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Eutrophication and phytoplankton in the Liffey estuary and Dublin Bay.
Tim O ’Higgins

.\bstract
Nutrients, chlorophyll and physical parameters were measured monthly in Dublin Bay 
and the Liffey estuary from 2000-2004. Nutrient and suspended solids concentrations 
were measured daily at the Ringsend sewage treatment plant over the same period, 
fw'o YSI 6600 sondes were deployed in the Liffey estuary in spring-summer 2004.
The Liffey estuary was found to be hypernutritled with respect to nitrogen and 
phosphorus throughout. The mean annual combined riverine and sewage area- 
normalised fluxes o f  nutrients to the estuary were 2309kg N .m “.y ' and 3 1 1kg P .m ’.y"' 
for nitrogen and phosphorus respectively. These values are higher than the U.K. 
average and are considered moderately to highly eutrophic. Dublin Bay underwent 
seasonal nutrient limitation exhibiting a typical spring bloom pattern. Over the 
upgrade o f  the sewage treatment plant, the composition o f  the sewage effluent 
changed, with ammonia constituting 98% o f  the DIN in 2001 but only 26% in 2004 
and this change was concurrent with an increase in TON.
In the upper estuary there was pronounced salinity stratification while in the lower 
estuary and the bay the water column was vertically well mixed. The vertical 
attenuation coeftlcient o f  PAR (k(PAR)) varied over the study area. Highest values 
for k(PAR) were found in the estuary and maximum light attenuation occurred o f f  the 
Ringsend sewage treatment plant. This was attributed to the input o f  suspended 
particulates. There was a weak positive correlation between the natural log 
transformed data for mean chlorophyll a concentration and the ratio o f  the photic zone 
depth to m ixed layer depth (Zp/Zm). The upper estuary had highest Zp/Zm values 
due to the shallow surface mixed layer caused by salinity stratification. Lowest 
chlorophyll and Zp Zm values occurred off  the Ringsend sewage treatment plant 
because high suspended solid concentrations increased light attenuation and the water 
column was vertically well mixed.
Highest m axim um  chlorophyll a concentrations occurred in the upper estuary 
(max=121.6mg chla.m ') these high concentrations were associated with monospecific 
blooms o f  Ciyptonionas sp. In summer 2004 a bloom o f  Cryptomonas sp. was 
detected in the upper estuary and lasted two weeks. This bloom acted as a significant 
source o f  carbon to the upper estuary (15mg.C.m") comparable in magnitude to the 
spring bloom in eutrophic systems. The termination o f  the bloom coincided with a 
drop in surface salinity. Modelled flushing times for the upper estuary indicate that 
Hushing in this area is highly sensitive to river flow and flushing timescales are on the 
same timescale as phytoplankton growth. In the lower estuary and in Dublin Bay 
tidal flushing is o f  more significance than riverine flushing, efTectively preventing 
proliferation o f  phytoplankton in the lower estuary.
During the spring bloom o f  2004 a brief period of anoxia occurred of f the Ringsend 
sewage treatment plant. The oxygen minimum coincided with the fluorescence 
maximum. At this time chlorophyll made up only 20% o f  the total phaeopigments. 
1 he thermal signature suggested that the peak in fluorescence came from a stratified 
offshore source. 1 he anoxic event is attributed to a dieing phytoplankton bloom 
combined with organic loading from the Ringsend seuage  treatment plant and 
thermal inputs form a local power station.
.A persistent bloom o\' OcloiUelUi ciiirifu in the bathing waters o f  north Dublin Bay was 
observed following the upgrade o f  the sewage treatment plant, the observation o f  this 
hkH)m coincided vv ith the shift in nitrogen species from ammonia to oxidised forms.



S U M M A R Y

Tempera ture ,  salinity,  nut r ien t  and chlorophyll  concentrat ions,  and  Secchi  dep t h  were  

me asu re d  monthly  at 41 stat ions in the Liffey estuary and Dubl in  Bay  from Ju ne  2000 

to June  2004. Analys i s  o f  nut rient  compos i t ion and suspended  solid co nc en t r a t io ns  

w a s  ma de  daily on se w ag e  e ff luent  from the Ringsend sewage  t reatment plant  dur ing  

the same period. Dur ing  this t ime the plant was  being up graded  from p r im a ry  to 

secondary  t reatment  ( sequentia l  batch reactors).

T O N  and PO4 exhib i ted  consisten t  l inear  behaviour with sal ini ty with in the estuary.  

M ean  annual  riverine T O N  flux from the River Liffey was  770 tonnes .y  ' the m ean  

annual  flux o f  NH4 w as  37 tonnes.y ' '  whi le the mean  annual  PO4 flux w a s  29 

tonnes.y  ' but the f luxes o f  these nutrients were under  the s tochast ic  cont ro l  o f  

f reshwater  flow. The  m e a n  DIN input from the sewage  t rea tment plant  w a s  1941 

tonnes.y ' '  while the me an  PO4 flux from this source  was  342 tonn es .y ' ' .  W h i le  the 

magni tud e  o f  the DIN flux from the sewage t reatment  plant  re m a in ed  relat ively 

cons tan t  over the s tudy per iod,  the compos i t ion  o f  the DIN in the se w age  e f f luent  

ch an g ed  over  the s tudy  period  with am m o n ia  const itut ing 9 8 %  o f  the DIN in 2001 but 

on ly  26 %  in 2004  and  this change  was  concur rent  with an increase  in TO N .  

Cons idera t ions  on nut rient  abun da nc es  and ratios indicate that the es tuary  was  

hypernutr i f led th roughout  wi th N in part icular  be ing in oversupply .  In Du b l in  Bay 

nutr ient  concent ra t ions we re  reduced  to be low detect ion l imits each  yea r  fo l lowing  a 

spr ing phytoplankton b loom.  Th e  dominant  tidal cur rents  in the bay resul t  in the 

I . i ffey plume br inging e l eva ted  nutrient  concentrat ions  to the nor th o f  the E3ay. 

M ode l le d  nutrient inputs  indicate that su m m e r  supply o f  I 'O N  at the 33.2 i soha l ine  in 

the north o f  the bay (an area k n o w n  to be suscept ible to eu trophica t ion)  has  doub led  

due  to the change in se wa ge  e f f luent  compos it ion.

The physical  s tructure o f  the wa te r  co lumn varies from a highly strat if ied a rea  in the 

upper  estuary to well  m ixed  condi t ions in the lower  estuary and in Dubl in  Bay.  fhe  

d if fuse  at tenuat ion coe tf lcient  o f  PAR (K P A R ) also varied a long  the estuarine  

grad ient  v\ ith m a x im u m  va lues  found in the lower estuary o f f  the Ringsend  sewage  

t reatment  plant. A stat ist ical ly signif icant  correlat ion was  found be tween  the  natural 

log t ransformed mean  ch loroph}i l  a concentra tion and the natural  log t ransformed  

ratio o f  the photic zone depth  to mixed layer depth (Zp Zm) .  Highes t  mean  

ch l or oph \ l l  a concent ra t ions  w ere  found in the stratified part (.if the upper  es tuary  due 

to shallow mixing depth v\ hile lowest  values found o f f  the Ringsend  t rea tment  plant



corresponded  to high light a ttenuation  and deep m ixing  depth. Residence  time 

calculations indicated that the stra tif ied upper estuary is sensitive to riverine f lushing 

on the same timescales as those o f  phytoplankton  growth. In the lower es tuary  tidal 

flushing is more important effec tive ly  preventing the proliferation  o f  p lankton in this 

area. Residence times in the bay are generally  suffic iently  long to allow' 

phytoplankton growth h o w ev er  the tem perature  signal recorded  in the bay suggests  a 

stratified offshore source for D ublin  Bay  waters, thus patterns o f  phy top lank ton  are 

likely also to reflect this source.

The temporal patterns in phy top lank ton  biom ass differ be tw een  the estuarine and  bay 

areas. Generally chlorophyll d istr ibu tion  in the estuary con fo rm ed  to a l inear d ilu tion  

model but, at times sporadic  high chlorophyll events (max. 121.6 m g .m  ') w ere  found 

in the estuary and the l inear d ilu tion  model was not applicable. High chlorophyll  

events corresponded to t im es w h en  the salinity in the upper es tuary  w as low, 

reflecting low river tlow'. T h ese  b loom s were associa ted  with the motile  

phytoplankton C ryp tonnm as  spp. T h e  occurrence  o f  these b loom s appears  to represen t 

a s ignificant source o f  carbon  to  the upper estuary, o f  up to 15g C.m'". High 

frequency data indicated that one such bloom was te rm inated  by increasing  riverine 

flows.

In Dublin Bay the tem poral pattern in phytoplankton b iom ass  con fo rm ed  to the 

typical pattern in coastal regions o f  the western Irish Sea with a long g row th  season 

and high spring bloom  biomass. D ia tom s were dom inant in the w aters  o f  D ublin  Bay 

throughout the study period an d  dinoflagellate b iom ass w as consis ten tly  low- 

com pared  to other parts o f  the w estern  Irish Sea. in 2004 a short period o f  w'ater 

colum n anoxia occurred in the low er estuary co inciding with peak spring bloom 

biom ass with stoichiometric considera tions  indicating that an additional source  o f  

carbon (probably from the sew age  treatm ent plant) was partly responsib le  for the b r ie f  

anoxic  period. In 2004 a persistent bloom o f  the d iatom  Oclontellii aiiritci caused  

d iscolouration o f  the bathing w aters  in the north o f  Dublin [5ay. 1 he occurrence  o f  

the bloom was coincident with the  upgrade o f  the sew age trea tm ent plant and the 

increased supply o f  oxidised forms o f  nitrogen to the north o f  the bay.

Nutrient and chlorophyll considera tions  indicated that the L.iffey es tuar)  is m odera te ly  

to highly eutrophied. Flushing tim es  in both the walled part o f  the  estuary  and the 

open bay help to limit the m agnitude  o f  the undesirable  d is tu rbances  caused  by 

nutrient o \erloadinu .
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CHAPTER 1: INTRODUCTION

1.0.1 Eutrophication

Eutrophication has been defined in a legislative context by the European Union as:

"'the enrichment o f  water by nutrients, especially compounds o f  nitrogen and or 

phosphorus causing accelerated growth o f  algae and higher form s o f  plant life to 

produce an undesirable disturbance to the balance o f  organisms present in the water 

and the quaUty o f  the water concerned:' (EU, 2000).

The study o f eutrophication grew out of concerns about the degradation o f freshw ater 

resources due to anthropogenic alteration o f  nutrient fluxes to the aquatic 

environment. In the 1960s and 1970s the impacts o f phosphorus loading to lakes and 

nvers was a major theme in ecological studies and many freshwater environments 

were proven to show a linear response in phvloplankton biomass and photosynthesis 

due to the addition o f phosphorus (eg. Dillon & Rigler, 1974; Smith, 1979). Evidence 

from sediment cores illustrates that the eutrophication phenomenon has been linked to 

human population growth for two centuries. As global population increases, so too 

does the anthropogenic disturbance o f biogeochemical nutrient cycling (Bratton et a i ,  

2003). Existing nutrient fluxes from land are already significantly greater than they 

would be in unaltered conditions. In Europe and North America riverine fluxes to 

coasts have been elevated 6-fold and 3-fold respectively (Howarth, 1998). Increasing 

global populations have lead to a growing amount o f land transformed by man. Such 

land transformed or degraded by human activity now constitutes 39%-50% of the 

Earth’s surface (Vitousek et a i ,  1997) and projected figures for global population 

growth will resuh in a 2.4 to 2.7-fold increase in nitrogen and phosphorus driven 

eutrophication in the next 50 years (Tilman et al., 2001). As awareness of the 

eutrophication problem has grown the emphasis o f research has shifted to include the 

effects o f eutrophication on estuarine and coastal zones in addition to freshwater 

environments.



1.0.2 Estuarinc and coastal eu trophication

U n l i k e  l i i n n o l o g i c a l  e x a m p l e s ,  n o  b r o a d l y  a p p l i c a b l e  r e l a t i o n s h i p  h a s  b e e n  f o u n d  t o  

r e l a t e  i n c r e a s i n g  n u t r i e n t  l o a d s  t o  e s t u a r i e s  a n d  c o as t a l  s e a s  w i t h  i n c r e a s i n g  p r i m a r y  

p r o d u c e r  b i o m a s s .  R a t h e r ,  e u t r o p h i c a t i o n  p r o c e s s e s  a r e  c o n t r o l l e d  b y  c o m p l e x  

i n t e r a c t i o n s  o f  m a n y  f a c t o r s  w h i c h  i n c l u d e  c h e m i c a l  ( n u t r i e n t  l i m i t a t i o n ) ,  p h y s i c a l  

( m i x i n g  a n d  a d v e c t i o n )  a n d  b i o l o g i c a l  ( g r a z i n g  a n d  g r o w t h  r a t e s ) .  T h e  c o m b i n a t i o n s  

o f  t h e s e  f a c t o r s  a r e  u n i q u e  t o  a n y  g i v e n  s t u d y  a r ea .  W h i l e  t h e  e s t u a r i n e  a n d  c o a s t a l  

m a r i n e  b i o m e s  a r e  c l e a r l y  d i f f e r e n t ,  t h e  d e f i n i t i o n  o f  t h e i r  b o u n d a r i e s  is n o t  s i m p l e .  

W h e r e  d o e s  a n  e s t u a r y  b e g i n  a n d  t h e  s e a  e n d ?  M a n y  d e f i n i t i o n s  h a v e  b e e n  p o s i t e d  t o  

d e f i n e  e s t u a r i n e  b o u n d a r i e s  o f t e n  u s i n g  e n v i r o n m e n t a l  v a r i a b l e s  s u c h  a s  s a l i n i t y  ( e . g  

V e n i c e ,  1958;  E U ,  1994) .  O t h e r  d e f i n i t i o n s  e m p h a s i s e  t h e  i m p o r t a n c e  o f  t i da l  

i n f l u e n c e  ( e . g .  F a i r b r i d g e ,  198 0 ) .  H o w e v e r  t h e  i m p o s i t i o n  o f  s u c h  b o u n d a r i e s  

r e q u i r e s  a n  a r b i t r a r y  d e c i s i o n  o n  t h e  p a r t  o f  t h e  e n v i r o n m e n t a l  s c i e n t i s t  l e n d i n g  t o  a 

d e g r e e  o f  i n h e r e n t  s u b j e c t i v i t y  (E l l i o t t  &  M c L u s k y ,  2 0 0 2 ) .  E l l i o t t  a n d  M c L u s k y  

( 2 0 0 2 )  s u g g e s t  a  p r a g m a t i c  “ E x p e r t  J u d g e m e n t  C h e c k l i s t  A p p r o a c h ” b a s e d  o n  

a v a i l a b l e  p h y s i c a l  a n d  b i o l o g i c a l  i n f o r m a t i o n .  S i n c e  t h e  f r e s h w a t e r  a n d  s a l i n e  e n d  

m e m b e r s  o f  a n y  e s t u a r y  w i l l  h a v e  d i f f e r e n t  r a t i o s  o f  n u t r i e n t s ,  t h e  i s su e  o f  n u t r i e n t  

l i m i t a t i o n  v a r i e s  f r o m  o n e  e n d  t o  t h e  o the r .  G e n e r a l l y  e s t u a r i n e  a n d  c o a s t a l  

e u t r o p h i c a t i o n  i n v o l v e  an  i n c r e a s e  in m i c r o a l g a l  p r o d u c t i o n  d u e  t o  i n c r e a s e d  n u t r i e n t  

l o a d i n g .  T h e  i n c r ea se  in p r o d u c t i o n  c a n  l e a d  t o  e x t r e m e  c h l o r o p h y l l  c o n c e n t r a t i o n s  fo r  

i n s t a n c e  t h e  N e w  F<iver in N o r t h  C a r o l i n a  h a s  d i s p l a y e d  c h l o r o p h y l l  c o n c e n t r a t i o n s  

u p  t o  3 7 9  m g . m '^  ( M a l l i n  e t  ciL. 2 0 0 0 )  w i t h  a c o n s e q u e n t  r e d u c t i o n  in w a t e r  c l a r i t y  

r e d u c i n g  l i gh t  p e n e t r a t i o n .  T h i s  m a y  r e s u l t  in a  sh i f t  f r o m  m a c r o p h y t e  d o m i n a t e d  

p r i m a r y  p r o d u c t i o n  t o w a r d s  m i c r o a l g a l  d o m i n a t e d  p r o d u c t i o n  ( C l o e r n ,  2 0 0 1 ) .  In 

s u m m e r  a n o x i c  o r  h y p o x i c  c o n d i t i o n s  m a y  o c c u r  a s  t h e  e x c e s s  o r g a n i c  m a t t e r  

d e c o m p o s e s  ( W u . ,  2 0 0 2 ) .  f h i s  in t u r n  c a n  l e a d  t o  f i sh  k i l l s  a n d  r e d u c t i o n  in 

m a c r o f a u n a l  d iv e r s i t y  w h i c h  m a y  r e s u l t  in c h a n g e s  in e c o s y s t e m  fu n c t i o n .  E s t u a r i n e  

e u t r o p h i c a t i o n  i n c l u d e s  a  b r o a d  r a n g e  o f  d i . s c em i b l e  e f f e c t s  f r o m  p r i m a r y  l eve l  

i n c r e a s e  in a lga l  b i o m a s s  to  a w h o l e  r a n g e  o f  e c o s y s t e m  d y s f u n c t i o n s  w h i l e  

r e c o g n i s i n g  t ha t  d i f f e r e n t  e s t u a r i e s  h a v e  d i f f e r e n t  c a p a c i t i e s  t o  u n d e r g o  i n c r e a s e d  

n u t r i e n t  l o a d i n g  ( s e e  C l o e r n  2 00 1  fo r  r e v i e w ) .  I h o  h y d r o g r a p h i c  c o m p l e x i t y  o f  

m a r i n e  e n v i r o n m e n t s  a l s o  i n t r o d u c e s  s i m i l a r  u n p r e d i c t a b i l i t y  in t h e  r e s p o n s e  (.)!' 

m a r i n e  sv s t e i n s  to  nu t r i e n t  l o a d i n g .  In g e n e r a l ,  in a r e a s  w h e r e  c r o s s - s h e l  f a d \ e c t i o n



o f  nutnents dom inates, eutrophication effects are less pronounced (Howarth, 1998). 

This means that semi- enclosed seas are often m ore susceptible to eutrophication. 

Well studied examples include the N orth Sea (Hydes et al, 1999), the B lack Sea 

(Gordina et al., 2001), and the Baltic Sea (Savchuk, 2005) while m assive nutrient 

fluxes from  the M ississippi have resulted in recurrent w idespread hypoxia in the G ulf 

o f  M exico (Rabalais et al., 2001).

1.0.3 Phytoplankton Blooms

One feature com m on to m any estuarine and m arine eutrophied locations is the 

occurrence o f  prolonged or recurrent algal bloom s (H allegraeff, 1992; Takeoka, 

2002). Generally bloom s involve a simple seasonal increase in biom ass o f 

phytoplankton w ith a variet\’ o f  species contributing; these may be naturally occurring 

events such as the diatom aceous spring bloom  encountered annually throughout 

tem perate she lf seas. In both estuaries and coastal sh e lf seas, intense bloom s o f  

phytoplankton may be sufficient to discolour the w ater colum n; the nature o f  the 

discolouration depending on the t\p e  o f  plankton present. High concentrations o f  

dinoflagellates such as K arenia mikimitoi (Raine et al., 2001) Prorocentrum  dentatum  

(Gao & Song, 2005), which contain the pigment fucoxanthin may result in ‘‘red tides". 

The calcareous plates (or coccoliths) o f  the C occolithophores m ay im part a milky 

white colour to the waters (W eeks et al., 2004; Lessard et al., 2005). Fucoxanthin the 

principle accessory pigm ent o f  the diatoms im parts a golden brow n colour to the 

waters under bloom  conditions. Other groups may also result in bloom  events, for 

instance in Southam pton W ater, red tides are associated w ith the phototrophic ciliate 

M esodinium  rubrum  (Crawford et al., 1997) and bloom s o f  the chr^sophyte 

Phaeocystis globosa  (v\hich are often associated with the form ation o f unsightly 

foams) occur annually in the Irish Sea (C laustre et al., 1990) and are considered 

problematic in the N orth Sea (Ham m  & Rousseau, 2003). B loom s which are unsightly 

or inconvenient may be term ed Nuisance Algal B loom s” (NABs). H arm ful Algal 

Blooms (H A Bs) may include toxic species w hich im pair fish health  or pose a threat to 

hum an safety, either indirectly through consum ption o f  filter feeders (e.g. 

Prorocentrum  minim um ) or directly by excretion o f  toxins (e.g. P fiesteria p iscicida) 

(M allin et al., 2000).
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M onospecific  b loom s m ay be persistent for many years and can  result in a co m p le te  

change in the food w eb  structure o f  an area. This was the case  with the “ brow n t id e ” 

pelagophyte Aureoiiitihra lagitnensis  which has b loom ed persistently  since 1990 

(R hudy  et a i ,  1999; [,iu ct <//., 2001). Fhough the frequency  o f  reporting o f  red  tide 

events  is increasing and there  is undoubtedly  a link betw'een algal b lo o m s  and  

nutrients in estuarine and coastal waters, it is unclear to w hat exten t eu troph ica tion  is 

d riv ing the apparent increased frequency in algal b loom  even ts  (H odgkiss  &  Ho, 

1997). The increased frequency  in reporting o f  algal b loom s m ay be due to increased  

aw areness  o f  harmful algal b loom  phenom ena, though it appears  that such b lo o m s  

have occurred  throughout history.'

W hile  responses to nutrient loading vary betw een individual estuaries and be tw een  

estuaries and she lf  seas, a com bina tion  o f  diagnostic sym ptom s m ay  be used to define  

the trophic status. A list o f  the pertinent parameters has been  construc ted  by the 

United States group N E E A  (National Estuarine Eutrophication  A ssessm ent)  in the 

broadest single geographical s tudy o f  estuarine eu trophication to date (B ricker  et al., 

1999). A sum m ary  o f  the trophic status assigned to estuaries accord ing  to the var ious  

param eters  m easured  is presented  in Table  1.1. These indicative values were  chosen  

to investigate estuarine eutrophica tion , and while the param eters  necessary  for 

m easurem ent o f  eutrophication  in the marine env ironm ent are the sam e, the 

concentrations o f  nutrients and chlorophyll defining m arine  eu troph ica tion  are 

typically  much lower. F or instance average  concentrations >5 mg.m'^ o f  ch lorophyll  

cl m a marine env ironm ent are considered  to be indicative o f  hypernutrif ica tion  (Sm ith  

e ta l . .  1999).

' " a i Kl  a l l  t h e  u a t c r s  t h a t  w e r e  i n  t h e  r i x e r  w e r e  luri iei .1 i n t o  h k n u l .  A n d  t h e  tl.sli t h a t  w a s  i n  t h e  r i \ e r  

d i e d ;  a n d  t h e  r i v e r  s t a n k ,  a n d  t h e  F i g v p t i a n s  e^)Likl lU' i  d r i n k  t h e  w a t e r  o f  t h e  r i \ e r "  l . x o d u s  7 2 0 : 2 1 .

