2±5.6 0.7-13.5
Croaghill 25±17 10.5-65.0 4±2 1.9-8.1 1.17±0.68 0.4-2.3 0.71 ±0.67 0-1.7 7.6±10.3 1.4-32.0
Garryland 25±7 11.7-31.4 11±4 3.5-14.3 1.08±0.42 0.6-1.8 0.57±0.22 0.3-0.8 1.1±0.6 0.4-2.0
Gealain 4±1 1.7-5.5 1±0.4 0.2-1.3 0.59±0.20 0.3-0.9 0.35±0.12 0.1-0.5 1.1±0.7 0.3-2.6
Kilglassaun 27±12 1 3 .9 ^ .6 5±4 1.6-12.1 1.45±1.04 0.2-3.3 1.07±1.00 0-2.7 5.0±3.4 1.6-10.6
Knockaunroe 4±2 1.4-7.1 1±0.4 0-1.3 0.55±0.15 0.3-0.8 0.30±0.15 0-0.4 1.2±0.7 0.5-2.2
Lisduff 7±2 4.2-9.6 2±1 0.9-2.4 1.90±0.77 0.7-3.1 1.75±0.84 0-2.5 1.4±0.5 0.8-2.1
Rathnalulleagh 45±22 18.9-83.9 3±2 1.0-6.5 1,25±0.46 0.7-1.9 0.66±0.49 0-1.4 33.5±36.5 6.3-110.5
Roo West 10±4 4.5-17.7 1±1 0.2-1.6 0.59±0.29 0.2-1.0 0.25±0.24 0-0.6 2.1±1.1 0.7^.7
Skealoghan 20±6 12.7-27.2 6±6 1.2-17.7 0.92±0.69 0.4-2.2 0.50±0.65 0-1.8 6.9±4.2 1.5-11.8
Termon Lough 15±8 4.3-30.2 2±1 1.5-5.1 0.62±0.34 0.4-1.2 0.28±0.32 0-0.8 3.1±2.4 0.6-8.1
Tuilynafrankagh 33±18 14.7-58.9 3±2 1.6-7.2 2.14±1.24 0.9^.6 1.49±1.33 0-3.8 18.4±20.0 3.0-69.4
Turlough more 19±11 10.2-35.7 3±2 1.6-5.4 0.63±0.43 0.2-1.3 0.33±0.37 0-0.8 4.8±4.6 0.6-11.3



Table 2.3 [continuation from previous page]: Mean values, standard deviations and ranges for total phosphoms (TP), soluble reactive phosphorus 
(SRP), total nitrogen (TN), total oxidised nitrogen (TON), chlorophyll a (Chi a) and silicates, plus mean values for TN:TP ratio, pH, alkalinity, 
dissolved oxygen, colour and turbidity in the studied flooding season. Also shov\̂ n are the trophic classifications of the turloughs according to the 
OECD (1982).______________________________________________________________________________________________________________________

Turlough
TN:TP
ratio

Silicates
(mg/L Si02-Si) 
IUean±SD Range pH

Alkalinity
(mg/L
CaCos)

Dissolved
O2
(mg/L)

Colour
(mg/L
PtCo)

Turbidity
(NTU)

Trophic status (OECD 
1982) based on*

IVIean TP Mean Chi a
Aleenaun 48 0.32±0.09 0.18-0.42 8.04 160 11.8 14 5.5 Mesotrophic Eutrophic
Ardkill 26 1.64±1.95 0.06-5.86 8.10 220 11.0 28 1.9 Eutrophic Eutrophic
Ballinderreen 73 0.43±0.45 0.01-1.26 8.21 184 11.8 17 1.1 Mesotrophic Mesotrophic
Blackrock 35 1.27±0.22 1.07-1.66 7.89 167 10.7 72 2.7 Eutrophic Oligotrophic
Brierfield 32 1.73±1.86 0.03-4.63 8.13 210 11.1 36 2.0 Mesotrophic Mesotrophic
Caherglassaun 30 0.87±0.39 0.16-1.26 7.95 112 11.2 85 3.0 Eutrophic Mesotrophic
Caranavoodaun 258 1.63±1.68 0.07-4.52 8.16 217 11.0 25 2.2 Mesotrophic Mesotrophic
Carrowreagh 21 1.23±1.15 0.03-2.97 8.23 219 12,0 48 3.4 Eutrophic Eutrophic
Coolcam 45 0.90+0.65 0.00-1.75 8.17 214 11.4 23 3.4 Mesotrophic Eutrophic
Coy 36 1.18±0.39 0.53-1.57 7.86 143 10.6 72 2.5 Eutrophic Mesotrophic
Croaghill 57 1.57+1.47 0.06-3.97 8.16 220 11.2 44 2.5 Mesotrophic Mesotrophic
Garryland 46 1.08±0.29 0.55-1.37 7.71 122 10.0 80 1.9 Mesotrophic Oligotrophic
Gealain 163 0.39±0.25 0.05-0.80 8.17 135 11.2 8 0.7 Oligotrophic Oligotrophic
Kilglassan 58 1.81 ±2.59 0.03-6.09 8.22 216 11.6 28 3.5 Mesotrophic Mesotrophic
Knockaunroe 147 0.43±0.30 0.04-0.87 8.13 139 11.1 10 0.6 Oligotrophic Oligotrophic
Lisduff 282 2.52±2.56 0.04-7.31 8.12 228 11.0 21 4.1 Oligotrophic Oligotrophic
Rathnalulleagh 34 1.01 ±0.75 0.00-1.76 8.09 236 11.9 28 5.4 Eutrophic Hypertrophic
Roo West 65 0.41 ±0.48 0.01-1.18 8.27 141 11.6 14 1.6 Oligotrophic Oligotrophic
Skealoghan 37 1.92±2.67 0.04-6.14 8.07 198 9.8 26 1.7 Mesotrophic Mesotrophic
Term on Lough 49 2.30±2.37 0.04-7.06 8.09 226 10.4 21 1.3 Mesotrophic Mesotrophic
Tullynafi^ankagh 93 2.93±3.02 0.14-8.52 7.92 234 11.6 36 2.7 Mesotrophic Eutrophic
Turloughmore 46 0.36±0.20 0.03-0.54 8.12 168 12.0 11 0.8 Mesotrophic Mesotrophic

"fixed boundary system used.
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Figure 2,4: (a) average alkalinity for the 22 turloughs (vertical 
dashed line divides the turloughs into two groups, see b); (b) 
average alkalinity over time of the two groups separated in (a) 
(solid line - group in the left, dashed line - group in the right); (c) 
average alkalinity (solid line) and pH (dashed line) over time in 
the 22 turloughs. Error bars represent ±SD.
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represent, from left to right, successive monthly values (October to June, when flooded).
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The trophic status o f turloughs, according to the OECD (1982) scheme, ranges from 

oligotrophic to eutrophic (Table 2.3). Average TP in turloughs is correlated with the 

trophic sensitivities previously estimated (Working Group on Groundwater, 2004) (r=0.79, 

p<0.001, N=22, Spearman rank correlations; Figure 2.9).Average TN and Chi a 

concentrations were not correlated with the turloughs trophic sensitivities (p>0.05, N=22, 

Spearman rank correlations).
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2.3.4 Relationships among chemical and environmental variables

The Table in Appendix II presents a non-parametric correlation matrix of some pertinent 

environmental variables that were measured. These relationships may indicate some 

ecological mechanisms that are important in turloughs. Some of these correlations are 

referred to elsewhere in the thesis (e.g. TP, TN and Chi a in Chapter 3 or TP, TN, silicate, 

colour and number of days flooded in Chapter 4).

There is a strong correlation between ‘number of days flooded’ and ‘continuous time’ at 

sampling date. The latter measures the number of days since the first flooding event 

regardless of whether a turlough dries in between or not, while the former measures the 

number of days since the last dried period. The correlation found between these parameters 

is not surprising as only two turloughs dried and refilled more than once during the 

sampled flooding season (Turloughmore and Aleenaun). This is a relevant point because 

‘number of days flooded’ is used in Chapter 4 instead of ‘continuous time’ in order to 

analyse phytoplanktonic data distribution as the effect of drying and refilling (not 

measured in ‘continuous time’) may have important consequences for algal community 

development.

Turbidity and TP were also correlated. Turbidity is a measure of the quantity of suspended 

solids in the water (Eaton et al., 2005) while TP is known to be readily adsorbed to 

suspended matter (Goldberg & Sposito, 1984) which could explain the observed 

correlation. The additional significant correlation between turbidity and Chi a could also 

mean that turbidity is indicative of algal biomass. The matter is complex since TP is 

correlated with Chi a in most turloughs (Chapter 3), so turbidity can act as a surrogate for 

both P bound to particulate matter and algal biomass in turloughs.

2.4. Discussion

2.4.1 Groups o f turloughs with outstanding characteristics

Although the set of 22 turloughs shares many topographical features and hydrological and 

chemical characteristics (such as the seasonal pattern of TN), there are important 

differences among them. Of particular interest are the substantial differences found 

between the group of coloured and deeper turloughs (Blackrock, Coy, Garryland and 

Caherglassaun; termed the “coloured/deep turloughs”) and the remaining 18. These four 

turloughs are part of the same hydrological system which may explain their shared
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characteristics. This hydrological system has been studied in detail (Gill, 2010; Drew, 

2003; Johnston & Peach, 1998). The system comprises mainly large underground conduits, 

with turloughs and small streams springing to the surface at different points (Fig. 2.10). 

Blackrock is mainly fed by water from the Owenshree River that sinks slightly upstream to 

the north-east o f the turlough. This river drains from the Slieve Aughty Mountains which 

has extensive peat cover and coniferous forest, which may explain the high colour (see 

section 7.3.5). In periods o f high rainfall, water flows underground in a south-western 

direction, flooding Blackrock and Lough Coy. After Coy, the flow continues south

westerly through a series o f underground river caves and occasional surface flows, 

eventually rising in Coole and Caherglassaun turloughs. Tracer experiments established a 

direct link between Coole and Garryland turloughs (GSI, 2010), and the latter has been 

successfully modelled as an offshoot o f the system (Gill, 2010). From Caherglassaun the 

water flows westerly underground to discharge in the sea springs off Kinvara and 

Corranroo (Fig. 2.10).
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Figure 2.10: Hydrological connections in the region of the Gort lowlands, illustrating the 
intimate surface-groundwater interactions in karst and showing the connections between the 
four coloured/deep turloughs of this study (Blackrock, Coy, Garryland and Caherglassaun). 
Solid lines represent surface rivers and broken lines underground flows; black squares are 
estavelles and void circles are swallow holes. Reprinted from Drew (2003).
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Another group o f turloughs deserving consideration are those located in the Burrea This 

region is characterised by a high proportion of bare limestone with thin soil cover in places 

and this may explain the low alkalinities found in the turloughs in this region (see below). 

Lough Gealain, Knockaunroe and Roo West were amongst the sites with the lowest levels 

o f nutrients, but Aleenaun and Turloughmore had considerable nutrient levels (Table 2.3). 

In general the Burren is characterised by low agricultural pressure on groundwater (e.g. 

low livestock densities), but some fields in the region can be more intensely managed and 

may pose higher risks (Bartley et al., 2009). This may explain the differences in nutrient 

content between turloughs in the region, but more detailed studies on the land use in the 

basins and catchment areas o f the turloughs are needed to confirm this. O f all the turloughs 

in the Burren, Knockaunroe and Gealain in particular had very similar chemical 

characteristics. This is not surprising, given the fact that they are so close and that a 

hydrological connection has been established between them (Drew pers. comm.). These 

turloughs, which are the only ones out o f the 22 that have no or very little soil cover and 

the highest proportion of bare rock in their catchments (section 7.3.5), also had the lowest 

nutrient levels o f  all the studied turloughs. These clearly oligotrophic turloughs are also the 

only ones within the boundaries o f the Burren National Park, a government protected 

nature reserve. It is also interesting to note that the only two turloughs with oscillating 

water levels during the flooding season (Aleenaun and Turloughmore) are also in the 

region of the Burren. The particular hydrological behaviour in these turloughs is possibly 

explained by the high hydraulic gradients existing here (they are at the foot o f relatively 

steep hills) and possible greater outflow capacities (Owen Naughton, pers. comm.).

The two identified groups o f turloughs (the four coloured/deep turloughs and the turloughs 

in the Burren, in particular Knockaunroe and Gealain) are the ones that most obviously 

stand out in the dataset. All other turloughs appear to be similar in terms o f their 

hydrological characteristics (particularly mean depth and a confinuous flooding throughout 

the season), and they do not show strikingly distinct chemical parameters. There is 

however a broad range o f nutrient concentrations across the 22 turloughs. This deems 

interesting the limnological study o f this set, as ecological differences can be tested against 

trophic status. Furthermore, the occurrence o f common patterns across all turloughs, such 

as the temporal trend in TN, is indicative that there are overall common mechanisms 

affecting them. These and other themes are investigated in detail in the coming chapters.
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2.4.2 Conservative water characteristics

Alkalinity and pH values in turloughs are similar to the ones found in lakes in the region 

(Cos. Mayo, Galway and Clare - King & Champ, 2000; Champ, 1998; Allott, 1990). pH in 

turloughs was about 8 and this is the expected range for waters rich in bicarbonate ions 

(Wetzel 2001). The high alkalinity values found indicate that turloughs are fed by hard, 

calcium carbonate (CaC0 3 ) rich waters (Wetzel, 2001). This is in accordance with the 

geology o f the region dominated by limestone which is composed largely o f CaC0 3 . As 

waters percolate through the soils they become more acidic (due to the dissolution o f CO2 

and the development o f carbonic acid) and dissolve limestone particles (Ford & Williams, 

2007).

When underground water supersaturated with CO2 comes in contact with the atmosphere 

(as in turloughs) it gradually and slowly loses its CO2 to the atmosphere, primarily by 

physico-chemical processes but also potentially through biogenic processes such as algal 

photosynthesis (Coxon, 1994; Otsuki & Wetzel, 1972). This could explain the trend o f the 

slight rise of pH in turloughs during the flooding season (concomitant with a release of 

CO2), while alkalinity tends to drop (Fig. 2.4c; see also Coxon, 1994). The loss o f CO2 

from the water body may also be the mechanism responsible for the precipitation o f 

CaCO^, a known visible phenomenon in receding turloughs (Coxon, 1994).

The lowest alkalinities were found in the turloughs in the Burren region and in the four 

coloured/deep turloughs. As the Burren is characterised by thin soil-cover or bare rock, 

there is probably a reduced opportunity for CO2 to dissolve in water (as it does not 

percolate deeper soils as in other regions), and this may explain the lower CaCOs 

concentrations in the water. Furthermore, some soils in the Burren appear to be acid, as 

indicated by the presence o f acid-loving plants (Webb & Scannell, 1983). The lower 

alkalinities in the four coloured/deep turloughs, on the other hand, have probably to do 

with their water originating in sandstone, which has a quite different composition from that 

o f limestone (it is mostly constituted o f quartz and feldspar).

Colour is considered a measure of the quantity o f dissolved organic matter in water, 

particularly humic substances (Webster et al., 2008; Wetzel, 2001). The four coloured/deep 

turloughs had by far the highest coloured waters o f the 22 turloughs. The water in these 

four turloughs originates in peaty and forestry areas (see section 7.3.5 for details on land 

cover within these catchments), and drainage o f humic substances from these catchments 

might explain the high colour. By confrast, the turloughs in the Burren had the lowest
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colour values (<14 mg/L PtCo), again due to the characteristically bare rock or thin soil 

cover. Free et al. (2001), in a study of 199 Irish lakes, found that colour ranged between 5 

and 258 mg/L PtCo, with a median o f 38 mg/L PtCo, which is similar to the average in the 

sampled turloughs (34 mg/L PtCo; median=30 mg/L PtCo). Free et al. (2001) also found 

that colour tended to follow a seasonal pattern in Irish lakes, with peaks between 

September and December and minima in the summer. In the majority of turloughs, a 

seasonal trend was not pronounced but in the four coloured/deep turloughs a similar trend 

was observed (high at onset o f flooding and sharp decrease from December; Fig. 2.5). The 

cause for the highest colour values during the first months is certainly due to the more 

pronounced flushing of humic substances from the catchment at these times (Free et al., 

2001 )

2.4.3 Trophic status and trophic sensitivities in turloughs

It was found that a significant correlation existed between water TP and the values of 

trophic sensitivities and this is an indication that the terrestrial plant communities may 

indeed be influenced by the amount of P in the water and that at least some of that P will 

be retained in the soil after drainage. These results have, o f course, important ecological 

implications, as they suggest that the conservation o f turloughs (meaning their whole 

ecology -  terrestrial and aquatic) may be dependent on the management o f the level o f P in 

the flooding water. Similarly, Regan et al. (2007) found that plant community structure 

was influenced by TN and TP in the water in a study o f 30 turloughs, with dominance of 

sedge communities in lower nutrient turloughs and grass/forb communities in higher 

nutrient turloughs. More detailed studies on the interactions between water and soil 

ecology in turloughs (which are beyond the scope o f this thesis) are needed to further 

understand the influence of water nutrients on terrestrial plant communities.
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3. Relationships between nutrients and chlorophyll a in 

turloughs^

3.1. Introduction

The current knowledge on the ecology of temporary water bodies is limited (Williams 

2006). Published studies on physicochemical aspects and the phytoplankton of temporary 

waters are usually limited to a single lake or system and are largely descriptive (e.g. 

Gaberscik et al. 2003, Garcia et al. 1997, Kelley et al. 2000). To our knowledge, no study 

has yet described the seasonal dynamics of multiple temporary water bodies or reported 

comparisons o f their trophic status and nutrient limitation with those o f permanent lakes. In 

this study we aim to describe month-to-month variation, trophic status, and relationships 

between nutrients and phytoplankton biomass in Irish seasonal lakes (turloughs), and to 

compare the results with studies of permanent lakes in Ireland and elsewhere.

Turloughs are depressions in karstic areas that flood seasonally mostly by groundwater and 

that support soils and ecological communities characteristic o f wetlands (Working Group 

on Groundwater 2004). They usually start to fill between September and November and 

normally persist until late spring or early summer. With no natural surface outlets, they 

drain to groundwater, generally via swallow holes or estavella (openings through which 

water enters and exits at different times) (Coxon 1987b). Although some may retain 

standing water throughout the year, most drain completely. Summer use is normally as 

pasture land (Reynolds 1982). They rarely exceed 5 m in depth, although depths of up to 

15 m have been noted (jjersonal observation, and Owen Naughton pers. comm. 2009). 

These ecosystems are virtually unique to Ireland (Goodwillie 2001, Sheehy Skeffington et 

al. 2006), occurring predominantly in the west of the country where the dominant bedrock 

is pure bedded carboniferous limestone covered with thin and permeable glacial drift 

(Coxon 1987a). Turloughs are threatened by artificial drainage, eutrophication and 

management changes (Sheehy Skeffington et al. 2006) and a number o f them are protected 

under the EU Habitats Directive (European Union 1992) and the Birds Directive (European

2
This Chapter has been published in a peer-reviewed journal as: Cunha Pereira, H., Allott, 

N. and Coxon, C. (2010) Are seasonal lakes as productive as permanent lakes? A case 
study from Ireland. Canadian Journal of Fisheries and Aquatic Sciences 67(8), 1291-1302. 
It is reproduced as it was published except for the references to the figures and tables that 
have been edited to match the thesis structure, and relevant notes that have been added in 
between square brackets and as footnotes.
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Union 1979). Additionally, turloughs are protected and have been defined as Groundwater 

Dependent Terrestrial Ecosystems under the Water Framework Directive (European Union 

2000, Working Group on Groundwater 2004).

At present there are no published comprehensive data on the algae and chemical 

characteristics of turlough waters (Working Group on Groundwater 2004). Accordingly, 

their trophic status has never been determined directly, though values o f “trophic 

sensitivities” have been estimated, based on the proportion o f enrichment-sensitive 

terrestrial plant communities present in the basins (Goodwillie 1992, Working Group on 

Groundwater 2004). Potential sources of nutrients to turloughs include the catchments and 

the soils within the basins. Intimate surface water - groundwater relationships and high 

underground flow rates o f karstic hydrological systems render turloughs quite vulnerable 

to anthropogenic pressures (Coxon and Drew 1998, Johnston and Peach 1998, Tynan et al. 

2005), particularly to nutrient loading (Kilroy and Coxon 2005, Kilroy et al. 2001). 

Catchment areas o f turloughs are largely dominated by agricultural land, and agricultural 

activities within catchments are expected to be major contributors o f nutrients to turlough 

waters. There is also the possibility of release of nutrients from the soil to the water 

following inundation, as turlough soils are usually covered with lush grassland that is often 

used for grazing during the dry months.

Phosphorus (P) is generally the most important limiting nutrient for algal production in 

temperate lakes (e.g. Hutchinson 1973, Reynolds 1984, Correll 1998). Consequently, many 

studies of lakes have found P to be positively correlated with algal biomass (Sakamoto 

1966, Dillon and Rigler 1974, Phillips et al. 2008) whereas others have found nitrogen (N) 

to be an important limiting nutrient (e.g. Kanninen et al. 1982, Canfield 1983). Some 

studies showed that P and N co-limitation can occur (e.g. Elser et al. 2007) and that these 

nutrients can also be alternating or co-limiting in time within the same lake (Kanninen et 

al. 1982, Morris and Lewis 1988, Sterner 1994). Additionally, the ratio o f total nitrogen 

(TN) to total phosphorus (TP) (TN;TP) has been shown to influence algal biomass 

(McCauley et al 1989) but it is normally found that N has a more pronounced limiting role 

only when TN:TP is low, usually below 17 (Sakamoto 1966, Smith 1982, Phillips et al. 

2008). The importance of the availability o f dissolved nutrients in the water (i.e. the 

fraction available for algal uptake), rather than the totals, has also been noted (Pearsall 

1932, Reynolds 2006), and this has been acknowledged in experimental and field studies 

(e.g. Sterner 1994). It has been proposed that phytoplankton growth will not be limited by
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P when soluble reactive phosphorus (SRP) concentrations exceed 10 jig/L (OECD 1982, 

Sas 1989).

Given that turloughs are ephemeral water bodies that occur mostly when day length 

(photoperiod) and temperature (factors that are known to limit phytoplankton growth 

(Reynolds 2006)) are at an annual minimum, it was expected that these systems would 

have low algal production through much of the flooding season. Furthermore the rapidly 

fluctuating water levels (Moran et al. 2008), and presumed relatively low water residence 

times, could pose further constraints on algal biomass in turloughs besides nutrient levels, 

as has been shown for lakes (Na and Park 2006, Elliott et al. 2009).

3.2 Methods

3.2.1 Site selection

Twenty-two turloughs were chosen to represent a broad geo-hydrological spectrum (Fig. 

2.1). Existing preliminary data on trophic sensitivity of the furlough vegetation 

communities and initial indications of geo-hydrological settings of a large number of 

turloughs were used for selection. Table 3.1 indicates the geographical coordinates, surface 

area, and the number of months flooded during the sampling period (October 2006 to June 

2007) for each turlough. All sites are designated as candidate Special Areas of 

Conservation (cSAC) under the Habitats Directive (European Union 1992), except for 

Brierfield, Carrowreagh and Rathnalulleagh.

3.2.2 Water sampling and analysis

Samples were collected by throwing a weighted 5 L plastic bottle, attached to a rope, from 

the shore to an area of open water. Locations near springs and swallow holes were avoided. 

Samples were collected during the second week of each month.

Samples were analysed for TP, TN, SRP, total oxidised nitrogen (TON), chlorophyll a 

(Chi a), alkalinity, and colour following standard methods (Clesceri et al. 1989). TP 

concentration was obtained by acidic persulphate digestion of samples at 120 °C and 

subsequent determination of phosphate by colorimetry (Eisenreich et al. 1975; Shimadzu 

UV-1601 Spectrophotometer). SRP was measured in filtered samples (Whatman GF/C 

filter) by the colorimetry method used for TP but without digestion. TN was measured 

after alkaline persulphate digestion of samples at 120 °C followed by measuring the
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Table 3.1: Turlough locations, areas, and durations of flooding.

Area(ha) Nr. Months
Turlough Irish National Grid (Goodwillie 1992) Flooded 2006/07
Aleenaun R24740 95440 10.7 7
Ardkill M27360 62500 16.0 9
Ballinderreen M41060 14920 47.2 8
Blackrock M4978G 08130 40.3 6
Brierfield MB 1600 76560 52.9 9
Caherglassaun M41550 06340 41.8 9
Caranavoodaun M45450 15450 24.8 8
Carrowreagh M78420 75080 26.3 7
Coolcam M57420 71390 67.1 9
Coy M49000 07500 - 7
Croaghill M59631 70711 37.4 9
Garryland M41750 04050 20.4 7
Gealain R31450 94730 - 8
Kilglassaun M27860 64550 49.9 8
Knockaunroe R31400 94180 42.5 8
Lisduff M84250 55500 54.1 8
Rathnalulleagh M77710 73760 26.4 7
Roo West M38630 02210 - 8
Skealoghan M24750 62900 28.0 7
Term on R40920 97350 38.2 9
Tullynafrankagh M43210 15340 - 9
Turlough more R34950 99480 21.7 5

resulting nitrate by automated colorimetry (Grasshoff et al. 1999; Bran+Luebbe 

AutoAnalyzer 3). TON was measured on filtered samples using ion chromatography 

(Dionex Instruments ICS-1500). Chlorophyll a was determined by methanol extraction of 

Whatman GF/C filters, followed by absorbance measurement of the extract at 665 nm (Chi 

a peak) and 750 nm (turbidity correction; Standing Committee of Analysts 1980; 

Shimadzu UV-1601 Spectrophotometer). Replicates (at least two fi'om each original 2.5 L 

sample) were used in the analyses, except in the analyses of alkalinity and Chi a for which 

separate repeatability experiments were carried out.

3.2.3 Data analyses

All statistical analyses were carried out using SPSS 16.0 for Windows (Field 2005). TP, 

TN, and Chi a concentrations were log transformed for the purpose of testing regressions, 

to assure normality of the distribution, and to allow comparisons with regression resuhs in 

the literature. Normality of distributions was tested by applying the Kolmogorov-Smimov 

test, and all data used in regressions were found to be normally distributed. TP and TN 

were tested as predictors of Chi a concentrations using a linear regression model, both 

using all monthly values and flooding season averages. A significant regression 

relationship between TP and Chi a found for turloughs was compared with similar
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relationships from the literature on permanent lakes. We assessed whether there were 

statistical differences in slope and intercept between the model for turloughs and those for 

permanent lakes using a t test (Field 2005).

Algal biomass in temperate permanent lakes is often assumed to be higher in summer than 

in winter (e.g. Dillon and Rigler 1974, Phillips et al. 2008). Although this question has 

already been addressed for a number of lakes (Marshall and Peters 1989), statistical 

evidence on whether algal biomass in summer is in fact higher than in winter in Irish lakes 

is desirable. For that, we analysed long-term Chi a data for Lough Leane and Muckross, 

two hydrologically connected lakes in Killarney, Ireland. Lough Leane is a mesotrophic 

lake considered to be human-impacted (Champ 1998, Clabby et al. 2008), and Muckross is 

oligotrophic and non-impacted (Free et al. 2006). Averages o f Chi a over 34 years (for 

Lough Leane) and 23 years (for Muckross) were calculated for two periods: (i) October to 

May inclusive (“winter” , when most o f the turloughs were full) and (ii) June and 

September inclusive (“summer”). Paired t tests were used to test for differences between 

summer and winter Chi a in the two lakes.

3.3 Results

3.3.1 Ranges o f  values o f nutrients and Chi a in turloughs

Turloughs varied considerably in the measured levels o f  nutrients and Chi a (Table 2.3). 

Average TP ranged between 4.0 and 82.1 [ig/L, with 16 sites having a mean TP value <35 

Hg/L and three sites having <10 ^lg/L (SD of averages across turloughs = 18.7 ng/L); 

average TN ranged from 0.5 to 2.3 mg/L (SD = 0.5 mg/L) and average Chi a ranged from

1.1 to 18.4 |ig/L in all turloughs except in Rathnalulleagh, which had a seasonal average o f 

33.5 ng/L (SD o f averages across turloughs = 7.8 \xgfL). The high Chi a average in 

Rathnalulleagh is owing to high values during the season (between 6 and 48 jig/L) but also 

to an exfreme value in October (110.5 |ig/L). Average TN;TP were above 21 for all 

turloughs (Table 2.3). Monthly values below 17 occurred in only seven turloughs, usually 

in only one or two months at the beginning or end o f the season, when TN was low.

Average SRP was <5 ^g/L in 14 turloughs, and <10 ^lg/L in 17 turloughs. Garryland, 

Caherglassaun, Lough Coy, Blackrock, and Ardkill were turloughs that showed SRP 

seasonal averages >10 ng/L (Table 2.3). SRP was 17.9% ofTP on average for all turloughs 

(SD=7.3%, N=17) except the latter five named above, for which SRP was 46.7% o f TP on 

average (SD=6.6%, N=5). TON was very low (<0.15 mg/L on average) in two turloughs
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(Brierfield and Ballinderreen) (Fig. 3.1). Average TON was <0.5 mg/L in nine turloughs 

and <1.0 mg/L in 16 and the highest average was 1.86 mg/L in Caranavoodaun. The 

percentage TON of TN for all turloughs (except Ballinderreen and Brierfield, both <15%) 

was 55.6% (SD=15.9 %, N=20), with the highest value in Lisduflf (85.4 %).
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3.3.2 Month-to-month variation o f nutrients and Chi a

TN concentrations showed a clear seasonal pattern in all turloughs which was defined by 

an increase until December or January followed by a steady decline (Fig. 3.2, see also Fig. 

2.7). However, TP and Chi a did not show any seasonal pattern that was common to all 

turloughs (Fig. 3.2, see also Fig. 2.7). TP was often high in the winter months but not 

always nor exclusively (see e.g. Rathnalulleagh, Ardkill and Brierfield in Fig. 3.1). 

Chlorophyll a peak values were usually multiples of those at other times (for examples see 

Fig. 3.1). Chlorophyll a was highest in the period between November and February
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inclusive in 14 turloughs (five in both November and February, four in January). Three 

turloughs had peak Chi a in October, one in March, one in April, and three in May. Values 

as high as 13.5 |xg/L in Lough Coy, 14.5 ng/L in Carrowreagh, 22.4 ^g/L in Coolcam, 24.0 

|j,g/L in Rathnalulleagh, and even 69.4 |ig/L in Tullynafrankagh were found in the middle 

of winter (January). Values o f Chi a >10 |ig/L in the first sampling date were found in 

seven out o f the 22 turloughs (Ardkill, Carrowreagh, Coolcam, Lough Aleenaun, 

Rathnalulleagh, Skealoghan, and Tullynafrankagh). A striking example was that of 

Rathnalulleagh, with a peak of 110.5 |ig/L of Chi a in October (Fig. 3.1). In relation to the 

issue o f seasonal differences o f Chi a in permanent lakes, our analyses o f summer and 

winter Chi a in the Killarney lakes showed that Chi a was significantly higher in summer 

than in winter (p<0.001), both in Lough Leane (9.1 vs. 3.3 ^g/L, respectively) and in 

Muckross (2.6 vs. 1.4 p.g/L, respectively). The relevance o f this to the trophic status 

comparison between turloughs and lakes is discussed below.