Th i s  p a s s a g e  f r o m  t - x o d u s  h e a r s  r e m a r k a b l e  s i m i i a r i t \  t o  a  r e d  t i d e  e \ e n t  p r i ' d t i e i n y  a n o x i e  e u i u l i t i o r i s .
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T ab le  1.1; P a r a m e te r s  u se d  in a s s e s s m e n t  o f  e u t ro p h ic a t io n  in e s tu a r ie s  a d a p te d  f rom  

B r icker  ct  a i ,  (2 0 0 3 ) .

Parameter Measurement Value Trophic  status

Chlorophyll  a Surface conc >60
>20.<60

>5,<2()

0 and <5

Hypereut rophi c
High
Medi um
Low

Turbidi ty Secchi  depth <1

>1 <3 
>3

Blackvvater area

High

Medi um
Low

Suspended sol ids Concent rat ion Problem 
No Problem

Nuisance algae Cell  concent ra t ions Occur rence

Toxic algae Cell  concent ra t ions Problem 
No Problem

Macroalgae Cover age .Abundance

Epiphytes Coverage Problem 
No Problem

Nitrogen .Max d i ssoUed  surface cone >1 m g . f '
>0. I ,<1 m g l '
>0 and <0.1 m g  '

High
Medi um
Low

[^hosphorus Ma.x dissolved surface conc >0.1 m g . l '
>0.01 .<0.1 1 m g l '  
■0 and <0.01 mgl  '

High
Medi um
Low

•Anoxia Dissolved Oxyg en  
Concent rat ion.

Omgr '

Hypoxia Dissolved Oxygen  
Concent rat ion.

>0,<2 m g . r '

Biological  stress Dissolved Oxy ge n 
Concent rat ion.

>2,<5 m g . r '

Primary Product i \  ity Domi nant  producer Pelagic,  benthie.  other

Planktonic c omm un i ty Domi nant  t axonomi c group Diatoms,  f lagellates etc
Bcnthic C'ommuni tv Dominant  t axonomi c group Crus taceans  Mol luscs  etc

Submerged Aquat ic 
Veeetat ion

Spatial  coverage

Intertidal Wet lands



1.0.4 The Study Area

T h e  Lift 'ey e s tuary  runs  1 1 k m  t h r o u g h  the  ci ty o f  D ub l in  ( the larges t  ci ty in I r e l and  

wi th  a popu la t ion in the  r eg ion  o f  1 mi l l ion ) ,  f rom the w e i r  at  I s l a n db r i d ge  to the 

m o u t h  o f  the Lif fey at P o o lb e g  ( F ig u r e  1.1). T h e  es tu a r y  is b o u n d e d  on  e i the r  s id e  by  

m a n  m a d e  walls .  T h e r e  a re  four  m a i n  t r ibutar i es  en te r i n g  the  e s tua ry ,  the P o d d l e  (a 

c u l ve r t e d  river),  the  C a m a c ,  the T o l k a  a n d  the D o d d e r  a s  we l l  as  the  Roya l  a n d  G r a n d  

C a n a l s  and  m a n y  smal l  s to rm o v e r f l o w s  a l so  en ter  the e s tua ry .  In the  u p p e r  r e a c h e s  

o f  the  e s tua ry  (we s t  o f  Bu t t  B r i dg e )  a n d  for  the m o s t  par t  o f  its leng th ,  the  c h a n n e l  is 

no m o r e  than 100 m in wi d th  a n d  a t  low t ide a p p r o x im a te ly  I m  in de p t h  ( d e p e n d i n g  

on  flow).  At  But t  Br idg e  the e s tu a r y  b r o a d e n s  a nd  d e e p e n s  en te r i n g  the  D u b l i n  Por t  

area ,  here the re  are a n u m b e r  o f  sh ip p i n g  bas ins  and  d o c k s  w i th  v a r i e d  indust r ia l  uses .  

T h i s  part  o f  the e s tua ry  is r egu l a r l y  d r e d g e d  a n d  the s h ip p i n g  ch a n n e l  is m a i n t a i n e d  at 

a dep th  o f  7.8 m. T h e  es tua ry  is m a c r o t i d a l  ( sensu  D yer ,  1973)  wi th  m e a n  h i g h w a t e r  

sp r i ng  t ides  o f  3.3 m a n d  m e a n  h i g h w a t e r  neaps  o f  1.9 m. P re v i ou s  h y d r o g r a p h i c  

w o r k  has  sh o w n  that  the e s tua ry  is s t r ong ly  sa l ini ty s t r at i f i ed  at h igh  t ide t h r o u g h o u t  

the na r r ow  channel  but  m o r e  ve r t i ca l ly  m i x e d  as the ch a n n e l  w i d e n s  in to  the por t  a r e a  

(Cr i sp ,  1974; W i l so n  e t  al..  1986).  T h e  es tua ry  r e c e i s e s  c o m b i n e d  c o o l i n g  a n d  

s e w a g e  w as te w a t e r  e f f luen t  f rom  the R i n g se nd  s e w a g e  t r ea tm e n t  p lant  a n d  the  

P o o lb e g  the rmal  p o w e r  s ta t ion.  At  Poo lb eg ,  the m o u t h  o f  the  e s tua ry ,  the  L i f fey  

w a te r s  en te r  Dub l in  Bay.

D ub l in  Bay is a h o r se sh o e  sh a p e d  b ay  s i tua ted  b e t w e e n  the t w o  h e a d la n d s  o f  l l o w t h  

(to the north)  and D a lk e y  ( to the south) ,  the bay  is s u r r o u n d e d  on  the s o u th e rn ,  

no r t he r n  and wes te rn  s ides  by the  c o n u r b a t i o n  o f  Dub l in  a n d  o p e n  on  the ea s t e rn  s ide 

to the Irish Sea.  T h e  b ay  co v e r s  a b o u t  3375  ha in a r e a  a n d  is s h a l l o w  wi th  m a x i m u m  

d e p t h s  b e t we en  the tw o  m a jo r  h e a d la n d s  o f  15 m b e l o w  char t  d a t u m ,  but  wi th  

a p p r o x im a te ly  h a l f  o f  the bay  be i n g  u n d er  10 m a nd  the fu r the r  h a l f  be i ng  b e l o w  5 m 

in dep th ,  fl ie bay  is \  e r t i cal ly wel l  m i x e d  by  s t rong t idal  cu r r en t s  (C’risp,  1974)  w h ic h  

f lou  clockwi.se f rom sou th  to nor th  ex i t ing  in the  nor th  ne a r  l l o w t h  h e a d  wi th  

' . c loci t ics  o f  up to 0.5 m.s"'  ( T . R l ’. 1992).  I he bo t to m se d i m e n t s  a rc  c o m p o s e d  o f  

c l ean  fuie sands vvitli \ e r \  K)\\ silt c l ay  f ract ion and  o r gan ic  con ten t  ( l - R l ' .  l'-)92). The 

l . i f fey p lu m e  is k n o w n  to e x t e n d  n o r l h w a n l s  to w ar ds  l l o w t h  he a d  d u r in g  e b b i n g  t ides  

hut  is unde lec tab lc  in tlie area  d u r in g  Hood t ides  or  d u r in g  p e r i ods  o f i n t c n s i \ e



Howth
Clontarf

/L W .

The Weir, Islandbridge Butt Bridge
5m

Poolbeg" —
I.iffey Rstiiary Ringsend Dublin Bay

5m

5 km

Dalkey

Figure 1.1: Map of the study area showing locations mentioned in the text. The black 

square marks the outflow of the Ringsend sewage treatment plant. The dashed red 

lines indicate the approximate position of the depth contours.
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mixing due to wind stress and increased turbulence. Tidal exchanges are large 

(Wilson, 2005) and the tidal prism produces rapid flushing times in the order o f three 

days. This rapid flushing has been cited as a reason that phytoplankton blooms have 

not been observed in the area (McMahon & Silke, 1998).

1.0.5 Eutrophication in the study area

Sewage from Dublin City has entered Dublin Bay through the River Liffey estuary 

since the city’s foundation in A.D.988 but the main sewage system for the city was 

completed in 1906. This system carried sewage from around the city to Ringsend for 

primar}’ treatment. The waste was pumped into settling tanks and the sewage effluent 

was released into the Liffey while the remaining sludge was transported to a 

designated dumping ground off How1h Head. The impact o f anthropogenic nutrients 

on the local estuarine and marme environment are a major concern. The Liffey is 

known to carry- large loads o f nitrogen and phosphorus to the area (Brennan et al., 

1994), TTiere is evidence of organic enrichment and anoxia in the sediments o f  the 

Liffey estuary w ith some areas showing a complete absence o f macrofauna (Crisp, 

1974, Jones & Jordan, 1979; Wilson et al., 1986). The effects o f eutrophication in 

Dublin Bay have been observed for almost a century. Adeney (1908) suggested that 

nitrogen might be the cause o f the green "sewage algae” Ulva sp. in the Clontarf area 

in the north o f Dublin Bay. At this time a link between sewage and green algae was 

emerging in other parts o f the country (Letts & Richards, 1911). Subsequent studies 

(Jeffrey el a i ,  1978, ERU, 1992; Jeffrey et al., 1995) have described high 

concentrations o f nitrogen and phosphorus in the northern intertidal areas o f the bay 

and these have been linked to the annually recurring excessive growth o f macroalgae 

particularly the ruderal green algae Ulva spp. and Enteromorpha spp. The major 

source o f nutrients thought to support the high algal biomass are nitrogen rich 

particulate inputs from the cities municipal wastewater treatment plant at Ringsend. 

A further symptom o f eutrophication has been excessive growth o f the opportunistic 

brown alga Ectocarpus siliculosis. and its deposition on the shores o f  north Dublin 

Bay. This phenomenon was first noted in 1989 and thought to be related to the 

abundance o f the filter feeding polychaete Lanice concheliga which was utilising 

nitrogen-rich particulates from the sewage treatment plant as a food source (Jeffrey et 

al., 1993). These worms pro\ ided a hard substrate for the attachment of the algae and
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m ay  also have caused  some reminera l i sa t ion o f  the nutr ients in those par t icu la tes  

mcreas ing  the macroa lga l  growth. T h o u g h  the riverine and sewage  f luxes o f  nu t r ients  

have been quant i f ied for the year 1992-1993 (Brennan et uL,  1994) and annual win te r  

nutrient  moni tor ing  has revealed e l eva ted  N:P  ratios in the waters  o f  Dubl in  Bay  

(McGove rn  et  al., 2002) ,  there has been  little study o f  the impacts  o f  e leva ted  nu tr ient  

concent rat ions on phytoplankton b i om ass  in the estuary or  the Fiay. Chlor oph yl l  

m easu remen ts  from Dublin Bay and  the Liffey estuary (despite low f reque ncy  o f  

sampl ing) have  of ten yielded concent ra t ions  o f  over  10 m g .m  ' (ERU,  1992; Br ennan  

et al., 1994), the concent ra t ion f requent ly  taken to def ine a phytoplankton  b loom 

(Iriate & Purdie,  2004).

1.0.6 L egislation  and the Dublin Bay Project

The adverse effects witnessed  in so m any  ecosys tems  from local scale to the scale o f  

enclosed seas,  co mbin ed  with the increasing  an thropogenic  pressures  on coastal  and 

estuar ine ecosys te ms  has resulted in a nu m b e r  o f  p rog ra m m es  des igned  to m o ni to r  

and  limit anthropogenic  nutrient  inputs.  In Europe the O S P A R  convent ion  (1992)  was  

adopted  in 1998 and involved the mon i tor ing  and regulat ion o f  d i scharges  a nd  the 

reduct ion o f  inputs o f  nutrients from urban,  municipal ,  industrial,  agricul tural  and 

other sources.  One  o f  the a ims o f  this convent ion  was  to reduce nutrient  inputs to the 

mari t ime  env i ronme nt  such as to e radica te  eu trophicat ion by 2010,  This  is to be 

achieved  under  a num ber  o f  e.xisting EIJ regula tions inc lud ing  the W a te r  F ra m e w o rk  

Directive (W FD )(E U ,  2000)  which enc omp asses  the Urban Waste W a te r  Direc tive  

( LiW WDHEU,  1991a) and Nitrate Direc tive  (EU,  1991b).

In addit ion to the niitrient parameters  c o w r e d  by the U W W D  (which  spec if ies  the 

concent ra t ions o f  N and P a l lowable  for di scharge  from w aste water  t reatment  plants) 

the WIT)  requires that cut rophica t ion be assessed in te rms  o f  undesi rable d is turbance  

to phytoplankton ,  macroa lgae,  angiosperms ,  benthic invertebrate fauna and fish fauna. 

I ligh (.[uality status is alTorded to these parameters  if they cor respond w ith undis turbed  

condit ions.  g(,)od status is alTorded if  sl ight changes  from an undisturbed condit ion are 

i lelectcd and modera te status is a l ib rd ed  if  compos i t ion a n d  or  a bu nd anc e  o f  these 

paiametci 's differs modera te ly  from undisturbed condit ions.



I he W F D  aims to prevent further deterioration o f  aquatic  ecosystem s and p ro m o te  

sustainable  water use. O ne  o f  the obliga tions o f  this directive was the provis ion  o f  

secondary  treatment to ail urban w astew aters  by the year 2000. The U W W D  (HU, 

1991a) legislation com bined  with the eu trophication p roblem s observed in D ublin  

Bay prom pted  the overhaul o f  the c i ty ’s w astew ater  treatment strategy. This € 3 0 0  m 

project, known as “ The Dublin  Eiay Project" involved the centralisation o f  the c i ty ’s 

w astew ater  treatment system. T he  construction o f  a subm arine  w astew ater  p ipe line  

began  in 2001 and the upgrad ing  o f  the existing prim ary treatm ent p lan t to a 

secondary  system using aerobic  sequential batch reactors followed. The secondary  

trea tm ent plant was com m iss ioned  in June 2003. The data in this thesis  w ere  

co llec ted  as part o f  the five year Dublin  Bay Project in order to assess the ch an g es  in 

env ironm enta l param eters  and to investigate com pliance  with eftluen t s tandards as a 

result o f  the upgraded sew age  treatm ent plant. The em phasis  is on the response o f  the 

phytoplankton  in the Liffey estuary  and Dublin  Bay to nutrient loading. T hough  these 

areas  mark distinct geographical locations, they also mark a transition from fresh to 

m arm e  waters. U nder the tem is  o f  the W FD , these waters  encom pass  two d ifferen t 

aquatic  environm ents. T he  Liffey estuary is included under “ transitional w 'aters” 

def ined  as "'bodies o f  su rfa ce  w ater in the v ic in ity  o f  r iver  m ouths which a re  p a r tly  

sa lin e  in character as a resu lt o f  th e ir  p ro x im ity  to co a sta l w aters hut w h ich  are  

su b sta n tia lly  iu fh tenced  by  fre sh w a te r  flo w s"  while  Dublin Bay fits the fo llow ing  

descrip tion  o f  coastal waters  "su rfa ce  w aters on the la n d w a rd  side  o f  a line, e v e iy  

p o in t o f  which is a d is ta n ce  o f  one nau tica l m ile on the se a w a rd  side  fr o m  the n ea res t  

p o in t o f  the baseline from  w hich the breadth  o f  territo ria l w aters is m e a su re d  

ex ten d in g  w here approp ria te  up to the ou ter  lim it o f  transitiona l w aters". Despite  

their  different legislative defin itions (w hich  under the W F D  m ay lead to d ifferent 

critical values for the indicators o f  trophic status), the estuary  and the open  bay  are 

treated  in this study as a continuum .

1.0.7 A i m s

I’h e  a i m  o f  t he  s t u d y  is t o  q u a n t i t y  t h e  i n p u t s  o f  n i t r o g e n  a n d  p h o s p h o r u s  f r o m  the  

R i v e r  l . i f f ey  a n d  t h e  R i n g s e n d  s e w a g e  t r e a t m e n t  p l a n t  i n to  t h e  f i f f e y  e s t u a r \ -  a n d  

D u b l i n  B a y  a n d  e . xp lor c  t h e  e u t r o p l i i c a t i o n  e f f c c t s  t h e s e  i n p u t s  h a v e  o n  p h > t o p l a n k t o i i  

b i o m a s s  in t he  \ a r \  i ng  p h y s i c a l  a iul  c h c m i c a l  c o n d i t i o n s  a l o n g  t h e  e s t u a r i n e  g r a d i e n t .
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This was undertaken as follows.

• Characterisation o f  the nutrient fluxes and their tem poral variability, relative 

m agnitude and im plications for nutnent lim itation o f  phvloplankton growth for 

different locations in the study area. Hypothesis: That nitrogen is the lim iting 

nutrient in D ublin Bay. That the river Liffey and the R ingsend sew age treatm ent 

plant are the m ajor inputs o f  m acronutrients to the Liffey estuary and Dublin Bay

Chapter 3

•  Characterisation o f  the physical environm ent its variability w ithin the study area 

and its consequences for phytoplankton developm ent with regard to light-clim ate 

and flushing time. Hypothesis: That tidal and riverine flushing as well as light 

availability may limit phytoplankton grov\1h in the study area.

Chapter 4

•  Q uantification and identification o f patterns in phvloplankton response to nutrient 

loading and physical effects. Hypothesis: That anthropogenic nutrient inputs 

stimulate ph\ toplankton growth in the estuar\- and bay.

•  Assessm ent o f  the eutrophication status o f the study area.

Chapter 5 

Chapter 6



CHAPTER 2: MATERIALS AND METHODS

2.0.1. Sampling programme and locations

Small working boats were used to sam ple 41 sites in the estuar>' and bay on a  monthly 

basis (weather permitting). The sam ple sites stretched from  the upper tidal reaches in 

the walled part o f  the estuar\' (at Butt Bridge) to the offshore waters in the open part 

o f  Dublin Bay encom passing the Liffey plum e and the fully m arine w aters in the 

south o f  Dublin Bay. 17 sites were sam pled in the walled part o f  the estuar\ (Figure 

2.1) though stations 1 and 2 w ere frequently inaccessible due to tidal conditions. 24 

stations were sam pled in the open bay (Figure 2.2) though station 41 was sometimes 

inaccessible. For convenience, throughout this study stations 1-17 in the walled part 

o f  the estuar\ w ill be referred to as estuar\- and stations 18-41 in the open bay will be 

referred to as Bay stations based both on geography and on cluster analysis 

(O 'H iggins & Wilson, 2005).

Each month from June 2000 until June 2004 two separate sam pling cruises were 

undertaken, one dedicated to the walled part o f  the Liffey estuary and a second to the 

offshore waters in Dublin Bay. Sam pling dates and the principle m easurem ents taken 

on those dates are presented in Table 2.1. The sam pling stations in the w alled part o f  

the estuar> were located by reference to landmarks w hile in the bay stations were 

located during each cruise using a Global Positioning System  (G arm in GPS 12XL). 

The latitudes and longitudes together with the Irish national grid coordinates are 

presented in Appendix I.

Additional sam pling was conducted during the bathing season (M ay to Septem ber) o f  

2004. During this season 13 sites representing the intertidal zone around Dublin Bay 

were sampled on a weekly basis (Figure 2.2). The sam ples were collected by wading 

into the intertidal waters.
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Figure 2.1. Map of sampling stations in the walled part of the Liffey estuary. The 

names of the sampling locations are presented below.

1. Butt Bridge 10. Tanker Pier

2. Customs House 11. New Treatment Works Outflow

3. Matt Talbott Bridge 12. Old Rathmines and Pembroke Outflow

4. Cardiff Lane 13. Half Moon Club

5. Dodder Outflow 14. Poolbeg Lighthouse

6. Toll Bridge 15. X15
7. Alexandra Basin 16. X16

8. Ocean Pier 17. X17

9. Old Treatment Works Outflow
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Figure 2.2: Map of the Liffey Estuary and Dublin Bay showing locations of sampling 
stations in the offshore water of Dublin Bay (crosses 18-41) and the intertidal 

sampling points for the bathing season 2004 (circles A-M). The names of the bathing 

water areas are given below. Bathymetry is marked in dashed red and major inflows 

are marked in blue. The large black square marks the location of the Ringsend 

sewage treatment plant.

A. CoUemore Harbour G. Half Moon Club

B. Sandycove H. Bull Wall

C. Seapoint I. DoUymount Strand South

D. Biackrock J. Dollymount Bathing Zone

E. Merrion Strand K. Dollymount Strand Middle
F. Sandymount Strand L. Dollymount Strand North
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Table 2.1: Dates o f sampling cruises in the bay and estuar\', n number o f stations 

sampled on each date, TON total oxidised nitrogen, PO4 orthophosphate and Chi a 

chlorophyll a. y indicates the collection o f a sample, n indicates parameter not 

measured,

Bav n T O N P O i C h la E stuarv N T O N P O . C h l a

28-Jun-OO 20 V V n - . . -

27-Jul-OO 18 y y n 20 -Ju l-0 0 15 n n n

24-Aug-OO 24 y y n 17-A u g-00 17 y y n

28-Sep-OO 21 n y n - - - -

26-Oct-OO 22 n y n 5-Oct-OO 17 y y n

23-Nov-OO 24 y y n 2-Nov-OO 17 n n n

- - - 3O-N0V-OO 17 y y n

- - 13-Dec-OO 15 y y n

I8-Jan-01 24 y n n 11-Jan-O l 9 y y n

8-Feb-O l 24 V V y 14-Feb-O l 17 y y y
2 1 -Feb-01 24 y V V - - - -

14-M ar-Ol 24 y y V 22-M ar-O l 15 y y y
19-Apr-01 24 V V y 10-A p r-01 12 V y y
2 6 -A p r-0 1 24 y y y - -

23-M av-O l 24 y y y 2-M ay-O l 17 v y y
6-Jun-O l 24 y V V 2 0 -Jun-01 15 y y V

25-Jul-O l 24 y y y 11-Jui-O l 17 y y y
2-A ug-O l 20 y y y 29-A ug-O l 15 y y y

- - 5-Sep-O l 15 y y y
11-Oct-O l 23 y y y - - - - -

14-Nov-Ol 24 V V V 2 1 -N o v -01 15 V y y
11-D ec-01 23 V n V 6 -D ec-01 15 y y V

- 16-Jan-02 15 y y y
- - 2 9 -Jan -0 2 15 V y y

2 1 -F eb-02 23 V V y 14-Feb-02 15 V V y
5 -M ar-02 19 y y y 2 1 -M ar-02 15 y y y
11 -A pr-02 23 y y V 2 4 -A p r-02 15 y y y

1 5-M ay-02 23 y y y 2 9 -M ay -0 2 15 y y v
2 0 -Ju n -0 2 23 V V y 1 2-Jun-02 17 V y V

I8 -Ju l-0 2 23 y y y 3-JuI-02 15 y y y
22-A ug-02 23 y V V 14-A ug-02 17 y n V

25-S ep-02 23 y %■ y 11 -S ep -0 2 15 y y y
- - - - 9 -O ct-0 2 17 y y y

I 3 -N 0V-O2 23 V V V 7-N o v -02 15 V V V

5-D ec-02 24 V n V 18-D ec-02 15 v y y
23-Jan-03 23 y y V 9-Jan-03 15 y y y

- 17-Feb-03 12 y V v
6-M ar-03 24 y y y 13-M ar-03 15 y y y
9 -A pr-03 O') y V y 16-A p r-03 15 y y y
8-M ay-03 23 y V y 1-M ay -0 3 15 y y y
25 -Ju n -0 3 24 y V V 5-Jun-03 15 V y y
3-Jul-03 23 y y y 2 3-Ju!-03 15 y y y

7-A ug-03 23 V V 2 1 -A u g -0 3 15 v v n

24-S ep-03 24 V V y 4 -S ep -0 3 17 y y y
- 16-OCI-03 15 y y y

I 2 -N 0V-O3 24 y V y 19-N ov-03 15 y y y
4-D ec-03 18 y y V lO -D ec-03 15 y y y
2 8 -Jan -0 4 10 y y V 2 1 -Jan -0 4 15 y y y
12-F eb-04 23 V V y 18-F eb-04 15 y y y

- - 11 -M a r-0 4 14 y y y
- l -A p r-0 4 15 y y y

1 2-M ay-04 23 V y y 2 7 -M av -0 4 16 v y V

3 0 -Ju n -0 4 20 V y y lO -Jun-04 17 y y Y
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2.1.0 Field sampling and measurements

Discrete surface and depth samples were taken using a w eighted 2-litre PVC sam pling 

bottle in the walled part o f  the estuar\’ (stations 1-17). In the open bay (stations 18- 

41) surface samples only were taken by the same method. The following 

m easurem ents and subsam ples were taken from each o f  the bottles.