3.3.3 Relationships between nutrients and Chi a

Chlorophyll a was not significantly correlated with TN (log o f monthly values and 

seasonal averages, N=22, p>0.30). However, the linear regression between TP and Chi a 

was significant, using both all monthly values (log Chi a = 0.754 log TP - 0.449, R^=0.317, 

p<0.001; N=169) and seasonal averages (log Chi a = 0.663 log TP - 0.345, R^=0.342, 

p=0.004; N=22). If the five turloughs with average SRP values >10 ng/L (Ardkill, 

Blackrock, Lough Coy, Caherglassaun and Garryland) are omitted fi'om this analysis, the 

regression shows a considerably better fit (log Chi a = 1.147 log TP - 0.802; R̂  = 0.844, 

R=0.919, p<0.001, N=17; Fig. 3.3). The plot o f average Chi a against average TP and the 

regression line including all turloughs except the five mentioned is depicted (Fig. 3.3). We 

compared this with three equivalent lines found for permanent lakes in the literature: a 

study o f TP - Chi a regression using data for summer Chi a and spring TP in lakes in North 

America (eq. 2 in Dillon and Rigler 1974); a regression between TP and Chi a using 

reported mean annual values for 15 Irish lakes (table 2 in Champ 1998); and a study o f the 

TP - Chi a relationships during the growing season (April-September) o f high alkalinity 

(>50 mg/L CaCOs), shallow (3-15 m) and very shallow (<3 m) European lakes that are 

comparable with turloughs (equation 6 in Phillips et al. 2008). Statistical analysis revealed 

that there were no significant differences between the turloughs and Champ’s (1998) 

model (̂ [30] = 0.12 for the slope and /[3o i=" 0.80 for the intercept, p>0.05). The Phillips et al. 

(2008) model had the same slope ( [̂ns] = L92, p>0.05), but a significantly higher intercept
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(/[178] = 2.67, p<0.05) than the turloughs’ model, and Dillon and Rigler’s (1974) model had 

the same intercept (/[6i|=1.80, p>0.05) but a marginally significantly higher slope 

(/[6i]=2.03, p<0 .05). When an outlier in the Dillon and Rigler’s (1974) data set (TP = 180 

|xg/L and Chi a =  260 p.g/L, far above the range in turloughs. Table 3.2) is removed from 

the regression analysis, the neŵ  model becomes statistically similar to the turlough model 

(̂ [60] = 1-79 and /[60] = 1.57 for the slope and intercept respectively, p>0.05). Furthermore, 

by comparing the turlough regression model with a wide range o f lake models, it was 

found that the predictor values of Chi a from our model were within the range of the 

predictor values obtained from lake models (Table 3.3, adapted from Phillips et al. 2008).

The inspection of the month-to-month variation of dissolved nutrients in relation to their 

total concentrations and to that of Chi a revealed that SRP was mostly low throughout the 

season in all turloughs except in the five mentioned above (with average SRP>10 p.g/L), 

whereas Chi a closely followed TP in most cases (for examples see Fig. 3.1). By contrast, 

TON was low in relation to TN  only in Ballinderreen and Brierfield (Fig. 3.1).
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3.3.4 Trophic status comparison with permanent lakes

We compared nutrient and Chi a concentrations obtained in turloughs with those o f  Irish 

lakes (Table 3.2). Despite the fact that turloughs are seasonal phenomena, a comparison 

with annual lakes is considered relevant because it permits a definition o f  the trophic status 

o f  turloughs in relation to lakes. Ranges o f  nutrient and Chi a  concentrations were 

compared with five studies; a limnological study o f  six western lakes located in the same 

region as some o f  the turloughs studied (Allott 1990); a review o f  a 25-year monitoring 

programme on eight o f  Ireland’s primary trout fishing lakes and comparable water bodies 

(Champ 1998); a detailed 3-year monitoring study o f  Lough Carra, an oligotrophic Clear

water lake in the west o f  Ireland (King and Champ 2000); a comprehensive 2-year study o f  

31 Irish lakes (Irvine et al. 2001, Free 2002); and monitoring data for Lough Leane and 

Muckross in Killarney over more than 23 years. It can be seen that values for turloughs are 

within the range o f  reported values for Irish permanent lakes (Table 3.2). Furthermore, the 

ranges o f TP and Chi a  in the non-Irish lake studies o f  Dillon and Rigler (1974) and 

Phillips et al. (2008) (the linear regression models o f  which were compared with the one 

for turloughs in the present study) are similar to those found in turloughs (data inferred 

fi’om graphs in these articles). By applying the OECD (1982) lake trophic classification to 

turloughs, it can be seen that turloughs had a wide range o f  trophic status (two eutrophic, 

eight mesotrophic, four oligotrophic, and eight with an ambiguous classification; Table 

2.3).

Table 3.2: Range of values for turloughs and a number of Irish lakes reported in the literature of 
average annual (flooding season in case of the turloughs) total phosphorus (TP), total nitrogen 
(TN), chlorophyll a (Chi a) and maximum chlorophyll a (max Chi a) concentrations; in parenthesis 
are extreme values that occurred as outliers from the bulk of the data (all units in |jg/L except for 
TN in mg/L)._____________________________________________________________________________

Reference
Number of 
lakes Mean TP Mean TN Mean Chi a Max Chi a

Turloughs 22 4-52 (82) 0.6-2.3 1.1-18.4 (33.5) 2.0-110.5
Allott 1990 6 6-22 (34) 0.5-0.8 1.7-10.2 4.5-50.6
Champ 1998 10 4-20 (44) - 1,7-8.3 (36.2) 3.5-110.8
King and 
Champ 2000

1 (over 21 
years)

5-20 (30) “ <5 s2 .5 -^ 7

Irvine et al. 
2001; Free 
2002

31 <4-91 (530) 0.2-2.1 (3.0) 1.1-35 (58.1) 2.1-184.9

Lough Leane 1 (over 23 and 
34 years)®

11-25 - 2 7-6.4 (23.3) 4.6-118.9

Muckross 1 (over 23 
years)

3-13(22) *■ 1.1-3.0 2.1-9.0

®23 years of TP and 34 years of Chi a measurements
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Table 3.3; Log TP - log chlorophyll a (Chi a) regression equations from this 
study (in italics) and from permanent lakes in the literature (adapted from 
Phillips et al. 2008); the values underlined are for the regression lines depicted

Reference Constant Slope R̂
Predicted 
Chi a"

OECD 1982 -0.432 0.79 0.77 5.4
White 1983 -0.638 0.940 0.45 6.5
Prairie et al. 1989 -0.390 0.874 0.69 9.1
Turlouahs -0.802 1.147 0.84 9.3
Vollenweider 1976 -0,432 0.910 0.76 9.4
Numberg 1996 -0.250 0.799 0.64 9.6
PhilliDs et al. 2008 (hiah alkalinity 
shallow and very shallow lakes) 
Dillon and Rialer 1974

-0.306 0.868 0.52 10.8

-1.136 1.449 0.92 12.6
Phillips et al. (2008) all lakes ® -0.455 1.026 0.78 13.5
Chamo 1998 -0.595 1.121 0.76 13.7
Jones and Bachmann 1976 -1.090 1.460 14.8
Seip et al. 2000 -0.443 1.123 0.93 19.5

chlorophyll a (in mq/L) when TP=35 pg/L.
*’ In Phillips et al. (2008) the authors tested regressions for all lakes in the 
database but also for subgroups of lakes with particular hydrochemical 
characteristics.

3.4 Discussion

3.4.1 Phytoplankton biomass in turloughs and variations over time

The fact that turloughs exist as water bodies mainly in the winter could imply that these are 

unproductive water bodies. However, our study indicates that phytoplankton biomass as 

Chi a in turloughs was not significantly lower than that found in permanent lakes.

Chlorophyll a peaks in winter are not unknown in Irish lakes (Irvine et al. 2001) and 

elsewhere (Campos et al. 1988) but are not the norm. Although there is not a “typical” 

universal succession o f algal biomass over time in lakes (Hutchinson 1967, Reynolds 1984 

and 2006), it is usual that algal biomass peaks in late spring or summer and is low during 

winter (Wetzel 2001; Allott 1990, King and Champ 2000 and Irvine et al. 2001 for Irish 

lakes). Accordingly, Irvine et al. (2001) found that only two out o f 31 Irish lakes in a 2- 

year study had a maximum concentration o f Chi a in winter (11.7 and 22.5 |xg/L). Allott 

(1990), in his two year study o f six Irish western lakes, found that Chi a peaked in late 

summer and was low throughout the winter. Our analysis o f long-term data for Lough 

Leane and Muckross adds evidence that Chi a is consistently and significantly higher in 

summer than in winter in Irish lakes. It is worth noting here that even the summer values o f 

Chi a in Lough Leane (9.1 ^g/L, on average, over 34 years with an absolute maximum of 

118.9 ng/L) are within the range o f values obtained in the turloughs studied. Thus, it is 

notable to conclude that turloughs can reach the same, or higher, levels o f Chi a in winter
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as those reached in mesotrophic lakes in the summer alone. A factor contributing to high 

production may be that turloughs are, in general, shallow lakes with non-turbid waters 

(turbidity values were below 5.5 NTU as a seasonal average for all turloughs, data not 

shown). This may result in better illumination in the euphotic zone (SchefFer 1998; N5ges 

and Noges 1999; Noges et al. 2003). Clearly, more research is needed to help identify the 

factors responsible for the high yields of phytoplankton biomass in turloughs.

In relation to Chi a variation over time, it was initially hypothesised that abundance would 

be low in the beginning of flooding and throughout the winter months and, as the days 

became longer and warmer, that the abundance of algae in the water would increase. In 

“mesotrophic” shallow temperate lakes for example - the ones closest to resembling 

turloughs from the different “types” described in the literature - the “typical” succession is 

considered to be that of a diacmic pattern, with peaks in late spring (April/May) and late 

summer (August) (Hutchinson 1967, Reynolds 1984). In turloughs there was not a 

common pattern of Chi a variation over time and peak Chi a occurred at very different 

times during the season across turloughs. Nevertheless, the majority of turloughs had their 

maxima in November, January and February which is typically the darkest and coldest 

time of the year. The lowest average water temperatures were recorded in February (6°C), 

and temperatures were below 10°C from November to March inclusive. Garcia and Niell 

(1993) and Garcia et al. (1997) also found that Chi a and phytoplankton abundance was 

highest in winter in a temporary saline lake in Spain, with values similar to those found in 

turloughs. They found that the decline of phytoplankton biomass in spring was coupled 

with an increase in zooplankton grazers and lower allochtonous input. The decline of 

phytoplankton biomass in spring in turloughs could also be due to higher grazing pressures 

(see also Barone and Naselli-Flores 2003) and perhaps a lower availability of nutrients 

during that phase (Fig. 3.1); instead, phytobenthos may be dominating the autotrophic 

community at this stage (e.g. Garcia and Niell 1993, Blindow et al. 2002).

Another surprising feature of turloughs is the often high value of Chi a found at the 

beginning stages of flooding. A striking example in our study was that of Rathnalulleagh in 

October (110.5 |ig/L), measured only about 19 days after the onset of flooding (Owen 

Naughton pers. comm ). This raises the question of the origin of algal inocula that initiate 

phytoplankton populations in turloughs. There is recorded evidence that the seven 

turloughs that had high Chi a values in the first sampling occasion have semi-permanent 

sfreams flowing and sinking into them and some have damp areas that can retain water 

throughout the year (Coxon 1986, Goodwillie 1992, and personal observation). On the
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other hand, turloughs such as Brierfield or Croaghill, which had relatively low Chi a values 

at the onset of flooding (<4.3 ^g/L), also have evidence of semi-permanent sinking streams 

and permanent pools respectively. Only a closer investigation of the level of water 

retention through the summer in each one of the 22 turloughs would help in deciding 

whether the level of initial biomass is correlated with water retention throughout the dry 

season. On the other hand, if a minimum moisture content is present during the dry phase 

(estimated at 50% moisture content as percentage wet weight of sediment; Evans 1958, 

1959) then algal vegetative cells or resting stages can survive during those phases. The 

lush grassland that normally covers turlough basins and the relatively wet Irish climate 

could possibly provide enough humidity to enable survival of algae through the summer, 

even in the driest of turloughs. Some of the algae that dominated the population in October 

in Rathnalulleagh (such as Trihonema sp. or Chlamydomonas sp.; H. Pereira, unpublished 

data) are known to be able to survive desiccation (Evans 1958, 1959).

3.4.2 Relationships between Chi a and nutrient levels

The significant linear regression found between TP and Chi a suggests that P is limiting 

phytoplankton biomass in the majority of the turloughs in our study. TN-to-TP ratios were 

above 17 as seasonal averages in all turloughs and in the vast majority of the monthly 

samples, thus emphasising the role of P rather than N, as the main limiting nutrient (e.g. 

Phillips et al. 2008). The TP - Chi a regression model in turloughs was similar to the Irish 

permanent lakes study (Champ 1998) but not completely similar to the two non-Irish 

studies (Dillon and Rigler 1974, Phillips et al. 2008). The intercept in Phillips et al. (2008) 

model was higher than in this study, but it can be argued that the slope is the most relevant 

parameter in these comparisons, as it measures the rate of increase of algal biomass per 

increase in unit TP. In this light, turloughs showed rates o f increase in Chi a in response to 

increases in TP similar to those of the Irish and the two non-Irish models. Furthermore, 

there is considerable variation in the linear relationships between TP and Chi a amongst 

lake studies, and it is seen that that the regression line in the turlough model is within the 

range of those found for permanent lakes. It can be concluded, therefore, that production of 

Chi a per unit TP in turloughs is within the range of values found in permanent lakes in 

spring and summer.

Four of the five turloughs that did not show signs of P limitation owing to high SRP values 

(Blackrock, Caherglassaun, Lough Coy and Garryland) are thought to share a single 

explanation: they are hydrologically connected by a major karst conduit system, and
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unlike the other 18 turloughs in our study (and the vast majority o f turloughs in general), 

which are fed predominantly or entirely by limestone-derived waters, they have a 

significant input o f allogenic (non-limestone) water fi"om sinking streams flowing off the 

acidic peaty soils on the Slieve Aughty Mountains (Southern Water Global 1997). The four 

sites had, by far, the most highly coloured waters o f the 22 (Table 2.3), presumably owing 

to humic acids fi"om the peaty soils in their catchments. Colour, by either suppressing light 

penetration (Havens 2003, Havens and Numberg 2004) or sequestering important ions 

(Jackson and Hecky 1980), may be the main inhibitor o f phytoplankton development in 

these turloughs. Altematively, morpho-hydrological factors (such as greater depths - 

Garcia et al. 1997, N5ges and N6ges 1999) may be contributing to lower algal yields, as 

these turloughs also have the highest maximum depths and the highest volume to surface 

area ratios (O. Naughton personal communication, 2009). Ardkill was the fifth turlough 

not showing signs o f P limitation (high SRP throughout season) but is only a marginal 

outlier in the Chi a  - TP relationship: if  this turlough is included in the regression, the 

model is still statistically similar to those o f Champ (1998) and Phillips et al. (2008). As 

this turlough was also amongst the deepest, morphometric factors may contribute to 

limiting phytoplankton here, although further studies are needed to assess this.

3.4.3 Month-to-month variation o f  nutrients

The pattern o f N variation was so similar across turloughs as to indicate a common 

underlying cause. During late autumn and winter, when rainfall exceeds evapotranspiration 

and plants are reducing the uptake o f nutrients, nitrogen can leach from soils into 

groundwater (Di and Cameron 2002, Jackson 1997). Similar pattems of N variation are 

also reported for permanent lakes in Ireland (e.g. Allott 1990, Irvine et al. 2001) and are 

likely to occur in any lake with a short residence time, draining from catchments with rapid 

nutrient transfer (Fraterrigo and Downing 2008). For example, Foy and Girvan (2004) 

found that most o f the nitrates found in coastal lakes in Northem Ireland came fi'om 

agricultural land (the same type o f dominant land use in turlough catchments) and that the 

higher losses o f nitrate from the catchment and the higher levels in the lakes occurred in 

vsanter. King and Champ (2000) also found a posifive relationship between increased 

rainfall and increased N levels in winter for a period of 3 years in Lough Carra in Ireland. 

Kelley et al. (2000) studied a karst lake in the USA similar to turloughs and found higher 

nitrate concentrations in input zones o f groundwater, thus suggesting nutrient leaching 

from agricultural lands within the catchment. The above considerations suggest that the
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catchment, rather than the soil within the turlough basin, is the primary source o f nutrients 

in turloughs.^

Phosphorus, in contrast to N, fluctuated irregularly across turloughs and over time, 

suggesting that the mechanisms governing P concentrations in each of the basins are site- 

specific. A study o f the spatial heterogeneity of a subset o f four turloughs in a subsequent 

flood season showed that turlough waters are quite homogeneous spatially, and so the issue 

of [a systematic] higher heterogeneity at the chosen sampling point (edge) is not raised (H. 

Pereira, unpublished data"*). It is known that P is less available in dissolved form than N, as 

it easily sorbs to particulate matter and forms stable and relatively insoluble compounds 

with many cations such as iron, magnesium, and calcium (e.g. McDowell et al. 2004, 

Otsuki and Wetzel 1972). Accordingly, it has been shown that dissolved N can move 

conservatively in groundwater catchments, whereas dissolved P is easily and quickly 

retained in most hydrogeological situations (Weiskel and Howes 1992). However there is 

evidence o f greater P mobility in karst aquifers which have a significant element o f conduit 

flow. Kilroy and Coxon (2005) studied temporal variations o f P in groundwater karst 

springs in two catchments in western Ireland and found that, although P increased with 

rainfall in general, the degree o f response varied, and the highest peaks occurred at varying 

times for different springs even within the same catchment. They also found that the forms 

of P mainly responsible for the increases were particulate and dissolved organic P, whereas 

SRP remained dominant and at stable levels in most cases. However, in a few instances, 

increases o f SRP happened concomitantly with increases in TP. These results suggest that 

rainfall drives flushing o f P through karst catchments (causing an increase in the 

particulate component), but the timing and the degree o f the response may be influenced 

by local characteristics within each catchment. Such findings help explain the different 

patterns of P variation found across turloughs. Judging from the studies o f Kilroy and 

Coxon (2005), it is likely that the components responsible for the increases o f P in 

turloughs are mainly particulate and dissolved organic forms, whilst directly bioavailable P 

remains the main fraction o f groundwater P even during these peak occasions. It is 

suggested, however, that even particulate P can at least in part become available for algal 

uptake, mainly through dynamics in the adsorption-desorption equilibrium of P in the 

water (McDowell et al. 2004, Scheffer 1998, Sondergaard et al. 1992).

 ̂ See Chapter 7 for a more detailed of the sources of nutrients to turloughs. 
^ See Chapter 6.
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To conclude, our results show, rather surprisingly, that turloughs are productive water 

bodies with levels of nutrients and algal biomass directly comparable with those of 

permanent lakes. The results suggest that P concentrations determine the trophic status of 

most turloughs and that turloughs can produce as much algal biomass per unit TP as P- 

limited lakes do in spring and summer.
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4 Phytoplanktonic communities in turloughs^

4.1 Introduction

Turloughs are karstic tempwrary lakes that are virtually unique to Ireland (Sheehy 

Skeffington et al., 2006). They occur in depressions in karstic areas that flood seasonally 

usually in September or October and normally persist until late spring or early summer. 

Turlough basins are usually covered in grassland, which is commonly used as pasture for 

grazing cattle during the summer (Reynolds, 1982). They occur mostly in the west of 

Ireland, where the dominant bedrock is pure bedded limestone covered with thin and 

p)ermeable glacial drift (Coxon, 1987). There are no published studies on the phytoplankton 

communities of turloughs and, indeed, relatively few on the phytoplankton of temporary 

lakes in general (Williams, 2006) which contrasts starkly with the extensive literature on 

the phytoplankton of permanent lakes. Several features of turloughs appear to mitigate 

against the development of algal communities. Turloughs are hydrologically dynamic 

systems characterised by a rapid response to rainfall events and short hydraulic residence 

times (median of 73 days for sites within this study). They fill and empty typically once a 

year, or in some cases several times a year, and are dry over the late spring and the summer 

periods, when algal populations in permanent lakes usually reach their peak. Consequently, 

algal communities in turloughs must develop, at least initially, at low light levels and low 

temperatures. Additionally, most turloughs are fed by groundwater which is an unlikely 

source of algal inocula. In spite of the above constraints on growth of algae, turloughs have 

been shown to develop phytoplankton biomass concentrations comparable to those of 

permanent lakes in summer (Cunha Pereira et al., 2010). Peaks of chlorophyll a (Chi a) 

occur throughout the flooding season, with high values ft'equently in the middle of winter 

(up to 69 ^g Chi a L'*).

Published studies of temporary lakes usually describe algal communities of one or very 

few lakes. For example, Alvarez et al. (Alvarez et al., 2006) studied the phytoplankton of 

three temporary shallow saline lakes and Garcia & Niell (Garcia & Niell, 1993) describe 

the phytoplankton of one seasonal saline lake in Southern Spain. In this study we focus on

 ̂This Chapter has been accepted for publication in a jseer-reviewed journal as: Cunha 
Pereira, H., Allott, N., Coxon, C., Naughton, O., Johnston, P. and Gill, L. (2010) 
Phytoplankton of turloughs (seasonal karstic Irish lakes). Journal o f Plankton Research, 
doi: 10.1093/plankt/fbql29. It is reproduced as it was published except for the references 
to the figures and tables that have been edited to match the thesis structure.
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a large set of geographically close turloughs, which therefore are subject to a similar 

climate (particularly relevant is the onset of effective rainfall in autumn, which correlates 

with the start of flooding) (Moran et al., 2008). By studying the phytoplanktonic 

communities of a set of turloughs with differing trophic status we have the opportunity to 

infer much about the ecological adaptations of the taxa present, as well as the factors 

affecting their occurrence. This study will focus on three specific questions: the ecological 

characteristics of the predominant algae in turloughs, how algal communities change in 

response to changing environmental conditions over a flooding season, and which are the 

most important factors responsible for algal community differences amongst turloughs and 

over time.

4.2 Method

4.2.1 Sampling and water chemical analyses

Twenty-two turloughs in the west of Ireland (Fig. 2.1) were sampled monthly from the 

onset of flooding (October 2006) until they were dry or very low (April-June 2007). The 

turloughs were selected to represent a geo-hydrological range of Irish turloughs and a 

range of trophic status based on the terrestrial plant communities present (Working Group 

on Groundwater, 2004; Goodwillie, 1992). Table 4.1 presents chemical and hydrological 

characteristics of the turloughs sampled.

Samples were collected by throwing a 5 L weighted bottle attached to a rope from the 

shore into an area of open water to avoid disturbance of the sediment. The estimated depth 

of the sampled points was of about 0.5 m. Chemical analyses were done for total 

phosphorus (TP), total nitrogen (TN), chlorophyll a (Chi a), colour and alkalinity, 

following standard methods (Eaton et al., 2005). Further details on the exact methods used 

for each parameter can be found in Cunha Pereira et al. (Cunha Pereira et al., 2010). 

Additionally, silicates were measured in filtered samples following an acid colorimetric 

method (Grasshoff et al., 1999).

4.2.2 Phytoplankton analysis

Phytoplankton was preserved with Lugol’s iodine solution. Identification and counting was 

carried out according to UtermdhI (Utermohl, 1958). Samples were observed at 200x or 

400x magnification in an inverted microscope (Leica Leitz DM-IL) after at least 24h in a 

sedimentation column (Uwitec, http://www.uwitec.at). Between 300 and 400 individuals in
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Table 4.1: Geographical coordinates and chemical, hydrological and taxonomical characteristics of 
each turlough over the study period, arranged by identified clusters (see text) and descending 
average total phosphorus within clusters.________________________________________________

Tur
lough

Hydro
period
(days)

Maximum 
mean 
depth (m)

Maximum
Volume
(xlO^m^)

Mean
TP
(uM)

Mean
colour
(mg/L
PtCo)

Mean 
Chi a 
(pg/L)

Mean algal 
Biovolume 
(mm^/m^)

Average
taxa
richness

High TP
ARD 293 2.8 653 2.65 28.3 12.7 75 15.7
RAT 175 3.0 878 1.44 28.3 33.5 193 16.9
CAR
R 186 1.9 546 1.38 47.8 12.1 570 16.4
COO 346 Z T - 1.10 22.9 18.1 698 20.4
TUL 246 1.7® - 1.07 36.4 18.4 80 20.9
ALE 158 2.6 346 0.99 13.5 9.2 53 16.6
KIL 223 1.5 709 0.89 27.7 5.0 26 14.9
BRI 267 1.7 933 0.64 35.6 5.0 64 16.6
Mean 237 2.3“ 678 1.27 30.1 14.3 77 17.3
Low TP
CRO 348 1.6 636 0.81 43.8 7.6 48 13.2
SKE 213 1.2 382 0.66 26.0 6.9 55 13.3
TER 304 2.3 956 0.48 21.1 3.1 28 13.4
BAL 211 0.8 529 0.40 17.4 3.0 31 18.6
CAR
A 205 1.3 432 0.36 24.9 2.8 21 14.1
ROO 213 2.6 1077 0.32 13.6 2.1 13 15.0
LIS 234 1.4 765 0.24 20.6 1.4 8 13.5
KNO 213 2.3 1742 0.14 10.4 1.2 9 13.4
GEA 212 2,5 870 0.13 7.9 1.1 7 13.9
Mean 240 18 821 0.39 20.6 3.2 24 14.3
Coloured/deep
BLA 169 6.8 4008 1.69 72.2 1.3 3 13.0
COY 187 5.9 1479 1.40 71.6 5.2 27 16.8
CAH 200 4.8 2985 1.40 85.1 3.3 21 12.3
GAR 211 9.1® - 0.79 79.7 1.1 13 10.0
Mean 192 5 .8 ‘’ 2824 1.32 77.2 2.7 16 13.0
TUR 135 1.3 403 0.63 11.0 4.8 18 14.8

no topographic measurements available so maximum absolute depth value is given instead 
‘’only mean depth values were used (absolute maximum depths were ignored)

a number of transects were counted. Cell biovolume for each taxa was calculated by 

approximation of cell shape to known geometrical forms (Hillebrand et al., 1999; Sun & 

Liu, 2003). Chi a was positively correlated with algal biovolume (R=0.83, N=170, 

Spearman’s), with a slightly better fit than when correlated with cell abundance (R=0.80, 

N=170, Spearman’s). Biovolume was therefore used as the measure of algal biomass.

Taxa were identified to the species level where possible following John et al.(John et al., 

2002), Cox (Cox, 1996) and Bourrely (Bourrelly, 1970, 1981, 1990). Some taxa were not 

discriminated beyond general groupings, such as small (d<10 ^m) centric diatoms 

(considered to be either Cyclotella spp. or Stephanodiscus spp.), dinoflagellates, 

unidentified pennate diatoms (i.e. diatoms that were too small for correct identification, or
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in ambiguous girdle view; they were generally small with average biovolume of 302 |om )̂. 

Synedra sp. was discriminated between small (<70 |im long) and big (>70 ^m long); 

Synedra nana was found in one turlough only (Coolcam). Non-identified dinoflagellates 

were always small (average length=21.4 |j,m, SD=7.3 ^m) and morphologically similar to 

Peridinium, Peridiniopsis, Gymnodinium or Katodinium. The term non-identifiable alone 

(or n.i.) was reserved for rare cases where specimens were not identifiable. Discrimination 

between n.i. filament, n.i. flagellate, n.i. colony, n.i. green filament was made when 

applicable. A common small Cryptophyte with a typical pointed apex was named 

Chroomonas/Rhodomonas (Palsson & Graneli, 2004; Leitao & Leglize, 2000), as it is 

morphologically similar to Chroomonas acuta but also to Rhodomonas 

minuta/Plagioselmis nannoplanctonica (Barone & Naselli-Flores, 2003; Novarino, 2002; 

Novarino et al., 1994); correct discrimination was therefore not possible. Taxa richness 

was the number of taxa found in each monthly sample; averages per turlough were 

calculated as the mean across turlough samples.

Taxa were categorised into “tychoplanktonic” (including metaphytic) or “true planktonic”. 

As most raphid diatoms (Kelly, 2000, Round et al., 1990, Cox, 1996), and most 

filamentous chlorophytes and Trihonema spp. (Irfanullah & Moss, 2005; Berry & Lembi, 

2000; John et al., 2002), are usually associated with the benthos (streams, rivers, or 

shallow lakes and ponds), these were considered tychoplanktonic, while all other algae 

were considered planktonic. Non-identified algae were ignored and the biovolume of n.i. 

pennates was considered half planktonic and half tychoplanktonic (as an estimate).

The functional group approach (Reynolds et al., 2002; Reynolds, 2006) was applied to help 

interpret the data and to put the work in a wider research context. This approach has been 

found to provide a higher discriminatory power than classical taxonomic groups in 

ecologically interpreting community data (Kruk et al., 2002) and it has thus been 

extensively applied in research studies of phytoplankton (Padisak et al., 2009). Functional 

groups are groups of algae (often cross-phyletic) that have similar adaptive features (e.g. 

surface area to volume ratios, motility, nutrient use efficiency, sensitivity to grazing). 

Algae belonging to the same functional group are therefore often found in the same habitat 

type or similar environmental conditions (Reynolds et al., 2002). Dominant taxa in 

turloughs were assigned to functional groups based on the classification of Reynolds et al. 

(Reynolds et a l, 2002) and the recommendations of Padisak et al. (Padisak et al., 2009).
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4.2.3 Hydrological and environmental data

Water levels were recorded at hourly intervals using Schlumberger Divers® 

(http://www.swstechnology.com/groundwater-monitoring/groundwater-dataloggers) 

placed at or near the lowest point in each turlough. Sites were instrumented between 

September 2006 and January 2007. Topographic mapping of the basins allowed the 

determination o f volume and surface area measurements based on the measured water 

levels. Mean depth was calculated by dividing the volume by the surface area at any given 

time (Wetzel, 2001).

Water temperature was measured using a field mercury thermometer. The sunset-sunrise 

time period duration o f  the days sampled (‘day length’) was calculated according to ‘Time 

and Date AS’ (http://www.timeanddate.com) for Dublin, Ireland. ‘Number o f days 

flooded’ (at a given sampling date) is the number o f days a turlough had been flooded until 

that date; this variable takes into account periods of dryness that could occur in the middle 

o f the flooding season (the case in two turloughs). ‘Hydroperiod’ was calculated as the 

total number o f days a turlough was flooded during the flooding season. The first sampling 

date was used for all turloughs as a surrogate for onset o f flooding (not known for a 

number o f turloughs) and the last day was when a turlough was found dry at the end of the 

season or with an estimated volume of less than 10% of its peak volume in the case of 

turloughs with persisting water throughout the year.

4.2.4 Data analyses

Predominant taxa were determined after ranking the taxa found by fi-equency of 

occurrence, mean biovolume, coefficient o f variation o f biovolume, and percentage 

biovolume, across samples and across turloughs. The coefficient o f variation was 

calculated by dividing the standard deviation o f biovolume across samples or turloughs by 

the mean biovolume across samples or turloughs; this was considered to be a measure of 

evenness o f occurrence - the lower the value the more evenly distributed a taxon is across 

samples or turloughs.

Algal biovolume community data was 4th root transformed and the Bray-Curtis similarity 

coefficient was applied as recommended by Clarke & Warwick (Clarke & Warwick, 

2001). CLUSTER analysis (Clarke & Gorley, 2006) was used to determine similarity 

relationships between taxa and between turlough communities (averages o f biovolumes 

within turlough samples were used in order to compare turlough communities). SIMPROF
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analysis was applied to test statistically significant clustering (at p<0.05 level) o f turloughs 

and taxa (Clarke & Gorley, 2006). MDS ordination was used to plot similarity 

relationships between turloughs. A stress factor <0.20 was considered a reasonable 

threshold for accurately interpreting the ordinated MDS plots (Clarke & Warwick, 2001). 

Statistical t-tests (Field, 2005) were used to compare biovolume contribution (log- 

transformed to assure normal distribution) o f algal taxonomical groups between the 

significant turlough clusters identified with the SIMPROF routine. A SIMPER analysis 

(Clarke & Gorley, 2006) was additionally done to determine which taxa contributed the 

most to the dissimilarity found between the significant turlough clusters. Biovolumes were 

also “standardised”: the biovolume o f each taxon in each sample was divided by the total 

biovolume o f that sample and averages per turlough (across months) were taken. This 

eliminates differences in total biovolume across samples and enables the comparison of the 

relative contribution o f each taxon to the total biovolume o f each turlough. All multivariate 

statistical analyses were run with both non-standardised and standardised biovolume data.

The relationships between phytoplankton communities and the environmental variables 

were assessed using direct gradient analysis. First a detrended correspondence analysis 

(DCA) o f the phytoplankton taxa data was run to determine whether linear or unimodal 

ordination methods should be applied (Ter Braak & Smilauer, 2002). Because the length o f 

the first axis resulting from the DCA was less than three, a linear method (Redundancy 

Analysis or RDA) was used (Ter Braak & Prentice, 1998). Only relevant environmental 

variables with low covariance (r<±0.60, p<0.001, Spearman rank correlations) were 

included in the analysis: TP, TN, silicate, alkalinity, colour, water temperature, number of 

days flooded and mean depth; significant correlations and r values were: TP and TN (0.39), 

silicate and number o f days flooded (-0.53) and silicate and colour (0.59). Significant 

explanatory variables were determined by automatic forward selection (Ter Braak & 

Smilauer, 2002) after Bonferroni correction o f the P-value (Abdi, 2007). Only samples 

without missing values in any o f the environmental variables were included (April samples 

were omitted (no colour measurements), as were some others owing to lack o f hydrological 

data). In total 100 samples (from a total o f 171) were included in the initial RDA. Forward 

selection results showed that colour did not contribute significantly to explain the variance 

in the phytoplankton data (p>0.05). Because colour was discarded, April samples could be 

included and a final RDA was run with 116 samples (reported herein).

PRIMER 6 and CANOCO for Windows 4.5 were used for multivariate statistical analyses.
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4.3 Results

4.3.1 Phytoplankton taxa in turloughs

Cryptophytes and pennate diatoms were the most prominent taxa in turloughs (Table 4.2). 

Cryptophytes had overall high biovolume ratings (particularly Cryptomonas spp.), the 

highest evenness, and the highest average percentage o f biovolume per turlough. Pennate 

diatoms, such as small Synedra sp. (small), Achnanthidium minutissimum, Nitzschia spp., 

Navicula spp., and other unidentified pennates, were prominent in all turloughs. Less 

widespread across turloughs, but with high contributions when occurring, were 

Gomphonema spp., Synedra sp. (big) and centric diatoms.

Chlamydomonas spp. occurred in roughly half o f the turloughs and 28% o f all samples and 

made a considerable contribution to overall biovolume. Other chlorophytes, such as 

Monoraphidium spp. and Scenedesmus spp., were common but contributed little to overall 

biovolume. Some green filamentous algae were common; Mougeotia spp., Spirogyra spp. 

and Oedogonium spp. in particular were important contributors to overall biovolume and 

were present in 12 to 18 turloughs and 17% to 30% o f all samples. Tribonema spp., a non- 

Chlorophyte filament, also contributed considerably to total biovolume in samples.

Dinoflagellates were present in 15 turloughs and 25% o f samples, with considerable 

evenness across turloughs but in low biovolume. Virtually all were n.i. small 

dinoflagellates, though Ceratium hirundinella was found in low abundance in one sample 

(in May). Chrysophytes were fairly well represented in turloughs. Mallomonas akrokomos 

was present in 17 turloughs and almost 50% o f samples (although in low biovolume), with 

high evenness. Dinobryon spp. were present in slightly fewer samples but in much larger 

biovolumes. This taxon was the second largest contributor to overall measured biovolume 

indicating that, when present, it was in great numbers. Cyanophytes, desmids and 

Euglenophytes were poorly represented in the turloughs and Oscillatoria/Planktothrix, 

Cosmarium spp. and Euglena spp. were the most noticeable taxa within these groups 

(Table 4.2).

The CLUSTER analysis o f the taxa contributing more than 1% o f total biovolume 

presented a good overview o f the taxa most fi'equently co-occurring within samples (Fig. 

4.1): Cryptomonas spp. and Chroomonas/Rhodomonas were the most similarly distributed 

taxa (about 80% similarity) and the ubiquitous pennate diatoms already mentioned were 

also largely co-occurring together with these Cryptophyes. Other interesting clustering
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Table 4.2 [continues in next page]: Summary statistics for phytoplankton taxa in 22 turloughs: ranking in terms of biovolume (mean or sum of biovolume across 
samples or turloughs), coefficient of variation of biovolume across samples and turloughs, mean percentage of each taxon's biovolume in total turlough biovolume, 
occurrence in turloughs and samples (total nr. of samples = 171), and % of each taxon’s biovolume from total biovolume (i.e. sum of all samples’ biovolumes). Taxa 
ordered by descending occurrence in samples; showing only taxa with s9.9% occurrence. Also shown are the proposed functional group for each taxa and whether 
a taxa was considered to be tychoplanktonic or true planktonic.__________________________________________________________________________________________

Taxa

Possible
functional
group*

Planktonic
(P )or
tychoplankt 
onic (T)

Occurrence

in % of in nr. of 
samples turloughs

Mean % of
turlough
biovolume

Ranking
by
biovolume

Coefficient of variation

across
samples

across
turloughs

% biovolume of 
all samples

n.i. pennates M P/Td or D PfJ** 97.1 22 6.6 7 3.86 1.35 5.3
Cryptomonas Y P 94.7 22 22.4 1 2.00 0.88 15.9
Chroomonas/Rhodonnonas X2 P 91.8 21 10.2 5 1.60 0.79 5.4
n.i. any - 87.7 22 0.7 22 2.19 1.14 0.6
Achnanthidium minutissimum M P/Td T 73.7 21 3.3 14 3.47 1.53 2.6
Nitzchia D P 71.9 21 1.2 16 5.01 1.80 1.5
Synedra (small) D P 68.4 22 6.6 8 4.90 1.89 5.3
Monoraphidium Xi? P 62.6 20 0.5 21 3.08 1.53 0.7
Navicula MP/Td T 55.0 21 1.1 20 3.57 1.74 0.7
Mallomonas akrokomos X2 P 45.6 19 0.3 36 2.70 0.97 0.2
n.i. centrics D/B/C P 37.4 17 3.0 4 9.37 3.31 5.7
Dinobryon E P 36.3 17 6.7 2 8.22 3.37 11.3
Gomphonema M P/Td T 35.1 19 0.3 40 3.04 1.35 0.2
Synedra (big) D P 32.2 18 3.5 9 5.58 1.97 5.3
Mougeotia T d T 30.4 18 5.6 6 4.15 1.79 5.4
Chlamydomonas X2 P 27.5 13 2.3 12 5.00 2.43 2.7
Scen^esm us J P 27.5 19 0.1 41 4.35 1.61 0.1
n.i. dinoflagellate Y P 24.6 15 0.5 27 3.68 1.37 0.4
n.i. filament ? T 24.6 19 0.7 19 4.26 1.59 0.7
Eunotia bilunaris MP/Td T 24.0 16 0.6 25 4.35 1.99 0.5
Cymbella/Encyonema MP/Td T 22.8 15 0.3 26 8.16 2.85 0.4
Tribonema Td T 22.2 17 1.9 10 7.86 3.30 4.3
Ochromonas X2 P 21.6 16 0.4 29 4.96 1.67 0.3
Fragilaria capucina D/P P 21.1 13 0.4 24 5.36 1.91 0.5

* - functional groups were assigned as those that better matched both the habitat description and the known sensitivities and tolerances of each taxon (Padisak et 
al., 2009; Reynolds et al., 2002)
** can have species of both groups and so 50% was considered true-planktonic and 50% metaphytic/tychoplanktonic.



Table 4.2 [continuation from previous page] Summary statistics for phytoplankton taxa in 22 turloughs: ranking in terms of biovolume (mean or sum of biovolume 
across samples or turloughs), coefficient of variation of biovolume across samples and turloughs, mean percentage of each taxon’s biovolume in total turlough 
biovolume, occurrence in turloughs and samples (total nr. of samples = 171), and % of each taxon’s biovolume from total biovolume (i.e. sum of all samples’ 
biovolumes). Taxa ordered by descending occurrence in samples; showing only taxa with ^9.9% occurrence. Also shown are the proposed functional group for 
each taxa and whether a taxa was considered to be tychoplanktonic or true planktonic.

Taxa

Possible
functional
group*

Planktonic
(P)or
tychoplankt 
onic (T)

Occurrence

in % of in nr. of 
samples turloughs

Mean % of
turlough
biovolume

Ranking
by
biovolume

Coefficient of variation

across
samples

across
turloughs

% biovolume of 
all samples

Eunotia faba M P/Td T 19.3 14 0.8 18 5.95 2.72 0.7
Nitzchia acicularis D P 18.7 13 0.1 35 4.04 1.91 0.2
Closteriopsis acicularis P P 17.5 10 0.4 23 5.45 1.94 0.6
Eunotia minor M P/Td T 17.5 13 0.7 34 4.30 1.28 0.3
Spirogyra Td T 17.0 15 7.2 3 6.64 2.30 9.6
Oedogonium Td T 15.2 12 1.9 11 6.07 1.97 3.1
Oscillatoria/Planktothrix Tc/S1 P 14.0 15 0.0 70 6.28 1.83 0.0
n.i. flagellates any P 12.9 14 0.4 45 4.63 1.70 0.1
Cosmarium N P 11.7 15 0.4 33 4.74 1.33 0.3
n.i. green cells any P 11.7 15 0.0 64 4.47 1.81 0.0
Oocysiis solitaria ? P 10.5 9 0.1 52 4.39 1.93 0.1
Aulacoseira P/B/C P 9.9 9 0.1 49 6.58 2.10 0.1
Eugiena W i P 9.9 11 0.1 46 4.84 1.88 0.1
n.i. green colonies any P 9.9 12 0.1 42 8.37 3.17 0.1

* - functional groups were assigned as those that better matched both the habitat description and the known sensitivities and tolerances of each taxon (Padisak et 
al., 2009; Reynolds et al„ 2002)
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Figure 4.1: CLUSTER/SIMPROF analysis of phytoplankton taxa in 22 turloughs. Only 
taxa that contributed to more than 1% of total algal biovolume are shown All clustering 
w as significant at p<0,05.

occurred between centric diatoms and Synedra sp. (big) (co-occurring particularly in the 

wanter and first months of flooding), Tribonema spp. and Chlamydomonas spp. (most 

abundant in the first two months of flooding), and green filamentous algae {Oedogonium, 

Spirogyra and Mougeotia species), particularly abundant during spring. This analysis of 

co-occurrence provides cues for possible functional analogies between linked taxa.

The contribution of tychoplanktonic algae in the 22 turloughs ranged between 5.7% (in 

Coy) and 81.7% (in Aleenaun) of the total biovolume per turlough, with an average of 

31.5% and SD of 19.4%. Figure 4.2 shows the distribution of the biovolume of 

tychoplanktonic and planktonic algae in each of the turloughs studied.

4.3.2 Community similarity among turloughs

CLUSTER analysis showed that the phytoplankton communities in the 22 turloughs were 

almost half (45.2%) overlapping in composition. At similarity levels between 45.2% and 

51.4%, four significant turlough clusters were discriminated through 

CLUSTER/SIMPROF analysis (Fig. 4.3a). The clusters were named based on relevant and
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Filaments ■  Other metaphytic ■  True planktonic

Figure 4.2; Biovolume of tycoplanktonic algae (in light grey - filamentous algae; in dark grey - 
raphid diatoms) and true phytoplankton (in black). Turloughs are arranged by identified 
clusters and descending average total phosphorus per cluster (clusters are explained in the 
text).

characteristic chemical and hydrological parameters (Table 4.2); high TP (TP>0.64 |jM, 

N=8), low TP (TP<0.81 p.M, N=9), coloured/deep (turloughs with distinctly high colour 

waters and greater mean depths, N=4), and Turloughmore (turlough with a distinctly short 

hydroperiod, N=l). The similarity relationships between turloughs remained the same 

when using standardised biovolumes (Fig. 4.3b) but the SIMPROF routine did not 

significantly separate the high TP and the low TP clusters in this case (loss of multivariate 

statistical sensitivity -  the standardised biovolume values are more similar amongst 

themselves than the absolute values). This suggests that there is a gradient of similarity 

between these 17 turloughs that broadly corresponds to a TP gradient rather than a clear 

separation into two distinct trophic groups.

4.3.3 Differences in algal communities between turlough clusters

Figure 4.4 shows total biovolume and percentage biovolume of algal groups for each 

turlough, arranged by the identified significant clusters. Turloughs in the coloured/deep 

cluster showed very low total abundances and had very few chlorophytes. Their 

compositions were almost exclusively cryptophytes and diatoms (see also Table 4.3), and 

at times had taxa virtually absent from other turloughs (e.g. Asterionella formosa or 

Melosira varians). The percentage contribution of the different algal groups in 

Turloughmore was similar to those in the high TP and low TP turloughs, but the actual 

taxonomic composition differed sufficiently to form a separate cluster (Table 4.3).
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Figure 4.3: MDS plot showing ordination of 22 turloughs in terms of their 
phytoplanktonic communities’ similarity: using absolute values of averages per 
turlough (a) and after standardisation of values by total per sample (b). Circles 
represent average total phosphorus per turlough. Enclosed areas represent 
statistically significant clusters (with similarity values presented up to the closest 
maximal decimal place). Legend of clusters in (a): 1 -  high TP; 2 -  low TP; 3 -  
coloured/deep; 4 -  Turloughmore.
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The t-test o f the differences in relative abundance o f algal groups between the high TP and 

low TP turlough clusters revealed tliat only two groups were significantly different: 

Chlorophytes were more abundant in the high TP cluster and cryptophytes were more 

abundant in the low TP cluster (log percentage o f  biovolume o f algal groups, p<0.04). The 

majority o f the biovolume o f chlorophytes was o f filamentous forms (79%) so it was not 

surprising to find that both sums and percentage biovolume o f filamentous algae were also 

significantly higher in the high TP cluster than in the other clusters (log sum and 

percentage biovolume t-test, p^O.Ol), even though a few turloughs in the high TP group 

had relatively low filamentous algae abundance and some turloughs in the low TP cluster 

had relatively high filamentous algae biovolume (Fig. 4.4). SIMPER analysis revealed that 

the taxa differing the most in abundance between the high TP and low TP groups were 

Chlamydomonas spp., centric diatoms and Spirogyra spp. (all more abundant in the high 

TP group) with a number o f other filamentous algae {Oedogonium spp., Mougeotia spp. 

and Tribonema spp., also more abundant in the high TP cluster) being important 

contributors to dissimilarity between these two groups as well (Table 4.4). This confirms 

that filamentous algae are more abundant in high TP turloughs, as stated above. High TP 

turloughs also tended to have the highest taxa richness (Table 4.2), with a number of 

chlorophytes absent fi'om other groups o f turloughs, including green filaments (Binuclearia 

spp., Bulhochaete spp. and Chaetonema spp.) and Chlorococcales {Actinastrum sp., 

Coelastrum spp., Micractinium sp. and Tetrastrum sp.).

43.4  Seasonal succession o f algae in turloughs

Fig. 4.5 shows the temporal variation in abundance o f the algal groups summarised for all 

turloughs and Table 4.3 shows the most abundant taxa in each month within each turlough 

cluster. Diatoms and cryptophytes were present in considerable amounts throughout the 

season and clearly dominated over the winter months (December to February). The most 

abundant taxa during winter were Cryptomonas spp., Chroomonas/Rhodomonas, Synedra 

sp. (small and big), and other pennates, including the small pennate diatom Achnanthidium 

minutissimum at times. Centric diatoms also made large contributions predominantly in 

winter, appearing in blooms in specific turloughs and months. Xanthophytes (which are 

almost exclusively represented by the filamentous alga Tribonema spp. (99.95% of this 

group’s biovolume) represented a sizable fi’action o f the phytoplankton only during the 

first two months, particularly in the high TP group (Table 4.3). Chlorophytes made higher 

contributions during the first two months o f flooding and during spring (March to June); in
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Table 4.4 SIMPER results of differences between high and low TP turlough clusters (absolute 
biovolumes and standardised biovolumes). All biovolume values are 4th root transformed |jm3/mL. 
Only taxa contributing to the top 25% of dissimilarity are shown.____________________________
Absolute Biovolumes 
Average dissimilarity=48.62%

Cumulative
High TP Low TP Dissimilarity contribution to
Average Average Average contribution dissimilarity

Species Biovolume Biovolume dissimilarity (%) {%)
Spirogyra 16.78 6.46 2.00 4.12 4.12
Chlamydomonas 11.55 3.35 1.62 3.32 7.45
Centric diatoms 11.98 3.43 1.50 3.09 10.54
Oedogonium 12.84 4.55 1.48 3.03 13.57
Dinobryon 14.25 9.53 1.36 2.80 16.37
Synedra (big) 12.86 5.99 1.35 2.77 19.15
Mougeotia 13.40 9.25 1.33 2.73 21.87
Tribonema 11.70 5.26 1.30 2.67 24.54
Standardised Biovolumes
Average dissimilarity=41.78%

Cumulative
High TP Low TP Dissimilarity contribution to
Average Average Average contribution dissimilarity

Species Biovolume Biovolume dissimilarity (%) (%)
Chlamydomonas 1.14 0.37 1.38 3.29 3.29
Centric diatoms 1.10 0.59 1.09 2.62 5.91
Spirogyra 1.39 0.89 1.06 2.53 8.44
Chroomonas/
Rhodomonas 1.41 2.13 1.03 2.46 10.91
Synedra (big) 1.32 0.78 1.03 2.45 13.36
Oedogonium 0.98 0.62 1.01 2.43 15.79
Eunotia minor 0.39 0.96 0.98 2.35 18.14
Dinobryon 1.15 1.21 0.94 2.25 20.38
Mougeotia 1.25 1.16 0.89 2.14 22.52
Tribonema 1.06 0.77 0.86 2.05 24.57

□  Xanlhophytes
■  undetermined 
« Euglenoph^es 
a  DInoflagellates 
'j' Diatoms

Cyan ophites 
= Crvptoph^es 

Chrysophvtes
■  Chlorophytes

oct nov dec jan feb mar apr may jun 

Figure 4.5; Sum of biovolume of algal groups per month including all 22 furloughs studied.
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the high and low TP turloughs the biovolume of chlorophytes was dominated clearly by 

filamentous forms (Table 4.3). In October the green flagellate Chlamydomonas spp. was a 

substantial contributor to the high TP and low TP clusters and in Turloughmore (Table 

4.3); this taxon was also significant in Turloughmore in November and in March, after the 

turlough had been dry for a month. Chrysophytes made a particularly noticeable 

contribution during later months, especially between April and June, and Dinobryon spp. 

was the taxa mainly responsible for this, although other taxa appeared occasionally in great 

numbers {Mallomonas sp. in Coy in April or Uroglena sp. in Caranavoodaun in May). 

Dinobryon spp. and filamentous green algae comprised a large proportion of the 

biovolume during spring in the high and low TP turloughs (Table 4.3).

All other algal groups constituted a small proportion of the total monthly biovolume and, 

together with the Xanthophytes, were not present in all 22 turloughs, unlike the 

aforementioned four groups. Cyanophytes constituted a sizeable proportion of the 

phytoplankton only in June (although they were present in a few turloughs in October and 

November also) and Euglenophytes in October and June only (Fig. 4.5). Dinoflagellates 

were found from October to June with varying temporal distribution depending on the 

turlough, but always as a small percentage of the total biovolume.
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Table 4.3 [continues on next page]: Percentage biovolume of algae in each month's samples for each identified cluster (only showing taxa contributing to the upmost 
75% of cumulative total month’s biovolume). Note: Chroo/Rhodomonas = Chroomonas/Rhodomonas____________________________________________________

October November December January February
High TP
Tribonema 27.1 Spirogyra 41.6 n.i. pennates 23.7 n.i. centrics 49.0 Cryptomonas 42.0
Synedra 18.4 Tribonema 14.4 Synedra 18.5 Cryptomonas 17.4 Synedra 14.0
Cryptomonas 11.8 n.i. pennates 5.5 Fragilaha/Synedra 14.1 Synedra 7.2 Synedra nana 7.8
Chlamydomonas 9.0 n.i. centrics 5.2 Spirogyra 6.4 Synedra nana 5.1 n.i. pennates 6.7
A. minutissimum 6.5 Cryptomonas 5.1 Cryptomonas 5.7 Chroo/Rhodomonas 6.1
Chroomonas acuta 3.2 Synedra 4.4 A. minutissimum 5.0

Monoraphidium 4.5
Low TP
Chlamydomonas 34.3 Chroo/Rhodomonas 23.9 Fragilaha/Synedra 71.9 Cryptomonas 40.0 n.i. pennates 36.0
Cryptomonas 19.0 Cryptomonas 22.9 Chroo/Rhodomonas 10.1 Chroo/Rhodomonas 19.6 Mougeotia 14.0
Mougeotia 17.8 n.i. filament 12.0 Fragilaria/Synedra 13.3 Fragilana/Synedra 11.6
Dinobryon 7.6 A. minutissimum 7.4 Synedra 6.7 Achnanthidium minutissimum 10.7

n.i. pennates 5.9 Cryptomonas 7.1
Fragilana/Synedra 5.7

Coloured/deep
Cryptomonas 46.5 Cryptomonas 53.5 n.i. pennates 38.9 Synedra 39.3 Melosira vanans 26.3
Chroo/Rhodomonas 17.1 Chroo/Rhodomonas 20.7 Eunotia bilunans 20.9 n.i. centrics 25.1 Synedra 19.8
Synedra 11.0 n.i. flagellates 5.2 Cryptomonas 14.1 Cryptomonas 13.9 Fragilaria/Synedra 16.3
Closterium 3.5 Synedra 13.0 Eunotia faba 15.4
Turloughmore
Cryptomonas 46.4 Cryptomonas 49.1 Navicula 50.4 Navicula 23.3
Chia mydomonas 9.7 Chlamydomonas 11.7 n.i. pennates 26.0 n.i. filament 17.4
Chroo/Rhodomonas 7.4 n.i. pennates 10.0 Nitzchia 17.3
Nitzchia 7.2 Chroo/Rhodomonas 7.8 Fragila ria/Synedra 15.0
n.i. pennates 5.8 n.i. pennates (colonial) 10.4



Table 4.3 [continuation from previous page]: Percentage biovolume of algae in each month’s samples for each identified cluster (only showing
taxa contributing to the upmost 75% of cumulative total month’s biovolume). Note: Chroo/Rhodomonas = Chroomonas/Rhodomonas

March April May June
High TP
Synedra nana 24.8 Dinobryon 44.1 Dinobryon 21.1 Bulbochaete 18.4
Cryptomonas 21.4 Spirogyra 23.5 Mougeotia 15.1 Dinobryon 14.0
Dinobryon 9.9 Mougeotia 11.2 Spirogyra 14.9 Cryptomonas 12.9
Fragila ria/Synedra 9.7 Oedogonium 9.6 Oedogonium 12.0
Spirogyra 6.0 Chroo/Rhodomonas 7.7 Fragilaha/Synedra 9.0
Closteriopsis acicularis 5.2 Cryptomonas 6.3 Spirogyra 7.0

Mougeotia 4.6
Low TP
Spirogyra 23.1 Mougeotia 36.6 Dinobryon 28.4 Dinobryon 32.4
Mougeotia 17.0 Chroo/Rhodomonas 18.9 Cryptomonas 14.3 Cryptomonas 26.7
Chroo/Rhodomor)as 15.4 Oedogonium 13.2 Chroomonas/Rhodomonas 11.7 Chroo/Rhodomonas 20.5
Cryptomonas 10.0 Cryptomonas 13.0 A. minutissimum 11.0
A. rrvnutissimum 8.5 Mougeotia 5.2
n.i. pennates 6.0 n.i. pennates 4.7
Coloured
Cryptomonas 40.1 Cryptomonas 41.7 n.i. pennates 29.3 Chroo/Rhodomonas 21.3
Chroo/Rhodomonas 39.3 Mallomonas 31.6 Navicula 23.8 Cryptomonas 15.3

Chroo/Rhodomonas 8.3 Cryptomonas 15.8 n.i. flagellates 14.0
Mebsira varians 10.3 n.i. filament 10.4

Chlamydomonas 9.9
Navicula 6.2

Turloughmore
n.i. Gentries 26.8
Navicula 22.5
n.i. pennates 12.4
Chlamydomonas 8.9
Cryptomonas 6.8



As shown elsewhere (Cunha Pereira et al., 2010) algal abundance (as Chi a) over time 

varied erratically across turloughs, with peaks occurring at varying times in different 

turloughs. Figure 4.6 depicts the taxa dominating the total biovolume in the most important 

o f the peaks. Not surprisingly, some o f the peaks are dominated by cryptophytes or pennate 

diatoms, but o f particular interest are the several peaks o f filamentous algae and 

Chrysophytes (particularly Dinobryon spp.) when these taxa were often absent or present 

in low abundance in months preceding or proceeding these peaks. There are also a few 

examples o f sudden blooms o f Chlamydomonas spp., Oscillatoria/Planktothrix, and centric 

diatoms.

4.3.5 Influence o f  environmental variables on phytoplankton distribution

Figure 4.7 presents the variation over time of relevant environmental factors (mean depth, 

water temperature, day length and silicates). RDA analysis showed that season 

(represented by number o f days flooded and temperature, the latter significantly correlated 

with day length), TP and mean depth were the main explanatory variables of 

phytoplankton composition (Table 4.5a). When standardised biovolumes were used, TP 

and season were still the main explanatory variables (p<0.007). These results confirm the 

indications above that TP is an important explanatory variable o f phytoplankton 

composition. The first two axis o f the RDA explained 78% and 71% o f the species- 

environment relationship using absolute and standardised biovolumes respectively, and 

11% o f the species variance in both cases. The samples of the coloured/deep turloughs 

seem to drive the explanatory value of the mean depth variable, as these samples plot 

towards the highest end o f the mean depth gradient (Fig. 4.8). When the analysis was rerun 

wathout the samples from these turloughs it is seen that mean depth ceases to be a 

significant explanatory variable for the remainder o f the turloughs (Table 4.5b). It should 

be borne in mind that the four coloured/deep turloughs are both much deeper but also more 

coloured than the other 18; thus both mean depth and colour can be responsible for the 

separation o f this group.
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Figure 4.8: First two axis of the RDA analysis including all 22 turloughs 
showing significant explanatory variables (arrows). Symbols correspond to 
identified turlough clusters: black circles - high TP, open circles - low TP, 
grey circles -  Turloughmore; x - coloured/deep turloughs.

Table 4.5: Automatic forward selection results of environmental variables including all 
turloughs (a) (showing only variables that were significant at p<0.0071 after Bonferroni 
correction, N=116 samples), and (b) excluding coloured/deep turloughs (only the first 
three variables were significant; p<0.0071, N=97 samples).
(a)_

Marginal Effects Conditional Effects
Variable Lambdal Variable Lambda A P F
nr days flooded 0.05 nr days flooded 0.05 0.001 6.0
temperature 0.05 TP 0.03 0.001 4.1
TP 0.03 mean depth 0.04 0.001 4.6
mean depth 0.03 temperature 0.02 0.001 2.7

(bl
Marginal Effects Conditional Effects
Variable Lambdal Variable Lambda A P F
nr days flooded 0.06 nr days flooded 0.06 0.001 5.89
temperature 0.06 TP 0.05 0.001 5.13
TP 0.05 temperature 0.03 0.001 3.38
mean depth 0.03 mean depth 0.01 0.116 1.41
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4.4 Discussion

4.4.1 Ecological characteristics o f the predominant algae in turloughs

Ciyptophytes, together with small pennates, were the most widespread groups o f  algae in 

turloughs. Cryptomonas has been assigned to the Y functional group, including taxa known 

to be able to live in virtually all lentic ecosystems where grazing pressure is low (Padisdk 

et al., 2009; Barone & Naselli-Flores, 2003; Reynolds et al., 2002). Although there are no 

data on zooplankton abundance in turloughs, it is plausible to assume, given this group’s 

temperature sensitivity and ecology (Gyllstrom & Hansson, 2004), that their abundance 

during the first months o f  flooding and during winter (when cryptophytes are particularly 

prominent) would be low. Studies o f  European lakes and temporary water bodies, for 

example, have shown that grazing pressure trom zooplankton only becomes important at 

the onset o f  spring (Garcia & Niell, 1993; Sommer et al., 1986). Cryptomonas is also 

known to be tolerant o f  low light and temperature and is assumed to prefer enriched waters 

(Reynolds et al., 2002). However, some studies suggest that the occurrence o f  

Cryptomonas spp. is quite independent o f  trophic status (Barone & Naselli-Flores, 2003; 

Ojala, 1993), and we also found that this taxon was abundant in all turloughs, irrespective 

o f trophic status.

The small Cryptophyte Chroomonas/Rhodomonas is part o f  the X 2 fiinctional group, 

typical o f  shallow meso-eutrophic waters. Although most turloughs are meso-eutrophic, 

this taxon was also common (and relatively more abundant) in oligotrophic turloughs. 

There are numerous examples o f  the abundance o f this taxon in oligotrophic environments 

in the literature (Dokulil & Teubner, 2003; Pybus et al., 2003; Salmaso, 2002). By contrast, 

studies o f  meso-eutrophic systems also found Rhodomonas/Plagioselmis/Chroomonas to 

be present in relative abundance (Kruk et al., 2002, Aktan et al., 2009). Reynolds et al. 

(Reynolds et al., 2002) indeed note that there is uncertainty on the sensitivity o f the X 2 

functional group to nutrient status (Table III in that article).

Cryptomonas spp. and Chroomonas/Rhodomonas co-occurred in virtually all turlough 

samples (only in one turlough, Rathnalulleagh, was the latter not present) and this co

occurrence is often found in lakes also (Aktan et al., 2009, Salmaso, 2002). This is 

evidence, therefore, that these cryptophytes may be largely functionally related. These taxa 

are often prevalent in turbid waters (Tavemini et al., 2009) or after extreme climatic or 

hydrological events (Devercelli, 2010), denoting their adaptability to dynamic hydrological
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environments such as that found in turloughs. They are also found to dominate winter 

communities in particular. Barone & Naselli-Flores (Barone & Naselli-Flores, 2003), for 

example, found Cryptomonas and Plagioselmis namoplanctonica to be the most common 

cryptophytes occurring in Sicilian lakes, with particular prevalence during winter, when 

the lowest values o f water temperature, illumination and grazing pressure were recorded. 

In western Ireland, Allott (Allott, 1990) found that Cryptomonas spp. and Rhodomonas 

minuta were the most frequently occurring taxa in six lakes geographically close to the 

turloughs in this study; these taxa were co-occurring in the majority o f samples and were 

also especially dominant during winter (see also Pybus et al., 2003).

The diatoms predominant in turloughs were usually small-celled and fast growing, thus 

able to take swift advantage o f the available nutrient resources in turbulent conditions. 

Most are part o f functional group D (i.e. Synedra spp., Nitzschia spp ), known to be 

tolerant to low light and shallow mixed depths (Reynolds et al., 2002). This functional 

group has been described as typical o f shallow, well-mixed waters, liable to be turbid 

(including rivers) which again matches well with the environment in turloughs. 