2.1.1 Salinity and tem perature were m easured from the sam pling bottle using an 

electronic m eter W TW  LF197 fitted with a W TW  Tetracon 325 probe 

calibrated against lA PSO  seaw ater standards. A standard with knov\n value 

34.999 was used when sam pling in the open bay and a standard with known 

value 30.002 was used for the brackish waters o f  the estuarv'.

2.1.2 Dissolved oxygen was m easured from the sam pling bottles using a W TW  Oxi 

197 m eter fitted with a W TW  CellOx 325 probe. The m etre was calibrated 

regularly assum ing 100% saturation in air. Sub-sam ples were taken from  the 

bottle for nutrient analysis.

2.1.3 25 ml o f  sam ple were collected for total phosphorus determ ination. Samples 

for total phosphorus analysis were pipetted directly into acid w ashed (1 molar 

HCL) glass bottles using a 10 ml pipette (Labosystem s Finnpipette).

2.1.4 20 ml o f  sam ple for total nitrogen determ ination were pipetted using a 10 ml 

pipette (Labosystems Finnpipette) into glass bottles (pre-treated by digestion^ 

at 125 “C and 103.4 kPa in an LTE Scientific senes 225 a u to c la v e ).

2.1.5 Samples for dissolved nutrients were collected in disposable "BD  plastipak” 

plastic 50 ml SNxinges. The analyte was passed through a d isposable 0.45 |j.m 

A crocap®  filter unit. Having rinsed the filter with sam ple in o rder to avoid 

contam ination, 100 ml o f  the analyte w ere syringed into opaque Nalgene 

HDPE plastic sam pling bottles.

 ̂ d igestion  so lu tion  w ith  10 g K2S2O8, 6 g H2BO3, 3 g N aO H  m ade up to 1 lite r w ith  d e io n ise d  w ater m  a 
vo lu m etric  flask.
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2.1.6 1-litre subsamples were taken for chlorophyll a and phaeopigment 

determination and stored in the dark until their return to the lab.

2.1.7 Subsamples for phytoplankton were collected in opaque Nalgene HDPE 

plastic sampling bottles. The samples were preserved with a few drops of 

Lugol’s Iodine and stored in darkness on return to the lab.

2.1.8 Secchi depth was measured using a 20 cm diameter black and white secchi 

disk, the rope was marked at 0.5 m intervals.

2.1.9 Water samples were collected from the intertidal zone for chlorophyll a and 

phaeopigment determination using 1 litre plastic sampling bottles, the samples 

were collected from the surface o f the water column in the intertidal area. 

Samples were stored in darkness until their return to the lab. A 100 ml 

subsample was then poured from each bottle into an opaque Nalgene HDPE 

plastic sampling bottle and preserved with a few drops o f Lugol’s Iodine for 

phvloplanklon enumeration and identification.

2.2.0 YSl sondes

YSI 6600 multiprobe sondes are electronic instruments which can measure 

temperature, salinity, fluorescence, dissolved oxygen and depth (Figure 2.1.9). These 

instruments are battery- operated. The time interval o f sampling affects batter\- life 

and depending on sampling frequency’ the sondes may be left sampling unattended for 

up to three months. Data collected by the sonde were downloaded via a cable into a 

desknop PC for analysis. The sondes have 384 kilobyte internal memory (allowing 

storage o f 150,000 readings).

Temperature and conductivity measurements are made with the YSI6560 temperature 

and conductivity probe. The temperature element o f the probe comprises a thermistor 

made o f metallic oxide. The thermistor changes resistance predictably with changing 

temperature and the algortihhm for conversion to temperature in degrees Celsius is 

built into the sonde software, the constant relationship between the resistance and 

temperature means that this probe required no temperature calibration.
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The conductivity element o f the probe is made o f four nickel electrodes, the vohage 

drop due to the water between electrodes is used to calculate conductivity. Salinity is 

calculated automatically by the sonde from the temperature and conductivity readings 

using algorithms from “Standard Methods for the Examination o f Waste and 

Wastewater (Anon., 1989). Salinity was calibrated using lAPSO standard seawater 

(34.999 p.s.u ).
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Plate 1: The YSI 6600 Multiprobe sonde, a) The sonde standing upright in its 

protective casing. Note the biofouling on the casing after a three month deployment, 

b) Close up of the sonde’s probes. 1. Conductivity and temperature probe. 2. The 

fluorescence probe, the white element is the wiper which prevents biofouling. 3. The 

dissolved oxygen probe. 4. Turbidity probe (not used in this study).



Fluorescence is commonly used as a method o f  approxim ating phytoplankton 

chlorophyll concentration. The sonde’s fluorescence probe (YSI 6025) m easures the 

in vivo fluorescence signal o f  chlorophyll in water. This probe emits light at a 

wavelength o f approxim ately 470 nm (visible as blue). This blue light stim ulates the 

chlorophyll within ph\loplankton  cells to emit light (fluoresce) in the 650-700 nm 

region o f  the spectrum. The fluorescence is then m easured by a highly sensitive 

photodiode which is screened by an optical filter which restricts backscatter o f  the 

470 nm exciting light. In order to reduce the effect o f  biofouling o f the fluorom eter, 

the instrum ent is fitted with a w iper system to keep the photodiode clear o f  attached 

algae. Chlorophyll estim ates derived from in-situ fluorescence are generally less 

accurate than in vitro determ inations o f  actual pigm ent concentration because the 

photophysiological properties o f  the phytoplankton as well as the optical properties o f 

the instrum ent effect the resulting measurement. N evertheless these m easurem ents 

allow m uch m ore frequent sam pling intervals and are relatively inexpensive means 

(com pared to laboratorv- based m ethods) o f  estim ating phytoplankton biomass. 

Though the sondes have an inbuilt algorithm  for the estim ation o f  chlorophyll 

concentration further calibration was required due to in-situ variation in natural 

phytoplankton cell fluorescence, packaging effects and variable ratios o f  chlorophyll 

to phaeopigments.

The sonde’s dissolved oxygen probe uses a Clarke type sensor which m easures the 

current associated with the reduction o f  oxygen which diffuses through a Teflon 

m embrane. The current is proportional to the partial pressure o f oxygen in the 

surrounding seawater. Concentrations are m easured with the sondes. Dissolved 

oxygen was calibrated in air and m easured as percentage saturation.

2.2.1 Profiling deployment of sondes

The sondes were used on two occasions during routine sam pling in the w alled part o f  

the estuarv' (stations 1-17) to create cross sectional profiles o f  tem perature and salinity 

with depth along the estuarv in order to establish the physical structure. The sondes 

w ere set to log data at four second intervals and deployed on a rope. The rope was 

lowered slowly over the edge o f  the boat at each o f the sam pling sites. W hen the rope
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slackened the sondes were pulled slowly back to the surface in order to take as many 

measurements as possible. At each site the sonde was brought vertically through the 

water column several times in order to gain a more detailed profile o f the water 

column given the relative infrequency o f measurements.

2.2.2 In-situ time course deployment of sondes

Stations 3 and 16 in the walled part o f the estuary were chosen for simultaneous 

deployment o f two sondes for long term data recording. The two sondes were set to 

record temperature, salinity, dissolved oxygen, fluorescence and depth at intervals o f 

15 minutes. The sondes were deployed due east of station 3 and at station 16. Both 

sondes were deployed on the T‘ o f April 2004. The configuration o f the deployment 

o f the sondes was different at each site. The sonde at the North Bank Lighthouse was 

attached to a chain, hanging freely from the lighthouse until the 12'*' o f May. The 

weight o f  the sonde and the fixed position o f the lighthouse meant that the depth o f 

the sonde varied over a tidal cycle and the data generated gave a vertical profile o f the 

upper ua ter column. The second sonde was hung from a floating marker buoy until 

the lO*** o f June. By attachment to the marker buoy it maintained a constant depth 

relative to the surface o f the water. Since both chloroph\ll a and its degredation 

products (phaeopigments) fluoresce and the ratio o f chlorophyll to phaeopigments is 

highly variable, the fluorescence signal from the sonde was converted to an estimate 

o f total phaeopigments. For this calibciration chlorophyll and phaeopigment data 

collected in Dublin Bay on the 1*‘ o f May were used. The mean measured total 

phaeopigment concentration was equated to the mean measured fluorescence signal.

total phaeopigments (mg.m'^)= 3.09*fluorescence

For the upper estuaiy the total phaeopigment concentration v\ere converted to 

chlorophyll a concentration using the mean chlorophyll to phaeopigment ratio from 

monthly sampling trips (0.51). Net growth rates were calculated from the 

fluorescence signal using the equation

M=l/(t2-ti)*ln(F2/Fi)
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where is the net growth rate, ti and X2 are initial and final times respectively and Fi 

and F2 are the initial and final chlorophyll concentrations as measured by 

fluorescence.

2.3.0 Laboratory methods

2.3.1 Nutrient Analysis

Ammonia, phosphate, total oxidised nitrogen (TON) and nitrite were determined 

colorimetrically using a Zellweger analytics Lachat Flow Injection Analyser 

Quickhem FIA+ 800 series. The four parameters were determined simultaneously. 

For saline samples methods were based on Hansen & Koreleff (1999). The ranges and 

detection limits for measurement o f each nutrient are shown in Table 2.2. All units o f  

nutrient concentration are expressed as concentrations o f elements rather than 

molecules. For example for TON 10 |ag.l‘' means 10 |j,g o f  N as TON per litre.

Nitrite (NO 2) was determined by diazotising the sample with sulphanilamide and 

coupling with N-l-Naphthylethylenediamine dihydrochloride. The resulting pink 

coloured dye was measured at 520 nm. total oxidised nitrogen (TON) was measured 

by reduction o f nitrate (NO3 ) to nitrite (NO2) using a copperised cadmium column and 

measured in the same fashion as nitrite. Nitrate was determined by subtraction o f the 

nitrite concentration from the TON concentration.

Table 2.2. Ranges and detection limits (D.L.) in M-g.l’* o f each nutrient measured with 

the flow injection anal> ser, for each type o f sample analysed in the study.

TON NO3 I NO: NH4 PO4
Sample type Range I D.L. Range D.L. Range D.L. Range D.L. Range D.L.

Estuarine 0-1000 10 0-1000 10 0-200 2 0-1000 10 0-500 5
Open Ba\- 0-500 10 0-500 10 0-100 2 0-500 10 0-250 5

Sewage Effluent 0-1000 370 0-1000 370 0-250 5 0-1000 10 0-1000 10

For the determination of ammonia different methods were used in saline and 

freshwater samples.
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In freshwaters, hypochlorite ions were generated by alkaline hydrolysis o f  sodium  

dichloroisocyanurate (DIC). These hypochlorite ions react with ammonia to produce 

monochloramine. The monochlorarmne reacts with salicylate ions to from a blue 

indophenol compound which was measured at 660 nm.

For saline samples the method was based on the Bertholet method. Ammonia reacted 

with hypochlorite ions in the presence o f  phenol and catalytic amounts o f  

nitroprusside to from monochloramine giving indophenol blue. EDTA was added to 

the buffer to prevent formation and precipitation o f  calcium and magnesium  

hydroxides and carbonates.

Phosphate (PO4) was determined by reaction with ammonium molybdate and 

potassium antimonyl tartarate in an acidic medium to from an antimonly- 

phosphomolybdate complex. This was reduced with ascorbic acid to yield an intense 

blue colour measured at 880nm. Throughout the text the term PO4 refers to 

molybdate reactive phosphorus (MRP).

The ranges o f measurements and the detection limits for all determinations are 

presented in Table 2.2.1. Detection limits were quantified as three times the standard 

deviation o f 10 blank runs. The detection limits for TON and NH4 were 10 M-g l'' and 

the detection limit for orthophosphate was 5 |ig.l'' (where concentrations fell below  

the detection limits, nominal values o f  half the detection limits were used for 

calculation o f averages and standard deviations).

Linear regressions o f  nutrient with salinity were carried out for the monthly samples 

in the bay and estuar\ when nutrient concentrations were above detection limits. The 

statistical significance p was calculated for correlation coefficients (r) o f  each 

regression. The riverine fluxes o f nutrients were calculated by multiplication o f  the 

regressed nutrient concentrations for freshwater by the daily mean flow data for the 

particular sampling date. Flow data were provided by the EPA for the Liffey at 

Leixlip in Count\’ Kildare. At Leixlip the River Liffey flows represent 82% o f the 

total catchment, these flows were multiplied by 1.21 to estimate total riverine flow  in 

the Liffey estuar\- (McCarthaigh. 2000, 2001, 2002, 2003, 2004).

23



2.3.2 Suspended Solids

Suspended solid concentrations were measured for all sewage effluent samples. 

Whatmann GF/C glass fibre filters were placed on a filtra tion  apparatus (e lectric 

pump and m anifo ld) and washed w ith  100 ml o f deionised water, suction was applied 

and maintained until all traces o f  water were removed. Filters were dried overnight in 

an oven at 105°C and stored in a desiccator. Filter papers were numbered w ith  pencil 

and weighed on a M ettler A T  261 balance. The filters were placed on the filtra tio n  

apparatus and 50 ml o f  the sewage effluent sample were filtered. The filte r was 

removed to an oven and dried overnight at 105°C. Filters were cooled in a desiccator 

and weighed again on the M ettler A T  261 balance. The concentration o f suspended 

solids per litre  was calculated as

[(A -B )*  1000]/ Sample volume (m l)

Where A  is the weight o f  the filte r and suspended solids (m g) and B is the w eight o f  

the filte r (mg).

2.3.3 Chlorophyll a and Phaeopigments

I he 1-litre samples gathered during sampling trips were filtered onto Whatman GF/F 

filters (nominal pore size 0.45 |.im) using an electric pump attached to a m anifo ld (Pall 

C'orp 15503). When glass m anifold receptacles were used these were wrapped in 

tin fo il in order to avoid deterioration o f  the phaeopigments at other times dark tinted 

PVC receptacles were used to avoid these problems. Upon filtra tion  the filters were 

folded in quarters using a tweezers taking care not to touch the filtered ch lorophyll. 

Ihe folded filters were then placed in glass vials graduated at 10 ml which were 

wrapped m tin fo il to prevent deterioration o f the ch lorophyll 1 he vials were 

transferred to a freezer at -20 °C. fhe filters remained in the freezer for not more 

than 2 weeks.

Spectrophotomelnc analysis o f the chlorophyll n and phaeopigment^ concentrations 

uere carried out according to the methi>d o f .\m ino t and Key (2000) using a 

Shimadzu l , i \ '  1601 spectixiphotonieter. I he spectrophotometer was blanked using
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Shimadzu UV 1601 spectrophotometer. The spectrophotometer was blanked using 

90% acetone in both reference and sample cuvettes. Once a baseline correction was 

made the blank standard was examined at 665 nm and 750 nm wavelengths. If 

readings were greater than 0 the baseline correction protocol was repeated.

On removal from the freezer the vials containing the samples for chlorophyll analysis 

were transferred to an ice bath. A small amount of 97.8% acetone (~3 ml) was added 

to each glass vial and the filter was homogenized in the acetone for exactly one 

minute using an electrical homogeniser “Ultra-Turrax T8 IKA Labortechnik”. After 

homogenisation the stirring rod of the homogeniser w'as washed down with a small 

amount of 97.8% acetone ensuring that any residue o f the homogenate was retained in 

the graduated glass vials. The homogenized solution was made up to exactly 10 ml 

with 97.8% acetone. This solution was placed in a Whatman disposable 0.45 |j.m 

nylon membrane “Autovial” and filtered into a 20 mm cuvette. The surfaces of the 

cuvette were wiped thoroughly with soft lens tissue. The cuvette was placed in the 

spectrophotometer and the lid was closed. The absorbance was read at the 665 nm 

and 750 nm wavelengths. Following these readings, 0.1 ml of 1% by volume HCL 

was pipetted into the cuvette and after exactly 2 minutes the absorbance values at each 

wavelength were measured to determine total phaeopigment concentration. After each 

sample had been measured the cuvette was washed thoroughly with deionised water. 

The following equations were used to determine the concentration of chlorophyll a 

and phaeopigments in the sample

Chlorophyll a= 1 l*2.43*((A-B)*10)/(2 * V)

Phaeopigments=ll*2.43*(1.7*[C-D]-[A-B]*10)/(2*V)

Where A and B are the absorbencies at 665 nm and 750 nm respectively before 

acidification, V is the initial volume filtered and C and D are the absorbencies after 

acidification at 665 nm and 750 nm respectively. Total phaeopigments were 

calculated as the sum of Chlorophyll a and phaeopigments (Aminot & Rey, 2000).



2.3.4 Phytoplankton enumeration and identification

Phytoplankton sam ples were enum erated according to the m ethod o f  Utermohl 

(1931), which involves the settling o f a known volum e o f  sam ple in a sedim entation 

cham ber, the protocols used were based on those developed by the Helsinki 

com m ission m onitoring and assessm ent group (H ELCO M , 2001). Prior to 

sedim entation the sam ple bottles were gently rotated along all axes for one m inute in 

order to distribute all cells evenly throughout the sam ple and to avoid bias against 

heavier cells, the sam ple was then poured directly into the chamber. The volum e o f 

sam ple settled for enum eration was determ ined by the total phaeopigm ent 

concentration in the sam ple according to Table 2.3.

Table 2.3: Determ ination o f sample volum e for settling in sedim entation chamber.

Total
phaeopigm ent
concentration

(mg.m'^)

Chamber volum e  
(m l)

<1 25
>1 <10 10

>10 5

The sedim entation cham bers were sealed v\ith a thick circular coverslip and a thin 

layer o f  "V aseline" petroleum  jelly was applied in order to prevent air from  entering 

the cham ber. The samples were settled in darkness and aw ay from  vibration to avoid 

the production o f convection currents and other processes w hich m ight result in 

deviations from  a normal distribution o f the plankton on the base o f  the sedim entation 

chamber. Settling tim e was determ ined by the length o f  the sedim entation cham ber 

according to Table 2.4

Table 2.4: A ppropriate settling time for sedim entation cham ber o f  given volum e

Volum e o f  chamber 
(m l)

Sedim entation time 
(hours)

5 5

10 8

25 14
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Phytoplankton were examined at x200 magnification using inverted phase contrast 

microscopy on a Nikon Eclipse TSIOO. Idaitification o f ph\1oplankton was 

according to Dodge (1982) for dinoflagellates and Tomas (1997) and Sykes (1981) for 

diatoms and other groups. The cell was considered a single counting unit. At least 20 

fields or 200 cells o f the most abundant species were counted. The number o f 

counting units per litre was determined by multiplying the number o f fields counted 

by the coefficient C given in equation 1

Equation 1:

Approximate 95% confidence limits were calculated using equation 2 (HELCOM, 

2001)

Equation 2:

Where n is the number o f cells counted.

Cell carbon content was estimated for the most abundant ph\1oplankton species using 

biovolume calculations according to the method o f Kovala and Larrance (1966). The 

mean dimensions o f 20 cells were used for the calculation o f the biovolumes.

.4x1000 
N  x a x V

Where

N

V

a

A the cross section area o f the top o f the cylinder (491 000 000 |j,m^) 

number o f fields counted 

area o f a single field 

Volume o f sample settled
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2.4.0 Modelled Parameters

2.4.1 Tidal Currents

Mean tidal cycle current speeds were modelled from previously published data (ERU. 

1992). M ean current speeds for a tidal cycle during spring and neap tides were 

plotted against tidal range for the day. The resulting linear equation (Figure 2.3) was 

applied to tidal range data from tidal predictions in D ublin Bay. The m ean tidal 

current speeds w ere used to calculate a relative stratification param eter 1/u^ where u is

the tidal current speed (Simpson and Pmgree, 1978).
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0.15
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Figure 2.3: M axim um  daily tidal range (x axis) plotted against m ean current

speed. Current Speed = 0.0644*Tidal range + 0.002 for o f  October 1989 and 

o f O ctober 1989 (data from ERU 1992).

2.4.2 Flushing time

Tw o m ethods w ere used for the calculation o f flushing time. Flushing tim e o f  the 

Liffey estuary due to tidal forcing was calculated according to the tidal prism  method 

o f  Dyer (1973). The volum e o f  the estuar\- (V) m'̂  was calculated using depth  data 

from  admiraltv- charts and the area o f  the channel. The tidal prism  volum e (P) (which 

\a rie s  over the spring neap cycle) v\as calculated using the local tide tables and areas 

from the adm iralty charts. Flushing time was calculated as

[(V+P)/P]*t



where t is the time taken for a tidal cycle (12.42 hours). Flushing times in hours were 

calculated for mean and maximum spring tides and for mean and minimum neap 

tides. The resulting flushing times were then plotted against tidal range. Figure 2.4 

illustrates the Imear relationship between tidal range and flushing time. Flushing time 

due to the influence o f river flow was calculated as

Tf=V/Q

Where Tf is flushing time, V is the volume of the estuar\- and Q is the daily averaged 

flux o f water from the Liffe>’.
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Figure 2 4: Modelled Flushing time plotted against tidal range . 

Flushing time = -12.858 tidal range + 80.809

2.4.3 Light penetration

The diffuse attenuation coefficient o f Photosynthetically Active Radiation (kPAR) 

was estimated from a published relationship between k (PAR) and secchi depth Zsd in 

the Irish Sea (Bowers et al. 2002).
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Z s d * k ( P A R ) = 1 .4 1

and k(PAR)= 1 .41 /z ,d

The euphotic zone may be defined as that part o f the water column to which hght 

penetrates and photosynthesis may occur. The compensation depth o f water is the 

depth where there is sufficient light so that photosynthesis equals respiration (often 

taken as 0.1% of incident irradiation), this marks the bottom o f the euphotic zone.

The depth o f the euphotic zone can thus be calculated as

Z p =  4.605/k(PAR)

2.5.0 Flow data

Flow data were provided by the EPA from their measurement station at Leixlip. Flow 

at this point represents 82% of the Liffey catchment area. These flow data were 

adjusted by multiplication to account for 100% o f  the catchment. Where linear 

regressions were not statistically significant mean concentrations o f the nutrient in the 

upper estuary were used for the calculation of fluxes. The river and estuarine fluxes 

o f chlorophyll a were calculated in a similar fashion and converted to a carbon flux 

using a ratio o f 1:40 (Jones, 1979).