Achnanthidium minutissimum, a characteristically benthic diatom also abundant in the 

turloughs, is known to colonise periphytic communities and be tolerant of low light 

(Johnson et al., 1997); it is also known to be able to live in a wide range o f habitats, even 

those characterised by physical disturbance (Peterson, 1996).

Centric diatoms, depending on the species, have different ecological affinities, particularly 

for nutrient levels and depth of mixed layer. Gentries in turloughs were found abundantly 

in oligotrophic turloughs (Knockaunroe and Gealain) as well as in more eutrophic ones (as 

Tullynafrankagh and Carrowreagh). Therefore, they could belong to functional groups D, 

B or C, depending on the environmental characteristics present where they are found. They 

were mostly small and occurring in conspicuous blooms, particularly during the winter. 

This shows a marked colonising r-selected character (see also Kasten, 2003). Similar co

dominance o f centrics and cryptophytes during the winter period (when recorded 

temperatures were at a minimum, turbulence was high, and nutrients were abundant) has 

been found in a study o f a permanent lake (Moustaka-Gouni, 1993).

A notable proportion o f the algae found in turloughs can be considered tychoplanktonic, 

such as the filamentous algae and certain diatoms. These algae are probably associated 

with the vegetation on the turlough floor and can be suspended in the water column owing 

to the shallow depth o f the sampling points and wind-driven mixing (see also Moustaka-
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Gouni, 1993). It is interesting to note that these algae can be assigned to the MP functional 

group (including metaphytic, periphytic and epilithic diatoms drifted in the plankton, such 

as Achnanthidium minutissimum) and to To (including metaphytic filamentous green algae 

and diatoms). The MP group is characteristic o f fi'equently stirred turbid shallow lakes 

(P ad is^  et al., 2009) and Td was developed specifically to describe algae assemblages 

found in the plankton of mesotrophic rivers (Borics et al., 2007). Interestingly, the 

descriptions o f these habitats fit well with the environmental conditions found in turloughs; 

turloughs can even be likened to “slow-flowing rivers”, because o f their highly dynamic 

hydrological nature.

4.4.2 Environmental factors affecting community structure and temporal 

succession in turloughs

The coloured/deep turloughs had very low algal biomass throughout the season and lacked 

a clear succession, with cryptophytes and diatoms dominating throughout. In contrast to 

most o f the turloughs, these turloughs were found not to be P-limited, and high colour 

(Havens & Nurnberg, 2004; Jackson & Hecky, 1980) and mean depth (N6ges & NOges, 

1999; Garcia et al., 1997) are probable factors limiting the growth o f algae in these 

turloughs (Cunha Pereira et al., 2010). Turloughmore had a distinctly short hydroperiod 

and probably owing to this fact it showed a truncated succession among the 22 turloughs. 

In this turlough we find prevalence of r-selected, fast growing and small-celled organisms, 

such as cryptophytes, pennate diatoms {Navicula, Nitzschia), and, at times, centric diatoms, 

but it does not develop fiarther. Interestingly CMamydomonas, an r-selected, colonising 

taxa, was particularly notable in this turlough, and was abundant after periods o f prolonged 

dryness (as in March). Chlamydomonas was also abundant in many turloughs following 

the onset of flooding (i.e. October), confirming its rapid colonising character.

Turloughs fi'om the low and the high TP clusters (N=17) showed a clear and similar 

temporal succession o f phytoplankton communities (summarised in Table 4.6) which can 

be considered the “norm” among the 22 turloughs in this study. Such typical turloughs 

were, in general, shallow (mean depth 0.8-3.0 m), continuously flooded during the 

sampling period, and nutrient limited (Cunha Pereira et al., 2010).

The most noticeable shifts in community structure occurred at the onset o f winter 

(December) and at the onset o f spring (March). There are obvious differences in day length 

and temperature between these periods (Fig. 4.7), which contributed to the changes in
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Table 4.6: Overall phytoplankton succession in turloughs with the respective functional associations (Reynolds et al., 2002; Padisak et al., 2009), adaptive 
strategies (Reynolds, 2006), and habitats where each group is typically found (as described by Reynolds et al., 2002 and Padisak et al., 2009)._________

Taxa
Functional
groups Strategies Typical habitat

Autumn (October and November)
Tribonema/Spirogyra/Mougeotia Td

(possibly)
R Mesotrophic standing waters, or 

slow-flowing rivers with emergent macrophytes
Cryptomonas Y C All habitats where grazing pressure is low
Chlamydomonas/Chroomonas/Rhodomonas X2 C Shallow, meso-eutrophie environments
Planktonic diatoms {Synedra (big and small), Nitzchia spp., 
Nitzchia acicularis, n.i. pennates, and Gentries)

D
(Gentries: 
D. B orC)

CR Shallow turbid waters including rivers (D) and species 
sensitive to stratification (B/C)

Tychoplanktonic pennates (A. minutissimum, Navicula, n.i. 
pennates)

MP/Td CR Frequently stirred up, inorganically turbid shallow lakes or 
slow-flowing rivers with emergent macrophytes

Winter (December to February)
Planktonic and tychoplanktonic pennates {Synedra (big and 
small), A. minutissimum, n.i. pennates, Nitzchia) and 
Gentries

D and 
MP/Td 
(centrics: 
D, B orC)

CR Shallow turbid waters including rivers (D), frequently stirred 
up, inorganically turbid shallow lakes or slow-flowing rivers 
with emergent macrophytes (MP/ Td) and species sensitive 
to stratification (B/C)

Cryptomonas 1 Chroomonas/RhodonrK>nas Y/Xz C All habitats where grazing pressure is low and shallow, 
meso-eutrophic environments

Spring (March to June)
Metaphytic green filaments (Spirogyra, Mougeotia and 
others)

Td R Mesotrophic standing waters, or 
slow-flowing rivers with emergent macrophytes

Dinobryon E S Usually small, shallow, base poor lakes or heterotrophic 
ponds

Cryptomonas/Chroomonas/Rhodomonas Y/Xz C All habitats where grazing pressure is low and shallow, 
meso-eutrophic environments

Small pennates {Synedra (small), A. minutissimum) D and 
MP/Td

C Shallow turbid waters including rivers (D) and frequently 
stirred up, inorganically turbid shallow lakes or slow- 
flowing rivers with emergent macrophytes (MP/ To)



community structure (as indicated in the RDA analysis). Besides these factors, changes in 

nutrient levels, hydrological regime and grazing pressure over time may have also 

contributed to changes in community structure. In permanent lakes these are known to be 

important factors in shaping community structure - see Jeppesen et al. (Jeppesen et al., 

2005) and Leitao & Leglize (Leitao & Leglize, 2000) for the influence of nutrient 

availability, Na & Park (Na & Park, 2006), N5ges & Noges (N5ges & Noges, 1999) and 

Reynolds & Lund (Reynolds & Lund, 1988) for the influence of hydrological factors, and 

Garcia & Niell (Garcia & Niell, 1993) and Sommer (Sommer, 1986) for the influence of 

grazing pressure; reviews in Reynolds (Reynolds, 1984,2006).

Besides the ubiquitous cryptophytes and pennate diatoms, the first two months of flooding 

were characterised by the abundance of fast growing C-strategists such as 

Chlamydomonas, and of low light tolerant filamentous species such as Mougeotia and 

Tribonema. Mean depths are low during this period and fi'esh nutrients are available for 

uptake. These conditions suit rapid resource-utilising, fast-growing r-selected species, 

which can take advantage of the resources under mixed conditions. Temperature and light 

levels are still sufficient for the growth of green algae (both for the flagellate 

Chlamydomonas and the filamentous forms), which are sensitive to these factors. 

Mougeotia and other green filaments, for example, are found abundantly in the autumn 

plankton of deep European lakes (Sommer, 1985, 1986). Tribonema is known to tolerate 

lower temperatures and irradiances than green filamentous algae (De Vries & Hillebrand, 

1986), and coincidentally it was found most prominenfly during the autumn in turloughs, 

while in spring the green forms dominated.

In winter, when water temperatures and day lengths are at the minimum (Fig. 4.7a), the 

turlough communities were almost exclusively dominated by small pennates and 

cryptophytes. These algae often dominate winter plankton in lakes, even under ice when 

lakes freeze in winter (Pasztaleniec & Lenard, 2008). In spring there is a rise in 

temperature and light availability and a decline in silicate concentration (Fig. 4.7c). These 

conditions, in addition to a probable increase of zooplankton abundance (as discussed 

above), seem to account for the decline in the abundance of diatoms and cryptophytes 

(both sensitive to grazing) and for the increase in the abundances of filamentous green 

algae {Mougeotia spp., Spirogyra spp., Oedogonium spp. and Bulbochaete spp. in 

particular, but Ulothrix tenerrima, Binuclearia spp. and Klebsormidium sp. also in lower 

abundance), and of Chrysophytes (particularly Dinobryon spp.), which are taxa known to 

be tolerant to grazing pressure and typical o f this time of the year in many water bodies.
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Green filaments are well adapted to spring temperatures and light intensifies (see Graham 

et al., 1995 and Berry & Lembi, 2000 for Spirogyra; Graham et al., 1996 and Hillebrand, 

1983 for Mougeotia) and Dinobryon is also common in the spring plankton in lakes (Olrik, 

1998; Sandgren et al., 1995). This taxon, as in turloughs, often appears in “sudden” pulses 

or blooms, thought to be benefiting fi-om declining diatom populations and the availability 

of trace metals (Kangro & Olli, 2005; Dokulil & Skolaut, 1991). Blooms of Chrysophytes 

in turloughs also coincide with the decline in diatom abundance, and so these explanafions 

could apply to the case of turloughs as well. Green filamentous algae were more abundant 

in nutrient rich turloughs, which is in accordance with other studies. McCormick & O'Dell 

(McCormick & O'Dell, 1996) found that periphyton dominated by cyanobacteria and 

epiphytic diatoms in oligotrophic waters in the Florida everglades was replaced by green 

filamentous algae including Spirogyra and Mougeotia in stations with elevated TP 

concentrafions or after experimental enrichment. Also, Hainz et al. (Hainz et al., 2009) 

studied 133 sites in Central Europe and found that Spirogyra grew optimally in meso- 

eutrophic conditions. Total phosphorus, which was found to influence total algal biomass 

in turloughs (Cunha Pereira et al., 2010), seems to drive phytoplankton composition 

towards higher abundances of green algae in general (e.g. Chlamydomonas), not only 

filamentous forms. Overall, green algae have relafively high half P saturafion constants 

(Padisak, 2004), and so it is not surprising that they were found to be more abundant in 

turloughs with higher phosphorus concentrafions.

4.4.3 Main conclusions

The first algae to colonise turloughs in autumn were typically fast-growing flagellates, 

such as Chlamydomonas, and filamentous forms, such as Tribonema. Such algae, together 

with the ubiquitous cryptophytes, pennates and small dinoflagellates, are often typical of 

small ponds (Reynolds, 2006; Alam et al., 2001; Evans, 1958). The algal communities in 

winter, dominated by cryptophytes and diatoms, were similar to those of many permanent 

lakes in winter (Pasztaleniec & Lenard, 2008), and the algae found in spring (dominated by 

filamentous greens, particularly in nutrient-rich turloughs), were again characteristic of 

ponds, but also of slow-flowing rivers. In general, and as expected, K selected species 

(typically cyanobacteria and large dinoflagellates such Ceratium, which are taxa typical of 

stable water columns, see de Hoyos & Comin, 1999; Jacobsen & Simonsen, 1993; Allott, 

1990) did not occur in turloughs.
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5 Occurrence of filamentous algal mats in turloughs

5.1 Introduction

Turloughs are seasonal lakes that occur in karstic areas, predominantly in the west of 

Ireland, where the dominant bedrock is pure bedded limestone with thin or no soil cover 

(Coxon, 1986, Coxon, 1987). They are normally shallow, with recorded mean depths 

below 7.0 m, although the majority have mean depths below 3.0 m (Cunha Pereira et al., 

2010, Coxon, 1986). Benthic algae can develop in abundance in shallow waters (Wetzel, 

2001). Filamentous green algae in particular, which are often an important constituent of 

the periphyton in lakes (McCormick & O'Dell, 1996), have been found to be abundant in 

turlough waters, particularly in spring and mostly in P-enriched turloughs (Cunha Pereira 

etal.,2010).

Dried algal mats are an occasional conspicuous feature o f  turloughs when they dry out in 

the early summer. Scannell (1972) and Reynolds (1983) refer to such mats as “algal paper” 

and recorded their occurrence in turloughs in County Clare and County Galway. It has also 

been observed by Coxon (1986) during her study of 90 turloughs in nine Counties in 

western Ireland. She reported that “algal paper” was found occasionally, covering the floor 

or suspended from vegetation, fences or other features. Scannell (1972) recorded extensive 

algal mats at a turlough in Co. Clare (located, according to the author, in M2705) in three 

out o f four years in which the turlough was visited, while in the fourth year only fragments 

o f dried algal mats were found. Reynolds (1983) investigated five turloughs on the Aran 

Islands and found algal mats only in one (Lough an Mhuirbhigh, 500 m south o f 

Kilmurvey). According to local knowledge, algal mats occurred almost annually in L. an 

Mhuirbhigh but not in other turloughs. Both Scannell (1972) and Reynolds (1983) indicate 

that the phenomenon o f “algal paper” does not appear to be common in turloughs. 

However when algal mats do occur, they can be extensive. Scannell (1972) refers to mats 

covering several acres (i.e. more than 1 ha) while the mats recorded by Reynolds (1983) 

covered an area o f approximately 100 x 50 m.

Little is known of the taxa o f filamentous algae that form algal mats in turloughs. Scannell 

(1972) describes the dominant genus as being Oedogonium with some Spirogyra present 

also. However, the identification was made from dried and bleached material which would 

have made accurate identification difficult. No identifications o f algae are provided by 

Reynolds (1983). Trihonema (Moreland, 1937) and Cladophora (Hoek, 1963) have been
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recorded as constituents of dried algal mats on the margins of receding rivers and shallow 

pools in continental Europe and in the United States of America. All of the above taxa, and 

perhaps others, could therefore potentially form algal mats in turloughs.

This chapter describes the occurrence of algal mats during late spring and early summer of 

2007, 2008 and 2009 in 22 turloughs. It therefore constitutes the first systematic study of 

benthic algae in a large set of turloughs. Furthermore, collected material was examined live 

which, for the first time, permits a comprehensive description of the taxa that form algal 

mats in turloughs.

5.2 Methods

The 22 turloughs were inspected for algal mats during the emptying phase in 2007, 2008 

and 2009. Turloughs were visited in the first two weeks of March to June 2007 as part of 

the monthly monitoring of turloughs. Dedicated trips to inspect for algal mats were 

conducted in 2008 on the of March, the of April, and the 26***, 27‘*’ and 28“’ of May, 

and in 2009 on the 15* and 16"’ of June and on the 24'̂  and 25‘*’ of July. The optimum 

timing for visiting turloughs during the dedicated trips was estimated from information 

provided by local residents. The timing and rate of emptying was found to vary among 

turloughs and among years. At any given visit, different conditions were often found in 

turloughs, from turloughs that appeared to have been dry for several days or weeks, to 

substantially full turloughs, to turloughs at all intermediate stages in between. However, 

over the three years of observations, all turloughs were inspected at least once at the 

optimum time for observation of algal mats.

The presence of both living floating mats and dead drying mats was noted, as well as their 

extent in the turlough basins. Sampling of algae for identification was carried out only in 

2008 and 2009. Filamentous algae were collected near the edge of the water body by 

simply placing them onto a vial with turlough water. Algae from 2008 were preserved in 

Lugol’s solution and analysed with the live material collected in 2009, which was observed 

up to 48 h after collection (this live material was stored at 4 °C until observation). Taxa 

constituting the mats were identified using optical compound microscope at 200x and 

400x magnification. The relative abundance (in percentage) of the different genera found 

was estimated. Mean total phosphorus (TP) in the flooding season of 2006/2007 was 

calculated as the average of monthly total phosphorus values for each turlough. For details 

on the analytical methods used refer to section 2.2.2.
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5.3 Results

5 . 3.1 Algal mat occurrence

Algal mats (either dried or floating) were observed in nine of the 22 turloughs in 2007, in 

11 of the 22 turloughs in 2008 and in six out o f 20 turloughs in 2009 (Table 5.1). Four of 

the turloughs had algal mats in all three years (Ardkill, Aleenaun, Tullynafrankagh and 

Roo West), Algal mats in the majority of the turloughs were small, usually less than 1 m 

in each patch, with very few patches observed in the turlough. More extensive coverage 

was observed in four of the turloughs (Aleenaun, Ardkill, Garryland and Skealoghan), 

which had mats ranging from approximately 0.5 ha to 1.6 ha, corresponding to 

approximately 2 to 8% of the total area o f the basins (Fig. 5.1). The most extensive 

coverage was found in Garryland in 2008 with an estimated 1.6 ha, which represents about 

8% of the total area of the turlough (Fig. 5.1a). In Tullynafrankagh, Roo West and 

Knockaunroe in 2009 only some floating mats were observed near the shore (see Fig. 

5.2a); no drying mats were present as the turloughs were still reasonably full (Table 5.1).

Table 5,1: Occurrence of visible filamentous algal mats in turloughs 
in the three observed years and mean total phosphorus (TP) in the 
same turloughs over the flooding season of 2006/2007 (Table 2,3),
Y = visible occurrence; * = “extensive” cover (estimated to be 2 to 
8% of total area of basin, see text); t  = negligible quantity 
observed;» = turlough was too full to permit full observation,_____

Mean TP Occurrence
Turlough (Mg/L) 2007 2008 2009
Aleenaun 30,7 Y* Y* Y*
Ardkill 82,1 Y Y Y*
Ballinderreen 12,4 Ŷ Y
Blackrock 52,4
Brierfield 19,8 Ŷ
Caherglassaun 43,2
Caranavoodaun 11,0 Ŷ
Carrowreagh 42,8 Y Y
Coolcam 34,0
Croaghill 25,0 Y
Garryland 24.6 Y* •
Kilglassan 27,2 Y
Knockaunroe 4,2 Y^ •
Lisduff 7.4
Lough Coy 43,3
Lough Gealain 4,0
Rathnalulleagh 44,6 Y
Roo West 9,8 Y Ŷ Y^*
Skealoghan 20,4 Y* Y
Termon Lough 15,0 Y •

Tullynafrankagh 33,0 Y Y
Turloughmore 19.4
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Figure 5.1; 
Filamentous algal 
mats in turloughs: 
(a) Garryland 
May 2008, (b) 
Aleenaun June 
2008, (c) 
Skealoghan April 
2007 and (d) 
drying algal paper 
hanging from 
fence in Ardkill 
July 2009.



Turloughs with more extensive algal mat cover had also high mean total phosphorus 

concentrations (TP>20 |ig/L, Aleenaun, Ardkill, Garryland and Skealoghan, Table 5.1). 

Benthic algal mats were observed in turloughs with low TP such as in Roo West (<10 

|ig/L, Table 5.1) but they were small and fragmented (Fig. 5.2a). In clearly eutrophic 

turloughs (e.g. Ardkill, Fig. 5.Id), mats were quite thick in places, to the extent of 

resembling “parchment in texture and colour” as described in Scannell (1972).

Figure 5.2: Occurrence of filamentous algal mats in Roo west: (a) floating mat July 2009 (the 
mat was about 0.5 m )̂ and (b) drying mats May 2007 (this was the largest patch found, 
around 5 m )̂.

5.3.2 Assemblages o f algae in algal mats

Cladophora, Mougeotia and Spirogyra were the most important genera in algal mats 

(Table 5.2) with lesser contributions from Oedogonium, Zygnema, Trihonema and others. 

Some turloughs had very different assemblages of benthic algae from one year to the next 

(e.g. Ardkill, Skealoghan). Some taxa were more widespread in some years than in others: 

for example, Mougeotia was quite abundant in most turloughs where algal mats were 

found in 2008 but not in 2009. A total of nine different genera were found in turloughs, 

with a minimum of one (in Aleenaun) and a maximum of seven (in Skealoghan) (Table 

5.2).

101



Table 5.2: Taxonomic identification and approximate relative abundance of filamentous algae found 
in living floating mats in furloughs in 2008 and 2009 (n.i. = non-identified).________________________
2008 2009
Turlough 
and date Taxa Turlough 

and date Taxa

Ardkill Mougeotia -  90% Ardkill Cladophora -  85%
(26/5/2008) Spirogyra + Zygnema -  6% 

Cladophora +
Oedogonium -  4%

(16/6/2009) Spirogyra - 10% 
Oedogonium -  2.5% 
n.i. green filament 
(Gleotila?) -  2.5%

Ballinderreen Spirogyra -  50% Aleenaun Spirogyra - 100%
(28/5/2008) Mougeotia -  40% 

Zygnema - 10%
(16/6/2009)

Brierfield Mougeotia -  95% Kilglassaun Spirogyra -  85%
(26/5/2008) Zygnema + Spirogyra -  5% (16/6/09) Oedogonium - 10% 

n.i. green filament -  2.5% 
Cladophora -  2.5%

Caranavoodaun Mougeotia -  98% Knockanroue Cladophora -  99%
(27/5/2008) Spirogyra + Zygnema + 

Oedogonium + Tritionema -  
2%

(25/7/2009) Spirogyra - 1 %

Skealoghan Mougeotia -  80% Skealoghan Cladophora -  50%
(26/5/2008) Cladophora -  7.5% 

Spirogyra -  5%
Zygnema + Tribonema + 
Ulothrix tenerrima + 
Oedogonium -  7.5%

(16/6/2009) Oedogonium -  30% 
n.i. green filament -  15% 
Zygnema -  5%

Tullynafrankagh Cladophora -  70% Tullynafrankagh Cladophora -  49%
(28/5/2008) Oedogonium - 1 0 %  

Spirogyra - 1 0 %  
Zygnema -  7.5% 
Tribonema -  2.5%

(15/6/2009)

Roo West
(25/7/2009)

Spirogyra -  25%  
Cladophora -  25% 
Tribonema - 1  %

Mougeotia -  98% 
Cladophora + Spirogyra + 
Oedogonium -  2%

5.4 Discussion

The results confirm previous reports that conspicuous algal mats (“algal paper”) are not a 

widespread occurrence in turloughs. The closest to the description to “an apparent 

snowfield” (as described by Scannell, 1972) observed in this study was in Garryland in 

2008 (Fig. 5.1a). The taxonomic diversity o f algae in the algal mats that were found in this 

study was much higher than that reported by Scannell (1972). The main taxa found are 

known to grow in shallow ponds or slow-flowing rivers or streams (e.g. Padisak et al., 

2009, John et al. 2002). They also occur typically at the time o f year when they were found 

in turloughs (i.e. spring and early summer, see Graham et al., 1995, Hillebrand, 1983). 

Tribonema, which is more typical o f autumn algal communities in turloughs (Cunha 

Pereira et al., 2010), was at times a component of the algal mats in this study but it was 

never abundant.
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It is known that benthic algae require specific conditions to develop. In particular, a 

suitable substratum, relatively calm (but not stagnant) waters, and reasonably shallow 

depths (allowing light penetration) are needed for abundant development o f benthic algal 

communities (Stevenson et al., 1996). Likewise, relatively warm weather and a period of 

stable shallow conditions may be important for the development o f benthic algae in 

turloughs, followed by a period of relatively slow and gradual recession o f the water table 

to allow for an extensive deposition of the material. Furthermore, trophic status o f the 

water seems also to be an important factor (see discussion below). The results o f the 

present study indicate that suitable conditions do not exist every year, nor in all turloughs.

Water level at the time of observation is important when recording the occurrence of algal 

mats. For example, Garryland had extensive mat coverage in 2008 but in 2009 it was too 

flill (at the time of visit) to assess whether mats would develop. At other sites (e.g. 

Kilglassaun in 2008) the turlough appeared to have been dry for quite some time and, if  

any algal mats had developed, they may have already disappeared. Some observations in 

fact showed that drying mats can completely disappear within three weeks.

Topographically turloughs are usually shallow (<3 m deep) and have gentle slopes and 

fairly flat floors, conditions which appear to be ideal for filamentous algal growth (see 

Lowe, 1996; Wetzel, 1964). Indeed, among the five turloughs observed by Reynolds 

(1983), the turlough that developed the extensive mats was in fact unique in having a wide 

shallow basin. Most of the turloughs in our study fit this description but some do not. 

Ardkill for example has pronounced slopes in some sections, and despite this, drying algal 

mats had been extensively observed here (Fig. 5.Id). Therefore, other factors seem to play 

a more important role.

An important factor for filamentous algal development seems to be the trophic status o f the 

water body. Cunha Pereira et al. (2010b) found that filamentous green algal biomass in the 

phytoplankton was in general considerably higher in P-limited turloughs with high total 

phosphorus concentrations in the water (i.e. >20 |J.g/L). Similar higher yields of 

filamentous greens in enriched waters have been found in other wetlands (e.g. McCormick 

& O'Dell, 1996). From the resuhs o f the present study it can also be seen that dried mats 

tended to occur in high TP turloughs also. However, this is not universally the case, as both 

this study (Table 5.1) and the study by Cunha Pereira et al. (2010b) show that turloughs 

with lower TP concentrations can show signs o f filamentous algal growth (e.g. Roo West
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and Ballinderreen) and that some turloughs with high TP do not have substantial 

developments (e.g. Coolcam).

Some explanations can be put forward for the lack o f filamentous algal growth in some 

high TP turloughs. Blackrock is by far the fastest filling and emptying turlough in our 

dataset (Table 2.2) and, lacking a “pond-like phase” (i.e. a period o f shallow and relatively 

stable water table, personal observation), it is quite unsuitable for benthic algae 

development. Coolcam and Caherglassaun retain large volumes o f water throughout most 

or the whole year (personal observation) and, in fact, have been defined as “permanent or 

semi-permanent lakes” (Goodwillie, 1992). The permanence o f a large volume o f water for 

long periods o f time (or permanently) may mean that grazers (zooplankton and 

macroinvertebrates) could limit the development o f filamentous algae (see e.g. 

Swamikannu & Hoagland, 1989, Fulton, 1988). Turloughs with longer hydroperiods had 

higher abundances o f macroinvertebrates (Porst & Irvine, 2009). Also, in Caherglassaun, 

the waters in early May 2007 showed an unusual high turbidity (120 NTU), caused by fine 

particulate matter thought to be re-suspended fi'om the sediment. This phenomenon in 2007 

and the fact that the bottom in this turlough seems to be soft and muddy may additionally 

help explain the lack o f benthic algae development in this turlough (it is known that fine 

particulate matter is an unsuitable substratum for benthic algal growth, Peterson, 1996). 

Similarly, the lack o f filamentous algae in Coy could be owing to the accumulation o f mud 

at low water levels (personal observation). Finally, Turloughmore was the turlough with 

the shortest hydroperiod among the 22 (Table 2.2) and was dry by mid March in all three 

years, with conspicuous mulfiple cycles o f filling and emptying over a flooding season 

(Owen Naughton pers. comm.). Turloughmore, therefore, was already dry for much o f the 

spring and early summer which is the time when filamentous algae develop in turloughs 

(Cunha Pereira et al., 2010b).

The greater extent of filamentous algal mats in enriched turloughs may have important 

implications for the management o f turloughs for conservation purposes and deserves to be 

further researched. Remedial measures which reduce P loading to an enriched turlough 

would probably result in lower filamentous algal growth and, therefore, a reduced 

development o f algal mats. Such experiments could be carried in Ardkill turlough for 

example, which appears to be a P-enriched turlough that developed benthic algal mats in 

three consecutive years.
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6 Spatial and year-to-year variation in chemistry and algal 

communities in four turloughs

6.1 Introduction

Spatial heterogeneity of chemical components and phytoplankton has been shown to occur 

in lakes. Heaney (1976) and George & Heaney (1978) studied the spatial distribution of 

phytoplankton in Esthwaite Water in the Lake District in Britain. They have found that 

dominant algae such as Ceratium hirundinella and buoyant colonial blue-green algae were 

often heterogeneously spatially distributed and that their distribution was clearly 

influenced by their vertical position in the water column and wind-induced water 

movements. George (1981) found considerable spatial differences in nutrients and 

electrical conductivity in the South Basin o f Windermere, primarily related to the 

discharge o f a sewage effluent. These authors also found that the spatial variation in water 

chemistry (e.g. total phosphorus) was correlated with the spatial distribution of 

phytoplankton on several occasions. Other authors have also found relationships between 

the spatial distribution o f phytoplankton taxa and spatial differences in water chemical 

variables (Yamagishi & Aoyama, 1972, Sibley etal., 1975)

Turloughs have a number o f characteristics that may make them spatially heterogeneous in 

terms of nutrients and algal communities; multiple inflows and outflows in different 

section o f the basins (Moran et al., 2008; Goodwillie, 1992; Coxon, 1986), rapidly 

changing water volumes, dynamic interactions between soil and water (i.e. constant 

wetting and re-drying of the soil) and often a complex morphometry (e.g. ridges, dividing 

walls or emergent vegetation in places). The effect o f wind-induced waves was visible in 

turloughs throughout most, if  not all, o f the season (personal observation). However, the 

hydrological dynamism in turloughs may in fact create spatial homogeneity rather than 

heterogeneity, particularly at periods of obvious filling or emptying. This is because 

hydrological fluctuations can be quite rapid in turloughs (although highly variable amongst 

turloughs) and are bound to create currents and turbulence in the water column. It was 

seen that a furlough can fill at a rate o f 566 L/sec and empty at a rate o f 250 L/sec 

(averages from data for 19 o f the 22 turloughs. Table 2.2; see also Naughton & Johnston, 

2009 and Moran et al., 2008) and that a furlough can gain or lose 75% o f its volume in 

between 13 and 77 days during filling or between 12 and 121 days during emptying (Table 

2 .2 ).
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Results in previous chapters have also provided an incentive to study the spatial 

characteristics of turloughs. It was shown in Chapter 4 that tychoplanktonic algae were an 

important component o f the plankton o f turloughs (section 4.3.1). These algae, which 

include raphid diatoms and filamentous algae, are in general not considered to be true 

plankton; they are usually associated with the benthos and are assumed to be temporarily 

re-suspended in the water column (e.g. Padisak et al., 2009). This study can evaluate 

whether tychoplanktonic algae in turloughs are more abundant near the shore, which was 

the sampling point used during the first year of study. Some studies have shown that algae 

may accumulate in certain areas o f a lake owing to wind-induced currents (Heaney 1976 

and George & Heaney 1978). George & Heaney (1978) found that colonial blue-green 

algae and the motile Ceratium hirundinella moved in a downwind direction when these 

algae accumulated near the surface (i.e. in the top 2 m). In general both passive (e.g. wind- 

induced) and active (e.g. vertical migration) factors can be responsible for the drift of 

benthic algae in water bodies (Peterson, 1996b). Alternatively, higher yields of 

tychoplanktonic algae near the edge may be simply due to the shallower and more 

quiescent nature o f this location, which may render a higher release o f these algae to the 

plankton.

Inter-annual variations in water bodies can also be a phenomenon o f ecological 

importance. Garcia et al. (1997) found differences in nutrient dynamics and in 

phytoplankton community structure between a ‘dry’ and a ‘wet’ year in a shallow saline 

seasonal lake. The lake usually dries every year but did not in the particular ‘wet’ year 

studied. They suggest that, because o f the inter-annual differences found, long-term 

assessments o f the ecology o f a lake are needed to better understand the wide range of 

possible ecological states. Similarly, assessing inter-annual differences in turloughs is 

important in order to understand if patterns are repeated over consecutive years or not. 

Inter-annual variation in ecological characteristics o f turloughs may need to be taken into 

account when devising monitoring protocols. Accordingly, besides being ecologically 

interesting, the degree o f spatial heterogeny o f turloughs has obvious important 

implications for conservation and management purposes: the most easily accessible 

sampling point (usually near the shore) may not necessarily be the most representative of 

the whole furlough, and therefore may not be the most appropriate sampling point to use in 

a monitoring programme.

The aims of this study are, therefore, to assess spatial heterogeneity and year-to-year 

variation o f algae and chemical variables in turloughs. For this, a subset o f four turloughs
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was chosen from the original set of 22 and these turloughs were sampled at a number of 

points within the basin and at the same point as in the first field season (near the edge) to 

enable year-to-year comparisons.

6.2 Methods

6.2.1 Sampling and chemical analyses

Blackrock, Caranavoodaun, Roo West and Termon were chosen for the 2"^ year sampling 

(a decision based on compromises between the different subprojects o f the NPWS/TCD 

turlough project). Samples were taken every month from the onset o f flooding (beginning 

o f December 2007) until they had dried out (April/May 2008). Additionally, in December, 

turloughs were sampled twice; December I (at onset o f flooding) and December II (two 

weeks after that). The January sample was a fiirther two weeks after December II. This was 

done to achieve finer temporal resolution as turloughs flood than the usual monthly 

sampling.

The aerial photos in Appendix 1 show the sampling points in the four turloughs. Points 

within the water body were accessed by boat. Points were numbered according to the 

following criteria: PI is the edge point in all cases (in the same location as in the first year 

field season and varying with flood level on each sampling occasion); P2 is the “middle 

point” (this is considered the deepest and usually most central point o f each turlough, close 

to where the hydrological Divers were located); P3 and P4 are points chosen to coincide 

with known swallow holes or estavelles or simply away from other points (at a practical 

distance) to permit a wider spatial sampling. For example, P3 in Caranavoodaun is 

geographically close to PI, but it is direcfly above an estavelle and separated from PI by 

surrounding vegetation. P3 in Blackrock is also above a large estavelle. P3 in Roo West is 

close to a small swallow hole, possibly an estavelle.

Chemical and hydrological analyses were carried out following the methods described in 

sections 2.2.2 and 2.2.3. Table 6.1 shows the variation o f depth over time at the sampling 

points (it remains constant at the edge point, at approximately 0.5 m). Figure 6.1 shows the 

differences in mean depth and volume between the first and the second field seasons. In 

Roo West hydrological measurements were only done in the second year; this hydrograph 

is presented in Fig. 7.3.
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Table 6.1: Average depth and standard deviation (SD) for the three points sampled 
in the four furloughs (edge point excluded as it is considered to be 0.5 m deep 
throughout the flooding season). SD is constant throughout the season as the 
difference between the three points remains constant._________________________

Average depth (m) SD
Turlough Dec 1 Dec II Jan Feb Mar Apr May (m)
Blackrock 7.07 8.62 10.43 13.23 8.92 3.37 0.49
Caranavoodaun 0.74 1.09 1.22 2.15 1.74 1.34 0.57 0.07
Roo West 1.12 1.71 2.41 4.32 3.46 2.61 0.72 0.45
Termon 0.52 0.96 1.53 2.44 2.58 2.54 2.05 0.06

6.2.2 Phytoplankton identification and counts

A scheme o f phytoplankton analyses was followed that allowed answering the questions o f  

spatial and year-to-year variation within turloughs without having to analyse all samples 

(Table 6.2). The most intensively studied turlough in terms o f phytoplankton analyses was 

Caranavoodaun, with all sampling points analysed in December I, December II and 

February, plus edge and middle points analysed on all remaining sampling occasions. In 

the other three turloughs all sampling points were analysed also in February, and edge 

points were analysed on all sampling occasions (except in December II), as this enables 

comparisons between years. Furthermore the middle points were also analysed in 

December I, April and May to facilitate comparison between sampling points within 

turloughs in more months. In Termon the middle point was not sampled in December 

because o f  access problems; P3 (which has a similar depth) was analysed instead. February 

was the most thoroughly studied month because the turloughs were at maximum depth for 

the season (Table 6.1).

Table 6.2: Chlorophyll a values for all sampling points in the second year’s field season; shaded 
values are samples where phytoplankton v>̂ as counted and identified.____________________

Turlough
Sampling
Point Dec 1 Decll Jan Feb March April May

Blackrock PI (edge) 2.95 1.42 2.06 0.69 8.39 23.83
P2 (middle) 3.08 1.05 1.28 0.38 9.79 22.57
P3 2.81 0.97 0.80 0.36 8.51 23.13
P4 3.12 1.14 0.72 0.34 12.20 24.46

Caranavoodaun PI (edge) 6.08 1.21 1.45 2.28 1.19 1.75 7.03
P2 (middle) 3.79 0.60 1.28 2.45 0.77 0.47 5.89
P3 1.70 0.58 1.25 2.65 1.00 0.53 3.14
P4 2.12 0.72 1.28 2.62 0.86 0.50

Roo West PI (edge) 1.27 0.77 1.35 3.97 0.49 0.67 1.47
P2 (middle) 1.04 0.55 1.55 4.15 0.35 0.31 0.81
P3 1.14 0.66 1.46 4.20 0.40 0.31 0.72
P4 0.51 0.49 1.31 3.91 0.46 0.31 0.86

Termon PI (edge) 2.19 1.45 2.55 3.24 0.90 0.36 6.37
P2 (middle) 2.32 2.66 0.83 0.31 1.17
P3 6.56 1.22 2.29 3.00 0.83 0.36 0.86
P4 2.09 1.38 2.30 3.04 0.64 0,25 1.08
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Figure 6.1; Mean depth in the flooding seasons of 2006/2007 (solid line) and 2007/2008 
(dashed line) for Blackrock, Caranavoodaun and Termon, The water levels in Roo West in 
2006/2007 were not measured; for the hydrograph of Roo West in 2007/2008 see Fig. 7.3.
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6.2.3 Analysis and presentation o f results

Differences in chemical characteristics are presented as plots of temporal variation of each 

variable at each sampling point within turloughs. Graphs for different variables are plotted 

differently to facilitate reading whenever needed; some present all turloughs in the same 

graph (where it is clear to see differences) while others present individual turloughs or 

different combinations. For each furlough and month a coefficient of variation for each 

variable was calculated by dividing the standard deviation by the mean across sampling 

points and multiplied by 100 to be expressed as percentages. Values higher than 25% are 

highlighted as considerable differences in measurements between sampling points (Table 

6.3).

Differences in phytoplankton communities were analysed by MDS and 

CLUSTER/SIMPROF analyses using PRIMER 6 for Windows (Clarke & Gorley, 2006). 

For further details on the methods used relating to these procedures see Chapter 4. The 

spatial variation of phytoplankton communities within turloughs was analysed according to 

two schemes: (i) analysis of similarities within each of the four turloughs individually, and 

(ii) analysis of similarities of samples in the edge and middle points among all four 

turloughs in the months of December I, February, April and May, plus of all February 

samples. With this approach it is possible to see to what degree phytoplankton 

communities between turloughs overlap and whether sampling points within turloughs are 

similar among themselves.

6.3 Results

6.3.1 Chemical variables

6.3.1.1 Differences among sampling points

Sampling points within turloughs showed very similar absolute values and temporal 

variation patterns for most chemical variables, namely TN, TON, alkalinity, colour and 

silicates (Figs. 6.3 and 6.4 and Table 6.3). However TP, SRP, Chi a and turbidity were 

found to be considerably more spatially variable within turloughs than the aforementioned 

variables (Figs. 6.2, 6.3 and 6.5 and Table 6.3). The biggest differences are seen in the first 

and latter months of flooding (see e.g. Chi a. Fig. 6.3), periods that correspond to the 

lowest water levels.
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Table 6.3: Coefficients of variation (CV, in percentage; from N=4) of relevant chemical variables for 
all samples collected in the second year. Shaded values highlight CV>25%.________________

Dec 1 Dec II Jan Feb Mar Apr May
TP
Blackrock - 2 18 11 2 2
Caranavoodaun - 38 19 14 30 36 9
Roo - 18 15 21 7 32 20
Term on - 3 7 12 8 41 49
TN
Blackrock 4 15 4 9 2 4
Caranavoodaun 31 11 2 2 5 9 8
Roo 11 20 6 22 13 12 9
Term on 34 3 10 17 10 5 17
Chi a
Blackrock 5 17 50 38 18 4
Caranavoodaun 58 38 7 7 19 77 37
Roo 34 20 8 3 14 46 36
Term on 71 9 5 8 13 17 113
SRP
Blackrock 5 4 21 13 4 14
Caranavoodaun 95 39 5 20 7 48 100
Roo 57 46 80 64 15 31 200
Termon 38 15 5 12 9 49 0
TON
Blackrock 1 4 4 1 1 1
Caranavoodaun 32 13 2 1 2 2 0
Roo 9 5 4 4 7 11 0
Termon 49 3 7 3 7 25 0
Alkalinity
Blackrock 2 1 2 1 1 1
Caranavoodaun 4 3 1 0 1 1 4
Roo 6 2 3 3 1 2 7
Termon 13 2 1 1 1 1 6
Colour
Blackrock 1 4 2 1 2 2
Caranavoodaun 6 16 9 12 13 6 12
Roo 9 42 13 8 43 7 9
Termon 30 11 15 36 16 4 25
Silicates
Blackrock 3 5 4 3 3 67
Caranavoodaun 4 3 1 1 13 8 22
Roo 15 1 10 7 21 39 18
Termon 3 2 0 5 6 20 15
Turbidity
Blackrock 7 21 23 6 2 5
Caranavoodaun 28 47 18 45 11 48 61
Roo 15 33 28 26 28 21 47
Termon 44 45 31 24 41 28 131
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to be the SRP threshold for P-limitation (Chapter 3).
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Trophic status classification changed in two turloughs (Caranavoodaun and Termon) 

depending on the sampling point used (Table 6.4). However, the values in the different 

points are very similar, and are all close to the value defining the trophic boundary of the 

classification system used (10 îg/L of mean TP and 2.5 p,g/L of mean Chi a\ OECD, 

1982).

Table 6.4: Trophic classification (OECD, 1992) of the different sampling points as 
averages of TP and Chi a during the flooding season. Also shown are the 
classification for the edge point in the first year of study (in italics).______________

Mean TP Mean Chi a Trophic classification according to
Sampling Point (ug/L) (ug/L) Mean TP Mean Chi a
Blackrock
P1 year) 52 1.3 Eutrophic Oligotrophic
P1 (2"“' year) 50 6.6 Eutrophic Mesotrophic
P2 43 6.4 Eutrophic Mesotrophic
P3 43 6.1 Eutrophic Mesotrophic
PA 44 7.0 Eutrophic Mesotrophic
Caranavoodaun
P1 (1^ year) 11 2.8 Mesotrophic Mesotrophic
P1 (2"“ year) 12 3.0 Mesotrophic Mesotrophic
P2 10 2.2 Oligotrophic Oligotrophic
P3 8 1.6 Oligotrophic Oligotrophic
P4 8 1.4 Oligotrophic Oligotrophic
Roo West
P1 (1^ year) 10 2.1 Oligotrophic Oligotrophic
P1 (2"*' year) 9 1.4 Oligotrophic Oligotrophic
P2 7 1.3 Oligotrophic Oligotrophic
P3 9 1,3 Oligotrophic Oligotrophic
P4 9 1.1 Oligotrophic Oligotrophic
Ternx>n
P1 (1^ year) 15 3.1 Mesotrophic Mesotrophic
P1 (2"*' year) 11 2,4 Mesotrophic Oligotrophic
P2 10 1,5 Oligotrophic Oligotrophic
P3 9 2,2 Oligotrophic Oligotrophic
P4 10 1,5 Oligotrophic Oligotrophic
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Blackrock stood out in terms of a number o f chemical variables (Figs. 6.2 to 6.5). It had 

waters with higher colour, higher TP, higher SRP, lower Chi a and higher average turbidity 

than the other three turloughs. These same distinguishing characteristics were also evident 

in the first year o f study, as this turlough was part o f the non-P-limited coloured/deep 

turlough cluster (see Chapters 2, 3 and 4). Also, among the set o f 22 turloughs, Termon, 

Caranavoodaun and Roo West had very similar chemical and phytoplanktonic 

characteristics in the first year o f study (Chapters 2 and 4 respectively). This pattern was 

repeated in the second year of study.

6.3. J.2 Differences between successive years

Chemical variables were often strikingly similar between successive years, both in the 

absolute values and in their trends over time (Figs. 6.6 to 6.11). TN and nitrate showed 

similar trends as in the first year for all turloughs: a peak in winter followed by a steady 

decline. Trophic status was similar between years and trophic status classification changed 

only in two cases (Table 6.4): in Blackrock, owing to a sharp increase in Chi a in the latter 

months o f 2008 (see below), and in Termon owing to lower mean Chi a in the second 

flooding season. However, the values for both years in Termon were very similar and are 

both close to the boundary o f the classification system used (2.5 pg/L; OECD, 1982).

There was one striking difference between years: that o f the sharp rise in Chi a in March 

and April 2008 in Blackrock. During this period there were no concomitant visible changes 

in other variables (e.g. depth, TP, TN, colour) that could explain this difference between 

years. These variables were not very different from the same period in 2006/07 (Figs. 6.1, 

6.6, 6.7 and 6.11), when no rise in Chi a occurred. Algae in this turlough were shown to be 

non P-limited in the first year o f study (see section 3.3.3) but during March and April o f 

2008 phytoplankton appeared to respond to P to the same degree as in the majority o f the 

P-limited turloughs studied in the first year (Fig. 6.12). The fact that SRP decreased to 10 

p,g/L or less during this period (Fig. 6.2d) is also a clear sign o f P-limitation (see section 

3.3.3). The other three turloughs studied in the second year, on the other hand, had TP- Chi 

a relafionships similar to those found in the first year (Fig. 6.12), thereby confirming the 

likelihood of P-limitation in these three turloughs and establishing that a repetition o f the 

pattern over successive years can occur.
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6.3.2 Phytoplankton community structure

6.3.2.1 Differences among sampling points within turloughs

MDS plots for each o f the four turloughs, including significant clusters as revealed by 

SIMPROF/CLUSTER analysis, are shown in Fig. 6.13. Overall, the results show that there 

was significant clustering by month. However, the later months clustered together in all 

turloughs (i.e. their communities were statistically undistinguishable). January and 

February samples also clustered together in Caranavoodaun and Termon (Figs. 6.13b and 

d). In general, however, it is clear to see that, in all four turloughs, the phytoplankton 

communities o f different sampling points were very closely related within months. The 

most intensively studied turlough, Caranavoodaun, is a clear example o f this (Fig. 6.13b). 

The algal communities were significantly clustered in December II, and they were
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significantly different from December I and January samples with the exception of the 

community in P3 in December I, which was closer to the communities in December II, 

which indicates some overlap between the first 2 weeks of sampling).

Figure 6.14 shows the relative taxonomic abundance in each sampled site, enabling 

comparison of composition between sampling points. At times there were considerable 

differences in composition and abundance between points. These larger differences were 

more noticeable during the beginning and latter stages of flooding (December I and April 

in Caranavoodaun, December I, April and May in Roo West, and December I and May in 

Termon). By contrast, in February (i.e. the middle of the season), the phytoplankton 

composition and abundance was fairly uniform within the basins. Large differences in 

abundance and composition in latter months often corresponded to higher abundance of 

filamentous algae near the edges (Caranavoodaun in April, Roo West in April and May, 

Termon in May). In one case however (Caranavoodaun in May) Chroomoms/Rhodomonas 

was the taxon responsible for higher algal biomass near the edge. The heterogeneity found 

in Caranavoodaun in December I corresponded to higher abundances o f the small pennate 

Achnanthidium lanceolatum near the edge, but this difference reduced over time and by 

January and February the basin was homogeneous. Worthy of note also are the blooms of 

centric diatoms in Blackrock in April and of Uroglena in Caranavoodaun in May, which 

were widespread within the basins (edge and middle points at least).
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63.2.2 Differences among furloughs

Figure 6.15 shows the multivariate analysis o f algal communities in the edge and middle 

points o f  the four turloughs in December I, April and May and for all four sampling points 

in February. As seen above, samples within turloughs and months are closely related. The 

SIMPROF analysis isolated Blackrock samples in December and February, but April 

samples were clustered closer to samples from other turloughs, specifically to the Februaiy 

samples in those turloughs. In the other three turloughs, December I samples were 

considerably different to samples from other months. O f special relevance is the clustering 

o f  February samples within turloughs, indicating that, at least during this month (the 

middle o f the season), the different samples within each turlough are more similar among 

themselves than they are to samples o f other turloughs (i.e. there is no overlap, albeit a 

close similarity; see Fig. 6.14 for the taxonomic compositions o f these samples). In later 

months, sampling points within turloughs are also closely related but not enough for the 

SIMPROF routine to consider them as significantly separate clusters, unlike February 

samples. It is worth remembering that Caranavoodaun, Termon and Roo West had similar 

phytoplankton communities in the first year flooding season (these turloughs were part o f a 

significant cluster termed Mow TP’) and that Blackrock was positioned significantly away 

from the majority o f other turloughs (section 4.3.2). This pattern was clearly repeated in

the second year.
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Figure 6.15: CLUSTER/SIMPROF results (solid lines represent significant clustering at p<0.05)
of phytoplankton community similarities of the four turloughs studied in the second year.
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6.3.2.3 Differences between successive years

Figure 6.16 shows the multivariate analysis of similarity between samples at the edge of 

each turlough in the first and in the second year. There is considerable overlap in 

phytoplankton communities between the two years, particularly in Caranavoodaun, Roo 

West and Termon (approximately 60% similarity as biovolume averages of taxa per 

turlough as shown in Fig. 6.16b). This is not surprising as it was known, from the cluster 

analyses in Chapter 4 (see section 4.3.2), that these turloughs had similar communities in 

the first year of study. Blackrock, however, appears separated both fi'om these three 

turloughs in each of the years and had different communities itself between the two years 

(Fig. 6.16b). The latter difference is predominantly owing to a shift in community 

structure and abundance occurring in March and April of the second year (Fig. 6.16c). The 

communities of this turlough in February 2008 were dominated by cryptophytes and 

dinoflagelates, but by March there appeared for the first time chlorophytes (for the most 

part absent in most of the turlough’s samples in both years) such as C'hlamydomonas, 

Closteriopsis acicularis and Monoraphidium, and also centric diatoms. However, 

cryptophytes still comprised the majority of phytoplankton in March (87.4% of total 

biovolume in edge sampling point) but by April, not only had the mentioned taxa persisted, 

but centric diatoms (C-strategists as well) clearly dominated with 71.9% of total biovolume 

at the edge point and 74% of total biovolume in the middle point (Fig. 6.7a).

The monthly taxonomic composition between successive years for each turlough was in 

general similar (data not shown). Cryptophytes and pennate diatoms (and occasionally 

centric diatoms) dominated the winter in all turloughs in both years. Blackrock had very 

little biomass throughout the season in both years (composed mainly of cryptophytes and 

small pennates) but, as seen above, a bloom of cryptophytes and centric diatoms occurred 

in March and April 2008, with no equivalent bloom in the first year (the community in 

March 2007 still consisted mainly of a very low biomass of pennates). In the other 

turloughs the inter-annual differences were not generally as pronounced as in Blackrock 

but there are still some that are worth mentioning. In February 2008 there was a biomass 

peak in Roo West, that was dominated mainly by cryptophytes, Mallomonas sp. and 

centric diatoms, while in the same month in 2007 the biomass was still low and consisted 

mainly of pennate diatoms. In April and May 2008 filamentous greens (particularly 

Mougeotia spp.) constituted a considerable portion of the biomass in this turlough 

(cryptophytes and Dinobryon also making sizeable contributions), but in the same period 

in 2007 filamentous greens were not as abundant and they were different taxa
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(Oedogonium spp. made a sizeable contribution in April 2007). The rest of the community 

in the spring of 2007 was mainly composed of pennates and cryptophytes. Caranavoodaun 

had similar phytoplankton communities in the spring of both years. The main difference is 

that in May 2008 the total biomass was higher than in the same month in the previous year 

but the compositions were still similar: Uroglena sp. and cryptophytes dominated the 

plankton {Dinobryon was also abundant in 2007 and it was not in 2008). It is noteworthy 

that Uroglena, a taxon absent in all other 21 turloughs studied, appeared in Caranavoodaun 

during the same period in two consecutive years. Finally, in Termon, the main differences 

in composition occurred in May, when there was a very large bloom of filamentous greens 

{Mougeotia and Spirogyra) in 2008 which did not occur in the spring o f2007.

6.4 Discussion

There was a high degree of spatial homogeneity with respect to most chemical variables 

among the turloughs, but some of the most important in limnological terms, such as TP and 

Chi a, were found to vary considerably. In these cases the edge point often showed higher 

values than other points in the basin, especially during early and latter stages of flooding, 

when water levels were low. Several factors could account for this heterogeneous 

distribution.

First of all it must be noted that P and Chi a (or algal biovolume) are correlated in most 

turloughs, and that this is true for Caranavoodaun, Roo and Termon (in Blackrock, signs of 

P-limitation was seen only from March 2008). The spatial differences found in these two 

chemical variables can therefore be related to the mobility of algae in the basins or, 

alternatively, to higher yields near the shore. The results have shown that in most cases 

large spatial differences are caused by accumulations of filamentous green algae near the 

shore during the later stages of flooding (i.e. Roo West in April and May and Termon in 

May, Fig. 6.14). Filamentous green algae are known to form metaphytic entangled mats 

(e.g. Mougeotia, Spirogyra or Zygnema, Stevenson, 1996a) which live somewhat in 

between the benthos and the plankton. Filamentous algae growing near the shore may also 

become entangled in the submerged vegetation owing to the shallower depths there 

(Stevenson, 1996a). Stevenson (1996) states that benthic algae growing on unstable 

substrata can be easily disturbed by wave action in shallow waters. Although it is not clear 

whether grassland constitutes a stable substratum or not (Peterson, 1996a), it may be 

considered unstable; rock for example is usually considered a more stable substratum in 

lakes (Stevenson, 1996b). Studies in lakes have shown that benthic algal communities
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become disturbed (i.e. detached) at depths to 2.5 m (Hoagland & Peterson, 1990) or even 

6.5 m (Stevenson & Stoermer, 1981). Therefore, it is likely that in turloughs benthic 

filamentous algae and diatoms become detached from the substratum and grow temporarily 

suspended in the water column.

There are some studies that showed that the movement o f algae is influenced by wind- 

induced currents, but the evidence suggests that this depends largely on the vertical 

distribution o f the taxa. George & Heaney (1978) found that appreciable spatial differences 

occurred in Esthwaite Water when buoyant blue-green algae or motile forms such as 

Ceratium dominate the phytoplankton. They found that, when these algae accumulated in 

the top 2 m o f the water column, they tended to move in the direction o f the prevailing 

wind (i.e. downwind) whilst when the algae were near the thermocline (i.e. around 4 m in 

this case) they would be influenced by a counter-current that would displace them upwind. 

The occasional observation o f buoyant filamentous algal scum near the windward shore 

during field work (where they were found exclusively) implies that transport by currents 

may indeed be important. However, further studies investigating both the horizontal and 

vertical distribution of algae in turloughs are needed to clarify these points.

There was one case where considerable spatial differences in Chi a were not related to 

accumulation o f filamentous algae but o f a raphid diatom near the edge (Achnanthidium 

lanceolatum in Caranavoodaun Dec I). But, like filamentous algae, this is an alga 

associated with the benthos and the same mechanisms o f movement by currents or higher 

yields in the shallower quiescent zone o f the shore may apply here also. It is known that A. 

lanceolatum can attach strongly to substrata (Peterson & Jones, 2003) and therefore it is 

possible that it moves attached to particles, plant material, or other detached substrata.

Hydrological mechanisms may further explain the increased heterogeneity during low 

water levels and the higher homogeneity found in the middle o f the flooding season. 

During periods o f obvious filling and emptying large volumes o f water are moving 

relatively rapidly in and out o f turloughs (as noted in the introduction above). These 

relatively high rates o f inflow and outflow are bound to create turbulence in the water 

column and thus mixing. This could explain why in the middle o f the flooding season (i.e. 

January, February and March, when the most dramatic hydrological changes occurred) the 

turloughs showed the highest homogeneity, both in terms o f chemistry and o f algal floristic 

composition (Table 6.3 and Fig. 6.14). By contrast, in the beginning and end of the season, 

when water levels are very low, water appears to be moving at much slower rates in and
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out of turloughs (i.e. appears to be more “stagnant”, see Fig. 7.3). An indication of this is 

that the normal recession constant, a fixed rate of emptying that was found to be 

widespread in turloughs, ceases to apply at this stage (Naughton & Johnston, 2009; see 

also Moran et al., 2008). At these periods of higher stagnation, differential spatial yields 

may therefore become more obvious.

Despite the spatial differences found, it is unlikely that large errors in assessment of 

trophic status would be made in these four turloughs if they were to be sampled near the 

edge over a flooding season. The trophic classification does change in two of the four 

turloughs depending on the sampling point that is used (Table 6.4); however, all values 

were still very close to boundaries in the classification and common sense dictates that 

differences in trophic classification such as this are artefacts of the classification system. 

The trophic boundaries are after all only artificial concepts (Carlson & Simpson, 1996, 

Carlson, 1977). It should be noted however that all four turloughs sampled for this study 

had little development of filamentous algae; the situation may be different in high TP P- 

limited turloughs which had more filamentous algal mats (see section 4.3.3). In these 

cases, assuming detached filamentous algal mats will tend to accumulate near the edges (as 

argued for above), samples from the edge may not be representative of the whole basin and 

could inflate an estimate of trophic status. In other words, TP and Chi a differences among 

sampling points may be considerably higher in turloughs with higher TP concentrations. 

This cannot be verified at the moment as no P-limited turloughs with high TP were 

sampled at multiple points.

Results concerning inter-annual variability of phytoplankton and chemical variables were 

not clear-cut. In general, chemical and phytoplanktonic variables were very similar in 

successive years (sometimes strikingly so, such as in the case of TN or silicate for 

example) although considerable differences can still occur. The most obvious example is 

the steep increase in algal biomass in Blackrock in March and April of 2008, not found in 

the previous season. This increase is reflected in the decrease in SRP to levels indicative of 

P-limitation (around or below 10 p.g/L, see Chapter 3, namely sections 3.1, 3.3.3 and 3.4) 

and the decrease in silicates, which in turn is explained by the fact that most of the bloom 

comprised centric diatoms. But other than that, no other factors -  hydrological or chemical 

-  can explain this change. Therefore, the only conclusion that can be drawn is that certain 

variables can change dramatically fi'om one year to the next in turloughs. More detailed 

long-term studies are needed to properly address the issue of inter-annual variability.
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6.4.1 Implications for management

The sample size of this study was small and the choice of turloughs turned out to be poor 

(three turloughs with similar trophic status and phytoplankton communities were chosen); 

a better choice would include for example turloughs with higher trophic status (e.g. 

Ardkill), which are known to develop different phytoplankton communities (see sections 

4.3.2 and 4.3.3). Therefore the interpretations that can be drawn from this study are limited 

but some recommendations for monitoring and management of turloughs can be made.

Samples from the edge of turloughs are, in principle, reliable to access a turloughs’ trophic 

status and chemical characteristics if they are sampled monthly over a flooding season. 

However, the errors could be more significant in high TP turloughs with P-limited algal 

biomass because of the potential higher accumulation of filamentous algae near the edge.

If the aim is to compare a wide range of turloughs, a simpler approach could be applied. In 

this case, a sample in the middle of the flooding season (i.e. when water levels are at or 

near peak) may be all that is needed, as the turloughs were found to be more spatially 

homogeneous in terms of water chemistry and algal floristic composition at this time. 

During these periods N is also at its peak (enabling assessment of its maximum value in a 

particular turlough) and more spatially heterogeneous variables, such as TP, are likely to 

be more homogenous at this time. Furthermore, filamentous algal biomass is not important 

during these periods and the problem of their possible accumulation near the edges does 

not constitute an issue. All these factors taken together suggest that an edge sample at the 

middle of the flooding season can be sufficiently accurate in discriminating turloughs’ 

frophic status and in comparing a large number of sites with one another. From the values 

of TP that are obtained, inferences could then be made into the amount of algal biomass 

that can be produced (in the case of P-limited turloughs). However, as seen in section 

2.3.3.1, both TP and Chi a have an erratic temporal pattern in turloughs (i.e. peaks at 

different times in different turloughs. Fig. 2.7b and c) and thus to assess their maxima a 

more frequent sampling scheme would be needed.
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7 The source of nutrients in furloughs: relationships with 

catchment land use, hydrology, and nutrient concentrations in 

groundwater

7.1 Introduction

It was seen in previous chapters that turloughs have concentrations o f nutrients equivalent 

to permanent lakes (ranging from oligotrophic to eutrophic) and that algal biomass is likely 

limited by the amount o f phosphorus (P) in the water. It was also seen that nitrogen (N) 

showed a regular and similar pattern of temporal variation across turloughs, with levels of 

N still varying considerably among turloughs. It is therefore ecologically interesting and 

relevant from a conservation perspective to understand the sources o f nutrients in 

turloughs. This is the primary aim o f this chapter.

Turloughs occur in karstic catchments, which have very specific hydrological traits 

(described in detail in section 1.1). They are characterised by an intimate surface- 

groundwater relationship and, given the widened dissolved fissures, fractures and caves in 

these systems, they are capable o f transporting large volumes o f water at relatively high 

velocities when compared with catchments in other geological settings. Thus, while in 

other catchment types it is often found that N is transported conservatively while P is 

retained due to its affinity to particulate matter (Weiskel & Howes, 1992), in karst aquifers 

there is less possibility o f attenuation of contaminants, and even P may be more 

conservatively transported. In fact, Holman et al. (2008), in a review study o f groundwater 

P concentrations in the British Isles and the Republic o f Ireland, showed that P levels are 

often above ecological-relevant thresholds in a wide variety o f geologies, not only in 

limestone areas. This is strong evidence, the authors argue, against the vsddely accepted 

belief that P is normally retained in the aquifer and hence poses little risk to groundwater 

and groundwater fed ecosystems. Moreover, the particular properties o f karst aquifers 

mean that P contamination is particularly likely to occur in karst regions, and has been 

documented in the western Irish karst lowlands by Kilroy & Coxon (2005).

In risk assessment protocols, a conceptual framework is usually considered (e.g. Working 

Group on Groundwater, 2004), and it is usefiil to consider it here also. In general terms it 

involves the identification o f sources o f contaminants or nutrients, the pathways of 

transfer, and the receptors of the contamination. The receptors in this case are the
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turloughs. Furthermore, in karst aquifers, two main types of nutrient sources can be 

considered: point and diffuse. Difllise sources are those related to general areas (such as 

pastures) while point sources are related to more localised and often more concentrated 

sources of contamination, such as septic tanks or silage, manure or slurry storage areas. 

Three main pathways of nutrient transfer to turlough waters can be considered: (i) transfer 

from the catchment via groundwater, (ii) run-off", overland or sub-soil flow from land 

adjacent to the turlough and (iii) release of nutrients from the soils of the actual turloughs 

once flooded. Within the groundwater nutrient pathway, a distinction can also be made 

between point and diffuse recharge. Recharge is defined as the way in which surface water 

enters the aquifer. Diffuse recharge implies diffuse entry via seepage of rainwater through 

the soil while point recharge is enfry of a more concenfrated flow through features with 

direct access to groundwater, such as swallow holes, dolines (i.e. closed depressions) or 

sinking sfreams.