2.6.0 Data analysis

Linear regressions and other simple statistical functions were carried out using the 

Microsoft Excel spreadsheet software package.

Maps o f the distribution o f the various parameters within the study area and vertical 

sections o f the estuan' were created using the Surfer 8 software package. The kriging 

method was used for interpolation of the spatial distributions.

30



CHAPTER 3: NUTRIENT STATUS

3.0.1 The Eutrophication problem

Hum an activity through changes in land use, agriculture, forestr\’ and urbanisation has 

resulted in serious perturbations to biogeochem ical cycles o f  carbon, nitrogen and 

phosphorus. Anthropogenic inputs o f nitrogen to terrestrial ecosystem s are now  at 

least the sam e size if  not greater than natural inputs, and are likely to continue 

increasing as global population continues to increase (T ilm an et a i ,  2001). O ne m ajor 

result o f  these altered cycles is an increase in the amount o f  nutrients entering rivers, 

estuaries and coastal zones around the world (Sm ith et a l ,  1999). The principle 

anthropogenic sources o f  nitrogen and phosphorus to river and estuarine system s are 

agriculturally derived runoff and wastew ater inputs (V itousek et al., 1997). M any 

studies show direct linkages between land use and nutrient concentrations in rivers 

and estuaries (e.g. H owarth, 1998; M eeuwig, 1999, Tilm an et al., 2001; Nedwell et 

al., 2002; Tum er & Rabalais, 2003). W hile nutrient data  representing undisturbed 

conditions for rivers and estuaries are not a lw a\s available, nitrogen loading to these 

systems is thought to ha\ e increased by 6-50 times w hile loading in phosphorus is 

thought to have increased 18-180 times from baseline conditions (Conley, 2000). 

W hile the nitrogen load entering rivers, estuaries, continental shelves and the open 

ocean is sequentially reduced by denitrification (G allow ay et al., 2003), these nutrient 

inputs still have profound effects for ecosystem  function in m any systems.

Unlike limnological exam ples, the eutrophication process in estuaries is generally  not 

a linear response in biom ass to increase o f  the lim iting nutnent. Since estuarine 

environm ents exhibit a diverse array o f physical and chemical conditions, both within 

a given estuar>- and between estuaries, there is to date no universally applicable 

paradigm  o f estuarine eutrophication (Cloem , 2001). H ow ever the im pacts o f 

anthropogenic nutrient inputs h a \e  been well docum ented for num erous system s 

around the world. B ricker et al., (1999) found evidence for m oderate to high 

eutrophication in 67%  o f  estuarine surface area studied on the East coast o f  the United 

States and coastal m arine eutrophication has caused anoxia at tim es co\ ering an area 

greater than 15,540 km^ in the northern G ulf o f  M exico associated with the highly 

eutrophied waters o f the M ississippi outflow (Rabalais et al.,  2001, M clsaac et al..
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2001). Though a system atic assessm ent o f  estuarine eutrophication sim ilar to that o f  

Bricker et al. (1999, 2003) has not been carried out in Europe, many m ajor European 

eutrophied nvers have been identified. Eutrophied European river system s include 

the rivers Scheldt, Rhine, Seine, Tham es, Loire and Danube (Cabecadas et a i ,  1999; 

Am inot et al., 1998; Nedwell et al., 2002; OSPAR, 2003; A bnl et al.,  2003; Schreiber 

et al., 2003). The classification o f  the eutrophication status o f  the Liffey estuarv' has 

recently been revised. Based on data from 1995-1999 the estuary was considered 

eutrophic but this has recently been revised to interm ediate status (Toner et al.,  2005). 

In general sem i-enclosed seas are m ore susceptible to eutrophication than the open 

ocean. In Europe eutrophication effects have been extensively studied in the North 

Sea (Hydes et al, 1999; Ducroty, 1999, Colijn et al., 2002; Lacroix et al.,  2004); the 

Baltic Sea (Savchuk, 2005, N eum ann & Schem ew ski, 2005) and the Black Sea 

(G ordina et a I., 2001; Turkoglu & Koray, 2002, Feidrich et al., 2002)

The question o f  eutrophication in the Irish Sea is less clear cut. Allen et al. (1998) 

described an upward trend in nutrient concentrations in the Irish Sea from  a long time 

series in Port Erin on the Isle o f  M an which was observed to coincide with a 

significant increase in chlorophyll a concentrations. Other authors attributed the 

apparent nutrient increase to clim atic forcing (Gibson et al., 1997). How ever a recent 

study com paring the long term  tim e series from the Isle o f  M an with a second long 

term  tim e series (from  Menai Bridge) concluded that anthropogenic loading governs 

long term  variations in nutrient concentrations in the Irish Sea (Evans et al., 2003). 

M ajor U.K contributors to eutrophication in the Irish Sea carrying high nutrient loads 

include the Severn and the M ersey (Nedwell et al., 2002). D espite recurrent high 

nutrient concentrations at the mouths o f the rivers Liffey, Boyne and Slaney 

(M cG overn et al., 2002), none o f  the coastal or bay areas studied by the EPA for the 

period 1999-2003 in the Irish Sea are considered to be eutrophied (Toner e t a i ,  2005).

L iebig’s law o f  the m inim um  states that the yield o f  plants can be limited by the 

nutrient that is present in the environm ent in the least quantity relative to plant 

dem ands for growth. The three principal m acronutrients necessar\’ for plant growth 

are C, N and P (though carbon is rarely if  ever lim iting in coastal m arine and estuarine 

environm ents). For phytoplankton C:N:P requirem ents are generally accepted to be in 

the R edfield (1963) ratio 106; 16:1, though exceptions do occur (M ichaels et al., 2001;
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Hall et a i ,  2005). D iatom s w hich account for 40%  o f  primary production in the ocean  

(Sarthou et al.,  2005) have in addition a requirement for Si which m akes up their 

frustules and may becom e lim iting to them (e.g. Kristiansen et  al. ,  2001). In the 

freshwater environm ent P is generally considered lim iting w hile in the marine 

environment N  is generally thought to be the lim iting nutrient (C loem , 2001). 

N otable exceptions to N  limitation in the marine environm ent include large areas 

lim ited by micronutrients particularly Fe (M ichaels et al. ,  2001). Since estuaries 

represent a transitional zone from freshwater to marine water the question o f  nutrient 

limitation from one end o f  the estuarine continuum  to another also varies. Som e  

estuaries display a seasonal shift from P limitation in spring to N  lim itation in sum m er 

(Conley, 2000) w hile in som e eutrophied estuaries neither nutrient is lim iting, a 

situation known as hypem utrification (Elliott and M cLusky, 2002).

In the study area v\ hile annual nutrient loading o f  the system  has been quantified in 

the past (Brennan et oL,  1994, W ilson, 2005) and considerable problem s with 

excessive macrofaunal abundance have been observed, there has been no 

com prehensive study o f  nutrient lim itation conditions along the length o f  the L iffey  

estuarv' and o \ er the seasonal cycle.

3.1.0 Results

3.1.1 Nutrient Com position

Data from the m onthly sam pling cruises clearly dem onstrate that higher 

concentrations o f  all nutrients are found in the walled part o f  the estuary and lower  

concentrations are found in the open part o f  the Bay (Figure 3.1).  Mean 

concentrations o f  TO N in the estuarv are more than 7 tim es those in the Bay, mean  

am m onia concentrations are 7.3 times higher and orthophosphate concentrations in 

the estuarv' are 3.8 times those in the Bay. Throughout the study N O 3 was the 

principle form o f  nitrogen, m aking up on average 87% o f  DIN in the bay and 76% o f  

DIN in the estuar\-. Table 3.1 sum marises the nutrient data at all sam pling stations.
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Figure 3.1: Mean nutrient concentrations for the period 2000-2004 in 

the walled part o f the estuary (light grey) and in the open Bay (dark 

grey). Error bars are 95% confidence intervals

Figure 3.2 illustrates the typical spatial pattern of nutrients in the walled part o f the 

estuary prior to the upgrading o f the sewage treatment plant (commissioned, June 

2003). TON concentrations decline steadily seawards. Highest concentrations are 

generally found at Station 1 and lowest concentrations at Station 14 at the mouth of 

the estuary. Distribution o f PO4 and NH4 show a different pattern with large peaks at 

stations 11 and 12 off the Ringsend sewage treatment plant. Highest variability in 

nutrient concentrations was found at stations 9-11 for PO4 and NH4 reflecting the 

sporadic discharges o f sewage effluent. TON variability was highest in the upper 

estuary reflecting variations in salinity. In the open bay stations 18-41 variability was 

low reflecting the essentially marine origin of the waters.
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Figure 3.2: Typical winter distribution of nutrients in the walled part of the 

estuary prior to the upgrading of the Ringsend sewage treatment plant (data 

from 30*'' of November 2000). The numbers on the x-axis are station numbers.

35



Table 3.1: Mean, standard deviation (s.d ), number o f  measurements (n) and

coefficient o f  variance (C.V.) for NO3, NO2, NH4 and PO4 at each station all 

concentrations are expressed in |o.g.rV

Nitrate Nitrite .\m m onia Orthophosphate

Stn. •Mean s.d. n C.V. Mean s.d. n C.V. Mean s.d. n C.V. Mean s.d. n C.V.

1 1301 551 10 42 24 20 12 82 82 35 12 42 57 16 11 29

2 1122 620 11 55 18 8 13 45 79 36 12 46 57 19 12 33

3 1402 681 37 49 21 8 42 39 69 28 41 40 60 23 43 39

4 1372 720 39 52 19 8 42 42 58 29 42 51 65 23 43 35

5 1047 633 40 60 15 6 42 37 53 82 43 155 53 17 43 31

6 1211 712 40 59 18 6 42 36 54 48 42 88 62 17 44 27

7 837 543 43 65 14 5 43 40 65 39 44 59 54 15 45 29

8 741 514 43 69 12 5 42 42 74 36 44 48 49 14 45 29

9 467 406 41 87 12 17 42 143 69 1249 43 1798 47 184 44 390

10 423 326 41 77 11 9 42 74 93 582 43 625 54 72 45 134

II 448 400 40 89 18 18 43 98 327 555 42 170 232 184 45 79

12 369 267 42 72 18 18 43 97 432 423 41 98 196 87 44 45

13 348 261 40 75 12 10 40 83 279 252 41 90 120 56 42 47

14 239 236 40 99 10 8 38 80 216 257 39 119 97 52 40 53

15 294 261 40 89 10 9 40 91 171 164 41 95 89 52 42 59

16 307 221 40 72 11 8 38 71 151 157 43 104 89 45 42 51

17 329 253 39 77 9 5 40 56 81 196 42 242 65 36 42 55

18 126 139 40 110 5 4 40 78 55 49 10 90 23 13 41 58

19 121 136 33 112 5 3 34 74 44 48 11 110 23 14 35 60

20 92 97 36 105 4 4 36 00 34 37 3 109 19 13 37 69

21 98 102 35 105 5 4 32 82 28 29 3 105 19 10 36 54

22 92 100 33 109 4 4 34 91 25 24 3 94 18 10 34 55

23 108 104 39 96 5 4 40 81 36 31 3 87 21 11 40 55
24 105 103 40 98 5 4 40 85 37 37 3 101 21 13 41 60

25 97 96 40 99 5 4 40 84 33 32 3 96 19 12 41 61

26 97 96 40 99 4 4 40 84 31 24 3 77 20 11 41 58
27 91 92 40 100 4 4 40 98 28 22 15 79 19 10 41 54
28 89 88 39 99 4 4 40 90 29 26 4 90 18 11 41 60

29 83 85 40 103 4 3 40 87 19 14 3 76 17 10 41 61

30 83 87 39 105 4 4 39 94 30 26 8 86 18 11 40 60
31 91 87 39 96 4 3 39 81 35 41 13 116 21 14 40 66

32 88 86 39 98 4 3 39 85 34 39 3 115 21 14 40 66
33 82 86 39 104 4 4 38 88 22 23 3 105 17 11 40 65
34 84 87 40 103 4 3 39 84 21 20 3 92 17 10 40 61

35 84 76 38 91 4 3 38 78 25 28 3 114 19 12 39 65

36 80 76 36 96 4 3 36 86 14 13 3 93 16 10 37 63
37 82 81 36 98 4 3 36 79 17 17 3 102 17 11 36 67

38 83 84 36 102 4 3 36 91 17 20 3 122 17 11 37 67
39 86 80 35 93 4 3 35 77 21 26 37 124 19 12 33 63
40 83 82 37 98 4 3 37 83 31 34 3 111 20 13 37 68

41 101 91 18 90 4 3 17 65 17 22 3 129 17 11 18 63
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3.1.2 Mixing curves

In order to investigate the variability in nutrient concentrations and identify any 

sources and sinks o f  nutrients, linear m ixing curves o f  all nutrients with salinity were 

carried out on the data from all m onthly sam pling cruises. Table 3 .2  sum m arises the 

data from these m ixing curves (full data for the m ixing curves can be found in 

Appendix II). Additional m ixing curves o f  the ratio DIN:P with salinity were also 

carried out for sam pling cruises in the w alled part o f  the estuary m order to predict the 

salinity at which the molar ratio o f  N;P reached the R edfield (1963) ratio.

In the walled part o f  the estuarv’ all linear m ixing curves o f  TO N  with salinit>’ were 

significant, 43 w ere significant at p<0.01 and two w ere significant at p<0.05. M ixing  

curves o f  PO4 with salinity did not show  statistical significance at p<0.05 i f  the entire 

estuarv' w as taken as a whole. As a result the PO4 m ixing curves w ere lim ited to those 

stations 1 to 8, representing waters from  the Liffey and upstream o f  other major 

sources o f  PO4. O f the 45 m ixing curves 35 showed statistical sign ificance at p<0.05  

w hile 10 show ed no statistical significance at this level. As with PO4, m ixing curves 

o f  NH4 alone with salinity w ere not statistically significant at p=0.05 if  the entire 

estuar>- v\as taken as a w hole, nor did m ixing curves from the stations o f  the upper 

estuarv (stations 1 to 8) show  a consistent pattern.

Table 3 .2: Predicted freshwater concentrations o f  nutrients from statistically  

significant regressions with salinity in the walled part o f  the estuarv- (stn. 1-17) and 

in the bay (stn 18-41). PO4 regressions are from the upper estuarv' only.

Mean
Estuary-
Max Min Mean

Bay
Max Min

TON 986 3304 489 1922 3760 42
P04 41 296 17 583 2851 123
NH4 - - - 2266 7452 384

Tvpical exam ples o f  m ixing curves form the estuarv' are show n in Figure 3.3a. The 

variabilitv- in the predicted freshv\ ater concentrations o f  TO N  and PO4 is show n in 

Figure 3 .3b the molar ratio o f  these inputs is shown in Figure 3.4
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For statistically significant nutrient mixing curves the freshwater endmembers were 

combined with freshwater flows on the sampling dates to estimate fluxes o f the 

nutnents. Since mixing curv es o f ammonia were not significant in the walled part o f  

the estuarv', fluxes for ammonia were calculated by multiplication o f observed values 

at stations 1, 2, and 3 with flows for these dates. The fluxes estimated from significant 

mixing curves produced apparent linear relationships between riverine nutrient fluxes 

and freshwater flow (Figures 3.5). The low  slope values in these linear relationships 

(1.3 X 10'  ̂ for TON and 4 x 10'  ̂ for PO4) indicate that higher flows have a dilution 

effect on nutrient concentrations. A weaker relationship existed between river flow 

and the molar ratio o f  T0 N:P0 4  (Figure 3.6)

There was some evidence for a seasonal draw down o f  N in the freshvvaters o f the 

Liffey, though this varied annually in timing and magnitude (Figure 3.3). However 

the persistent presence o f  high concentrations o f  both N and P throughout the year 

suggested that delivery was always in excess o f  demand. There was a clear seasonal 

cycle in the molar ratio o f  riverine TON:P (as estimated by linear regression) (Figure 

3.4). Molar ratios were highest in winter (m a\=123) but between the months o f  June 

to August these ratios approached the Redfield ratio o f  N:16:P:1.

O f 44 mixing curves o f  DON:P with salinity, 36 showed significance at p<0.01 and 

six showed significance at p<0.05 while two were not significant at p=0.05. The mean 

salinity at which the predicted N:P ratio reached 16 was 31.9 (±s.d. =4.4) suggesting 

that the over supply o f N in relation to P was widespread in the upper estuarv- but 

diminished with increasing salinity. Figure 3.7 shows topical mixing curves o f DIN;P 

with salinitv' and the DIN;P ratio at each station. A seasonal signal was not apparent in 

the DIN;P0 4  mixing curves due to the continual supply o f  NH4 and PO4 from the 

sewage effluent. Despite the oversupply o f DIN, concentrations o f  PO4 never fell 

below detection limits in the estuarv- suggesting that it was always available for uptake 

and that Leibigian nutrient limitation never came into play i.e. that the estuary was 

hvpernutrified with respect to N and P.
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Figure 3.5: a) Relationship between River flow (m̂  day'*) and N flux (as TON) (kg.day'’) 
y = 0.0013x+ 152.59 r̂  = 0.8789 n=34 p<0.001

b)Relationship between River flow (m  ̂day'*) and P flux (as PO4) (kg.day'*) 
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The mean annual riverine fluxes o f  TON from the River Liffey was 769.9 t N.y"' 

while the mean annual riverine flux o f  PO4 28.8 t.P.y"'. The three-year mean 

catchment area normalised TON and PO4 concentrations give values o f 647 kg N.km' 

.̂y'  ̂ and 22 kg P.km'^.y'' respectively. The mean annual flux o f  ammonia was 37.6 t 

N.y"'. The average molar ratio o f  these inputs was N:62:P:1 and is lower than the 

average molar ratio predicted by DIN: P 0 4  mixing curves (N 80: P :l) which takes 

into account the inputs from the sewage treatment plant.

In the outer bay, 37 linear mixing curves o f  TON with salinity were carried out, o f  

which 33 showed significance at p<0.01 and one showed significance at p<0.05. The 

predicted freshwater endmembers o f  these mixing curves were higher but not 

significantly different (p=0.05) from those predicted in estuarine mixing curves 

(Table 3.2). This indicated that that while the Ringsend sewage effluent raised the 

TON load, concentrations in the effluent were similar to those in the Liffey waters. O f 

the 28 linear regression o f  PO4 carried out in the bay 18 showed statistical 

significance at p<0.01 and 3 at p<0.05. The predicted freshwater concentrations o f  

PO4 from the significant mixing curves in the bay were significantly higher on 

average by five times (p<0.01) than those predicted by mixing curves in Group I, 

illustrating the high concentrations o f PO4 in the Ringsend sewage effluent and the 

importance o f  the treatment plant as a source o f  PO4 to the bay. O f the 33 mixing 

curves o f  NH4 with salinity carried out in the bay, 26 showed statistical significance at 

p<0.01 while two showed significance at p<0.05 and five were not significant at 

p=0.05. The mean predicted freshwater endmember o f  these mixing curves (2089 

l^g.r') was far in excess (by two orders o f  magnitude) o f  any o f the measured values 

o f NH4 in the upper estuarv- stations 1-6 beyond the immediate influence o f  the 

Ringsend sewage treatment plant.

3.1.3 Sewage effluent inputs

The other main input o f nutrients to the LifTey estuary and Dublin Bay is that o f  the 

Ringsend sewage treatment plant. Accurate flow data from the sewage treatment plant 

were available only from 2003 and 2004; flow remained relatively constant over the 

two year period, with mean flow  4.27 m'̂ .s"'. However mean nutrient concentrations
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o f the sew age effluent varied greatly over the upgrade o f  the sewage treatment plant 

(Figure 3.8). The principal differences in the composition in sewage effluent were an 

almost tenfold increase in the concentrations o f TON and a concurrent decrease in 

NHj concentrations. PO4 concentrations remained similar and suspended solid 

concentrations were reduced by half over the study period. Table 3.3 illustrates how  

sewage effluent inputs have changed over the last decade.

Table 3.3: Comparison o f  annual inputs o f  nutrients and suspended solids to the 

Liffey estuarv' from the Ringsend sewage treatment plant (t.y’'). (Data for 1992-1993 

from Brennan et a i ,  1994).

TON N H 4 : PO 4 j  DIN SS

1993 33 1863 396 1896 12870
2 0 0 1 38 2147 424 2185 28463
2 0 0 2 149 2088 268 2237 19384

2003 720 873 325 1594 5990
2004 1298 450 352 1747 4895

The mean four year sewage DIN flux was 1941 t.y'* with ammonia accounting for 

98% in 2001 but only 26% by 2004. The mean PO4 flux was 342 t.y''. Fluxes o f  PO4 

remained relatively constant over the study period. The molar ratio o f these inputs 

was N:13:P:1.

3.1.4 Spatial distribution

In some months the Liffey plume o f  low salinity water was detectable stretching from 

the mouth o f  the L iffe\, northwards and eastwards towards Howth Head (Figure 

3.9a). The plume w as discernible to the furthest northeast extent o f  the study area. By 

this point the freshwaters had undergone near complete mixing (0.6% freshwater) 

with Irish Sea water to give a north/south partitioning either side o f  the 33.8 isohaline. 

The Liffe>' w aters brought higher nutrient concentrations to the north o f  the bay while 

the south remained relatively unaffected (Figure 3.9 b, c). TON was the principle 

component o f  the DIN in the bay, and was approximately five times as abundant as 

NH 4
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Figure 3.9:

a) Average distribution of salinity (contours spaced at intervals of 0.2 p.s.u.)

b) Winter distribution o f DIN (contours spaced at intervals o f lOjig.r*).

c) Winter distribution of PO4 (contours spaced at intervals o f 2.5^g.^*).

d) Winter distribution o f DIN: PO4 (contours spaced at intervals of 1).
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The average w inter ratio o f DIN:P was shghtly elevated throughout the bay but 

highest ratios were at the mouth o f  the Liffey and the north o f  the bay (Figure 3.9d). 

A regression o f  w inter N:P ratios against DIN (p<0.01, r^=0 832) showed that most o f 

the variability m N:P was due to the supply o f  nitrogen rather than phosphorus.

In winter, a \e rag e  DIN concentrations were 210 |a.g.r' and average PO 4 

concentrations were 26 |o.g.l'V Figure 3.10 shows the annual cycle in nutrient 

concentrations and ratios in the open bay for 2000-2003. M axim um  concentrations in 

Bay waters w ere 910 |i g . r ‘ and 53 |j,g 1’' for DIN and P O 4 respectively and these were 

associated with the Liffey plum e o f slightly brackish water. N:P ratios w ere elevated 

above the Redfield ratio in wmter. After the spring bloom  concentrations o f  all 

nutrients fell below  detection limits (TO N <10 |ag l’\  P 0 4 < 5  M-g 1"’) outside the Liffey 

plum e and remained below these limits throughout the summer. Figure 3.11 shows 

the distribution o f  m olar N:P in the Bay during the spring bloom  o f 2001. At this 

time, nutrients were still present in concentrations above detection limits yet the molar 

N:P ratio was below  16 in the south bay suggesting that nitrogen would shortly be 

limiting.