It is expected that the major pathway of transfer of nufrients to turloughs is leaching from 

the catchment (Southern Water Global, 1998). Turlough catchments are mostly covered in 

agricultural land and changes in agricultural practices have been shown to be related to 

nutrient loading of water bodies in catchments all over the world (e.g. Tsirkunov et al., 

1992; Heathwaite et al., 1996; Castillo et al., 2000; Cuffhey et al., 2000; Haggard et al., 

2003). However, local run-off", particularly when associated with point sources (e.g. from 

silage clamps or slurry pits), is also a potentially important pathway in karst systems, as it 

can end up directly in the turlough down-stream and can be more concenfrated than diffuse 

sources (Tynan et al. 2005). A recent report of risk assessment in the Burren region 

suggests that contamination from point sources (such as animal feeding sites, surface water 

accessed by animals, or septic tanks) is the main cause of the occasional elevated 

phosphorus concentrations in groundwater and groundwater dependent terresfrial 

ecosystems (Bartley et al., 2009) It must be remembered however that point source 

contamination may not only affect local areas by run-off or overland flow but, due to the 

relatively unresfrained fransport of nutrients in karst systems, may also affect turloughs at a 

significant distance away from the source. Kilroy & Coxon (2005) for example esfimate 

that a significant peak in P in a spring in the Robe catchment (approximately 4 km north of 

Kilglassaun turlough) was related to silage effluent leakage up-gradient from the spring. 

The contamination reaching this spring is likely to have fravelled several hundred metres 

through the karst aquifer (0.5 to 1 Km; Dave Drew pers. comm.)

136



Release o f nutrients from the turloughs’ soils after flooding should also be considered, as 

several studies have demonstrated the occurrence o f release from sediments in lakes and 

wetlands (Lennox, 1984, Watts, 2000, Novak et al., 2004) and, perhaps more relevant in 

the case of turloughs, from agricultural land when inundated (Tunney et al., 1997). In 

southeast Galway, preliminary water sampling o f turloughs showed that nifrate levels were 

higher in turloughs that were more strongly grazed (Southern Water Global, 1998), 

indicating a possible effect on water quality o f higher fertiliser use or manure deposition in 

the turloughs.

The levels o f N and P leached due to agricultural activities have been studied quite 

extensively in the past years owing to concerns o f eufrophication (Di & Cameron, 2002; 

Heathwaite et al., 1996, Haggard et al., 2003, Withers & Haygarth, 2007). The European 

Communities Good Agricultural Practice for Protection o f Waters Regulations, first 

dictated in 2006 (Stationery Office Dublin, 2006), regulates agricultural activities in 

Ireland in terms of, amongst others, fertilisation rates. There is a more recent version o f the 

bill (Stationery Office Dublin, 2009) but the one from 2006 is used herein, as it is more 

relevant for the timeframe o f this study. In this document values for, amongst others, the 

amounts o f N and P in slurry or the annual nutrient excretion rates o f livestock are 

presented. According to it, an adult dairy cow produces 85 kg/year o f N and 13 Kg/year o f 

P, with all livestock types producing more N than P. The guidelines estimate that one cubic 

meter o f cattle slurry contains 5 Kg o f N and 0.9 Kg o f P (again, all slurry types contain 

significant more N than P). There are also guidelines to the maximum permitted amount of 

applied fertilisation; farmers are permitted a maximum amount o f P and N application in 

their fields, based on the known or estimated concentrations in commercial fertilisers, 

manure and organic fertilisers. In general, agricultural soil effluents have high N:P ratios 

(>20 and up to 250), while more concenfrated sources (fertilisers, feedlot runoff or sewage) 

usually have lower ratios (<10) (Downing & McCauley, 1992).

Besides activities directly related to agriculture, septic tanks are another potential source o f 

nutrients in furlough catchments (Coxon, 1999). In many Irish rural areas, domestic 

dwellings are connected to on-site treatment plants (septic tanks) rather than to mains 

sewage. It has been reported that over one third o f the population in Ireland uses on-site 

treatment systems (Department o f the Environment, 2004). It was estimated that domestic 

wastewater has a typical concentration of 50 mg/L total nitrogen (TN) and 10 mg/L total 

phosphorus (TP) (EPA, 2000), but direct measurements in 28 Irish domestic septic tank
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effluents resulted in higher average figures o f 55 mg/L o f ammonia and 16 mg/L o f TP 

(Gray, 1995).

It is not expected that the work described in this chapter will tackle such a complex subject 

matter in a comprehensive way because a dedicated project would be needed to study this 

theme in enough detail to render conclusive results. The aim here is to use available 

information on the hydrological dynamics o f turloughs, the groundwater nutrient levels, 

and the land use within the basins and catchment areas to provide basic insights into where 

the nutrients found in turloughs might, or might not, come from. Given the limited nature 

o f the data available this work is only meant as foundational, on which further analyses can 

be based.

7.2 Methods

The analyses presented in this chapter have been done in clusters o f geographically close 

or hydrologically connected turloughs, and the results are therefore presented in this 

manner (see for example Table 7.3).

Table 7.1; Total area of each 
turlough zone of contribution 
(ZOCs).
Turlough ZOC Area (Km )
Aleenaun 4.6
Ardkill 3.1
Ballinderreen 1.7
Blackrock 80.9
Brierfield 3.8
Caherglassaun 398.0
Caranavoodaun 9.3
Carrowreagh 18.8
Coolcam 5.7
Coy 83.3
Croaghill 9.7
Garryland 393.0
Gealain 13.5
Kilglassaun 15.1
Knockaunroe 16.9
Lisduff 10.5
Rathnalulleagh 18.8
Roo West 14.8
Skealoghan 8.9
Termon 6.3
Tuilynafrankagh 0.9
Turloughmore 4.5

7.2.1 Turlough catchment delineation

Turlough catchments (or Zones of Contribution - ZOCs) 

have been delineated based on known topographical and 

hydrogeological data (Owen Naughton, Paul Johnston, 

Catherine Coxon, David Drew, Sarah Kimberley and 

Caoimhe Hickey pers. comm.). Catchments in karst areas 

are extremely difficult to delineate (Naughton & 

Johnston, 2009; Tynan et al., 2005) and therefore the 

resulting ZOCs are the best possible outcome given the 

available data. The degree o f confidence in these 

turloughs’ ZOCs (estimated by the above people who 

carried out the delineation) ranges from 50 to 80%. Table

7.1 shows the total area o f each turlough ZOC.
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7.2.2 Hydrological data

Hydrological water level methods are described in detail in section 2.2.3.

7.2.3 Groundwater chemical data, historical data and tracing

Groundwater nutrient data sampled from springs close to the turioughs studied (Fig. 7.1a 

and b) was compiled from different sources (Table 7.2). Springs are natural outlets o f the 

aquifer (in contrast to boreholes for example) and so spring water quality should be a good 

indicator o f the groundwater quality along the main flow lines through the karst 

hydrological system (Quinlan & Ewers, 1985). No monitored springs were found that were 

confirmed to be up the hydraulic gradient from the turioughs. So, most o f the springs 

studied are considered to be down-gradient from the turioughs, as judged by their position 

and available tracing data (see Fig. 7. la  and b).

Table 7.2: Characteristics of the nutrient spring data used for comparisons with turlough nutrient 
levels.

Spring Source
Years P 
measured

Years N 
measured

Total
number of 
samples

Number of 
samples in period 
turioughs flood*

P N P N
Aglish Drew 1995 1992-1996 1992-96 47 47 34 34
Ballinlough EPA 1995-2006 1995-2008 22 22 19 16
Castlerea EPA 1995-2006 1999-2008 22 24 19 18
Clarinbridge EPA 2000-2006 2000-2008 14 23 11 16
Cregduff Kilroy 2002 (P) 

and EPA (N)
1998-2000 2006-2008 17 10 8 6

Fergus 
River Cave

Kilroy 2002 1998-2000 no data 12 - 8 -

Kilmaine EPA no data 2007-2008 - 10 - 7
Kinvara EPA no data 2007-2008 - 10 - 6
Mount Talbot EPA 1995-2006 1995-2008 22 24 19 19
Poldeelin EPA no data 2007-2008 - 9 - 5

* -  sam ples collected between 15 September and 15 June

The data sources for N and P concentration in springs were the Environmental Protection 

Agency (EPA) groundwater quality monitoring programme data (Lucey, 2009; data kindly 

provided by Anthony Mannix of the EPA), Kilroy (2002) and Drew (1995) (Table 7.3). 

Overall the data had a low temporal resolution, especially the EPA’s, with often only two 

measurements per year coinciding with the high and low watertable periods. EPA nitrate 

measurements were reliable but SRP (Soluble Reactive Phosphorus) is only usable with 

confidence for site specific purposes when analysed before 2007 (EPA, 2010). Drew 

(1995) monitored Aglish spring almost monthly between 1992 and 1996, and this spring 

presents the best temporal resolution of all studied. This spring receives water from 

Gealain and Knockaunroe turioughs (David Drew pers. comm.). Drew (1995) also
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Figure 7.1a: Geographical location (in the region of northwest (1) and northeast 
(2) sampled furloughs) of springs (red circles, labelled in italics are the springs 
used in this study), boundaries of furloughs and of furlough catchments (void 
outlines) and of the catchments of springs where available (light yellow areas). 
Also shown are known directions of flow as determined by tracer experiments 
(G S I2010).
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Figure 7.1b: Geographical location (in the region of southern sampled 
turloughs) of springs (red circles, labelled in italics), boundaries of 
turloughs and of turlough catchments (void outlines) and of the 
catchments of springs where available (light yellow areas; catchment 
area of Kinvara shown in a void black double outline). Also shown are 
known directions of flow as determined by tracer experiments (GSI 
2010 ).



monitored water chemistry (including dissolved N and P) in these two turloughs and this is 

used as historical data for comparison with the data from the present study.

In the second year flooding season it was possible to study an input to a turlough. The river 

Owenshree, considered the major input to Blackrock turlough (Owen Naughton pers. 

comm.), sinks just NE of the basin. This river was sampled there before it sinks 

(geographical coordinates of sampling point; M51691 10173, Figure 7.2), in the same days 

the turlough was sampled during the season (December 2007 to April 2008).

Figure 7.2; Aerial photographic map showing Blackrock turlough (topographic lines 
in white and red lines separate agricultural fields) and the sampling point in the 
O w enshree river, before it sinks into the turlough. Sampling points in the turlough 
are marked but not labelled (for labels s e e  Appendix I),
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7.2.4 Land use data

Land cover data in the ZOCs o f the turloughs was extracted from the Teagasc-EPA Soil 

and Sub-soil Mapping Project (Fealy & Green, 2009) and the CORINE 2000 Project 

(Bossard et al ., 2000) geo-referencing databases. Original land cover categories defined in 

these datasets were aggregated to render relevant categories for this study. Despite 

describing the same areas, these two databases used different approaches and 

methodologies to categorise land cover (Fealy & Green, 2009). The main advantage of 

using the CORINE database Irom the viewpoint o f this thesis is the discrimination therein 

between “improved” and “unimproved” pastures, which can be useful at differentiating 

more fi'om less intensely managed grasslands (O'Sullivan, 1994). On the other hand, the 

Teagasc-EPA work has a higher spatial resolution (1 ha minimum unit size against 25 ha in 

CORINE) and has the advantage o f seemingly having been ground-truthed in more recent 

years.

Septic tank density data (or On-Site Water Waste Treatment Plants as they are often 

designated) was provided by the ESBi; it was calculated based on the An Post (Postal 

Office) Directory, by counting the number o f dwellings without an official connection to 

the main sewage system and therefore assumed to use private septic tanks (Sarah 

Kimberley pers. comm ). Livestock density was provided by COMPASS Informatics Ltd. 

and was calculated from 2005 data obtained from the Department o f Agriculture on the 

number o f livestock (cattle plus sheep) existing in the Disfrict Electoral Divisions (DEDs) 

(Sarah Kimberley pers. comm ). The livestock density data (expressed as livestock units 

per hectare or LU/ha) was estimated for each turlough ZOC within the DEDs by taking 

into account the areas o f pastureland (from CORINE) within the ZOCs (because these are 

the areas that in principle serve the animals).

Correlations between variables o f land use and water chemisfry (nutrients and colour) in 

turloughs were tested through Spearman rank correlation analysis using SPSS 16.0 for 

Windows. Because the areas of ZOCs (and consequently the areas o f the different land use 

categories within ZOCs) varies considerably among turloughs (see Table 7.4 and 7.5), 

relative contributions o f each land type to total ZOC area (as percentages) are used instead 

for correlations with turlough water chemistry.
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7.3 Results

7.3.1 Turlough catchments and known hydrological connections

Figure 7.1 shows tracer lines, ZOCs, turlough boundaries and monitored springs. There 

were monitored springs close to most turloughs except to Roo West, Turloughmore and 

Termon, with no tracing data available close to these turloughs. The ZOCs o f these 

turloughs have been drawn within the boundaries o f the ZOCs o f Caherglassaun and 

Garryland.

The coloured/deep turloughs in the Gort lowlands (Blackrock, Coy, Caherglassaun and 

Garryland) are all part o f the same system (Johnston & Peach, 1998, Drew, 2003; Gill, 

2010), as described in section 2.4.1. Their overlapping ZOCs are the largest o f all o f the 

turloughs studied, indicating that they are part o f a large system transporting large volumes 

o f water (they are also the deepest turloughs in the set o f 22). The Owenshree River sinks 

southeast o f Blackrock and flows underground to Blackrock and Coy turloughs, both 

filling in autumn and winter when discharges increase (Gill, 2010, Owen Naughton pers. 

comm ). Water has been traced from Blackrock to Poldeelin spring and also to intertidal 

springs at Kinvara (Fig. 7.1b). Kinvara springs also receive water from Caherglassaun and 

Coole turloughs and so these springs seem to be the major outlets of this hydrological 

system. Garryland has also been traced directly to Coole turlough (Fig. 7.1b). It was noted 

that these two turloughs have very similar hydrological behaviours and water chemistry 

and so Garryland was recently modelled as a hydraulically unconstructed offshoot o f  Coole 

(Gill, 2010). Garryland may also be connected directly to Caherglassaun but there is no 

tracing available to establish this.

Ardkill and Kilglassaun have been traced directly to Cregduff spring (Coxon & Drew, 

1986); Skealoghan is also within the ZOC of this spring and on the line o f the tracer 

trajectory and is thus almost certainly draining to it also (Catherine Coxon, pers. comm.). 

At high flows, some water from Kilglassaun can also drain south to Kilmaine, but the main 

drainage pathway from this turlough is considered to be that leading to Cregduff (Coxon & 

Drew, 1986, GSI, 2010, Catherine Coxon pers. comm.).

Croaghill’s ZOC overlaps with the smaller ZOC of Coolcam. Ballinlough is the closest 

spring here, with the southern portion o f the spring’s ZOC overlapping the tip o f these 

turloughs’ ZOCs. However, tracing done in the area does not permit certainty on whether 

water from these turloughs drains directly to this spring (Fig. 7.1a).
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Castlerea spring ZOC borders the ZOC of both Rathnalulleagh and Carrowreagh, which 

share their ZOC boundaries. Brierfield is located close to these turloughs but its ZOC is not 

as close to Castlerea spring. Tracing in this area is not conclusive: water can drain in all 

directions from around the turloughs’ ZOCs, and so these three turloughs may or may not 

drain to Castlerea.

Lisduff stands isolated from other turloughs, with Mount Talbot as the closest monitored 

spring but no nearby tracing data available to reveal more about the relationship between 

the turlough and this spring.

Clarinbridge spring’s ZOC includes Caranavoodaun and Tullynafrankagh turloughs. 

Tullynafrankagh has been traced directly to Clarinbridge but also to Kinvara. However, 

drainage from Tullynafrankagh to Kinvara may only happen at very high water discharges, 

as most of the water from this turlough is considered to drain north to Clarinbridge and 

other neighbouring springs (GSl, 2010). Caranavoodaun and Tullynafrankagh may be 

hydrologically connected because their neighbouring ZOCs are both included within 

Clarinbridge’s ZOC. Ballinderreen, on the other hand, stands isolated and may drain to 

other areas.

Gealain’s water has been traced to Knockaunroe and from there to Aglish springs in the 

southeast (Drew pers. comm.). The water in Aleenaun has been fraced directly to the River 

Fergus Cave spring frirther south (Drew, 1988).

7.3.2 Turlough hydrology and nutrient concentration over time

Figure 7.3 shows graphs of seasonal changes in water volume (maximum depth in three 

turloughs for which volumes are unavailable) and nutrients and chlorophyll a (Chi a) 

concenfrations. Nitrogen has a similar trend amongst turloughs but the peak in N 

concenfration does not always coincide with the hydrological peak. Sometimes the peak is 

before the maximum volume (e.g. Coolcam, Rathnalulleagh, Carrowreagh, Brierfield, Roo 

West). The N drop after its peak concentration sometimes coincides with a decrease in 

water levels (e.g. Caranavoodaun, Lisduff) but often it does not and the turlough is still 

filling or fiill while N decreases steadily (e.g. Ardkill, Coolcam, Croaghill, Termon). 

Neighbouring turloughs with overlapping ZOCs or within the same spring ZOC often have 

very similar N curves and levels (Caranavoodaun and Tullynafrankagh; Rathnalulleagh 

and Carrowreagh; Ardkill and Kilglassaun). It is also interesting to note that both 

Turloughmore and Aleenaun despite several drying and re-filling cycles
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* - the hydrograph fro Roo West corresponds to the second year only (see section 2.2.3.1).
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Figure 7 .3  [pages 135 to 139]: Temporal variation of volume (or depth where no 
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within the flooding season, have still the same temporal variation curve in N 

concentrations as other turloughs (i.e. bell-shaped).

Phosphorus and Chi a had a more erratic pattern across turloughs (e.g. see section 2.3.3.1), 

and there is never a clear relationship with hydrological fluctuations. Sometimes peaks of P 

and Chi a happen when water level is low (at the beginning and at the end of the season, as 

in Rathnalulleagh, Brierfield, Caranavoodaun, Fig. 7.3), but not necessarily (see 

Ballinderreen, Croaghill, Skealoghan, Fig. 7.3).

150



7.3.3 The case o f  Blackrock: comparing river inputs with turlough nutrient 

levels

Total phosphorus in Blackrock turlough tended to be higher than in the Owenshree river 

upstream of the turlough in all months (particularly so in the first two months) except in 

February (the middle o f the flooding season this year). On the other hand, TN levels and 

changes over time were very similar between the river and the turlough (Fig. 7.4).
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Figure 7.4: Temporal variation of volume in Blackrock turlough in the 
second  field season  vî ith values of P (a) and N (b) in the turlough and in 
the Owenshree river. Large circles - TP or TN; small circles - SRP or 
TON. Full circles - nutrients in the turlough; open circles - nutrients in the  
river.

Other chemical variables may offer additional information on the origins o f water in 

furloughs. Figure 7.5 shows seasonal variation in alkalinity, colour and silicates against 

hydrological fluctuations in Blackrock and in the Owenshree river in the second year o f 

study, as well as in three P-limited furloughs with contrasting average nutrient levels in the 

first year (Gealain, Caranavoodaun and Ardkill). Alkalinity had very little amplitude o f 

variation over the flooding season; in most furloughs (notable exceptions were the Burren 

and the coloured/deep furloughs, see Fig. 2.4 and section 2.4.2) alkalinity showed a slight 

decrease affer the first two months and again a slight decrease at the end o f the season (Fig. 

2.4). Colour decreased fi'om the onset o f flooding, although this drop was much more 

pronounced in the four coloured/deep furloughs (see also Fig. 2.5). Silicates had a similar
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temporal variation as colour, with a steady decrease from onset o f flooding in most 

turloughs (Fig. 7.5 and Fig. 4.7). Normally, the high values in the beginning o f the 

flooding season are associated with low water volumes in the turlough, and when the 

turloughs is full the values become lower; these values continue to drop or are maintained 

more or less at that level until the turlough is again empty (Fig. 7.5). Alkalinity, colour and 

silicates were not always similar over the flooding season between the Owenshree river 

and Blackrock turlough. The differences were especially pronounced at the onset o f 

flooding, when the river had considerably higher alkalinities, lower colour, and higher 

silicate concentrations (Fig. 7.5a).

7.3.4 Comparisons with nutrient concentrations in groundwater

Table 7.3 shows nutrient concentrations in the clusters o f geographically close or 

hydrologically related turloughs and their associated springs (also shown are historical data 

from Gealain and Knockaunroe turloughs). In general nutrient levels in springs are of 

similar or higher levels than those in turloughs. There are however a few notable 

Blackrock and Owenshree river Gealain
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Figure 7 .5a [continues in next page]: Temporal variation of water volume and in alkalinity 
(top row), colour (middle row) and silicates (bottom row) in Blackrock turlough and 
O wenshree river (left column) and in Gealain turlough (right column). In the graphs on the 
left full circles present values in the turlough and open circles present values in the river.
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Figure 7 .5b  [continuation from previous page]: Tem poral variation o f w ater vo lu m e and in 
alkalinity (top row), colour (m iddle row) and silicates (bottom row) in C aranavoodaun (left 
colum n) and in Ardkill (right colum n) turloughs.

exceptions. Ardkill shows excessive nutrient levels (particularly P) compared with the 

main outflow spring from the catchment (Cregduff) and neighbouring turloughs. The four 

coloured/deep turloughs also appear to have higher N concentrations than Poldeelin, but 

not higher than Kinvara, the final destination of the water in the system.
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Table 7.3: Average and ranges of total phosphorus and total nitrogen of geographically close or 
hydrologically connected turloughs and nitrates and SRP (or TP where noted) of related springs 
(in italics). The values in springs were calculated for the periods when turloughs are normally 
flooded (15 October to 15 June). Also shown are historical data for Gealain and Knockaunroe 
turloughs (in italic)._________________________________________________________________

Turlough/Spring
P (pg/L) 
Mean±SD Range

N (mg/L) 
Mean±SD Range

Skealoghan 20±6 12.7-27.2 0.92±0.69 0.4-2.2
Ardkill 82±33 32.3-117.1 1.74±1.04 0.6-3.8
Kilglassaun 27±12 13.9-44.6 1.45±1.04 0 .2 ^ 3
Cregduff 30±6® 22-3T 1.83±1.03 <01-3.0
Kilmaine - - 2.29±1.16 <0.1-32
Coolcam 34±21 8.8-80.8 1.27±0.67 0.5-26
Croaghill 25±17 10.5-65.0 1.17±0.68 0.4-2.3
Ballinlough 51 ±21 21-110 2.94±0.51 2.3-39
Rathnalulleagh 45±22 18.9-83.9 1 25±0.46 0.7-1.9
Carrowreagh 43±8 32.8-55.7 0.91 ±0.45 0.5-1.6
Brierfield 20±10 12.1-41.2 0.57±0.15 0.4-0.8
Castlerea 43±17 20-77 1.45±0.49 0.6-2.6
LisdufF 7±2 4.2-96 1.90±0.77 0.7-3.1
Mount Talbot 33±19 11-63 2.92±1.43 0.5-7.9
Ballinderreen 12±9 4.6-27.8 0.73±0.41 0.2-1.5
Tullynafrankagh 33±18 14.7-58.9 2.14±1.24 0.9-46
Caranavoodaun 11±4 6.3-18.6 2.3011.42 0 .8^1
Clarinbridge 49±15 24-79 2.19±0.72 1.1-3.5
Kinvara - - 2.28±1.02 1.6-3.6
Blackrock 52±16 27.4-73.5 1 72±0.29 1.3-2.1
Coy 43±16 24.7-61.9 1.41 ±0.26 1.1-1.9
Garryland 25±7 11.7-31.4 1 08±0.42 0.6-1.8
Caherglassaun 43±12 31.8-66.7 1 22±0.23 0.9-1.6
Poldeelin - - 0.54±0.25 0.3-0.8
Kinvara - - 2.28±1.02 1.6-3.6
Roo West 10±4 4.5-17.7 0.59±0.29 0.2-1,0
Turloughmore 19±11 10.2-35.7 0.63±0.43 0.2-1.3
Term on 15±8 4.3-30.2 0.62±0.34 0.4-1.2
Gealain 4±1 1.7-5.5 0.59±0.20 0.3-0.9
Gealain (1992-96) - - 0.32±0.25 0.0-1.1
Knockaunroe 4±2 1.4-7.1 0.55±0.15 0.3-0.8
Knockaunroe (1992-96) 2±2 0.2-8.6 0.22±0.26 0.0-1.3
Aglish springs 3±2 0.2-12 0.59±0.27 0.1-1.4
Aleenaun 31±14 17.0-59.9 1.25±0.27 0.8-1.5
Fergus River Cave 21 ±9^ 12-42^ - -
-  Total phosphorus (Kilroy 2002)

Figure 7.6 shows the temporal variation of nutrients in selected springs as examples. In 

general, there is limited temporal resolution in the groundwater data and so the trends of 

nutrient variation over time are not easy to understand. From the more detailed work in the 

Aglish spring however (Fig. 7.6a), it seems that N tends to rise in the autumn/winter and be 

lower in the summer, as was found in the turloughs. The same can be inferred in a few 

other cases, such as the nitrate peak in the winter of 2008 in Cregduff (Fig. 7.6a). 

Phosphorus does not seem to have a regular temporal pattern in springs.
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7.3.5 Land use within turlough catchments

Tables 7.4 and 7.5 present areas and percentage areas of the different categories o f land use 

in each ZOC from the Teagasc-EPA and CORINE databases. Both datasets show that, in 

most cases, agricultural land/grassland covers most of the turloughs’ ZOCs, with some 

differences in values. In the Teagasc-EPA database, total grassland ranges from 37 to 

100% of the turloughs’ ZOCs, while in the CORINE database total agricultural lands can 

be as low as 23-30% (Aleenaun, Ballinderreen, Gealain and Knockaunroe). Furthermore, 

in general, “natural and semi-natural lands” represented a higher proportion o f the land 

cover o f ZOCs in the CORINE database (average 17.0% cover, against 4.8% of the 

equivalent “forest and scrubs” in the Teagasc-EPA dataset).

The biggest categorisation differences were found in the ZOCs o f Aleenaun and 

Ballinderreen; where Teagasc-EPA considered these turloughs’ ZOCs to be mostly 

agricultural grassland and rock covered, the CORINE data indicates the same areas to be 

natural grassland and forest/scrubs (Tables 7.4 and 7.5). With CORINE, surprisingly, no 

rock coverage was discriminated in these ZOCs, against 23 and 40% rock cover according 

to the Teagasc-EPA dataset. Figure 7.7 shows land cover differences between the two 

datasets for Aleenaun as an illustration. Consultation with a hydrologist knowledgeable of 

the region indicated that the land cover described by the Teagasc-EPA database is a more 

accurate description of both these ZOCs (David Drew, pers. comm.). Therefore, the 

CORINE land use data for Aleenaun and Ballinderreen was not used for correlations with 

nutrient data in turloughs.

Despite the substantial differences in coverage in these two cases, the two datasets still 

broadly agree in the remaining 20 ZOCs. Agricultural land cover is similar between the 

databases in these cases (averages 77.6% for Teagasc-EPA and 73.3% for CORINE 

database, N=20; Tables 7.4 and 7.5). Other generalities are common. For example, 

turloughs in the Burren region (Gealain, Knockaunroe, Roo West and Turloughmore) 

showed a high proportion of rocks in their catchments. Both datasets also agree in the 

highest proportions o f peat/bogs in the four coloured/deep/hydrologically connected 

turloughs (Blackrock, Caherglassaun, Coy, Garryland), at around 14-18%. There are, 

however, differences among ZOCs in the relative contributions o f improved compared 

with unimproved pasture lands. For example, all the pasture in Turloughmore’s ZOC (55% 

of total area) is improved pasture, while in Rathnalulleagh the proportions o f the two typ>es 

are similar (around 50% of total pasture land). Overall, pasture land comprised higher
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Table 7.4: Land use categories areas and percentage areas (of total ZOC area) within each of the turloughs’ ZOCs for the Taegasc-EPA database.

Turlough

Rock Bogs/Peat
Forest/
Scrub Water

Dry
Grassland

Wet
Grassland

Total
Grassland Other®

Area
(Km^)

Area
(%)

Area
(Km')

Area
(%)

Area
(Km^)

Area
(%)

Area
(Km^)

Area
(%)

Area
(Km^)

Area
{ %)

Area
(Km^)

Area
(%)

Area
(Km^)

Area
(%)

Area
(Km')

Area
(%)

ALE 1.8 39.2 0.0 0.0 0.2 4.4 0.0 0.0 2.0 44.7 0.5 11.7 2.6 56.4 0.0 0.0
ARD 0.0 0.0 0.0 0.0 0.1 1.6 0.1 1.5 2.9 93.4 0.1 3.5 3.0 96.9 0.0 0.0
BAL 0.4 22.9 0.0 1.3 0.1 6.8 0.0 1.3 1.0 62.5 0.1 5.3 1.1 67.8 0.0 0.0
BLA 0.4 0.5 11.7 14.4 10.4 12.9 0.0 0.0 50.1 61.9 8.4 10.3 58.4 72.2 0.0 0.0
BRI 0.0 0.0 0.0 0.4 0.3 7.0 0.5 11.7 2.5 65.8 0.6 15.1 3.1 80.8 0.0 0.0
CAH 22.7 5.7 73.3 18.4 86.1 21.6 7.4 1.9 184.6 46.4 23.2 5.8 207.8 52.2 0.7 0.2
CARA 0.0 0.3 0.0 0.5 0.8 9.1 0.1 1.4 8.0 86.5 0.2 2.3 8.2 88.8 0.0 0.0
CARR 0.0 0.0 0.1 0.6 0.0 0.2 0.0 0.0 16.7 88.7 2.0 10.6 18.6 99.3 0.0 0.0
COO 0.0 0.0 0.0 0.2 0.0 0.0 0.8 13.7 4.0 70.4 0.9 15.8 4.9 86.1 0.0 0.0
COY 0.4 0.5 11.7 14.0 10.6 12.7 0.1 0.1 52.2 62.6 8.4 10.1 60.6 72.7 0.0 0.0
CRO 0.0 0.3 0.1 0.6 0.0 0.0 1.0 9.9 7.7 79.1 0.9 9.6 8.6 88.7 0.1 0.5
GAR 22.7 5.8 73.3 18.6 86.1 21.9 7.2 1.8 180.1 45.8 23.2 5.9 203.3 51.7 0.7 0.2
GEA 8.2 60.3 0.0 0.0 0.3 2.4 0.1 1.0 4.8 35.5 0.1 0.8 4.9 36.3 0.0 0.0
KIL 0.0 0.2 0.3 2.1 0.1 0.4 0.0 0.0 14.0 93.0 0.7 4.3 14.7 97.3 0.0 0.0
KNO 9.5 56.0 0.2 1.0 0.4 2.2 0.1 0.8 6.6 38.9 0.2 1.2 6.8 40.1 0.0 0.0
LIS 0.1 1.3 0.1 0.6 0.1 1.1 0.0 0.0 9.3 88.7 0.9 8.2 10.2 97.0 0.0 0.0
RAT 0.0 0.0 0.1 0.6 0.0 0.2 0.0 0.0 16.7 88.7 2.0 10.6 18.6 99.3 0.0 0.0
ROO 6.5 43.8 0.1 0.8 0.1 0.3 0.0 0.2 8.1 54.7 0.1 0.3 8.2 55.0 0.0 0.0
SKE 0.0 0.0 0.0 0.0 0.1 0.8 0.1 0.5 8.6 96.7 0.2 2.0 8.8 98.6 0.0 0.0
TER 0.0 0.1 0.1 0.8 0.0 0.4 0.4 6.6 5.7 90.9 0.1 1.2 5.8 92.1 0.0 0.0
TUL 0.0 0.0 0.0 0.0 0.0 0.0 0.1 10.1 0.8 83.7 0.1 6.2 0.8 89.9 0.0 0.0
TUR 2.0 43.6 0.0 0.0 0.0 0.0 0.0 0.0 2.5 56.2 0.0 0.3 2.5 56.4 0.0 0.0
 ̂ -  includes "built land” and “coastal complex”



Table 7.5: Land use categories areas and percentage areas (of total ZOC area) within each of the turloughs' ZOCs for the CORINE database.

Bare rock Peat bogs

Natural and
semi-natural
areas®

Improved
Pasture

Unimproved
Pasture All pastures

Other
agricultural
lands’’ Other‘s

Area Area Area Area Area Area Area Area Area Area Area Area Area Area Area Area
Turlough (Km") (%) (Km2) (%) (Km") (%) (Km") (%) (Km") (%) (Km") (%) (Km") (%) (Km") (%)
ALE 0.0 0.0 0.0 0.0 3.3 73.0 0.7 15.8 0.0 0.0 0.7 15.8 0.5 11.2 0.0 0.0
ARD 0.0 0.0 0.0 0.0 0.0 0.0 1.9 60.1 1.3 39.9 3.1 100 0.0 0.0 0.0 0.0
BAL 0.0 0.0 0.0 0.0 1.3 77.2 0.1 7.3 0.0 0.0 0.1 7.3 0.3 15.5 0.0 0.0
BLA 0.0 0.0 13.3 16.4 13.3 16.5 23.4 28.9 22.6 27.9 46.0 56.9 8.3 10.2 0.0 0.0
BRI 0.0 0.0 0.0 0.0 0.8 21.4 1.8 46.1 0.8 21.0 2.6 67.2 0.4 11.5 0.0 0.0
CAH 24.0 6.0 63.8 16.1 113.7 28.6 84.6 21.3 66.6 16.7 151.2 38.0 35.6 9.0 9.5 2.4
CARA 0.0 0.0 0.0 0.0 1.8 19.9 4.6 49.7 1.7 18.2 6.3 67.9 1.1 12.2 0.0 0.0
CARR 0.0 0.0 0.0 0.0 0.0 0.0 9.0 47.8 9.0 48.0 18.0 95.8 0.8 4.2 0.0 0.0
COO 0.0 0.0 0.0 0.0 1.1 18.9 2.3 39.2 2.3 39.3 4.5 78.6 0.1 2.6 0.0 0.0
COY 0.0 0.0 13.3 15.9 13.4 16.0 24.2 29.0 23.6 28.3 47.8 57.3 8.9 10.7 0.0 0.0
CRO 0.0 0.0 0.0 0.0 1.6 16.9 3.7 38.2 3.8 39.4 7.5 77.6 0.4 3.9 0.1 1.5
GAR 24.0 6.1 63.8 16.2 112.6 28.6 83.1 21.2 66.3 16.9 149.5 38.0 34.0 8.6 9.2 2.3
GEA 8.4 62.1 0.0 0.0 0.9 6.9 3.4 25.2 0.0 0.0 3.4 25.2 0.5 3.7 0.3 2.2
KIL 0.0 0.0 0.0 0.0 0.0 0.0 10.4 69.0 2.8 18.4 13.2 87.4 1.9 12.6 0.0 0.0
KNO 9.8 57.5 0.0 0.0 1.5 8.8 4.5 26.3 0.0 0.0 4.5 26.3 0.5 3.0 0.8 4.5
LIS 0.0 0.0 0.0 0.0 0.6 5.2 8.3 78.8 0.9 8.3 9.2 87.1 0.8 7.5 0.0 0.2
RAT 0.0 0.0 0.0 0.0 0.0 0.0 9.0 47.8 9.0 48.0 18.0 95.8 0.8 4.2 0.0 0.0
ROO 7.1 48.0 0.0 0.0 0.3 1.7 5.5 37.1 0.1 0.6 5.6 37.7 1.9 12.5 0.0 0.0
SKE 0.0 0.0 0.0 0.0 0.3 3.7 6.7 75.1 1.3 14.7 8.0 89.8 0.6 6.6 0.0 0.0
TER 0.0 0.0 0.0 0.0 0.9 13.6 2.6 41.8 1.3 20.6 3.9 62.4 1.1 17.6 0.4 6.5
TUL 0.0 0.0 0.0 0.0 0.2 17.0 0.3 26.8 0.3 33.7 0.6 60.5 0.2 22.5 0.0 0.0
TUR

a • . .
2.0 45.4 0.0 0.0 0.0 0.0 2.5 54.6 0.0 0.0 2.5 54.6 0.0 0.0 0.0 0.0

® -  includes “forests”, “transitional woodland scrub”, “natural grassland" and “inland marshes"
-  includes “non-irrigated arable land”, “complex cultivation patterns”, and “land principally occupied by agriculture with areas of natural vegetation”
-  includes “discontinuous urban fabric", “sport and leisure facilities”, “mineral extraction sites” and “water bodies”



proportions (i.e. >60% of total pasture) o f improved than unimproved pastures in most (13) 

ZOCs, or otherwise by equivalent proportions o f both (i.e. around 50% o f each type in 

Blackrock, Caherglassaun, Carrowreagh, Coolcam, Coy, Croaghill, Garryland, 

Rathnalulleagh and Tullynafrankagh).

Tillage, defined as “non-irrigated arable lands” in CORINE (Working Group on 

Groundwater, 2005) and which is included under “Other agricultural lands” in Table 7.5, 

had relatively low contributions to land use in the ZOCs. It was <1% o f total area in 12 

turloughs and <5% in five more. The most significant contributions were in Kilglassaun, 

Brierfield, Caranavoodaun and Termon, with 9.2%, 11.5%, 12.2% and 12.9% of total area, 

respectively. It was also seen that “wet grassland” from the Teagasc-EPA database was 

part o f “pasture” as defined by CORINE; thus “total grassland” (i.e. wet and dry, Teagasc- 

EPA database) was used instead o f “dry grassland” only for correlations with turlough 

water chemistry.

7.3.6 Correlations between land use in catchments and nutrients in turloughs

Table 7.6 presents the results o f the correlations between land use variables and water 

chemistry in turloughs. Significant positive correlations (p<0.05) were found between 

septic tank density and mean TN, agricultural land (CORINE) and mean TP and TN, total 

pasture land (CORINE) and mean TP and TN, unimproved pasture (CORINE) and mean 

TP and mean colour, total grassland (Teagasc-EPA) and mean TN and peat bogs (CORINE 

and Teagasc-EPA) and mean colour, while negative correlations were found between rock 

coverage (CORINE and Teagasc-EPA) and mean TP, mean TN and mean colour. Most o f 

these significant correlations have however low Spearman r values (most <0.6), as can be 

seen by the wide spreads o f points in the scatter plots (Figs. 7.8 to 7.12).

Specifically, the correlations between nutrients and agricultural land are not clear cut (Figs. 

7.8 and 7.9). For example, while total agricultural land (CORINE) is positively correlated 

with mean TP, turloughs with or around 100% agricultural land cover span a wide range of 

mean TP values (from 7.4 to 82.1 pg/L, Fig. 7.8c). Similar “triangular” scatter patterns are 

seen in other relationships between agricultural land and nutrient concentrations (Figs. 

7.8a, b, c and d and 7.9a and b). These “triangular” plots may represent, given the upper 

diagonal margin, a maximum potential o f nutrient release from the catchments. For 

example, ZOCs with near 100% agricultural land cover can export up to about 80 pg/L o f 

TP on average to turloughs, while ZOCs with around 50% agricultural land cover could
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only export up to around 40 |ig/L of TP (see Fig. 7.8 a and c). No correlation was found 

between improved pasture lands and nutrients while an unexpected positive correlation 

(where a negative would be more likely, see discussion) existed between unimproved 

pasture cover and mean TP (Fig.7.9c and d).

Table 7.6: Spearman coefficients and p values of correlations between average TP, 
TN and colour in turloughs and land cover variables in ZOCs. Land cover variables 
from the CORINE and Teagasc-EPA databases are percentages of total ZOC area; 
N=22 for Teagasc-EPA and N=20 for CORINE (Aleenaun and Ballinderreen not 
considered, see text).______________________________________________________

Mean TP Mean TN Mean colour
Septic tank density coefficient 0.20 0.51* 0.42

P 0.373 0.016 0.053
Stocking density coefficient 0.25 0.30 0.23

P 0.259 0.175 0.298

CORINE land cover
All agricultural lands coefficient 0.45* 0.50* 0.15

P 0.048 0.024 0.515
All pasture coefficient 0.46* 0.44* 0.17

P 0.042 0.050 0.479
Improved pasture coefficient <-0.01 0.27 -0.29

P 0.992 0.241 0.209
Unimproved pasture coefficient 0.77** 0.41 0.57**

P <0.001 0.074 0.008
Tillage coefficient -0.05 -0.05 0.11

P 0.846 0.832 0.633
Rock coefficient -0.52* -0.60** -0.39

P 0.019 0.005 0.086
Peat Bogs coefficient 0.43 0.18 0.69**

P 0.058 0.457 0.001

Taegasc-EPA land cover
Total Grassland coefficient 0.35 0.45* 0.25

P 0.108 0.036 0.266
Peat Bogs coefficient 0.11 -0,03 0.46*

P 0.639 0.901 0.032
Rock coefficient -0.55** -0.40 -0.48*

P 0.008 0.069 0.023
* significant correlations at the 0.05 level 
** significant correlations at the 0.01 level
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Figure 7.8: Scatter plots of total percentage area of agricultural land (CORINE, c and d) or 
grassland (Teagasc-EPA, a and b) in turlough ZOCs and mean TP (a and c) and TN (b and d) 
per turlough.
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per turlough (c and d). Left hand graphs use land cover parameters from the Teagasc-EPA 
dataset and right hand graphs use land cover parameters from CORINE, Turloughs with the 
highest land cover values are labelled.

The negative correlations between rock coverage and mean TP and colour were mainly 

owing to the Burren turloughs, which have high percentage of rock cover in their ZOCs but 

low values of the measured chemical variables (Fig. 7.10 a and b). Likewise, the positive 

correlations between colour and peat bogs cover (CORINE and Teagasc-EPA) were owing 

to the coloured/deep turloughs, which are the only ZOCs with this type of coverage in their 

catchments (Tables 7.4 and 7.5, Fig. 7.10 c and d), and the ones with the highest coloured 

waters (see Table 2.3).
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Figure 7.11; Scatter plot of total pasture percentage area in the turloughs 
ZOCs (CORINE) and livestock density in each turlough ZOC.
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Livestock density was highly correlated with total pasture land (CORINE) (r=0.94, p<0.01, 

Spearman, Fig. 7.11) and so was not used in the correlation analysis to avoid redundancy. 

Septic tank density was significantly correlated with mean TN but not with mean TP 

(Table 7.6). As in other significant correlations, the correlation coefficient is low (r=0.51) 

and this is reflected in the spread of points in the scatter plot (Fig. 7.12).
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Figure 7.12: Scatter plot of septic tank density in the turloughs ZOCs 
(CORINE) and m ean TN per turlough. Turloughs with the highest septic  
tank densities are labelled Shown also is the linear trend line.
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7.4 Discussion

7. 4.1 Nitrogen temporal variation and hydrological implications

S ^ c ie n t s  m e a s u r ^ l  a f e w T t h e  Hydrological changes in llie turloughs do not
turloughs studied. The values are appear to be strongly related to the variation in the
considered to be an estimate of
residence time (Owen Naughton, pers. level o f  nutrients over a flooding season. The
comm.)

strongest link found between these two variable 

sets (hydrology and chemistry) was that o f  N 

peaking in mid winter, which coincides with peaks 

or near-peaks in water levels (Fig. 7.3). Several 

studies o f  water bodies in catchments all over the

world report a similar rise and fall o f  N

concentrations during periods o f  higher effective 

rainfall (i.e. autumn and winter). Kaste et al. 

(2001) for example, found that lakes and rivers in a 

region in southern Norway all showed the same annual oscillation o f  N (high in winter and 

low in summer). They found as well that the different amplitudes o f  change in different 

water bodies were related to residence time o f  the water; streams with low residence times 

had a more pronounced oscillation curve than lakes, which have longer residence times.

They found that for lakes with residence times higher than 0.3 yr (3.6 months or 108 days

approximately) N temporal variation is almost absent.

Turlough
Aggregation 
coefficient (days)

Blackrock 36
Caherglassaun 64
Caranavoodaun 80
Knockaunroe 82
Lough Aleenaun 10
Lough Coy 44
Lough Gealain 79
Rathnalulleagh 81
Roc West 81
Skealoghan 67
Termon 177
Turlough more 14

In most turloughs, the estimated residence time is significantly lower (Table 7.7), 

indicating that a rise o f  N concentrations in winter would be noticeable, as indeed it is. 

There are additional numerous cases o f  studies reporting the same pattern o f  N temporal 

variation as that found in turloughs, both in water bodies in Ireland (Allott, 1990, King & 

Champ, 2000, Pybus et al., 2003) and elsewhere (Petry et al., 2002, Reynolds et al., 1992; 

Burt et al., 1988). This trend is normally explained by reduced effective rainfall and 

increased plant and microbial N-uptake in the catchments during the growing season (late 

spring to early autumn), while in late autumn and winter the reverse happens (EFMA, 

2005; Kaste et al., 2003; Johnsson et al., 1987). Likewise, the N temporal variation found 

in turloughs is likely to be reflecting leaching o f  this nutrient fi-om the catchment.
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Nitrogen losses in lakes are normally explained by three main mechanisms: net output 

with outflowing water, denitrification, and permanent loss to sediments (i.e. sedimentation 

o f  organic matter) (W etzel, 2001). These mechanisms are therefore possible explanations 

for the loss, after peak, o f  N  in turloughs. Net outflow is discussed below in relation to the 

hydrological model o f  continuous flow-through o f  water in turloughs. Denitrification 

usually occurs in summer and the process needs high organic carbon concentrations and 

anoxic conditions (Pina-Ochoa & Alvarez-Cobelas, 2006; Rudd et al., 1990). These 

conditions are unlikely to exist in the turloughs, as concentrations o f  O2 in water are at or 

near saturation (see section 2.2.3) and the water column is considered to be well mixed 

throughout most o f  the season. Permanent sedimentation does not seem  to be an 

explanation as most o f  the TN in turloughs is TON (Fig. 7.3) and this traction, being 

dissolved in water, does not sediment out. Furthermore, the fact that in the vast majority o f  

cases the temporal variation curves o f  TN and TON run parallel (i.e. the ratio between the 

two remains fairly constant throughout the season; Fig. 7.3) implies that the fluctuations in 

N concentration in turloughs is determined by factors other than the mobilisation or 

transformation between nitrogen forms within the turloughs.

A more plausible explanation for the decline o f  N concentration in the turloughs would be 

that o f  an equivalent decline in N  concentration in the inflowing water (i.e. declining losses 

from the catchments). This would imply that there is a continuous or semi-continuous 

flow-through o f  water in the turloughs, reflecting what is com ing from the catchments. 

This model is supported by the evidence gathered. The findings in Blackrock, for example, 

where N concentrations in the river input and in the turlough remain feirly similar 

throughout the season, suggest continuous flow-through o f  water in the turlough. 

Accordingly, the several-year monitoring o f  Aglish spring by Drew (1995) shows that the 

pattern o f  N  variation in groundwater in this karstic system  appears to be similar to the one 

measured in the turloughs (Fig. 7.6a).

According to this view  then, a turlough can be seen as the surface reflection o f  the 

groundwater flowing through the catchment at any given time. However, this theory 

contradicts the hydrological conceptual model developed by Naughton & Johnston (2009). 

According to their model, a turlough fills mostly with groundwater that rises due to the 

increased pressure in the underground conduits (fuelled by increased effective rainfall and 

controlled by restrictions in the underground conduits) during autumn and winter. In this 

way turloughs function as “pressure valves” and the direction o f  flow  is fundamentally 

vertical into the turlough (Fig. 7.13). The water confinues to rise until the underground
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system capacity is able to accommodate all the water flowing from the catchment, at which 

point the water in the turlough starts sinking again. Although rainfall and surface run-off 

inputs are considered in this model, flow-through has a very small or no role at all, as most 

o f the water rises vertically, stays, and empties vertically again.

rainfall

Figure 7.13; Hydrological conceptual model according to Naughton &
Johnston 2009 (reprinted from that article): (a) -  turlough, (b) -  flow 
pathway from the larger catchment, (c) -  more local direct run-off and 
shallow groundwater flow into the turlough, and (d) -  restriction that 
controls the flow capacity of the underground system. The arrows 
correspond to water flow directions. P lease see  text for more details.

However, N mass balance calculations support the view o f a stronger role o f flow-through 

in turloughs. The amount o f water with no N that would need to enter turloughs in order to 

dilute the water body to the observed N concentrations, as water level and N 

concentrations simultaneously decrease, was calculated. I f  these volumes were small (in 

relation to the total volume in the basin, i.e. around 15%) then this would still be within the 

predictability o f the degree o f flow-through in the model (Owen Naughton pers. comm.). 

However, it can be seen that the degree of turnover had to be as high as 55 % in some 

cases to account for the dilution o f N as water level decreases (Table 7.8). This is much 

higher than what the model allows for. Furthermore this approach uses the working 

hypothesis fliat the water entering the turlough is virtually free o f N, which is unrealistic. N 

is normally present in groundwater and this would fixrther increase the volume necessary 

for dilution. The evidence therefore points to a larger role o f flow-through in turloughs or, 

alternatively, an unknown mechanism is at work.

The analyses o f the temporal variation in silicates, colour and alkalinity can also aid in the 

discussion o f the hydrological fiinctioning o f turloughs and the origin o f the water. There is 

something in common in the temporal frends o f these variables in most turloughs: that of
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the initial drop from the onset of flooding, especially clear in the case o f colour and 

silicates (see Fig. 2.4 for alkalinity. Fig. 2.5 for colour and Fig. 4.7 for silicates; see also 

Fig. 7.5). This clearly suggests leaching of these substances from the catchment on the 

onset filling o f turloughs, which coincides with the onset o f effective rainfall (for example, 

colour in lakes is considered to be of allocthonous origin and related to catchment 

characteristics, Rasmussen et al. 1989). Similar temporal patterns to the ones in turloughs 

are found in permanent lakes. For example, equivalent patterns in alkalinity in lakes are 

shown in Noges & Noges (1999) and Allott (1990), and colour in most Irish lakes also 

shows a peak after the first autumn rains (Free 2001). Silicates in lakes also tend to rise 

during autumn/winter and drop during spring in lakes, having negative relationships to 

diatom abundance (Heron 1961). The hydrological fluctuations in the turloughs show little 

relationship to the changes in these chemical variables: the clear drop in colour and 

silicates for example extends well beyond inflowing periods, toward peak and emptying 

phases (see e.g. Caranavoodaun and Ardkill in Fig. 7.5b). This clear decline in 

concentrations may have two main causes: reduced leaching from the catchment (which 

would support a sfrong function o f flow-through in turloughs) or decline by internal 

processes within the turlough (which would support the model in Fig. 7.13). Examples of 

internal processes leading to a reduction o f these substances include the degradation of 

colour by UV-light exposure (De Haan 1993), silicates being taken up by diatoms (Heron 

1961), or calcium carbonate deposition at the end of the flooding season (Coxon 1994). 

However, the two main explanations mentioned (catchment-driven changes or internal 

processing) may be at work and, with the present knowledge, it is difficult to disentangle 

their relative importance. The only case where inflowing water was analysed together with 

turlough water was that o f Blackrock and the river but, as seen, this is not a typical 

turlough in the overall context. In this case there are clear differences between river and 

turlough water, particularly at the onset of flooding, while at later stages the two waters 

appear to be chemically similar (Fig. 7.5a). This is confounded, however, by the fact that 

those initial differences were found during a short flooding episode in the turlough, while, 

during the main flooding phase which followed, the chemistry between the two waters 

remained fairly similar, suggesting a high degree o f  flow-through. Clearly more detailed 

hydrochemical research is needed to resolve this issue, particularly involving sampling of 

other, more “typical” turloughs, together with inflowing groundwater over a flooding 

season.
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Table 7.8: Mass balance calculations of the volume of water (as percentage of total final 
volume) that would need to enter a turlough as total nitrogen (TN) concentrations and water 
levels concomitantly decrease.____________________________________________________

Turlough
Period when 
calculated

Initial and 
final 
turlough 
volume 
(xIO  ̂m®)

Initial and final 
TN turlough 
concentration 
(mg/L)

Volume of 
water with 
TN=0 needed  
to explain TN 
drop (% of final 
volume)

Blackrock 4 Feb to 4 Mar 2008 3646-1638 1.2-1.0 15.5
Caranavoodaun 14 Feb to 11 Mar 2007 278-207 2.4-1.7 32.2
Caranavoodaun 11 Mar to 10 Apr 2007 207-85 1.7-0.8 54.6
Lisduff 13 Jan tc 1 3 Feb 2007 761-620 3.1-1.8 40.0
Lisduff 10 Mar to 9 Apr 2007 594-405 1.6-1.2 24.5
Roo West 4 Feb to 4 Mar 2008 983-675 0.8-0.4 46.7
Skealoghan 13 Jan to 14 Feb 2007 334-178 1.6-0.8 48

7.4.2 N and P differential transport in turloughs and catchments

Although N concentrations seem to be related to the hydrological cycle in turloughs 

(therefore implying a relatively conservative transport from the catchments), P 

concentrations appear to be largely unrelated to the water level fluctuations. P 

concentrations in turloughs are much more variable (temporally and spatially) than N 

concentrations. Besides having a similar temporal pattern across turloughs, which seems to 

be mirrored in groundwater (see Aglish spring for example. Fig. 7.6a), N is also 

considerably uniformly distributed in space in turloughs (see section 6.3.1.1). P, on the 

other hand, shows a very variable temporal trend amongst turloughs (different peaks at 

different times in different turloughs, mostly unrelated to water levels) and is also much 

more heterogeneous within the basins than N (see section 6.3.1.1). Also in springs, P does 

not seem to show any particular annual trend (Fig. 7.6). This differential “behaviour” o f N 

and P in turloughs and catchments implies different mobility traits for these two elements.

Some studies have indeed described a differential transport o f  P and N in catchments 

(Weiskel & Howes, 1992). The conservative transport o f nitrates along the catchment is 

attributed to its high dissolution in water (Fetter, 1988), while phosphate retention is 

considered to be due to a tendency to inorganic adsorption to oxides o f iron, aluminium 

and calcium (Goldberg & Sposito, 1984) and precipitation reactions (Canter & Knox, 

1985), processes promoted by oxidizing conditions. Karstic catchments however, and as 

stated, have particular characteristics that may make them more suited for a relatively more 

conservative transport o f nutrients. It was seen in the introduction for example (the case o f 

the Robe spring, Kilroy & Coxon, 2005) how P can in principle be transported in
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ecologically significant quantities across large distances in karstic systems. Given that P 

levels in the springs are often of the same order o f magnitude as those found in the 

turloughs (Table 7.3), it is plausible to assume that this may be the case. It must be 

remembered also that average N and P concentrations are correlated in most turloughs (see 

section 2.3.3.1), indicating that sources to turloughs relatively rich in N are also rich in P. 

This is not surprising, as potential sources such as groundwater (Table 7.3), agriculture 

effluents (Stationery Office Dublin, 2006) or septic tanks (Gray, 1995) all contain both 

nutrients.

There are however three “anomalies” related to P concentrations that must be considered: 

the occasional significantly higher concentrations in turloughs than in the local 

groundwater (e.g. Ardkill), the temporally erratic peaks in turloughs (often many times 

higher than in the preceding or proceeding months), and the spatial heterogeneity of P 

concentrations within turloughs. Two main factors may help explain these “anomalies”: the 

differences between N:P ratios in groundwater and in agricultural point source effluents 

and the possibility of local point source contamination with lower N:P ratios, and the fact 

that P has a high affinity for particulate matter and is limiting algal biomass in most 

turloughs.

Because P is often bound to particulate matter, pulses of P may be related to increased 

hydrological flow pulses in the catchment (from increased effective rainfall) and to the 

consequent release of “pockets” of particulate-bound P retained in the catchments. In 

accordance to this, Kilroy & Coxon (2005) found that, although dissolved P constituted the 

major portion of TP in karst springs and remained fairly constant throughout the sampling 

period, particulate P would increase significantly soon after increased rainfall episodes in 

several springs. This effect could potentially partly explain the sporadic peaks of TP in 

turloughs but remains to be tested.

Another explanation for the peaks in P is related to its mobility within the turloughs 

themselves. As seen in section 6.3.1.1, TP in turloughs can be considerably spatially 

variable (see for example the higher values near the edge in Blackrock or Caranavoodaun - 

for example in April 2008 in the latter case. Fig. 6.2a and b). Because P is associated with 

particulate matter and algal biomass (TP and Chi a are correlated) it can more easily be 

moved in “agglomerates” of algae or particles within the turlough (hence accumulating 

near the edge for example), whilst N is dissolved and largely homogenised within the 

turlough water. The occasional P peaks found in the first year of study can then potentially
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also be explained by accumulation o f  filamentous algae or particulate matter (in turloughs 

with primary production not limited by P, such as Blackrock) near the sampled point 

(edge). Indeed this was found to be the case in some instances (see e.g. Term on in May 

2008, Fig. 6.14d; see also discussion o f  Chapter 6, section 6.4).

Table 7.9; N:P mass ratios in groundwater The fact that peaks in P were not mirrored 
(monitored springs), agricultural sources
(data from European Union 2006) and septic by peaks in N (which is counter-intuitive, 
tanks (EPA 2000).

since all possible sources o f  one also contain 

the other) may be further explained by the 

different N;P ratios in the flooding 

groundwater and the most common point 

sources (Table 7.9). I f  a turlough receives 

point source contamination besides the 

diffuse effluents, then this could skew the 

N;P ratio in the water in the turlough, since 

the common point source effluents 

(agricultural and septic tanks) have 

considerably lower N:P in relation to 

groundwater (Table 7.9). Therefore, a 

turlough contaminated with point source 

effluent would receive quantities o f  P that 

would significantly enrich the pool o f  P in 

turlough waters (e.g. by 30 p.g/L), while only 

minor concentrations o f  N would be in the 

same effluent (e.g. 180 jxg/L at a ratio o f  6),

Source Mean N:P
GROUNDWATER SPRINGS
Cregduff 61.0
Ballinlough 57.6
Castierea 33.7
Mount Talbot 88.5
Clarinbridge 44.7
Aglish 196.7
AGRICULTURAL SOURCES
Animal excretion
Dairy cow 6.5
Cattle (0-1 yr old) 8.0
Cattle (1 -2 yr old) 7.1
Cattle >2 yr old 6.5
Goat 9.0
Horse (> 3 yr old) 5.6
Horse (2-3 yr old) 5.5
Horse (1-2 yr old) 6.0
Sluny
Cattle 6.3
Pig 5.3
Sheep 6.8
Poultry 4.7
Manure & Compost
Poultry manure 2.7
Dungstead (cattle) manure 3.9
Farmyard manure 3.8
Spent mushroom compost 3.2
SEPTIC TANKS
Septic tanks 5.0
which is small compared with the total N  in the basin (e.g. 1700 ng/L or 1.7 mg/L) (the 

examples are from Blackrock in December 2007). Blackrock is not a “typical” turlough (as 

it is fed by conduit flow rather than by epikarst) but can be illustrative o f  this point. The 

fact that TP concentrations were higher in this turlough than in the river (while N was 

similar in both places) may be explained by considerably lower N:P effluents coming from 

local point sources. Such a source could be the conspicuous slaughterhouse located just 

next to the turlough. Accordingly, the considerably higher concentrations o f  P in Ardkill, 

when compared with the local groundwater, may be due also to a contamination by low 

N;P effluents from local adjacent lands (a farmyard for example), which would only affect 

that particular turlough. One other study in karst aquifers in the Burren similarly indicates
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that high TP levels found in the groundwater in the region are thought to be related to 

contamination from point sources, such as field feeding systems that congregate animals 

around a point source (Bartley et al., 2009). The authors found varying levels o f P within 

the region, with some sampling locations showing persistent elevated orthophosphate 

concentrations while others had elevated peaks only during recharge periods. This is in 

accordance with the mechanisms related to P mobility postulated above.

7.4.3 Land use in the catchments and trophic status

Significant correlations between land use in turlough catchments and the nutrient levels o f 

turloughs have been found, but the correlation coefficients were low and consequently the 

spread o f points around the trend line was found to be considerable. O f particular interest 

are the relationships between agricultural land (expected to be a major contributor o f 

nutrients to turloughs; see introduction) and nutrients in turloughs. In these cases a kind of 

“triangular” spread o f points was found, meaning that turloughs with a similar low trophic 

status span a wide range o f agricultural land cover percentage in their ZOCs, and that 

turloughs with high percentage o f agricultural land in their catchments span a wide range 

o f nutrient concentrations (Figs. 7.8 and 7.9 a and b). It is therefore considered that, 

although the results reflect the expected relationship between these variables, this 

relationship is weak and could potentially be improved. Some causes for the lack o f 

strength in the correlations can be discussed. In particular four main causes are evaluated: 

uncertainty in catchment boundary delineation, insufficiently accurate or detailed land use 

data, unavailability o f detailed data on the location and type of point sources in turlough 

catchments, and the fact that the additional variable o f pathway susceptibility was not 

taken into account in the present analyses.

Several studies have found significant correlations between catchment land use 

(particularly agriculture) and quality o f aquatic bodies (e.g. Castillo et al., 2000; Cuffiiey et 

al., 2000). Recently in Ireland Donohue et al. (2006) found that the extent o f urbanisation, 

arable farming and pasturelands, have a significant impact in river water quality in 797 

sites. However this study, like some others relating water quality to land use variables, 

report correlation coefficients similar to the ones found in the present study (i.e. around 

0.5). This suggests that the results in this chapter are o f importance and may be relevant, 

although the mentioned studies usually deal with much larger sample sizes. Compared to 

turloughs, most studies relating water quality and catchment land use usually deal with 

water bodies fed mostly by surface waters, or by groundwater flowing in primary pores or

173



narrow fissures. Catchment divides in these situations are usually fairly well defined by 

topography (Fetter, 1988). In turloughs, however, the catchment is largely undefined by the 

surface topography (given the extensive underground dissolution o f karst) and thus much 

more difficult to delineate (Ford & Williams, 2007, Tynan et al., 2005) (note that the 

degree o f confidence in the catchment delineations used ranged fi'om 50% to 80%). The 

review o f the boundaries o f turlough ZOCs could imply some changes in the values o f land 

use indexes (and therefore in the correlations with nutrients) but this is not considered to be 

a major source o f error, as it is seen that land cover in any direction around most o f  the 

ZOCs is usually o f a very similar kind (personal observation).