3.1.5 Dilution M odel

Given the consistently linear behaviour o f  TON in the estuar>' it was possible to 

predict its concentrations at different salinities using known riverine and sewage 

fluxes and a sim ple dilution model. Table 3.4 lists the various inputs and outputs o f 

the m odel along with their data sources and units. M ean freshw ater TON flux (Fix) 

and the mean freshw ater TON concentration (N in) w ere calculated as

F in= ( V lxN l) + ( V exN e)

N in=  Fix/ (V l+ V e)

where inflow ing volumes o f water Vi, (Liffey volum e) and Ve (Effluent volum e) 

were the known water volumes for Liffey and Ringsend flows respectively and Ni, 

and N e are TON concentrations in the Liffe> and the sew age effluent (taken from

48



Figure 3.10:

a) Temporal pattern in TON concentration for the three full year periods 

studied, error bars are 95% confidence intervals.

b) Temporal pattern in PO4 concentration for the three full year periods 

studied, error bars are 95% confidence intervals.

c) Temporal pattern in N:P molar concentration for the three fijll year periods 

studied.



Figure 3.11: Distribution o f DIN:P04  ratio in April 2001 immediately prior to the 

reduction of nutrients below detection limits. The ratio lies above 16:1 in the Liffey 

plume and below this value in the south bay.
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regression values for the Liffey and measured for Ringsend). The TON concentration 

Niocai at a given salinity Siocai was calculated as

N,ocai= [ ( N in- X (l-(Sea».i/100)+(NsEAX (Seao,yiOO)]

W here Seao„ is the percentage o f  seawater at the salinity Siocai calculated as 2.9586 x 

Siocai (Figure 3.12). The salinity o f  seawater is taken to be 33.8 which is the mean 

salinity o f  waters in Dublin Bay not affected by the LifTey plum e and represents the 

salinity boundar\- o f  the model.

Table 3.4: Param eters, type o f  data, units and source o f  data for sim ple dilution
model.

Parameter Description Unit Source

V l input Liffey inflow m^.day'' EPA-data

V e input Ringsend effluent m^.day'' Ringsend flow data

N l input Liffey TON conc. m g.r‘ Mixing curves

N e input Efllucnt TON conc mg.r' Ringsend data

F in output Freshwater TON flux 
Mean freshwater TON

kg. day'' ( V l x N l ) - K V e x N e)

N,n output conc. m g.r‘ F in / 1  V l + V e )

S sEA input Salinity o f sea (boundarv) - From data (33.8)

N s e a input Marine TON conc. mg.r' M ixing curves

S  local input Salinity at a given station - from data
Sea.,, output % seawater at S iocai 

Mean TON at required
% (2.9586 X S i o c a i )

[ ( N in x  ( l - ( S e a o y i O O ) + ( N s E A X

N [ p c a l output salinitv value mg.r' (Sea.yiOO)l

Validation o f  the m odel was used by com paring m odelled values Niocai to measured 

 ̂alues o f  TON at different salinities. Only three dates were available w hen the full 

set o f  m easured inputs for the model, i.e. Ringsend flow  and effluent data and TON 

concentrations w ere available for the validation. F igure 3.13 illustrates the models 

predictive capabilities. The model predicted the nutrient concentrations accurately on 

the 13/3/03 and 16/4//03. On 4/9/03 modelled TON concentrations diverged form 

m easured TON concentrations (Figure 3.14). The discrepancy betw een m odelled and 

m easured concentrations on 4/9/03 is due to the fact that sam pling took place prior to 

the discharge o f sew age effluent on that day w hich is tim ed to occur on ebbing tides.
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The modelled TON concentrations represent daily average values. The measured 

values also diverged from modelled values at stations 5 and 6 due to the freshwater 

input of the river Dodder which has lower TON concentrations than the Liffey 

(Brennan et a l, 1994).

900 
800 - 
700 -

i* 600 -■
I  500 -

•s 40«-
I  300-
I  200 - 

100 - ■

200 400 600 800 1000

Modelled TON nig.rn

Figure 3.12; Measured and modelled concentrations of TON in the lower estuary, y 

= 0.9622X - 63.452 r̂  = 0.899 p<0.001. Data are from 13/3/03; 16/4/03 and 4/9/03.
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Figure 3.13: Measured TON concentrations 4/9/04 (blue); modelled TON

concentrations (Pink) and TON concentrations modelled ignoring the Ringsend input 

for the day (Yellow) plotted against salinity.
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On dates when the TON measurements were not available from the river Liffey the 

relationship between flux and flow (Figure 3.5a) was used to estimate the TON flux 

from the Liffey

V,;dSf,. =0.0013 X V,. +152.59 

Since the N was apparently the limiting nutrient in the open bay, the parameter critical 

to the assessment of the impact of the TON increase was mean summer concentration 

of TON. The area chosen for the model investigations was that within the 33.2 

isohaline, this is the area which has historically shown the most symptoms of 

eutrophication. The model was used to investigate the effects of

1) The observed and planned changing TON load due to the Ringsend sewage 

treatment plant upgrade.

2) The effect of variable river flow on TON concentrations

1) Mean summer concentration of TON at the 33.2 isohaline was estimated using 

fixed annual mean river and effluent flows and annual mean riverine nutrient 

concentrations and by varying the annual mean measured nutrient concentrations of 

the sewage effluent. Marine N concentrations were set to 0. Figure 3.15 shows the 

mean summer concentration of TON in waters of 33.2 salinity for the j)eriod 2001- 

2004 as well as the projected concentration in the north bay based on the planned 

volume increase in effluent discharge of 20%.
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Figure 3.14: Modelled changes in summer TON concentrations at the 33.2 isohaline 

over the period of upgrade of the treatment plant, the red line is the projected increase 

associated with a 20% increase in discharge.
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2) Figure 3.16 shows the modelled TON concentrations at the 33.2 isohaline from 

May to August 2004 (when measured nutrient concentrations in the open bay fell 

below detection Umits).
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Figure 3.15: Modelled summer TON concentrations (^g.l *) at the 33.2 isohaline.

Figure 3.17 shows the relationship between river flow and modelled nutrient 

concentration for the period plotted above. The negative slope indicates the dilution 

effect as riverine inputs increase, most of the variation in nutrient concentrations is 

attributable to river flow.
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Figure 3.16: Negative linear relationship between river flow and TON concentration 

(^ig.r*). TON = -9.1214*Flow+ 136.62, r̂  = 0.5967, p<0.001.
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3.2.0 Discussion

The concentrations o f  nutrients in the L iffey estuarv- are at the high end o f  the 

m oderately eutrophic categor>' o f  Bricker e t  al. (1999). The m ean DIN concentration  

was 891 |j,g N .f '  and values exceeding 1000 |o,g N .f '  are considered highly eutrophic. 

Sim ilarly P 0 4  concentrations are at the upper end o f  the m oderately eutrophic 

category with a mean o f  73 |ag P f '  where 100 fig P f '  is considered highly eutrophic. 

The concentration o f  nutrients is determined principally by m ixing o f  L iffey  water, 

sew age effluent and Irish Sea water.

The N:P ratios were consistently above the Redfield ratio in the estuary' and indicate 

that P was the m ore likely to be potentially lim iting to phvtoplank-ton growth though  

excess nutrients were alw ays available for uptake. Since within the w alled part o f  the 

estuary nutrients (particularly N ) are alw ays in o \ ersupply it appears that the estuary 

is hvpem utrified. The fluxes o f  N and P from the river L iffey  are highly variable 

being controlled largely by stochastic processes and having linear relationships with  

flow , but the ratio o f  these riverine inputs undergoes a seasonal pattern w hich is 

correlated to river flow . The equation constant in the relationship between river flow  

and TON: PO4 indicates that a baseline T 0 N :P04 ratio o f  16:1 exists in the River 

Liffey and the ratio is elevated with increasing fresh water flow .

Further evidence for h\pem utrification includes the consistently significant linear 

m ixing curves betw een TO N and PO4 with salinity, these indicate that the nutrients 

act largely in a conservative fashion in the w alled part o f  the L iffey estuary. This 

suggests that uptake through primarv production is not a major factor altering 

nutrients in the estuarv and that factors other than TO N  and PO4 concentration (w hich  

were constantK- superabundant) may control the proliferation o f  phytoplankton  

growth within the w alled part o f  the estuarv-.

By contrast the Bay show s a marked seasonal cycle  w ith slightl)- elevated winter N;P  

ratios, being driven ch iefly  by oversupply o f  nitrogen fo llow ed  by spring nutrient 

depletion tvpically associated with a ph\1oplank1on bloom . Although both D O N  and 

PO4 concentrations fell below  detection lim its in the sum m er, N:P ratios prior to 

depletion w ere below  the Redfield ratio. Taken together these suggest that N  is the



limiting nutrient in the south o f  the bay as is contended for the Irish Sea as a whole 

(Evans et a i ,  2003). The clockwise circulation o f waters in the bay was reflected in 

the horizontal salinity distribution and suggests that any stimulation effects caused by 

nutrients exiting the river mouth is likely to occur on the north side o f  the bay, which 

is in agreement with previous studies o f  eutrophication phenomena in Dublin Bay 

(Brennan et a i ,  1994). When mixing processes were strong due to strong tides or 

turbulence caused by bad weather the Liffey plume zone was not detectable and even  

when the plume was detectable o ff How1h Head it was practically indistinguishable 

from surrounding waters.

The calculated riverine fluxes o f  TON were two orders o f magnitude lower than the 

major riverine contributors to TON in the Irish Sea, such as the Severn Mersey and 

Clyde but higher than most o f  the rivers in West Wales (Nedwell et  a i ,  2002). Mean 

catchment normalised nutrient fluxes o f 647 kg N.km^.y’' (as TON) and 22 kg P 

km .̂y"' compared favourabh’ with their U.K. equivalents entering the Irish Sea. with 

average annual TON flux in the Liffey being only 46% o f  the U.K average and 

orthophosphate being onh' 16%. This level o f  nitrogen represents a moderate human 

influence on the river Liffey according to the system o f Hessen (2000). The annual 

TON and orthophosphate inputs from the Liffey (averaged over 2001 and 2003) 

represent 0.9% and 0.02% respectively o f  the total annual nitrogen and phosphorus 

fluxes to the Irish Sea (Simpson & Rippeth, 1998). However the N flux above does 

not account for NHj, which did not show consistent linear behaviour, nor do the 

calculated fluxes include the point source input o f  the P and N from Ringsend sewage 

treatment plant or the inputs from the river Tolka. These sources combined caused a 

five-fold elevation (up to 363 |ig P .r ')  in P levels in the bay when compared to PO4 

mixing curves from data in the LifTey estuar>-. Statistically significant mixing curves 

o f  NH4 with salinity in the estuarv , upstream o f  the Ringsend sewage treatment plant 

generally showed an increase o f  NHj with increasing salinity, while mixing curves in 

the open ba>' (downstream o f the sewage treatment plant) showed a decrease o f  NH4 

with decreasing salinity, this suggests that the Ringsend sewage treatment plant was a 

principal source o f  NH4 to the system. The high coefficient o f  variations for NH4 and 

PO4 may be due more to the timing o f  the discharge o f  sewage (licensed for ebb tide
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discharge) than variation in am ounts river flow o r tidal flushing. The higher 

freshwater TON concentrations from mixing curves in the open bay when com pared 

to the walled estuar\- also indicate the Ringsend sew'age treatm ent plant as an 

im portant source o f TON.

The volum e o f  fluxes from  the sewage treatment plant rem ains relatively constant but 

the upgrading o f  the plant which took place during this study has caused dramatic 

changes in the com position o f  the effluent. The m ost striking feature o f the changing 

nutrient loading to the estuar\- is the increase in TON flux from  the Ringsend Sewage 

treatm ent plant. The annual TON effluent load in 2004 was m ore than 2.5 times the 

loading from effluent in 1993. TON effluent loads in 2004 were 6 8 % higher than the 

m ean riverine TON inputs. H owever the corresponding reduction in A m m onia 

concentrations m eans that the overall flux o f  DIN from  the treatm ent plant is only 

92%  o f  its value in 1993. The loads o f  suspended solids from  the Ringsend sewage 

treatm ent plant hav e also been dram atically reduced to 38%  o f the load in 1993. The 

four year mean com bined Liffey and sew age DIN was 2748 t N.y"'. This constitutes 

3.4 times the mean flux o f  DIN for the Liffey alone while the com bined PO 4 flux is 

8.7 times the PO 4  flux o f the Liffey alone. The total DIN flux from  the Liffey and the 

sewage treatm ent plant accounts for 2.9%  o f  the freshw ater DIN flux to the Irish Sea 

and the total PO 4  flux accounts for 3.6%  o f  the total freshw ater flux to the Irish Sea 

(OSPAR, 2003). These com bined fluxes yield catchm ent norm alised fluxes o f  2309 

kg N .km ^.y'' and 311 kg.P.km '^.y'' these com pare less favourably w ith their U.K. 

equivalents than the riverine fluxes alone. The catchm ent norm alised Liffey and 

effluent DIN flux is 61%  greater than the U.K average and exceeds the upper bound 

o f the "m oderately influenced" categorv- (2000 kg N.km'^.y"') (Hessen, 1999). 

Similarly the catchm ent area norm alised PO 4 flux is ju s t over tw ice the U.K. average 

o f 152 kg P.km'^.y’' (Nedwell et a i ,  2002). The com bined DIN and PO 4  fluxes have 

a m olar ratio o f  N16.1:P1 and account for 2%  and 1.3% respectively o f  the total 

annual Irish Sea N and P fluxes (Sim pson & Rippeth, 1998). These fluxes how ever 

are still orders o f  m agnitude lower than other m ajor contributors to the Irish Sea.

M odelling o f  nutrient concentrations illustrates that m ean sum m er supply o f TO N  at 

the 33.2 isohaline doubled from the years 2002 to 2004 due to the change in effluent 

com position at the sewage treatment plant. The planned increase in the size o f  the
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sewage treatment plant is liable to have less o f an impact since it is the volume of 

effluent rather than composition that will change. Nutrient concentration in this area 

is also under strong control o f riverine flux with dner periods resulting in higher TON 

concentrations which may stimulate phytoplankton production. Climate change 

projections for the Dublin area suggest that summer precipitation will be ~15% lower 

(Sweeney & Feale, 2002). Applied to the 2004 data this reduction in flow would lead 

to a 7% increase in TON concentrations at the 33.2 isohaline, while this may have 

implications for eutrophication in the area the impact o f the change is likely to be 

slight compared to that o f the change which has occurred between 2002 and 2004.

The shift in the composition of the Ringsend sewage effluent is likely to have a 

profound effect on the obsened  patterns of eutrophication in the bay. Previous 

eutrophication problems have been associated with particulate inputs with high N 

content, as a source o f nutrition for the tubiculous polychaete Lanice concheliga 

which provide a site for the attachment o f the opportunistic alga Ectocarpus 

siliculosis (Jeffery et al., 1993) or as a direct source o f nutrients to the green algal 

mats in the Bull Lagoons (Brennan et al., 1994). These particulate inputs have been 

reduced six fold (from 28.4 xlO'^ t.y’' to 4.8 x 10  ̂ t.y"') over a matter o f four years and 

the reduction in suspended particulates is likely to have an effect on the abundance o f 

the Lanice concheliga worms. TON fluxes from the treatment plant have shown the 

opposite trend and their tenfold increase may favour diatom growth since diatoms are 

adapted to exploit nitrate rich conditions. The model indicates that the concentrations 

o f TON in the north o f the Bay (where eutrophication effects have previously been 

observed) have doubled in the last five \ ears as effluent composition has changed.

The nutrient flux figures clearly illustrate the large impact that the city 's wastewater 

has on the Liffey estuary . The riverine fluxes o f TON alone now account for only 

32% of the total TON discharge with the sewage effluent making up 68%. This is in 

marked contrast to the situation in 1994 when sewage effluent accounted for only 

42.5% o f TON. The combined inputs from Ringsend and the river Liffey have 

resulted in an estuary- which is bordering on the hea\ ily impacted category- in terms o f 

nutrient concentrations in two classification systems. However the conservative 

behaviour suggests that there is no major nutnent sink in the estuary- which suggests 

that the symptoms of eutrophication at least within the walled part o f  the estuar\- may
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be limited. By contrast the seasonal nutrient depletion in the bay indicates that 

eutrophication may have a m ore profound effect in this location.

3.3.0 Conclusions

The w alled part o f  the Liffey estuary is hypernutrified due to the loads o f  nutrients 

from  the Liffey and the Ringsend Sewage Treatm ent Plant- suggesting that the estuary 

is m oderately to highly eutrophied. The conservative behaviour o f  TO N  and PO4 in 

the walled part o f  the estuary indicate that there are no m ajor sinks o f  nutrients within 

this area which suggests that phytoplankton growth in the area m ay be limited by 

other factors.The fluxes o f  nutrients from  the system  to the Irish Sea are not large 

com pared to other contributors, o f  the two sources the sew age treatm ent plant is now 

the larger contributor. The waters o f  Dublin Bay undergo seasonal N limitation. 

TON inputs from  the Liffey estuary are likely to stim ulate enhanced productivity 

during summer. Increasing river flows result in dilution o f  the TO N  concentrations 

entering the bay, highest modelled concentrations in the plum e o f  the estuary occur 

during conditions o f  low flow.
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CHAPTER 4: THE PHYSICAL ENVIRONMENT

4.0.1: Physical constraints on phytoplankton growth

Physical processes in both the horizontal and vertical directions exert controls over 

phytoplankton biomass accumulation. Phytoplankton biomass production is 

controlled by a balance between algal photosynthesis and respiration which are often 

strongly influenced by the relationship between the vertical processes o f mixing and 

light attenuation in the water column. In tum distribution o f the biomass is often 

determined by horizontal processes such as tidal currents or riverine flow. In these 

ways, the physical processes, water column structure and dynamics, control observed 

patterns in phytoplankton biomass (Lucas et a l ,  1999a, b). Since an estuarv^ marks a 

gradient from fresh to saline waters the physical structure o f  an estuar\’ changes along 

its length. Light and nutrients (the essential requirements for phytoplankton 

development), and the physical processes determining the availability o f  these 

parameters differ between the fresh and saline ends o f an estuan,-. At the saline end 

marine processes in general contribute most to the observed physical patterns while at 

the freshwater end riverine inputs may be more important.

4.0.2 Vertical Processes

The classic oceanographic example o f physical processes resuhing in biological 

eftects is the critical depth model (Sverdrup, 1953) critical depth model. 

Phvtoplankton biomass increase occurs when photosynthesis is greater than 

respiration (i.e. net photos>Tithesis). In the water column, respiration is a depth 

independent process while photos\nthesis, being dependent on light, decreases 

exponentially with depth. Sverdrup (1953) defined a critical depth above which the 

integrated sum of photosvnthesis was greater than the integrated sum o f  respiration 

(and net photosynthesis could occur) and below which respiration was greater than 

photosynthesis preventing ph\1oplankton biomass accumulation. Typically in 

temperate shelf seas the effects o f turbulent mixing during winter months result in 

phytoplankton being mixed below the critical depth. Thermal stratification occurs 

when in spring solar irradiation heats the surface waters and a density discontinuit>' 

de\ elops resulting in a warmer upper mixed layer and a cooler lower mixed layer. If
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the surface m ixed layer is shallower than the critical depth net photosynthesis occurs 

and a ph>loplankton spring bloom  may develop. After a rapid period o f  grow th (the 

spring bloom ) nutrients becom e depleted and the stratification w hich prom oted the 

bloom now acts as a barrier to vertical nutrient transport preventing further bloom  

development. The above scenario is well known and widely applicable in coastal 

shelf environm ents (eg. Holiigan & Harbour, 1977; Sharpies, 1999; Kelly-G erreyn et 

a l ,  2004).

Tidal and wind driven m ixing processes act in opposition to buoyancy inputs (thermal 

or saline) and may prevent stratification and prom ote vertical hom ogeneity  in the 

water column. Sim pson and Hunter (1974) reasoned that the occurrence o f 

stratification was a balance between vertical m ixing energy (tending tow ards 

unstratified conditions) and potential energy- (tending tow ards stratification) and 

where these two quantities were equal tidal fronts w ould occui', they developed a 

stratification param eter

h/U^

where h is the depth o f the w ater column and U is the surface stream  am plitude in 

m s"'. This param eter was successfully used in order to predict the location o f the 

occurrence o f  tidal fronts in the Irish S ea  these lie along critical contours o f  h/U'^ 

(Sim pson & Pingree, 1978). This method predicts two im portant fronts in the Irish 

S ea  the Celtic Sea front and the W estern Irish Sea front which runs from  the Isle o f 

Man southwards and eastwards towards Ireland. The W estern Irish Sea front is o f  

m ore relevance to the current study lying -3 0  km north west o f  Dublin Bay and the 

Liffey Estuary. To the north o f  this front the waters are stratified due to w eak tidal 

flovN S and a deeper water colum n while shallow depths to the south o f  the front result 

in a vertically w ell m ixed water colum n (Sim pson & Hunter, 1974). N orth o f  the 

front a seasonal g \ re begins developm ent in spring due to density gradients caused by 

freshwater inputs (salinity stratification) this is strengthened in sum m er as thermal 

stratification develops (Horsburgh et al., 2000). Variations in h /U ‘̂ occur over time as 

well as over space. Sim pson and Pingree (1978) used the English C hannel to  illustrate 

how  the position o f  tidal fronts may change as tidal currents vary over the spring- 

neap cycle.
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As in the m arine environm ent the developm ent o f  phyloplankton biom ass in an 

estuarv- is dependent on the interplay betw een mixing and stratification. How ever the 

physical dynam ics o f  the estuarine environm ent differ from  those o f  shelf seas and the 

open ocean in that the buoyancy o f  freshwater sources is often o f  particular 

importance. Such freshwater inputs may result in salinity rather than thermal 

stratification. In som e estuaries, increases in freshwater flow  prom ote salinity 

stratification leading to a surface layer o f  fresh water. The reduced vertical m ixing 

may result in m ore favourable light conditions which can prom ote phytoplankton 

bloom s (W alker et a i ,  1996; Pickney et al., 1998). C loem  (1991a) dem onstrated that 

a reduction in vertical m ixing during neap tides prom oted regular occurrence o f  

phytoplanklon bloom  formation over a ten year period in San Francisco Bay while 

freshwater influx and vertical stratification could also produce bloom s in the same 

area (C loem  1991b). Bottom  topography, tidal conditions and the shape o f  the 

estuary all effect the m ixing and stratification as a result all estuaries have differing 

physical conditions.

Another difTerence between estuaries and the m arine environm ent is that estuaries 

often carrv' larger loads o f  Suspended Particulate M atter (SPM ). Concentrations o f  

SPM  and values o f  the diffuse attenuation coefficient o f  light (K d) are often directly 

correlated in estuaries and it is com m on practice to estim ate light attenuation  from 

SPM  concentration (eg. Irigoien & Castel, 1997, W ilson & Parkes, 1998). H igh SPM 

concentrations result in high turbidit>' and the reduction in light penetration can 

reduce the productivity o f  an estuary (C loem , 1987, Cole et al.,  1992, W alker & 

Demaster, 1996; Shiah et al., 1996; Irigoien & Castel, 1997). Since light availability 

to phytoplankton is dependent both on attenuation o f  light and vertical m ixing in the 

water column, estim ates o f  the potential for an estuary to be productive are often 

based on considerations o f water colum n m ixing depth and the depth  o f  the euphotic 

zone (i.e. the area in which light penetration is greater than 1%, or 4 .6 I/K d). There 

are several sim ilar approaches tow ards estim ating the potential for productivity  as a 

function o f light and mixing. For San Francisco Bay net photosynthesis w as found to 

occur only w here the ratio o f  m ixing depth (Zm) to photic depth (Zp) was <6, 

respiratory carbon loss v\as found to exceed photosynthetic fixation at Z J Z p  ratios in 

excess o f this value (Cole & C loem , 1984). W ofsy (1983) estim ated that under non 

nutrient limiting conditions phvtoplanklon populations cannot be self sustain ing when 

Zm.Kd >5. It is often found that m uch o f  the tem poral and spatial variability in
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phytoplankton biomass in the estuarine environm ent can be explained by the ratio o f  

m ixing depth to euphotic zone depth {Z JZ ^)  (C loem , 1987).