A second source o f error can be the quality and detail o f the land cover data used. The 

databases used (CORINE and Teagasc-EPA) rely largely on satellite imagery and, 

although ground-truthed to some extent, are bound to contain imprecisions. A clear 

reflection o f this is the fact that unimproved pasture (CORINE) was positively correlated 

with mean TP in turloughs, while improved pasture was not. Moreover, this significant 

correlation was positive, where a negative correlation would make more sense (i.e. the 

expectation is that the larger the extent o f low-productivity agricultural land, the lower the 

concentrations o f nutrients leached to turloughs). Unimproved and improved pasture lands 

were identified in CORINE through inspection o f the levels o f near infra-red reflectance, 

i.e. high near infra-red reflectance values were considered indicative o f improved 

pastureland; however, dampness or indeed heavy grazing could also reduce near infra-red 

reflectance (O'Sullivan, 1994). In this sense, highly grazed fields could be identified as 

unimproved pastures. The additional fact that some ZOCs (Ballinderreen and Aleenaun are 

clear examples of this) can be very differently categorised by the two databases used is 

further evidence that these methods may not reflect truthfiilly what exists in situ, but 

should instead be taken as broad estimates o f the land cover present. Similar considerations 

can be made for other variables o f land cover used, such as stocking densities. Livestock 

stocking density was based on census from the Department o f Agriculture within District 

Electoral Divisions (which are fairly large areas compared to the turloughs’ ZOCs) and 

were further clipped according to pastureland area (CORINE) in each ZOC. The 

methodology used may therefore be behind the strong correlation found between these two 

variables, although the possibility o f a real relationship between the extent o f pastureland 

and livestock unit density should not be dismissed. '

For a more accurate description o f land cover within turlough ZOCs extensive work on the 

ground would be needed. Ideally, detailed analysis o f the level o f intensity o f agriculture
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within catchments, as well as the identification o f relevant point sources (e.g. slurry pits, 

silage clamps, or zones o f animal feeding) would be needed. Moreover, this data should be 

taken in relation to the pathway susceptibility o f the area, e.g. a point source that drains 

directly into a sinking stream or a doline is bound to have a higher impact on groundwater 

than diffuse recharge through agricultural soils. These particular types o f occurrence (i.e. 

point source contamination via point recharge) could have a significant effect on nutrient 

levels in turloughs (see the example of the spring in the Robe catchment described in the 

introduction, section 7.1) and yet are largely unaccounted for in the present analysis. In the 

same way that point sources in more vulnerable areas to groundwater are bound to have a 

stronger influence on the levels o f nutrients in the groundwater and turloughs than the 

same sources in less vulnerable areas, so the location o f diffuse sources (such as 

agricultural land) in terms o f the groundwater pathway susceptibility o f the area is 

important (e.g. pasturelands in areas o f shallow soils are expected to have a higher impact 

that pasturelands in areas o f thicker soils).

O f course, the collection o f these data (which would include field-by-field assessments o f 

the number o f animals present, the intensity o f farming/fertiliser use, the identification o f 

point sources, and the groundwater vulnerability), was clearly beyond the scope o f this 

work. In fact, given the broad nature o f the data used and the uncertainty in relation to 

turlough catchments, it is quite surprising that some o f the expected correlations (such as 

the ones between agricultural land area and mean TP and TN) were significant. Further 

detailed field work would only be expected to provide a higher resolution on the precise 

sources and pathways o f nutrients to turloughs. Although it is unrealistic to expect detailed 

in situ land cover assessments for each agricultural field within turlough catchments, some 

case studies in selected farms (i.e. “pilot farms”) could prove valuable. This approach has 

been used with some success recently in the Burren region within the fi'amework o f the 

BurrenLIFE project (Bartley et al., 2009).

Some other significant correlations found in this study are also interesting. There was some 

degree o f correlation between density o f  septic tanks in ZOCs and TN in turloughs, 

although not clear due to some possible outliers (Fig. 7.12). Septic tanks are known to 

affect groundwater quality (Canter & Knox, 1985) and are thought to be potential sources 

o f nutrients in karstic areas (Coxon, 1999). The fact that septic tank density can be 

correlated with TN but not with TP may be explained by the differential mobility o f P and 

N described above. If  there is a reasonable thickness o f moderate to low permeability in the 

soil and subsoil, the P may be held by adsorption, while N in the effluent would probably
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flow more freely through the soil into the aquifer (provided that the soil is aerated so that 

denitrification does not occur and that most or all N is thus converted to nitrate). Possibly, 

therefore, P contamination from septic tank effluents would only be significant if  the soil 

and subsoil thickness in the percolation area was insufficient, and the effluent was passing 

more or less directly into the fractured limestone.

Because o f the clear differences in land cover and chemisfry in some sites, two other facts 

came across clearly from the correlation results: that furloughs in the Burren region have a 

high proportion o f exposed rock in their catchments and low nufrient levels and low 

colour, and that the four coloured/deep furloughs have the highest peat bog areas in their 

catchments, which can potentially explain the highest colour in their waters. A higher 

proportion o f bare rock in Burren catchments would mean greater groundwater 

vulnerability but, at the same time, lower agricultural intensity, and therefore lower 

nutrient concenfrations. Our results suggest that the latter may be the overriding factor. It is 

in fact true that the Burren has relatively low intensity agricultural activity, although 

particular fields may be intensely managed (see Bartley et al., 2009). The low colour in the 

Burren is thought to be due to its characteristic bare or thin soils, with little opportunity for 

leaching of dissolved organic matter. On the other hand, peat soils in the catchment o f the 

four coloured/deep furloughs’ ZOCs may be responsible for the higher colour in these 

furloughs, as it is known that effluents from peat bog areas are highly coloured due to 

leaching of humic substances (Rasmussen et al., 1989, Aiken et al., 1985).

7.5 Conclusions: sources of nutrients to turlough waters

The gathered evidence suggests that N and P in furloughs can come primarily from the 

inflowing groundwater, as nutrient levels in springs are generally o f similar or higher 

levels than those in furloughs. However, some cases (e.g. Ardkill or Blackrock) suggest the 

possibility o f point source contamination, as discussed. Likewise, correlations between 

land use and nutrient levels in furloughs point to land use within the catchments as an 

influence on furloughs’ frophic status. In particular, there were significant correlations 

found between the level o f nutrients in furloughs and the extent o f agricultural land within 

their ZOCs. However the data used was considered to be too broad (i.e. lacking in detail), 

and this was considered to be the main cause o f the low degree of explanation found in the 

significant correlations reported. This low level o f explanation renders the results not 

conclusive to a satisfactory degree. Suggestions were made for more detailed field work, 

which would hopefully lead to a finer resolution in the analysis and in the consequent
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assessment o f pressures and pathways to turlough waters. On the possibility o f P release 

from the soils within the basins, preliminary experiments show no evidence for this 

mechanism to be widespread in turloughs (Keane, 2010).
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8 Conclusions

The main aims o f this thesis have been achieved. Turlough waters have been described in 

terms of their chemistry and algal communities and important patterns and relationships 

have been identified. These patterns are not only important from an ecological point of 

view but are also relevant from the perspective o f the conservation o f turloughs, namely 

for the achievement o f the objectives o f the Water Framework Directive (European Union, 

2000, Working Group on Groundwater, 2004).

8.1 Water trophic status and algae

As previously suspected (e.g. Tynan et al., 2005; Working Group on Groundwater, 2004), 

the trophic status o f turlough waters spans a wide range. Although not directly comparable 

owing to shorter hydroperiods, turloughs were found to have similar ranges o f nutrient 

levels and algal biomass to permanent lakes (Chapter 3). The evidence also suggests that 

phosphorus (P) may be limiting algal biomass in the vast majority o f turloughs, and that 

the degree o f limitation is similar to that found in lakes during the growing season (i.e. late 

spring-early summer). This implies that turloughs are productive aquatic systems. These 

results should be taken into account in any management and conservation scheme, as the 

control o f  P loading can potentially reduce the extent o f  primary production. Since water 

TP may also influence the community sfructure o f the terrestrial vegetation (as suggested 

by the preliminary study in sections 2.3.3.1 and 2.4.3), P loading control could possibly 

also influence the composition o f the terresfrial vegetation community.

It should be borne in mind however that P limitation in turloughs was not demonsfrated. 

The regressions found and the levels o f biovailable P and N over time do suggest that P 

may be limiting algal biomass and this is in fact the approach taken in many “classical” 

studies (see e.g. Dillon & Rigler 1974, OECD 1982, or even Phillips et al. 2008). 

Bioassays (i.e. enrichment experiments) are nevertheless necessary for limitation to be 

proven (see e.g. Sterner 1994, Elser et al. 1990, Morris & Lewis 1988). In a review of 

enrichment experiments in freshwaters, Elser et al. (1990) concluded that, contrary to 

popular belief, N can be as important a limiting nutrient as P (see also Elser et al. 2007). 

They also found that addition of both N and P together enhanced algal growth much more 

frequenfly and more substantially than N or P added separately. Similarly, Morris & Lewis 

(1988) found N to be the main limiting nufrient in experimental studies in eight mountain 

lakes in Colorado and that N and P could co-limit algal biomass or alternate in limitation
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over time in the same lake. Therefore, to factually determine the limitation of algal 

biomass in turloughs, bioassay experiments should be run.

Other results in the thesis suggest that variables such as algal biomass as well as the algal 

community structure in turloughs have the potential to be indicative not only of the level of 

enrichment of the water body but also of particular chemical, hydrological or 

morphometric characteristics. For example, evidence suggests that algal biomass is limited 

by P in most turloughs but not in a few, particularly in four deeper turloughs with higher 

coloured waters (Chapter 3). Accordingly, algal community structure was also found to be 

different from the majority of turloughs in these sites (Chapter 4). Depth or colour (which 

can result in lower light availability, e.g. Havens, 2003, NQges & N6ges, 1999) rather than 

nutrients, may be limiting algal production in these turloughs. The issue of colour 

potentially limiting algal biomass is becoming a controversial issue however, as some 

studies have shown positive relationships between colour and algal biomass (Poikane et al. 

2010, Webster et al. 2008, Numberg & Shaw 1998). Short hydroperiod is another factor 

potentially affecting community structure, as was seen in the case of Turloughmore 

(Chapter 4). P-limited turloughs were found to have similar algal community structures. 

However, community sfructure was still affected by the level of P in the water; turloughs 

with higher P levels tended to have higher biomass of green algae, particularly filamentous 

forms (see Chapter 4 and 5). Therefore, the extent of filamentous green algal biomass 

could be used as a simple index of nutrient enrichment in turloughs (see section 8.4.1).

It was also found that algal community structure tended to have a predictable succession 

pattern over a flooding season (Chapter 4). At the beginning of the flooding season (i.e. in 

autumn) turloughs were dominated by the ubiquitous cryptophytes and pennate diatoms 

but also by filamentous species (particularly Tribonema) and flagellate colonisers such as 

Chlamydomonas. Waters in winter had a prevalence of cryptophytes and pennate diatoms, 

but also important blooms of r-selected cenfric diatoms at times. In spring the plankton 

became dominated by filamentous green algae and blooms of chrysophytes, particularly 

Dinobryon. This temporal pattern can be explained by changing environmental conditions 

and the adaptive traits o f the algae that were found. The description of algal communities 

in turloughs can, therefore, be usefiil to indicate the ecological conditions in turloughs at 

any given time.

In must be borne in mind, however, that large gaps in the research of the plankton ecology 

of turloughs still naturally exist. A major lack in this study was the unavailability and
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integration of zooplankton data. The knowledge of zooplankton abundance and community 

structure variations over time is crucial for the understanding of changes in algal 

community structure, abundance and nutrient limitation, as has been demonstrated in both 

field and experimental studies (Elser et al. 1988, Garcia & Niell 1993, McCarthy et al. 

2006).

8.2 Spatial and year-to-year variation

Studies of spatial and year-to-year variation in turloughs are not only relevant to the 

understanding of turlough ecology but have also important implications for management 

purposes. The study of these aspects in the thesis involved a small sample size but some 

conclusions could be drawn. Most chemical variables (such as total nitrogen, alkalinity or 

silicates) were found to be quite spatially homogeneous within turloughs but some, such as 

P and chlorophyll a (Chi a), had considerable spatial variation. However, the results 

suggest that trophic status determination would not be significantly diflferent if a basin was 

to be sampled from the shore or from any other point within the turlough, particularly if 

sampled in the middle of the flooding season, as turloughs were found to be more spatially 

homogeneous at this stage. On the other hand care should be applied when monitoring at 

low water levels as higher spatial variability was found to occur in both TP and Chi a. At 

emptying stages this was found to coincide often with filamentous algal growth near the 

shore. This accumulation of filamentous algae near the shore may be more prominent in P- 

limited turloughs with high P water concentrations (not sampled spatially) because they 

also tended to have higher filamentous algal production than P-limited turloughs with low 

P concentrations (Chapter 4). Chemical variables and phytoplankton communities were 

fairly similar between years but a case in one turlough (a sudden increase in algal biomass 

in the second year of study in Blackrock towards the end of the season) suggests that 

important differences may also occur. It is considered that more thorough studies on 

spatial and year-to-year variations in turloughs would fiirther elucidate this aspect of 

turlough ecology.

8.3 Turlough catchments and nutrient sources and pathways

Analyses of existing data on catchment land use, hydrology and groundwater quality 

permitted the inference that, in general, nutrients in turloughs can originate primarily from 

groundwater in the catchment (see Chapter 7). In this regard it was seen, for example, that 

the levels of P and N in groundwater flowing in the vicinity or within turlough catchments
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are usually similar or higher than those found in the turloughs. A few cases however point 

to the possibility o f other factors (such as contamination by point sources) as being 

potential important contributors to turlough trophic status in some instances. Significant 

correlations were found between land use within the catchments and nutrient levels in 

turloughs. In particular and perhaps most relevant, the extent o f  agricultural land was 

found to be correlated with the level o f P and N in turloughs. However, the correlation 

coefficients were considered low, and it is thought that the quality o f the land use data 

(amongst other factors) is probably inadequate at this point, and that more detailed field 

work on land use in turlough catchments could clarity the relationships between land use 

and nutrient levels in turloughs. Further, more detailed research would help elucidate the 

important factors contributing to turlough trophic status, such as the importance of point 

compared with diffuse sources o f nutrients and the location o f these sources in relation to 

the areas o f groundwater vulnerability in the catchments. The results also suggest that 

CORINE land use database may not be useful for risk assessment studies as it did not 

accurately describe the ZOCs o f two turloughs in this study. Land use descriptors should 

therefore be checked with care before proceeding.

Modelling approaches are often used for predicting the factors affecting water quality in 

catchments. Instead of the correlative method used in this thesis, an exj)ort coefficient 

model (ECM), for example, could potentially have been applied, as it is relatively simple 

to compute and has proven successful in describing export from agricultural catchments in 

the UK (Johnes 1996). This model uses assumed export coefficients from each source type 

within the catchment (gathered from the literature and from field experiments) to predict 

nutrient loading to surface waters. Johnes (1996) found that such a model could be 

calibrated within 2.5% of observed nutrient loadings in two UK catchments. However, a 

number o f factors make it difficult to apply this model to turlough catchments at this time. 

Firstly, the catchment boundaries are not yet known with certainty (see section 7.2.1). 

Secondly, there are no direct measures of nutrient sources in catchments; for example, 

measures o f livestock density used in this thesis are only general statistics estimated for 

District Electoral Divisions, which are large areas that can include several (and sometimes 

only partial) turlough catchments. Furthemiore, the fact that turlough catchments are 

mostly underground systems with areas o f variable groundwater susceptibility (some areas 

are more prone to groundwater recharge then others) complicates matters further (i.e. 

sources have to be analysed in relation to the areas o f vulnerability). As an indication of 

the difficulty in modelling export from catchments it was found, in a study comparing
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different models (including ECM) in three Irish catchments, that none of the tested models 

was consistent in predicting TP loadings in all three catchments (Nasr et al. 2007).

Evidence from water level and nutrient variations over time from the results in this thesis 

suggests that there might be a considerable degree of water flow-through in turloughs. It 

seems also clear that P and N have different mobility characteristics in the catchments (as 

reflected in their contrasting patterns of variation over time for example) and within the 

basins (given the spatial heterogeneities found at times of low water level particularly). 

This is primarily owing to the fact that dissolved inorganic nitrogen (which constitutes the 

majority of total N in turloughs and normally also in groundwater) is highly soluble in 

water, while P is easily adsorbed to particulate matter or is quickly (and usually totally, 

being a limiting nutrient) taken up by algae. Therefore, peaks of P can be related to factors 

such as hydrological flow pulses in the catchments (i.e. increased rainfall or storm events), 

or to the accumulation of filamentous algae in certain areas of the turloughs (e.g. the 

shore).

8.4 Suggestions for future research

8.4.1 furlough algae

Three particular points stemming from the research on algae are interesting and can 

provide subjects of future research; (i) the mechanisms of colonisation by algae in 

turloughs, (ii) the fact that a relatively high proportion of algae in turloughs are 

mixotrophic, and (iii) the fact that filamentous algae tended to be more abundant in high 

TP turloughs.

Many of the algae found in turloughs are known to form dormant cysts {Spirogyra, 

Tribonema, Chlamydomonas, Dinobryon) and as such they could possibly rest as spores in 

the soil during the summer months, protected by grassland and the relatively wet climate 

(see Evans, 1958 and Evans, 1959 for a study of algal tolerance to desiccation). Recent 

studies appear to support this view. Anne Cleary (pers. comm.) found significant growth of 

algae within 7 days after inundation of dried soils collected from some turloughs, while 

confrols (sterilised soils) did not develop any algae. This is an interesting research subject 

and an inspection of the available literature reveals that is a poorly studied subject. 

Turloughs offer a unique opportunity to study this.
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Mixotrophic algae are algae that can be both autotrophic and heterotrophic (e.g. ingestion 

of bacteria) (Reynolds, 2006). Mixotrophic taxa (cryptophytes, Dinobryon, dinoflagellates, 

CMamydomonas) (Tittel et al., 2005; Anneville et al., 2004; Olrik, 1998) represented a 

high proportion of the biomass in turloughs and so mixotrophy could be an important 

ecological trait of algae in these ecosystems. The mixotrophic taxa are especially dominant 

during the first weeks of flooding, and during winter and so it is possible that mixotrophy 

is more prevalent during these periods of low light (Palsson & Graneli, 2004). This is also 

a potentially interesting topic of future research.

Finally, the fact that filamentous algae tended to be more prevalent in high TP turloughs is 

not only ecologically interesting but could also provide a tool for the assessment of 

turlough trophic status. Specifically it is suggested that the reduction of P loading to 

turloughs may result in a lower biomass of filamentous algae (and consequently of visible 

drying algal mats). Preliminary experiments reducing P loading could be carried out in a 

turlough with high trophic status and consistent conspicuous algal mat development, such 

as Ardkill.

8.4.2 Catchment nutrient sources and pathways

The results obtained suggest that more detailed studies of the land use in turlough 

catchments are needed to more clearly determine and integrate the nutrient sources and 

pathways to turloughs, as the available land use data is insufficient for an accurate 

prediction of nutrient sources. There is detailed agricultural field-by-field data available 

from the Department of Agriculture but it is difficult to access due to privacy issues (Sarah 

Kimberley pers. comm.). Alternatively, field work focused on understanding sources and 

pathways of nutrients to turloughs could be done. Such work could involve studying a set 

of “pilot farms” in turlough catchments, where the intensity of agricultural practices (e.g. 

levels of fertiliser use and livestock density), the occurrence and type of point sources and 

the distribution of the nutrient sources in relation to the groundwater vulnerability of the 

area could be determined in detail. Similar work has been done by the BurrenLIFE project 

in the region of the Burren (Bartley et al., 2009). Based upon the results gathered from 

such studies, and when more accurate descriptions of catchment boundaries and 

groundwater vulnerability are known, export models could be tried as an alternative 

method for determining the main sources of nutrients to turloughs (see e.g. Nasr et al 2007, 

Johnes 1996).
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8.4.3 Interactions between wet and dry phases

It is known that a dynamic interaction between soils and water occurs in wetlands (Novak 

et al., 2004; Reddy et al., 1999; Patten, 1990). Research on the interaction and nutrient 

transfer between soils and water in turloughs would be an important link in the 

understanding of turlough ecology. Turloughs have both a dry and a wet phase and are 

known to support wetland communities (Sheehy Skeffington et al., 2006, Working Group 

on Groundwater, 2004). The interaction between these two phases may be expected to 

affect ecological functioning. As a preliminary result in this subject it was found that mean 

TP in the turloughs studied was correlated with the trophic sensitivity o f plant communities 

in the basins (see sections 2.3.3.1 and 2.4.3). It should be borne in mind however that the 

trophic sensitivities determined by the Working Group on Groundwater (2004) were not 

measured directly or determined experimentally. They were estimated by applying 

Ellenberg Fertility Scores to the plant communities found in turloughs by Goodwillie 

(1992) and are therefore based on “expert knowledge”. The fact that this method rendered 

only three categories o f trophic sensitivity and that a particular trophic sensitivity score can 

span a wide range o f TP water concentrations (see trophic sensitivity score 3 in Fig. 2.9) 

reveals that this subject needs more detailed study before a more comprehensive 

correlation with water quality can be performed.

On the influence o f soil trophic status on water quality it was found (Keane, 2010) that a 

small percentage o f TP in the water (around 3%) can potentially be released from the soils 

after experimental flooding. However, most o f the released P was in particulate form while 

dissolved P was released in negligible amounts. However, these findings should constitute 

an incentive for the further study o f the interaction between the wet and the dry phases in 

turloughs.

8.5. Turloughs in the broad limnological context

8.5.1 Comparisons with other seasonal lakes

It may be asked: are turloughs really unique? There are few studies that have looked in 

detail at the comparisons between turloughs and other temporary or seasonally inundated 

water bodies (Sheehy Skeffington & Scott 2008, Coxon 1986). Coxon (1986) does an 

extensive overview o f features similar to turloughs in the world, primarily from a 

geohydrological viewpoint. She compares turloughs to poljes and uvulas in Slovenia, to 

temporary lakes in lowlying karst in Florida and southern Indiana in the USA, to the
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Breckland meres in the chalk in Norfolk, UK, and to karst features in Russia and in 

Canada.

Perhaps, historically, the most looked at comparison has been that o f turloughs and 

Slovenian poljes (MacGowran 1985, Sweeting 1972, Coxon 1986, Sheehy Skeffington & 

Scott 2008). Skeffington & Scott (2007) recently compared the two features in detail, 

including the vegetation and land use. These authors concluded that, although the large 

poljes are indeed considerably different from turloughs (as mentioned by other authors), 

some o f the smaller temporary and seasonally flooded lakes found in the Pivka valley can 

be likened to turloughs. However, a few differences are worth mentioning. Although the 

Pivka valley lakes appear to flood seasonally as turloughs do, the duration o f flooding is 

typically shorter (for three months or less; o f the studied Slovenian lakes only one 

regularly floods for up to 6 months). The land use is also different (summer pasture in 

turloughs and hay cultivation in Slovenian lakes) and the plant communities present are 

dissimilar, although both features support wetland communities absent from the 

surrounding, drier, landscape. These hydrological and land use differences may have an 

influence on the algal communities and the water chemistry o f the different features, but 

since these variables have not been studied in these Slovenian seasonal lakes, no 

comparison is possible at this stage.

Other landforms similar to turloughs have been studied in less detail than the Slovenian 

lakes. In the USA, areas o f lowlying karst have been reported to have features similar to 

turloughs, such as in Florida (Sweeting 1972, Coxon 1986), or areas of Kentucky, 

Tenessee and Indiana (Kelley et al. 2000, Coxon 1986). As in other cases, these lakes have 

been poorly studied and comparisons with turloughs are difficult (Coxon 1986). Kelley et 

al. (2000) studied a temporary karst lake in Kentuchy (Chaney Lake) and states that it is 

“one o f the best remaining examples o f a karst-fed temporary lake system in Kentucky”, 

implying that they are not widespread.

The Breckland meres in the UK occur in chalk and, unlike turloughs, do not flood on a 

seasonal basis but in longer term: a mere may remain flooded for several years and may 

then become dry for several months or more than a year (Coxon 1986). Areas o f lowland 

limestone in Russia and Canada are also candidate areas for the occurrence o f turlough-like 

features, but the available literature, which is very scarce, has only a few references to 

seasonal lakes, which at times differ markedly from turloughs (Coxon 1986). There are 

also seasonally flooded shallow lakes across different areas in Spain but these are saline

186



rather than freshwater (Garcia & Niell 1993, Lopez-Gonzalez et al. 1998, Alvarez et al. 

2006). They are also located in clearly different geomorphological settings and are subject 

to different climatic conditions than Irish turloughs (e.g. they usually flood during the same 

time period but with different periodicity and predictability).

Overall, and from the available literature, it seems that turloughs, as they occur in Ireland, 

are not a widespread phenomenon. A particularity o f Irish turloughs seems to be that they 

occur in large numbers over a relatively large geographical area (Fig. 1.2), at least when 

compared to what is known from the literature on other seasonal lakes (e.g. the Pivka 

valley intermittent lakes are fewer in number and occur in a relatively small area, Sheehy 

Skeffington & Scott 2008, and Spain’s saline lakes occur in markedly varied climatic 

regions and thus present varied hydrological fluctuation patterns and ecological 

ftinctionings, Comin et al. 1992). The area o f occurrence in Ireland is relatively 

homogenous in terms of geomorphology and climatic characteristics, leading to periodic 

flooding that is more or less stable across years and mostly synchronistic across several 

sites. This makes turloughs, in the present author’s opinion, an ideal object for the study of 

seasonal water bodies.

From the perspective o f water chemistry and algal communities the differences found 

between turloughs and other seasonal lakes may underlie different ecological ftinctionings 

(as is found for example in terms o f the terrestrial vegetation between turloughs and 

Slovenian poljes, Sheehy Skeffington & Scott 2008), although this is not yet known. The 

literature is scarce in terms o f the study o f  these variables in other temporary lakes, but a 

few comparisons can be made. Garcia & Niell (1993) studied chemical, zooplankton and 

phytoplankton temporal variation over a flooding season in a temporary saline lake in 

southern Spain. Despite the obvious differences between this site and turloughs their 

results were similar in some aspects. Like in most turloughs, peak Chi a also occurred 

during the winter. Although not allowing direct comparisons (as one is freshwater and the 

other saline), phytoplankton at this site was dominated by diatoms and small flagellates 

(particularly Dunaliella and Gymnodinium) throughout most o f the flooding season, while 

diatoms and flagellates (cryptophytes) also dominated in turloughs. Lopez-Gonzalez et al. 

(1998) also found peak plankton abundances (zooplankton + phytoplankton) in winter in 

another southern Spain shallow saline lake, with equivalent phytoplanktonic compositions 

as those reported by Garcia & Niell (1993). In Slovenia, the large and better studied polje 

Lake Cerknica has been described in terms o f phytoplankton but only qualitatively 

(Gaberscik et al. 2003), and thus a comparison is difficult. In this case Dinobryort was also

187



found predominantly in spring and green algae were, like in turloughs, mostly absent 

except in spring/summer. Overall, comprehensive temporal analysis o f phytoplankton and 

chemical characteristics o f a large set o f seasonal lakes that are ecologically comparable is 

lacking in the literature.

8.5.2 Comparisons with permanent lakes

The results o f this thesis indicate that, when full, turloughs are comparable to permanent 

lakes. They are large water bodies that can support abundant phytoplanktonic communities 

with high biodiversity. They also share with lakes many patterns o f temporal variation of 

chemical variables, such as TN (e.g. Kaste et al. 2001, Pybus et al. 2003), colour (e.g. Free 

2001) or alkalinity (e.g. NOges & Noges 1999), patterns which are normally influenced by 

hydrological (such as residence time, Kaste et al. 2001) and catchment characteristics (e.g. 

Di & Cameron 2002, Rasmussen et al. 1989). On the other hand, the hydrological 

dynamism and ephemeral nature o f turloughs allows for some features that are not 

typically found in lakes. The high peaks o f algal biomass in winter that many turloughs 

displayed is an example o f such a feature, one that has also been reported in other seasonal 

lakes that flood in the same period o f the year as turloughs (Garcia & Niell 1993). Also, 

some algae were found in turloughs that are not typical o f permanent lakes but rather of 

ponds or slow-flowing rivers, notably the metaphytic filamentous forms such as 

Tribonema, Spirogyra or Mougeotia. Therefore, from the perspective o f the algal 

communities and their variation over time, turloughs appear to be distinct in relation to 

permanent lakes.

8.5.3 The typology o f turloughs

A  question also arises on whether different turloughs may fit into distinct typologies or 

rather be part o f a continuum. Visser et al. (2006) gathered available ecological data on 

turloughs and, using multivariate statistics, found that most o f the variance in the dataset 

could be explained by one main axis, corresponding (according to their interpretation) to a 

dry-wet gradient. In a similar fashion the results o f this thesis support the view of a 

gradient o f turlough ecology, rather than distinct types. A clear indication of this was the 

influence o f water TP both on the phytoplankton community structure and biomass and on 

the terrestrial plant communities present in the basin. Within P-limited turloughs, there 

seemed to be for example a gradient o f similarity o f phytoplankton community structure, 

according to TP in the water (Fig. 4.3). Therefore not only hydroperiod is potentially
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important as suggested by Visser et al. (2006), but TP could also be an important driver o f 

turlough ecology. However, some variables appeared to separate turloughs into discrete 

groups. An example o f this was water colour, which clearly separated four highly coloured 

turloughs from the rest (section 2.3.3). The high colour was also related to higher depths 

and to the lack o f P-limitation in these turloughs. So, although it is clear that the different 

ecological variables appear to be interrelated in turloughs (as suggested also by Visser et 

al., 2006), these considerations suggest that the quest for a classification o f turloughs 

within a continuum or in distinct typologies is bound to continue.

8.5.4 Overall conclusions

Overall, the present study shows that water chemical variables can be important 

measurements for the assessment o f turlough ecological state. They are easy to measure 

and offer potential reliable information on turlough ecology. Visser et al. (2006) notes that 

the published and unpublished data available on turlough ecology (data used by them to 

attempt a classification o f turloughs) is for the most part categorical (only conductivity was 

fully quantitative) and that more quantitative measures are desirable. Terrestrial aspects, 

hydrology and aquatic macroinvertebrates have traditionally been the major focuses o f 

study in turloughs (e.g. Porst & Irvine, 2009, Moran et al., 2008, Regan et al., 2007, Ni 

Bhriain et al., 2002, Goodwillie, 1992, Coxon, 1986) but this study shows that water 

chemistry and algal ecology can offer relevant insights for a more complete and holistic 

understanding o f turlough ecology.

Furthermore, the ecology of temporary water bodies is lacking detailed study (Williams, 

2006), particularly when compared with what is known for permanent lakes (Wetzel, 

2001). As argued for above, turloughs seem to offer good opportunities to study seasonal 

water bodies. They flood and empty annually with a known regularity, which can enable 

the easy establishment of research protocols, and occur in large numbers in a relatively 

homogenous geomorphological and climatic setting, which allows for replication. Many 

limnological aspects that have been poorly studied globally could be researched in 

turloughs, such as the mechanisms of colonisation by algae and aquatic animals in each 

flooding season, the effects o f seasonal inundation and water trophic status on terrestrial 

communities, and the mechanisms of adaptation of plant communities to seasonal flooding.
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APPENDIX I

(pages 213 to 223)

Aerial photographs o f the 22 turloughs sampled showing the sampling point in the first 
flooding season o f 2006/2007 (large asterisk; yellow line indicates direction o f sampling 
depending on the fluctuating littoral zone). White contours are the topographical lines 
(Owen Naughton pers. comm.) and the red lines represent walls dividing agricultural fields 
(Sarah Kimberley pers. comm ). The red contour corresponds to the frequently inundated 
area, as per Goodwillie (1992). North is up in all maps and the scale marks 500m in all 
cases. Also shown and labelled are the sampling points in a second flooding season of 
study (2007/2008) in four turloughs (Blackrock, Caranavoodaun, Roo West and Termon), 
sampled to study spatial heterogeneity in turlough waters (see Chapter 6 for details). Maps 
are ordered alphabetically by turlough name except for Blackrock and Coy and for Gealain 
and Knockaunroe which are shown together as they are geographically very closely 
located.
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APPENDIX II

(pages 227 and 228)

Spearman correlations amongst chemical, environmental and hydrological parameters 
(using all monthly samples, not averages per turlough). Shaded values highlight significant 
correlations (with r>0.5 and p<0.001). Shaded in lighter grey are correlation results that are 
significant only when the four coloured/deep turloughs (see e.g. section 2.4.1) are removed 
from the analysis.
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