4.0 Horizontal transport

Flushing tim e o f  the water in an estuary is also an im portant factor in determ ining 

whether phytoplankton biom ass increases may occur. Since (by definition) the scales 

o f m otility o f phytoplankton are lower than the scales o f  m otion o f  water flow, water 

transport out o f  an estuarv’ on a tim escale shorter than the tim escale o f  phytoplankton 

grow th prevents bloom  form ation (e.g. M uylaert & Raine, 1999; M uylaert et a l ,  

2000; Jassby et al., 2002). In estuaries the flow o f  water com es from  tw o directions, 

both from  the marine end and from  the freshwater end. Tidal inputs o f  saline water 

occur on a diurnal basis and also varv’ over the spring neap cycle on a regularly 

predictable basis. Le Pape & M enesguen (1997) dem onstrated that large tidal w ater 

fluxes effectively prevented the occurrence o f  eutrophication in the Bay o f  Brest. 

Freshwater flows are generally less predictable, in the absence o f  hum an interference 

(i.e. dams etc.) they are m ost often under the influence o f  the stochastic processes 

controlling weather.

As illustrated by the examples above estuarine dynam ics are extrem ely com plex 

varv ing on manv different timescales. M athem atical m odelling o f  phy sical dynam ics 

in tiie estuarine environm ent varies from  the sim ple estim ates o f  flushing tim e (e.g. 

Abdelrhman, 2005) to com plex three-dim ensional coupled physical and biological 

models (e.g. K oseff et oL,  1993; Le Pape & M enesguen, 1997, Hagy e ta l . ,  2005). As 

an initial investigation into the estuarine dvnam ics o f  the river Liffey it is prudent to 

take the sim ple approach. By com parison o f  sim ple flushing tim es w ith the tim escales 

for ph\1oplankton grov\1h it m ay be determ ined whether or not the propensity for 

bloom  formation to occur exists. I f  the sim plistic approach is sufficient to explain the 

observed patterns in phytoplankton biom ass, further, m ore com plex m odelling m ay 

not be required. Flushing tim e m ay be defined as “the ratio o f  m ass o f  a  scalar in a 

reservoir to the rate o f renewal o f  the scalar” and may be calculated as the volum e o f  

water in a defined system  divided by the volum etric flow  rate through the system  

(M onsen et al., 2002). In sim pler term s flushing tim e is a first o rder approxim ation o f  

the am ount o f  time taken to flush all the existing w ater from  a system. M any
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variations for the calculation of flushing time are used in order to assess the possible 

impacts o f anthropogenic nutrients to an estuar>' (e.g. Schallenberg & Peake, 2003; 

Webster & Harris, 2004) Each method carries its own particular assumptions and it is 

essential to consider these assumptions and their relevance to the system in question 

in order to avoid erroneous conclusions (Monsen et a i ,  2002). For our purposes the 

timescales of relevance are those o f phytoplankton growth, which range from 0.4 

day'' to 3.3 day'' (Sarthou et a i ,  2005). Considering these timescales a minimum 

doubling time for slow growing plankton is 2.5 days and for rapidly growing plankton 

0.3 days.

4.0.4: Hydrography of the study area

The river Liffey is approximately 80 km long from its source in the Dublin Mountains 

to its estuar\- which discharges into Dublin Bay. The Liffey estuary extends 11.2 km 

from the weir at Isalndbridge (which provides a discrete landward boundary) to the 

Poolbeg lighthouse (station 14) where it enters Dublin Bay. The morphology of the 

estuary is almost entirely man made being bounded by walls for most o f  its length and 

with several commercial basins and piers in its lower reaches. This port area of the 

estuary undergoes constant dredging and there has been recent land reclamation 

which has unknown effects on the complex physical dynamics o f the estuary. The 

estuary is macrotidal (sensu Dyer, 1973) with a tidal range of '■4 m. Tidal 

fluctuations occur on a semidiurnal basis (-12,45 hr) and over the spnng neap cycle 

(-14  day period). Some studies o f the hydrography and physical dynamics o f the 

study area exist (Crisp 1974, Jones & Jordan, 1979, Wilson et al., 1986, ERU; 1992). 

From this literature the area may be divided into four distinct zones on the basis of 

water column structure.

From the Weir at Islandbridge to Butt Bridge the estuary is narrow (-4 0  m wide) and 

is dominated by freshwater. At low tides the waters are entirely fresh, with saline 

waters only intruding as the tide advances. In this part o f the estuary water depth at 

low tide is generally less than Im  rising to approximately 5 m at high tide. This 

section of the estuary exhibits strong salinity stratification when the tide is high.
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Because this zone lies in the upper tidal reaches o f  the estuary sam pling access was 

severely limited by tidal conditions.

Im m ediately east o f  Butt Bridge (Station 1) is a transitional zone, stretching as far as 

the Toll Bridge (Station 6). The width o f  the estuarv^ in this zone broadens from  -6 0  

m at station 1 to ~ 130 m at station 6. W ater depths are variable in this a rea  Stations 1- 

6 are not dredged and have depths about 5 m. In this zone strong salinity stratification 

is always evident though w eakening during ebbing tides. M axim um  vertical gradients 

in salinity occur in this section particularly around the area o f the C ustom s H ouse 

(Station 2). Here the deeper salt w ater is trapped below  the freshw ater in a classic 

salt wedge. Currents in the deeper m ore saline waters are w eak and stagnation and 

anoxia occur (Crisp, 1972, W ilson et al., 1986). Here seaw ater occupies the bottom  4- 

5 m o f  the water colum n with a thin layer surface layer o f  freshw ater 1-2 m in depth.

From A lexandra Basin (Station 7) to the Poolbeg lighthouse (Station 14) the channel 

is deep, dredged to a depth o f  7.8 m and the width is highly variable w ith a num ber o f  

man m ade shipping basins and piers. From Tanker Pier (Station 10), a w ide flat area 

o f mud and sand extend northward to the Bull Wall. This area is bounded on either 

side with the Bull W all to the N orth and the Great South W all to the south. This was 

built in the 18'*’ centur> in order to increase scouring o f  the sea bed and m aintain 

adequate water depths in the busy shipping port (Jeffrey, 1977). At high tides this 

area is largely well m ixed particularly at stations 13 and 14 seaw ard with salinities o f  

-3 3 .7  hom ogenously from  top to bottom.

From  its mouth at Poolbeg (Station 14) the brackish waters o f  the Liffey estuar\- enter 

Dublin Bay. Dublin Bay is a horseshoe shaped bay bounded to the south, w est and 

north by the conurbation o f  Dublin. M axim um  water depths (14 m) in the Bay occur 

at its eastern side, though m ost o f  the bay is shallow er being 10 m or less in depth 

throughout with about half being <5 m in depth. The tidal currents w ithin the bay 

var>- on a sem idium al basis with m axim a o f  0.5 m.s"' (ERU 1992) these currents are 

sufficient to maintain a well-m ixed w ater colum n (Crisp 1972). W aters in D ublin Bay 

are principally Irish Sea waters advected from  offshore by tidal currents (W ilson & 

Parkes 1998; W ilson. 2005).

65



As a zone o f  transition from  freshw ater to marine the physical structure o f estuanes 

changes from the landward to the seaward end resulting in varying physical controls 

on the potential for phytoplankton to develop. The spatial variations in physical 

structure also exhibit tem poral variations on timescales from  months (seasonal 

changes) to weeks (spring neap cycles) and days (rainfall and freshw ater inputs). 

The aim  o f this chapter is to characterise the physical variability w ithin the Liffey 

estuary and Dublin Bay both in term s o f  spatial distributions and tem poral changes 

and to examine the possible physical limitations on ph\1oplankton grow th within the 

study area.

4.1.0: RESULTS

4.1.1: Spatial distribution of salinity

Over the study period salinity ranged from freshwater (s=0) at the surface in the upper 

estuarv- to entirely marine w ater offshore (s=34.8) in the south east o f  the study area. 

In the upper estuarv strong salinity stratification was evident. This salinity 

stratification is illustrated by the vertical profiles (Figure 4.1). The difference 

betw een mean surface salinity and mean salinity at depth at stations 1-7 was greater 

than 10. Ranges in salinity were highest in the surface waters o f  the upper estuarv 

frequently spanning several groups o f  the Venice classification (Table 4.1). The depth 

o f  the surface mixed layer (o f  fresh v\ ater) in the stations o f  the upper estuarv varied 

with tidal stage but was generally about 2 m (Figure 4.1) confirm ing the work o f 

previous authors (Crisp, 1974, W ilson et a l ,  1986). M oving seaw ard from east to 

west, salinity stratification becam e less pronounced as did the variability in surface 

salinity. At the mouth o f the estuarv- (Station 14) the w ater colum n was alm ost 

com pletely vertically mixed and salinities w ere close to those o f  the Irish Sea, here 

the difference between mean surface and depth salinities was only 1.8. (Table 4.1). 

Surface salinity at stations 1, 2 and 3 in the upper estuary was found to decrease 

logarithm ically with increasing daily average Liffey flow (Figure 4.2) indicating that 

rainfall was the principal factor controlling salinity in this area. This relationship 

allowed calculation o f  Liffey flows from the continuous salinity data produced by the 

YSI sonde. Tidal inputs had a greater effect dow nstream  and no relationship between 

freshwater flow and salinity was observed; rather tidal stage (ebb or flow) was m ore 

im portant at the seaward stations.
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Figure 4.1: Salinity profiles (0km is Butt Bridge, station 1) of the Lififey 

estuary, isohalines spaced at 8 (p.s.u.)(a) Salinity stucture 2.5 hours after high 

tide (9/3/03) note the intrudmg tongue of saline water and the increased 

stratification in the upper estuary, (b) Salinity stucture 45 minutes before low tide 

(16/3/03). Note the recession of the tongue of saline water. Profiles taken at 

low river flow and neap tides.
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Table 4.1: Summary o f the salinity data collected during the four years of 

sampling cruises, s.d. standard deviaton, maximum, minimum and n, the 

number o f data points. Note the high variability in surface salinties in the 

upper stations.

Surface Depth
Station Mean s.d max min n Mean stdev max min n

1 11.4 9.1 25.8 0.1 14 29.8 6.1 33.4 8.4 15
2 12.8 9.8 30.6 0 16 31 2.1 33.5 26.6 16
3 11.5 9.1 30.9 0.6 46 30.8 3.3 33.7 19.3 46
4 13.3 9.1 31.2 0.5 46 32.7 0.8 34.5 30.7 46
5 12.7 9.1 31.8 0.3 46 32.1 2.2 33.7 20.4 46
6 14.7 8.3 31.9 0.8 49 32.3 3.5 34 9 49
7 21.5 8 33.2 6.3 48 33 1 34.1 29.8 47
g 23.4 7.6 33.2 3.8 48 33 1.7 34.1 22.2 48
9 26.9 6.6 33.2 17.3 48 32.8 1.3 34.4 26 48
10 27.9 5.5 33.3 20.9 48 33.3 0.8 34.2 30.8 48
11 28.3 3.6 33.4 11.2 48 32.5 1.9 34.2 21.6 47
12 29.5 2.9 33.5 6.8 47 33 1.2 34.2 26.6 46
13 31 2.6 34 22 45 33.2 1.1 34.4 28 45
14 31.8 2.5 34 19.6 46 33.6 0.6 34.4 31.9 46
15 30.9 3.4 34.1 18.5 46 33 1 34.5 30.3 46
16 30.6 3.1 34.3 24.8 47 33.1 1 34.4 30.2 46
17 30.2 3.6 34.4 19.4 46 32.5 2.4 34.5 22.9 45
18 33.2 1.1 34.4 29 43
19 33.2 1.2 34.2 28.3 37
20 33.5 0.7 34.3 31.7 40
21 33.6 0.7 34.3 30.5 38
22 33.6 0.6 34.3 30.9 37
23 33.6 0.7 34.5 30.7 43
24 33.6 0.7 34.4 30.7 43
25 33.7 0.6 34.4 31.9 42
26 33.6 0.5 34.4 32.2 43
27 33.7 0.5 34.3 32.1 43
28 33.8 0.4 34.3 32.8 43
29 33.8 0.4 34.4 32.9 43
30 33.8 0.5 34.5 32.6 42
31 33.7 0.6 34.5 31.9 42
32 33.7 0.5 34.5 32.4 42
33 33.8 0.5 34.5 32.4 42
34 33.8 0.4 34.4 32.9 41
35 33.8 0.4 34.8 32.8 42
36 34.0 0.4 34.5 32 39
37 33.9 0.4 34.5 32.8 38
38 33.9 0.4 34.5 32.7 39
39 33.9 0.4 34.4 32.8 37
40 33.8 0.5 34.4 31.9 40
41 33.9 0.4 34.4 32.9 22
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Figure 4.2: The relationship between daily mean river flow and salinity at 
station 3. r̂  = 0.7443 p<0.001 n= 39.

flow = -8.4099Ln(saIinity) + 30.014



4.1.2: Annual spatial and temporal patterns o f temperature

Table 4,2 summarises the tem perature data over the study period. Tem perature 

throughout the study area displayed a distinct annual cycle with m axim um  

tem peratures occurrm g in A ugust o f  each year and m inim um  tem peratures occurring 

in January. In general the m ore saline waters in the open bay show ed less extrem e 

tem perature values i.e. lower m axim a and higher m inim a than the less saline waters o f  

the estuary (Figure 4.3). At station 1 -6 in the upper estuary the fresher surface waters 

were cooler than m ore saline waters at depth which indicates that salinity alone was 

causing the stratification here. Downstream  at stations 7-17 in the estuar\- surface 

waters were warm er than waters at depth. This phenom enon is attributed to inputs o f  

cooling water effluent from  the local thermal pow er stations. Stations 11 and 12 (lying 

im m ediately adjacent to the therm al output) showed highest m ean tem perature 

throughout the study period. The m axim um  recorded tem perature for the study area 

was 23.8 °C occurring at station 11 (closest to the therm al output at Poolbeg) in 

August 2002. W arm est water tem peratures in the open bay occurred in the shallow 

waters o f  the north west o f  the bay (stations 18-22) and may be partly attributable to 

the thermal plume. Though there was som e evidence for a north south divide in 

tem perature (as observed in salinity) this division was less pronounced (Figure 4.4).

4.1.3: High frequency temperature data (Spring 2004)

High frequency tem perature data collected using the YSI 6600 sonde at station 16 in 

the estuarv in late spnng 2004 showed regular daily cycles in tem perature associated 

with the ebbing and flowing o f  warm er fresher water and cooler m ore saline water. 

Mean daily tem perature at station 16 for the m onth o f  April was n eg a ti\e ly  correlated 

with daily tidal range (r^=0.7331 p<0.001) (Figure 4.5). From  the 19th o f  April to the 

26th o f  April there was an increase in daily average tem perature o f  0.2 °C (F igure 

4.6). M inim um  tidal ranges occurred on the 28th o f April and w ater tem peratures 

remained consistently at or above 10.8°C following this date. At this tim e the 

relationship with tidal velocity becam e w eaker and less significant (r^=0.4936 p<0.05) 

(Figure 4.5). M axim um  daily averaged tem perature o f  11.7 °C (s.d. 0.8) occurred on 

the 2nd o f May.
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Table 4.2: Mean temperature (°C) at all stations from monthly sampling cruises 2000- 

2004. Note the elevated temperatures at stations 11 and 12.

Surface Depth
Station Mean Max Min stdev count mean max min stdev count

1 12.6 17.5 4.3 4.5 14 13.1 16.7 5.4 3.8 15
2 12.9 17.2 4.2 4.3 16 13.1 16.7 6.4 3.5 16
3 11.1 17.6 3.6 4.3 46 11.4 17.8 6.3 3.5 45
4 11.1 17.5 3.8 4.2 46 11.4 17.5 6.3 3.4 46
5 11 17.5 4.2 4.2 47 11.3 17.1 6.1 3.4 46
6 10.8 17.4 3.8 4.2 48 11.2 17.4 6.1 3.4 49
7 11.2 17.8 3.8 4 48 11.3 17.5 5.9 3.4 48
8 12.0 20.5 4.5 4.3 48 11.3 17.9 6 3.5 48
9 11.6 18.3 5.2 3.7 48 11.2 17.3 5.9 3.5 48
10 11.5 18.2 5.4 3.6 48 11.1 17.2 6 3.4 48
11 14.1 23.8 6.1 4.3 48 11.6 17.6 6.1 3.4 47
12 14.1 20.6 5.7 3.7 47 11.3 17.4 5.4 3.4 46
13 12.5 19 5.6 3.5 46 11.3 17.5 5.8 3.3 45
14 11.9 18.4 5.7 3.6 46 11.3 17.5 6.1 3.3 46
15 11.9 19 6.1 3.6 46 11.6 17.4 5.9 3.5 47
16 12.0 18.8 5.6 3.5 47 11.4 18.2 5.7 3.5 47
17 11.5 19.6 5.6 3.6 45 10.9 17.5 5.9 3.3 45
18 11.3 17.1 5.8 3.5 43
19 11.7 18.1 5.3 3.5 37
20 11.7 17.9 5.7 3.4 40
21 11.6 17.9 5.7 3.4 38
22 12.0 18 5.5 3.5 37
23 11.3 16.8 5.8 3.4 43
24 11.3 16.8 5.9 3.4 43
25 11.3 16.8 6 3.4 42
26 11.3 16.7 6.1 3.4 43
27 11.2 16.4 6 3.3 43
28 11.3 16.4 6.1 3.2 43
29 11.3 16.4 6.1 3.2 43
30 11.5 17 6.1 3.2 42
31 11.5 17.5 6.1 3.3 42
32 11.6 17.5 6.1 3.4 42
33 11.4 16.8 6.1 3.2 42
34 11.2 16.6 6.1 3.3 40
35 11.5 17.5 6.2 3.3 43
36 11.2 17.2 6.3 3.2 39
37 11.2 17.8 6.1 3.3 38
38 11.3 17.6 6 3.3 39
39 11.0 17.4 6.1 3.1 37
40 11.6 17.6 6.1 3.4 40
41 10.8 17.6 5 3.6 22
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Figure 4.3: Water temperature in Dublin Bay (red) and the Ltffey 

estuary (blue) for the period 2000-2003.



Figure 4.4: Mean surface water temperature (°C) in Dublin 
Bay from monthly sampling 2000-2004.
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Figure 4.5; Plot o f  measured daily m ean tem perature at the 

north bank lighthouse April-M ay 2004 (solid) and m odelled l/u"' 

predicted from  published (ERU 1992) tidal and current data, 

dashed.
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4.1.4: Light Conditions in the study area

Table 4.3 sum m arises the Secchi depth m easurem ents and associated vertical 

attenuation coefficients taken throughout the course o f  the study period. M ean Secchi 

depths throughout the walled part o f  the estuary (Stn 1-17) were lower than those in 

the open bay and showed less variability. Lowest Secchi depths for the study area 

were found adjacent to the com bined outflow o f  the pow er station at Poolbeg and 

sewage treatm ent plant (stations 10 and 11). These are attributed to the high 

suspended solids loads from  the treatm ent plant, particularly prior to its upgrading. 

There was no apparent seasonal cycle in Secchi depth in the walled part o f  the 

estuarv'.

In the offshore waters there was a distinct seasonal cycle in Secchi depth, and k(PAR) 

(Figure 4.7a) which resulted in a seasonal variability in Zm ka values (Figure 4.7b).

Zp/Zm, the ratio o f  m ixing depth to mean euphotic zone depth (calculated as the 1% 

light level) varied throughout the study area, m ixing depth over a tidal cycle was 

assum ed to be the depth o f  the v\ ater colum n in stations not exhibiting strong salinity 

stratification i.e. stations 7-41. (Figure 4.8). Highest values >2 were found in the 

upper estuary stations 1-6 due to the salinity stratification. Lowest values <0.5 were 

found in the vicinity’ o f  the sewage treatm ent plant. This was attnbuted to the 

relatively unstratified conditions and reduced Secchi depths. There was a weak but 

significant positive correlation between the natural log transform ed data for mean 

chlorophyll concentration and mean Zp/Z^, at each site (r^=0.5833 n=41 p<0.001) 

(Figure 4.9).
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I able 4.3; Mean secchi depths (m) for each station from monthly sampling cruises 

2000-2004 and mean K(PAR) (m"') calculated as 1.4lSecchi depth (Bowers et al. 

2002 )

Secchi depth

mean m ax m in stdev cou n t kd max n i in

1 1.5 2.3 0.5 0.5 13 0.9 0.6 2.8
2 1.4 2.5 O.X 0.5 15 1.0 0.6 1.8
3 1.3 2.5 0.5 0.6 44 i . l 0 .6 2.8

4 1.5 2 . x 0.5 0.6 44 0.9 0.5 2.8
5 1.3 3 0.5 0.6 45 1.1 0.5 2.8
6 1.3 3.3 0.3 0,6 44 1.1 0 4 4.7
7 1.5 2.5 0.5 0,5 45 0.9 0.6 2.8
8 1.4 2.5 0.5 0,6 45 1.0 0.6 2.8
9 1.2 3 0.5 0,6 45 1.2 0.5 2.8
10 1.3 3 0.5 0,6 45 i . l 0.5 2.8
11 1 2.5 0.3 0,5 45 1.4 0.6 4.7
12 1.1 3 0.5 0,6 44 1.3 0.5 2.8
13 1.3 3 0.5 0,6 43 I . l ' 0.5 2.8
14 1.6 4.5 \ ~ 0 .5 0,8 42 0.9 0.3 2.8
15 1.5

ri 0.5 0,6 r  42 0.9 0.6 2.8
16 1.3 2.5 0.5 0,6 42 1.1 L 0.6 2.8
17 1.3 2.5 0.5 o

1

42 1.1 0.6 2.8
IX 2.2 5 O.X 1,2 41 0.6 0.3 1.8
19 2.4 5 O.X 1 1.1 33 0.6 0.3 1.8
20 2.4 s s 0.8 1,1 36 0.6 0.3 1.8
21 2.3 5 0.8 1 34 0.6 0.3 1.8
22 2.3 4.5 O.X 1 33 0.6 0.3 1.8
23 2.4 4.5 1 i 1 1 41 0.6 0.3 1.4
24 2.5 4.5 1 1 41 0.6 0.3 1 4
25 2.5 1 1,3 40 0.6 0.2 1.4
26 2.5 4.5 1.3 1 ^ _ 4 1 0.6 0.3 1 1
27 2.6 5.5 1 1,1 0.5 0.3 1,4
2X 2.5 5.5 1 1,2 41 0.6 0.3 1,4
29 2.5 5.5 1.1 ^  41 0.6 0.3 1 4
30 2.5 4.5 1 1 40 0.6 0.3 1,4
31 2.5 5.5 1 1.2 39 0.6 0.3 1,4
32 2.4 6.5 1 1.3 39 0.6 0.2 1,4
33 2 .x 6 1 1.4 39 0.5 1 0.2 1 4
34 2.6 5 1 1.2 39 0.5 0.3 1 4
35 2.6 5.5 1 1.1 39 0.5 0.3 1,4
36 2.7 6 O.X 1.4 35 0.5 i 0.2 i 1.8
37 2.6 5 . x 0.5 1.2 34 0.5 0.2 2,X
3X 2.7 5.5 O.X 1.3 35 0.5 i 0.3 . 1,X

39 2.5 7 O.X 1.2 32 0.6 0.2 I.X
40 2.5 4.5 1 1.1 36 0.6 0.3 1,4
41 2,1 4.5 1 0.9 18 0.7 0.3 1.4
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Figure  4.7:  (a)  A n n ua l  pat t e rn  in secch i  d e p t h  in the o p e n  b ay  to r  the  

yea r s  20()()-2002 e r ro r  b a r s  a re  9 5 %  c o n f i d e n c e  intervals ,  (b)  Plot  o t  

an nua l  cy c l e  in m e a n  tor  a w a t e r  d ep t h  o f  lOm ( h ea v y )  a n d  5 m

(d a sh e d  h e a v y )  . t he  s t r aigh t  l ine  m a r k s  the  l im i t ing  \ a l u e  o f  5 (V\ 'ofsy,  

1983)



0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Figure 4.8: Zp/Zm at each station (numbered on x axis) in the study 

area indicating the potential for primary production.

6

5

1 "  
6
8
o

5  1

0
1 - 0.5 0 0.5 1

Ln(Zp/Zm)

Figure 4.9: Relationship between natural log transformed data for photic 

zone depth to mixing depth against mean chlorophyll a concentration 

(mg.m’̂ ). (1^=0.5833 n=41 p<0.001).
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4.1.5: Flushing time

Flushing tim es were calculated separately for different sections o f  the estuar\-. Since 

the tidal prism  m ethod is designed to estim ate flushing tim e in a well m ixed estuarv- 

(Dyer, 1973) this m ethod was applied only to the m ixed part o f  the estuary. In the 

highly stratified part o f  the estuar>, flushing time in the surface layer o f  w ater only 

was m odelled (bottom  currents in this area are known to be extrem ely weak (Crisp, 

1972) and dilution by freshwater flow  was assum ed to be the removal mechanism. 

Figure 4.10 shows the response o f  modelled flushing tim e to increased river flow  for 

each section o f  the system  over the range o f  flow values experienced during the study 

period. From  Figure 4.10 it is apparent that flushing tim es caused by flow  lie around 

the critical tim escale o f  ph\loplankton growth in the upper estuary. Flushing times 

greater than one day occur only at flow rates <4 m^.s’'. Table 4.4 sum m arises the 

flushing tim e characteristics calculated for each part o f  the estuary. F lushing times 

were less than one day in the upper estuary for 69%  o f  the study period due to river 

flows. By contrast in the lower estuarv' river flow had little effect on flushing tim e 

(except at times o f extrem e flow -7 0  m^s‘‘) and tidal flushing dominated. River flow 

never affected flushing time in the bay significantly on the tim escales o f  

ph\ toplankton grov\th. The relatively small area o f  w ater betw een stations 1-6 and 

the shallow m ixing depth result in a surface layer in w hich flushing tim e is highly 

sensitive to freshwater flow. Downstream  higher w ater volum es due to deeper w ater 

depths result in a tidal flushing much greater than that caused by riverine influx. In the 

open part o f  the bay the calculated flushing tim escales indicate that riverine input 

plays virtually no role in flushing (m ean flushing time due to riverine input is alm ost 

1.5 years) but tidal exchanges flush the bay com pletely in less than three days, even at 

neap tides.

Calculations o f tidal flushing rate for the low er estuar\- and the bay indicate that the 

regular tidal fluxes o f  w ater in and out o f  the estuar\- have a m uch greater influence on 

flushing tim e than river flow in these areas. In the low er estuarv' flushing tim escales 

due to tidal flushing are consistently low er than the tim escales necessary for 

phytoplankton growth, while in the bay flushing times rem ain sufficiently long to 

support ph \top lankton  developm ent throughout the spring neap cycle.
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Table 4.4: D im ensions o f  each section where flushing tim e was modelled. Mean, 

m axim um  and minimum m odelled flushing times for each location. % > lday  is the 

percentage occurrence o f  modelled flushing times greater than Iday.

Upper estuar> Ix)wer Estuary Bay
Stn 1-7 Stn 8 - n Ste 18-41

Area 210,820 825,693 120,300,000
Mixing depth _ rm 2 8 8,5

Riverine Flushing time
.. M em days :, 1.7 28.7 522.8

Max daj's 4.7 79.2 1442.2
Min \ days ■ 0.3 5.8 105.5

31 100 100
Tidal Flushing Time

Mean days * 0.6 2.1
Max days * 0.7 2.9
Min days * 0,5 1.3

%>lday * 0 100

The mean daily river flows for the Liffey are presented in F igure 4,11, On an annual 

tim escale a pattern in nver flow was apparent with m axim um  flows occurring in 

w inter and m inim um  flows occurring in summer. H ow ever there was great 

interannual variability in the tim ing and m agnitude o f  flows, these being under the 

influence o f the stochastic processes controlling weather. M ean river flow tor the four 

year period was 13.2 m^.s'V
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Figure 4.10: Flushing times estimated for the different sections of the estuary over 

the range of observed river flows.
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Figure 4.11: Mean daily flow in the Liffey estuary for the p»eriod 2000- 

2004.
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4.2.0: Discussion

The study area experiences highly diverse physical conditions which vary from  the 

freshwater end to the open bay; these result in varving controls on the potential for 

phytoplankton production.

In the upper estuary the freshwater inputs account for 70%  o f  the variability' in surface 

salmity. Strong salinity stratification is always evident and vertical m ixing occurs to a 

depth not m ore than 2 m. The fresher waters o f this area are turbid and there is no 

apparent seasonal signal in light penetration, this is attributed to the variability in river 

flow. High flows are likely to result in high concentrations o f  terrigenous SPM 

resulting in the observed variable Secchi depths. Euphotic depths are com parable to 

many other estuaries considered turbid such as N orth San Francisco Bay, the Tam ar 

and the C olum bia River (C loem , 1987). Despite the high turbidity in the upper 

estuar\-, the pronounced stratification and resultant shallow  m ixing depth (Zm) lead to 

a K<i.Zm o f  2, lower than the critical limiting value for production o f  five suggested by 

W ofsy (1983). Thus the upper estuary has the potential for net phytoplankton 

production. However, while the influence o f  freshw ater prom otes stratification, the 

reduced vertical m ixing also results in a zone w here river flows result in low flushing 

times. Calculated flushing times greater than one day only occurred 31%  of the time 

suggesting that flsuhing tim e is generally too low  for phytoplankton bloom s to occur. 

Periods when flushing times are longest generally occur during the dr>' sum m er 

months. Since river flow is under the control o f  stochastic processes the occurrence o f  

the low flows necessary for phytoplankton grow th to occur is unpredictable. Since 

both flushing time and salinity decrease in the upper estuar>’ w ith increasing river 

flows, the high flushing times necessary- for phytoplanklon bloom.s to occur should 

coincide with times o f  high salinity.

Further downstream  as the estuary broadens and the w ater colum n deepens to 8m. 

Salinit\- stratification gives way to m ore vertically m ixed w ater such that at station 7 

mean vertical gradient in salinit>' over a the four year period was -1 0  and at high tide 

vertical density gradient in salinity <6 (Jones & Jordan, 1979). This zone receives
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large inputs o f suspended solids which are particularly concentrated at stations 11 and 

12; these are associated with anthropogenic inputs from the Ringsend sewage outfall 

(Brennan et a i ,  1994). The high SPM load reduces light penetration and combined 

with the deep mixing depths this leads to Kd.Zm values throughout the zone which 

are less than the critical limitmg value of five (Cloem, 1987) where net production is 

negative. The lack of a seasonal cycle in vertical attenuation in the walled part o f the 

estuar\- is attributed to variability in terrigenous suspended particulate matter loading 

from the rivers Liffey, Dodder and Tolka and the sewage treatment plant.

In addition to poor light-mixing conditions, flushing time estimates indicate that 

throughout the spring neap cycle phytoplankton are likely to be removed more rapidly 

than they can grow. In this zone tidal flushing and light conditions combine to 

prevent aggregation of phvloplanklon.

Tidal flushing calculations in the bay indicate the importance o f the diurnal advection 

o f water in to the area; this has previously been noted as an important source of 

diffuse nutrient input (Wilson, 2005). The importance o f this diurnal advection is 

supported by the high frequency temperature data from April and Ma>’ 2004. Tidal 

velocities in the bay vary over the spring neap cycle (ERU, 1992) and vertical mixing 

energy varies as a cube of tidal velocity. The inverse relationship between tidal range 

and v\ater temperature in April 2004 indicates that vertical mixing o f cool bottom 

waters into surface layers of water increased as tidal range increased. The change in 

this relationship and its coincidence with neap tides indicates tlie onset o f therrrial 

stratification (Figure 4.1.3ab). However the shallow water depths and strong tidal 

currents in Dublin Bay are knov\n to result in top to bottom mixing o f the water 

column (Crisp 1972) and the observed pattem in temperature, consistent with the 

occurrence of thermal stratification, indicates that the temperature o f the w aters in the 

bay is also a result o f  the advection of offshore waters. Most o f the waters 

immediately offshore of Dublin Bay are too shallow to support stratification (Simpson 

& Pingree, 1978). However the closest knov\Ti stratified waters in this area are those 

to the north of the Western Irish Sea Front lying about 30km to the north east of 

Dublin Bay. Modelled residual currents in this area run in a southerly direction with 

speeds o f up to 8 cm.s"' (Horsburgh et a i ,  2000). Given this speed and distance 

waters from north o f  the front would require five days to arrive in Dublin Bay.

85



Waters north of the Irish Sea Front have low turbidity- compared to inshore waters at 

Dublin Bay (Bowers et a l ,  2005). Mean Secchi depth for Dublin Bay stations (2.4 m) 

are just over half the mean Irish Sea Secchi depths from a range o f offshore and 

inshore stations (Bowers et al., 2002). The light conditions experienced by plankton 

vary greatly over a daily timescale to due high turbidity, vertical mixing and variable 

water depths. The resultant light conditions are unlikely to be favourable to 

phytoplankton which are not photoacclimated. The timescale required for 

photoacclimation by adjustment o f cell chlorophyll concentration (often the primary 

determinant o f light limited photosynthesis) is in the order o f a week (MacIntyre et 

al., 2000), i.e. longer than the time it takes to arrive from the stratified waters to 

Dublin Bay. This means that phvtoplankton assemblages occurring in the bay are 

likely to be unacclimated and consequently in situ production may be low.

4.3.0: Conclusions

The physical processes limiting the proliferation o f phytoplankton differ throughout 

the study system. Freshwater flow resulting in rapid flushing times is the main 

limiting physical phenomenon to ph\1oplankton bloom development in the upper 

estuar> where light and mixing conditions are well suited to phvloplankton growth.

In the lower estuary a combination o f the rapid tidally driven flushing, and poor light 

mixing conditions resulting from weaker stratification combined with high turbidity 

mean that it is unlikely that phytoplankton production can occur in this area.

In the open bay advection o f large volumes of water from a seasonally stratifying 

offshore source is the principal control on the physical conditions. Though flushing 

times may be long enough for phytoplankton growth to occur, the waters of Dublin 

Bay are highly turbid compared to other parts o f the Irish Sea and light conditions are 

likely to be unfavourable to ph\loplankton which are have not undergone 

photoacclimation.

Overall the good agreement between light-mixing conditions throughout the study 

area and mean chlorophyll concentration indicates that the physical structure o f the 

water column greatly effects the spatial distribution o f phytoplankton biomass. 

Flushing timescales are also critical in determining the times when phytoplankton 

blooms may occur. In the upper estuar\' flushing considerations indicate that despite
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suitable light conditions the frequency o f  bloom  occurrence will be limited to times 

when low riverine flows occur.



CHAPTER 5 PATTERNS IN PHYTOPLANKTON BIOMASS

5.0.1 Introduction

Under the E.U. W ater Framework Directive (WFD) (EU, 2000) phytoplankton are the 

primary biological quality element that determine the ecological status o f transitional 

waters (i.e. waters in the vicinity o f  a river mouth which are partly saline in character). 

High status is afforded the water body if phytoplankton are consistent with undisturbed 

conditions, slight changes in biomass from undisturbed conditions lead to good quality 

status, and where phytoplankton cause an “undesirable disturbance” moderate quality is 

assigned. After extensive study the U.K Undesirable Disturbance Study team defined an 

undesirable disturbance as follows.

'"Undesirable disturbance is a perturbation o f a marine ecosystem that appreciably 

degrades the health or threatens the sustainable use o f  that ecosystem'’’ (Anon, 2004)

While this definition is to be applied throughout the U.K. for application o f  the W.F.D, it 

is very broad in nature and in itself requires further interpretation.

First the boundaries o f the marine ecosystem must be defined. To this end, Tett (2004) 

suggests an approach whereby ecohydrodynamically similar waters are classed together 

as an ecosystem. For the Irish Sea, five ecosystems have already been defined on this 

basis (Gowen et a i,  1995, Anon, 2004) corresponding to different mixing, stratification 

regimes and different phytoplankton growth seasons.

A. Embayments and regions o f freshwater influence with salinity <30,

B. Coastal frontal zones in the proximity o f  transition from mixed to more persistently 

stratified waters with salinity 30-33

C. Offshore mixed waters with salinity >34

D. Offshore waters o f transitional stability with salinity >33

E. Offshore seasonally stratified waters whh salinhy >34.
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Each o f the above typologies has a different pattern o f succession in phytoplankton 

biomass and abundance. While Dublin Bay is considered to be o f  type B, (Gowen et a i, 

1995; Anon, 2004) its salinity characteristics have similarities to more offshore waters 

and the temperature signature (Chapter 4) suggests strong influence from waters which 

show at least some stability (i.e. type D or E) which may complicate the assessment o f 

baseline conditions. The typical seasonal pattern in phytoplankton composition and 

abundance in type B waters includes a long production season with a diatom dominated 

spring bloom beginning in shallow inshore waters spreading eastwards as deeper waters 

begin to thermally stratify (Gowen et a i ,  1995). Typically there is a shift to slower 

growing dinoflagellates which make use o f recycled nutrients and the new nitrogen 

diffused through the thermocline. Such successional patterns appear to be limited in the 

western Irish Sea with the in summer dinoflagellates making up only 50% of 

phytoplankton carbon in the western Irish Sea in summer (Gowen et a i ,  2000). On a 

practical level, some authors point to the lack o f interannual records o f chlorophyll 

concentrations in the western Irish Sea as a baseline (Gowen & Stewart, 2005) against 

which perturbations in such large systems may be measured. The practical difficulties in 

detecting long-term trends over such large areas as the Irish Sea are illustrated by the 

continuing debate over the cause o f the observed nutrient increases, despite a detailed 

long-term data set (Gibson et al., 1997, Allen et a i ,  1998).

In the case o f this study ecosystem boundaries are taken to be the geographical 

boundaries o f Dublin Bay. This does not constitute an ecohydrographical typology but a 

geographical division corresponding to the urban area o f Dublin. The small size o f this 

area (relative to the much larger ecohydrodynamical typologies) means that small-scale 

events and trends in the relevant parameters are more easily detectable, and quantifiable

Second, the term ecosystem health, which is analogous to human health and may be 

measured in terms o f vigour, organization and resilience (Boesch & Paul, 2001) requires 

rigorous definition. The properties o f vigour, organization and resilience are not easily 

measured w hh standard methods and definitive metrics for these characteristics are not 

yet in place. By contrast the “symptoms” o f eutrophication are already well defined 

throughout the literature and as such provide a more solid basis for the assessment of 

eutrophication.
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The main symptoms relative to phytoplankton biology are:

1. Increased algal biomass: for instance in the W adden Sea a shift from P to N 

limitation resulted in doubling o f spring bloom chlorophyll concentrations in the 

1970s and 1980s (Ducrotoy, 1999). In the U.K. a figure o f 10 mg.m'^ is often 

taken to represent bloom concentrations (Iriate & Purdie, 2004).

2. Hypoxia: the extent o f hypoxia may be localized such as that found in the 

sediments o f the Liffey estuary (Wilson et a i,  1986) or on a large geographical 

scale such as in the G ulf o f Mexico (Turner & Rabalais, 2003) but marine 

hypoxia has not been observed in the Irish Sea.

3. Change in the balance o f  organisms for instance in the ratio o f diatoms to 

dinoflagellates which may occur as subtle ratio shifts or may result in the 

formation o f nuisance or harmful algal blooms (Anon, 2004). Blooms o f the 

haptophyte alga Phaeocystis globosa and the heterotrophic dinoflagellate 

Noctiluca scintillans are a relatively common occurrence in the Irish Sea 

(Claustre et a i,  1990, Anon., 2004). However it is unclear whether these are 

natural occurrences or whether they are enhanced by human activities.

These symptoms are not entirely separate from one-another, for instance large 

monospecific algal blooms resulting from eutrophication may involve larger summer 

blooms as well as a shift in the ratio o f diatoms to dinoflagellates. Here the above 

symptoms are taken as a measure o f eutrophication.

Third the “sustainable use” o f the ecosystem must be defined. Dublin Bay has many uses 

as defined in the Dublin Bay W ater Quality M anagement Plan (ERU, 1992): its role as a 

vessel for waste discharge, its function as a busy industrial port and its many recreational 

uses, swimming, boating fishing, kite surfing as well as some small scale shellfish 

harvesting. While wastewater dumping or use as a commercial port may have profound 

effects on ecosystem function, the functioning o f the ecosystem has little effect on the 

sustainability o f these activities. Recreational usage by contrast is fundamentally affected 

by ecosystem function and as such this is a suitable criterion on which to base an 

interpretation o f undesirable disturbance.

90



Tett (2004) proposes that small scale “pulse disturbances” are o f  little concern and the 

principle “undesirable disturbances” exam ined should be those categorized as extensive 

“press disturbances” i.e. large scale continuous disturbance to the ecosystem  (Tett, 2004). 

Since an ecosystem  (how ever it is defined) is com posed o f  m any interacting elem ents, 

undesirable disturbances on small scales have im pacts on the system  as a whole. In a 

small geographically well defined ecosystem  where recreational usage is o f  prim ary 

concern sm all-scale disturbances be they pulse or press are o f  definite significance.

A further requirem ent o f  the W ater Fram ew ork D irective is that the frequency o f  

operational sam pling be sufficient to produce an “acceptable level o f  confidence and 

precision” in m onitoring o f  transitional waters. Since phytoplankton grow th and 

chlorophyll concentrations are dependent on seasonal conditions, and the processes 

prom oting or preventing phytoplankton grow th may vary on much shorter tim escales 

which are dependent on the individual location, determ ining the frequency o f  operational 

sam pling adequate to the stated purpose o f  the w ater fram e w ork directive is not a trivial 

process. For instance a recent study (Gowen & Stewart, 2005) illustrates how

chlorophyll values during the spring bloom  vary w idely w ith m easured chlorophyll 

concentrations ranging from  0.33 mg Chla.m'^ to  43.9 mg Chla.m'^. The low values 

presented are barely above background concentrations suggesting that these 

m easurem ents perhaps missed the peak o f  the spring bloom. The same authors point to 

the paucity o f data for comparison. As a result the tem poral frequency o f  sam pling is 

critical to avoid aliasing o f  the phenom ena being studied.

In this chapter the spatial and tem poral patterns in phytoplankton abundance and 

com position are explored in the context o f  eutrophication.
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5.1.0 Results

5.1.1 Spatial Variation

Table 5.1 summarizes the chlorophyll a and phaeopigment data collected during the 

monthly sampling cruises over the study period. Chlorophyll a concentrations spanned 

four orders o f magnitude over the study area ranging from values o f less than detection 

limits to 121.6 mg.m'^. Within the walled part o f the estuary mean chlorophyll a 

concentrations varied greatly from the freshwater to the saline end. At stations 1-6 

highest mean chlorophyll a concentrations >3 mg.m'^ were observed, at these stations 

there was also great variability in chlorophyll concentrations. In the lower estuary 

stations 7-17 the lowest mean concentrations o f the entire study area were found and 

variability was also low. In the open Bay stations 18-41 mean chlorophyll 

concentrations showed less variability though considerable variation was found within 

the bay on any given sampling date. Highest summer average chlorophyll a 

concentrations were found at stations 26-30 in the Liffey plume area o ff Howth Head.

While chlorophyll concentrations in the estuary did display a seasonal pattern (Figure 

5.1.2a) with highest concentrations occurring between the months o f May and August, 

there was great spatial variation in concentrations on any given date as illustrated by the 

large 95% confidence intervals. Linear regressions o f  chlorophyll and total 

phaeopigments with salinity generally displayed significant negative relationships (Table 

5.2), indicating that in general dilution o f higher chlorophyll fresh waters with lower 

chlorophyll more saline waters was the principal control on chlorophyll distribution. On 

dates when significant regressions o f chlorophyll with salinity occurred, phytoplankton 

was generally composed o f a mixture o f freshwater and marine diatoms. On occasions 

when neither chlorophyll concentrations or total phaeopigments showed linear relations 

with salinity maximum measured chlorophyll concentrations tended to be higher than 

lOmg.m'^ in some or all o f the stations in the inner estuary (Figure 5.2a). These high 

chlorophyll concentrations were found to coincide with times when high salinity waters 

were in this location, i.e. when freshwater flow was low (Figure 5.2b). At times when 

high chlorophyll concentrations were present phytoplankton cell counts revealed high 

numbers o f the flagellated phytoplankton Cryptomonas sp. (Plate 2).
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Table 5.1: Mean, maximum, minimum standard deviation (stdev) (mg.m'^) and number 

o f  data (n) for chlorophyll a and phaeopigments from monthly sampling cruises at each 

sampling station over the study period.

Chlorophyll a Phaeopigments
Station no. Mean Max Min stdev n Mean Max Min stdev n

1 4.3 10.0 0.5 3.5 7 1.8 4.3 0.1 1.3 7
2 3.8 11.6 1.0 3.6 8 4.4 19.0 0.8 6.1 8
3 11.0 121.6 0.1 27.2 19 4.9 23.4 0.9 5.7 19
4 3.3 11.9 0.4 3.1 19 4.2 39.1 0.5 8.6 19
5 3.1 15.1 0.4 3.2 19 10.8 99.0 0.5 25.9 19
6 3.0 15.8 0.3 3.4 18 2.9 16.0 0.8 3.4 18
7 1.3 3.3 0.0 0.8 20 1.7 8.0 0.2 1.8 20
8 1.3 3.5 0.0 0.9 20 1.7 7.1 0.2 1.6 20
9 1.4 2.9 0.0 0.8 20 2.0 5.0 0.5 1.5 20
10 1.8 3.6 0.4 1.0 18 1.2 2.8 0.2 0.6 18
11 1.4 3.3 0.2 0.9 20 2.0 11.0 0.1 2.5 20
12 1.1 2.5 0.1 0.6 20 1.3 2.9 0.1 0.9 20
13 1.5 3.7 0.4 0.9 17 1.1 1.9 0.2 0.5 17
14 1.5 3.2 0.1 1.0 20 1.3 6.3 0.0 1.4 20
15 1.4 3.3 0.1 1.0 19 1.2 3.0 0.0 0.8 19
16 1.7 3.7 0.5 0.9 18 1.5 3.4 0.1 0.9 18
17 1.6 4.9 0.2 1.0 18 1.3 3.3 0.3 0.7 18
18 2.1 5.7 0.5 1.5 17 1.5 4.9 0.0 1.3 17
19 2.1 4.1 0.4 1.1 17 1.2 4.1 0.3 1.1 17
20 1.9 6.1 0.5 1.4 17 1.3 5.0 0.0 1.3 17
21 2.0 4.8 0.7 1.3 18 1.3 4.3 0.0 1.1 18
22 2.0 5.3 0.5 1.3 18 1.5 4.4 0.1 1.4 18
23 2.1 6.1 0.3 1.6 19 1.5 4.8 0.0 1.5 19
24 1.9 6.4 0.1 1.5 19 1.4 5.2 0.1 1.3 19
25 1.7 4.9 0.3 l.l 19 1.7 9.0 0.0 2.1 19
26 2.3 4.7 0.4 1.3 19 1.5 6.9 0.0 1.9 19
27 2.6 7.2 0.4 1.6 19 1.9 8.8 0.1 2.4 19
28 2.4 6.3 0.8 1.4 19 2.0 6.1 0.2 1.7 19
29 2.7 6.1 0.9 1.4 19 1.7 3.9 0.0 1.1 19
30 2.5 6.8 0.7 1.7 19 1.9 8.0 0.3 2.0 19
31 2.1 5.7 0.3 1.3 19 2.8 22.1 0.3 4.9 19
32 2.1 7.5 0.0 1.7 18 1.9 5.2 0.1 1.6 18
33 2.0 6.4 0.1 1.5 19 1.9 7,5 0.2 1.9 19
34 2.2 5.6 0.0 1.2 19 1.8 9.6 0.0 2.2 19
35 1.8 7.2 0.4 1.5 18 2.2 10.7 0.0 2.5 18
36 2.4 7.4 0.7 1.7 18 1.0 3.1 0.0 0.8 18
37 1.7 6.3 0.4 1.3 18 1.8 4.4 0.2 1.2 18
38 2.0 6.7 0.5 1.5 17 1.2 3.3 0.1 1.0 17
39 1.7 5.7 0.4 1.3 17 1.3 3.0 0.1 0.9 17
40 1.7 5.3 0.2 1.4 18 1.7 7.4 0.3 1.8 18
41 1.7 2.5 0.8 0.7 6 0.7 1.1 0.3 0.3 6
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Figure 5.1: Mean chlorophyll concentrations in the walled part of the Liffey 

estuaiy from monthly sampling cruises 2001-2004: Error bars are standard error 

of the mean.



The highest recorded chlorophyll concentration 1̂  o f May 2003 (121.3mg.m'^) 

coincided with a monospecific bloom of Cryptomonas with cell concentrations o f up to 

43.8x10^ cells r ’. Oxygen saturation in the surface waters was observed to be at 108.2% 

at the same time as underlying waters were relatively hypoxic (69.5%).

Table 5.2: Mixing curves o f chlorophyll a and total phaeopigments (i.e. chlorophyll a and 

phaeopigments combined) with salinity for the months April to September 2001, 2002, 

2003 and April to June 2004 in the walled part o f the estuary. *=p<0.05 **=p<0.01. 

N/S=not significant n = number o f data points, Chi a and Tot Phae are the predicted 

values o f chlorophyll and total phaeopigments at 0 salinity, r is negative in all cases.

Date n
Chlorophyll a 

r  ’ Chla P
Chlorophyll a 

N r
and phaeopigments 

Tot Phae p

lO-Apr-01 12 0.395 2.11 ♦ 12 0,711 7.80 **
02-May-01 17 0.259 2.60 * 17 0.589 5.20 **
20-Jun-01 15 0.074 - N/S 15 0,010 - N/S
11-Jul-01 17 0.278 8.96 * 17 0,409 20.08

29-Aug-Ol 15 0.578 6.61 + + 15 0,369 8.80 ♦
05-Sep-01 17 0.001 - N/S 17 0,001 - N/S
24-Apr-02 15 0.197 - N/S 15 0,697 3.58 ♦
29-May-02 15 0.090 - N/S 15 0.255 11.06 *
12-Jun-02 17 0.031 - N/S 17 0.007 3.12 if
03-Jul-02 15 0.347 23.47 + 15 0.388 29.40 *
14-Aug-02 17 0.388 4.67 17 0.692 8.59
11-Sep-02 15 0,283 1.76 * 15 0.087 - N/S
16-Apr-03 15 0.324 4.36 * 15 0.566 8.18 ♦

01-May-03 15 0.000 - N/S 15 0.000 - N/S
05-Jun-03 15 0.062 - N/S 15 0.196 - N/S
23-Jul-03 15 0.293 4.40 + 15 0.395 3.12 ♦
4-Sep-03 17 0.373 1.04 17 0.102 - N/S
1-Apr-04 15 0.336 - N/S 15 0.398 1.53 *

27-May-04 16 0.129 - N/S 14 0.069 - N/S
10-Jun-04 11 0.255 - N/S 11 0.035 - N/S
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(square), b) Chlorophyll a concentrations (mg.m'̂ ) in the Liffey estuary April to 
September 2001-2003 plotted against distance downstream of Butt Bridge (x axis) and 
salinity (y axis). Crosses mark samples.
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a

Plate 2: (a) Light micrograph of two of the Cryptomonas species 
showing two unequal flagella. (b) Scanning Electron micrograph 

showing furrow gullet complex. Note the striped pattern on the 

sur&ce of the cell. Size complexity of the furrow gullet complex and 

the distictive stripes suggest the species may be Cryptomonas 

stigmatica, however Crytpomonad taxonomy is an ongoing process and 

newer classification schemes involve identification using biochemical, 

molecular and ultrastructural characteristics (Clay et al., 1999).
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The statistically significant predicted freshwater chlorophyll a values were combined 

with average chlorophyll a values for the stations o f the upper estuary (on dates when 

regressions were not significant) to calculate an annual carbon flux estimate. The 

resultant average annual phytoplankton carbon flux for the year 2001 was 15.9 xlO^kg 

C .y'' and for 2002 was 31.1x10^ kgC.y'' Mass balance calculations based on the river 

flow estimate that around half o f  this phytoplankton flux from the river was retained in 

the estuary (Table 5.3).

Table 5.3: Annual riverine phytoplankton carbon output (kg.C.xlO^.y'^); annual estuarine 

phytoplankton carbon output (kg.C.xlO^.y''), the difference between the two (i.e. that 

which is retained in the estuary) expressed as mass (kg.C.xlO^.y*) and also as a 

percentage o f the total riverine output.

year Riverine
output

Estuarine
output

Difference

kgC X 10 V kgC X 10 V‘ kgC X 1 0 V ‘ %

2001 16.0 6.7 9.3 58
2002 31.1 17.3 13.9 45
mean 22.1 10.6 11.5 52

5.1.2 Upper Estuary high frequency data.

Deployment o f the YSI 6600 at Station 3 in the upper estuary during the summer o f  2004 

allowed detailed observation o f the dynamics o f the Cryptomonas bloom formation 

At Station 3 low chlorophyll concentrations were prevalent throughout April. A bloom 

developed at Station 3 in early M ay and continued to develop until 27th o f the month 

(Figure 5.3). A maximum net growth rate o f  1 day"' occurred during the development of 

the bloom on 15'’’ o f May. Maximum total phaeopigment concentrations measured by 

fluorescence reached 377 mg.m'^ during this period and coincided with high modeled 

residence times <48 hrs. There was a decline in chlorophyll concentrations between the 

28*'̂  o f May and the 3T ‘ o f May. The bloom decline coincided with a reduction in tidal 

cycle averaged
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salinity from values >20 during the bloom to values <10. At the beginning o f June there 

was some evidence for a second bloom o f plankton which again coincided with increased 

flushing time. The chlorophyll peaks during these blooms coincided with a monospecific 

bloom o f Cryptomonas sp. The maximum number o f cells counted was 9.8x 10^ cell 1'* 

on the 27**’ o f May, downstream of the sonde at station 5, The total phaeopigment 

concentration from this sample was 114.1 mg.m'^ with 15.1 mg.m'^ o f chlorophyll a and 

the rest being phaeopigments suggesting a population in decline. The carbon content of 

each Cryptomonas 5/?.cell was estimated from biovolume calculations at 50 pg.celf' 

yielding a carbon to chlorophyll a ratio o f 32:1. The mean magnitude o f the chlorophyll 

peak on the ebb tide was smaller than that on the flood. The mean difference between ebb 

and flood tide carbon flux was 45 kgC.tidal cycle'*. Minimum oxygen saturation o f 

25 .1% occurred on the 3'̂ '* o f June after the decline o f the bloom.

5.1.3 Temporal variability in the Bay

The timing and the magnitude o f the spring bloom varied interannually and there was 

considerable variability in chlorophyll a concentrations on any given date (Table 5.4; 

Figure 5.4). The highest summer average chlorophyll a  concentrations were found at 

stations 26-30 in the Liffey plume area around Howth Head and were O.Tmg.m'^ higher 

than averages for all other stations combined (Figure 5.5). Phytoplankton counts from 

summer 2003 (Appendix III) indicate that diatoms were dominant both in terms of 

biomass and numbers throughout the summer months making up a minimum o f 89 6% of 

phytoplankton by numbers. Leptocylindrus danicus was generally the principal species. 

Dinoflagellates made up a maximum o f 40.8% of the total phytoplankton carbon in June 

2003. The late summer bloom in August 2003 (which had higher chlorophyll 

concentrations than those measured for the spring bloom o f that year) was associated 

with a mixture o f Leptocylindrus danicus and the potentially toxic diatom 

Pseudo-nitzschia seriata which has been linked to outbreaks o f  amnesic shellfish 

poisoning (Hallegraeff, 1993). A number o f species known to cause harmful algal blooms 

in other locations were also noted (Table 5.5).
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Table 5 .4: Date o f  spring bloom in the bay, mean, maximum and minimum chlorophyll a 

concentrations (mg.m'^) on that date standard deviations (s.d.) and number of data points 

(n).

Date Mean ma.\ Min s.d. N

26/4/01 3.3 6.1 0.1 1.4 24

15/5/02 5.5 7.5 3 1.4 22

9/4/03 2.2 3.9 0 0.9 21

1/5/04 1.3 3.7 0 1.0 19

Table 5.5: List o f  the potentially nuisance and toxic phytoplankton species found in 

Dublin Bay.

Species

Karenia mikomotoii 

Prorocentrum minmium  

Pseudonitzschia sp. 

Dinophysis acuta 

Gymnodiniinn sp. 

Protoperidifiium sp. 

Phaeocystis sp.
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Figure 5.4: Mean monthly chlorophyll a concentrations (mg.m'^) in the open 

bay collected during monthly sampling cruises. Error bars are 95% 

confidence intervals.
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Figure 5.5: Distribution of mean chlorophyll concentrations 

(mg.m'^) in Dublin Bay for the months April to September 2001- 

2003. Contours spaced at intervals o f 0.1 mg.m'^. Crosses mark 

sampling locations.
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5.1.4 Lower estuary high frequency data

Data collected from the YSI sonde at site 16 (North Bank Lighthouse) were 

predominantly marine in character with a mean salinity 32.7. The fluorescence signal at 

this site gave a detailed picture o f the spring bloom 2004. Following an initial (~3 mg. 

a.m'^) peak in total phaeopigment concentration on the 3'̂ ‘* o f April concentrations 

remained low until an increase began on the 25*  ̂o f the month. Total phaeopigments rose 

continuously until the 3'̂ '* o f May reaching a maximum 77.9 mg.m'^ (Figure 5.6) the 

average net growth rate over this time was 0.3 day"'. During this time maximum total 

phaeopigment concentrations were associated with the flood tide and maximum salinities. 

Oxygen concentrations reached 0.1% saturation in the early hours o f the morning on the 

2"^ o f May for a brief period (Figure 5.6). At this time there was a short-lived rise in 

temperature (4.5 °C) coupled with a drop in salinity, the two parameters being negatively 

correlated (p<0.001, r^=0.737). The regressed freshwater temperature from this 

relationship was 31.6 °C indicating a non-natural source o f heat input. A strongly 

significant correlation between the range in daily average total phaeopigment 

concentration and daily range in dissolved oxygen saturation was also observed at this 

time (Figure 5.7). The total phaeopigment concentrations (max = 21.1 mg.m''^) measured 

at near peak levels (I** o f May) had a mean composition o f  20% chlorophyll a (Figure 5.8) 

suggesting that the bloom was in decline.

The phytoplankton assemblages in Dublin Bay on the first o f May near the peak o f the 

bloom were composed mainly o f small diatoms (Table 5.6) with the principle species 

being Leptocylindnis daniais and Jhalassionema nitzchoides. The estimated maximum 

phytoplankton carbon concentration was 906 mg C.m'^.
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Table 5.6: Phytoplankton composition in Dublin Bay (Station 36) 1st o f May 2004 

during the spring bloom, number o f cells per litre and percentage of total 

phytoplankton carbon as estimated by bio volumes.

Diatoms cells.r Carbon %

Leptocylindrus danicus 22920 95.6
Thalassionema nitzchoides 12680 2.0
Rhizosolenia habetata 240 1.5
Thalassiosira sp. 7840 0.4
UniderU^ied Centric 1280 0.1
Prohoscia alata 200 0.1
Rhizosolenia stoltherfortii 200 -

Rhizosolenia fragilissima 520 -

Rhizosolenia setigera 80 -

Chaetoceros sociale (cells) 5560 -

Psetido-nitzchia seriate 1000 -

Leptocylindrus minimus 360 -

Paralia sulcata 200 -

Odontella aurita 640 -

Pleurosigma sp. 40 -

Navicula sp. 360 -

Fragillaria sp. 200 -

Cylindrotheca closterium 360 "

DinoflageUates

Gyrodinium lachryma 240
Scripsiella 120 -

Gymnodimium .sp. 40 -

Other
Phaeocystis 1080 -
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5.1.5 Bathing waters chlorophyll and phytoplankton

In Febnaary 2004 a pronounced brown discolouration o f the bathing waters in the north o f 

the Bay was noticed, Analysis o f the sample indicated very high total phaeopigment 

concentrations 220.5 mg.m'^ while no chlorophyll a was present, this accounts for the 

brown colour. This phenomenon prompted weekly monitoring o f chlorophyll a, 

phaeopigment and phytoplankton compositions at 13 bathing water areas o f  Dublin Bay. 

Throughout the sampling period (May to August 2004) this discoloration was more or 

less apparent. Total phaeopigment concentrations in the intertidal waters o f the bay 

showed a distinct north south divide (Figure 5.9). Mean total phaeopigments in the
3 3bathing waters o f the south o f the Liffey mouth was 2 .8 mg.m' compared to 26.2 mg.m' 

for bathing waters to the north o f the Liffey mouth. The ratio o f chlorophyll to total 

phaeopigments varied over the study area making up on average 55% o f total 

phaeopigments north o f the Liffey mouth and 45% south o f  the Liffey mouth. To the 

north o f the Liffey mouth, bathing water phytoplankton assemblages were found to be 

dominated almost entirely by the diatom species Odontella aurita (Plate 3). Maximum 

cell concentrations reached 7.2x10^ cells per litre and coincided with maximum total 

phaeopigment concentrations. There was a significant linear relationship in the north o f 

the bay between cell number of Odontella aurita and total phaeopigment concentration 

(Figure 5.10)

Total Phaeopigment concentration (mg.m'^) = 2 x 1 0 ' ^  *Odontella cells (r^=0,7057)

Though the cells were variable in size there was no significant difference (p=0.05) in cell 

size between samples and the calculated mean carbon content was 600 pg.cell'’. To the 

south o f the Liffey mouth phytoplankton composition was also dominated by diatoms 

though in smaller numbers and with more variability.
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Plate 3: Light micrograph of Odontella aurita 

from bathing waters of north Dublin Bay



5.2.0 Discussion

The linear regressions o f chlorophyll and total phaeopigments with salinity in the estuary 

demonstrate that at the times when chlorophyll a and phaeopigment concentrations were 

high (>10 mg.m'^) mixing o f freshwater with seawater alone could not explain their 

distribution. At these times higher than average salinity surface waters were present in 

the upper estuary which indicates reduced river flow and consequently reduced flushing. 

The data suggest strongly that populations o f Cryptomonas existing in seasonally 

oligotrophic saline waters were provided with an opportunity for explosive population 

growth due to mixing with the hypernutrified Liffey waters. The motility o f  Cryptomonas 

species has previously been cited as a competitive advantage in stratified estuarine 

environments since less motile species (especially diatoms) may sink out into the deeper 

layers (Jones, 1988; Pickney et a l,  1998, 1999). The occurrence o f phototaxis may also 

provide an additional advantage (Rhiel et a i,  1988). The highest concentrations o f 

chlorophyll a encountered in 2003 (121.6 mg.m'^) would require considerable time to 

develop given that Cryptomonas species have been shown to reach near optimal ~0.4 

day'' growth one day after transfer from oligotrophic to eutrophic conditions (Sciandra et 

al., 2000). At this growth rate the high concentrations o f  chlorophyll a  encountered on 

May r ‘ 2003 could develop from background levels (i.e. those o f saline waters at the 

mouth o f the estuary <2.5 mg.m’̂ ) in 15 days. Since salinity in the stratified upper 

estuary is negatively correlated with river flow, the high chlorophyll concentrations found 

sporadically throughout the study period in the upper estuary and their coincidence with 

times o f high salinity suggests that river flow is an important factor controlling the 

accumulation o f phytoplankton. In 2004 the Cryptomonas bloom lasted approximately 

18 days with the abrupt decline in the fluorescence signal from the high frequency data 

occurring at a time o f high freshwater flow suggesting that the high river flows flushed 

the plankton out o f the estuary. The variability in chlorophyll concentrations o f the upper 

estuary may thus be explained by the balance between suitable growth conditions caused 

by excessive nutrients and good light conditions but dependent on low flow which occur 

during dry periods.
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The apparent loss o f phytoplankton upstream o f Station 3 during the Cryptomonas bloom 

o f 2004 may have been caused by loss o f buoyancy due to decreasing salinity upstream 

or through grazing. The magnitude o f the carbon loss upstream during the bloom is large, 

45 kg C for each o f 30 tidal cycles yielding a full carbon flux to the upper estuary for the 

study period o f  1.3x10^ kg. This figure is 7% of the monthly mean phytoplankton 

biomass in Dublin Bay (Wilson and Parkes, 1998) and 6% o f the estimated annual 

phytoplankton carbon flux out o f the Liffey calculated when the linear regressions o f 

chlorophyll with salinity were significant i.e. when blooms were not occurring. 

Assuming that these blooms occur only when flushing times are greater than 48 hours 

and a six month growth season from April to September, in the absence o f  washout due 

to high rainfall, the blooms could exist for approximately 70 days a year with a maximum 

potential annual export upstream of ~6xl0^kg,y '' representing an annual phytoplankton 

carbon flux to the sediments of 15 gC.m'^. This flux is close to the spring phytoplankton 

carbon flux to the benthos in Chesapeake Bay (25 gC.m’̂ ), which is known for its 

eutrophication and summer hypoxia (Boesch et al., 2001; Bratton et a i, 2003; Hagy et a l,  

2005)

The open waters o f the bay generally showed a distinct spring bloom cycle with a distinct 

peak in chlorophyll occurring in late April or early May, and a second peak in late 

summer, generally o f smaller magnitude, though in July 2003 a late summer peak 

exceeded the magnitude o f the spring bloom. This is most likely an artifact due to the 

low sampling frequency at the peak in the spring bloom, since spring bloom chlorophyll a 

concentrations in 2003 were the lowest o f  the entire study period. The chlorophyll 

concentrations in Dublin Bay presented in this study are lower than those previously 

reported for the area (ERU 1992). Mean chlorophyll concentrations in June for the years 

1986-1988 were 7.2 mg.m'^ while mean June concentrations measured in this study were 

only 3.2 mg.m'^, this is attributed to differing methods rather than an actual reduction in 

chlorophyll concentrations, in previous studies chlorophyll a and phaeopigments were not 

differentiated (Toner et al., 2005). The maximum total phaeopigment concentrations 

measured (21.1 mg.m'^) are similar to chlorophyll a concentrations found in other coastal 

mixed sites in the western Irish Sea (26.5 mg'^) (Gowen & Stewart, 2005) however the 

high percentage o f  phaeopigments measured here suggests an allochtonous source for the
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phytoplankton biomass. Diatoms were greatly dominant in terms o f abundance 

throughout the summer o f 2003. In contrast to other studies (Gowen et a i ,  2000) 

dinoflagellates were never observed to reach more than 40% o f total phytoplankton 

carbon, this may be due to complete vertical mixing and continuous abundance o f silicate 

for diatom frustules. The distribution o f mean summer chlorophyll a concentrations 

indicates that the freshwater concentrations o f N may be stimulating the production o f 

excess phytoplankton biomass in the Liffey plume since chlorophyll concentrations are 

highest in summer in the plume zone. This may be enhanced by a degree o f vertical 

stratification due to the salinity o f the brackish waters and the extent o f this phenomenon 

may reach beyond the bounds o f the study area.

The timing o f  the peak in the fluorescence signal measured at station 16 fits the typical 

timing o f the spring bloom in Dublin Bay. Such bloom s generally occur in temperate 

shelf seas when thermal stratification occurs and phytoplankton present in the surface 

layer o f the water column are no longer mixed below the “critical depth” (Sverdrup, 

1953) The subsequent drop in fluorescence signal is generally attributed to nutrient 

limitation. While Dublin Bay itself is not thermally stratified (due to the shallow water 

column and strong tidal currents) such waters are widespread in the western Irish Sea 

(Horsburgh et a i ,  2000) and advection o f Irish Sea waters is known to be o f  great 

importance in Dublin Bay (Wilson, 2005). The change in the linear relationship between 

tidal range and surface water temperature indicates that the onset o f  neap tides may have 

been instrumental in promoting thermal stratification offshore The waters closest to 

Dublin Bay known to undergo thermal stratification are those o f the gyre in the western 

Irish Sea (Horsburgh et al., 2000). Modelled residual current from these waters are o f  up 

to 8 cm .s ' (Horsburgh et al., 2000) meaning that a bloom could travel the 34 km from the 

gyre to Dublin Bay in five days.

However the phytoplankton assemblages observed in Dublin Bay on the of May 2004 

were composed chiefly o f smaller diatoms not the larger species typically associated with 

spring blooms and the net growth rate calculated from the fluorescence signal (0.3 day '') 

is lower than that o f a typical spring bloom (Odata & Imai, 2003).
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At site 16 the dramatic drop in oxygen concentrations observed on the 2"“̂ o f  May (Figure 

5.6b) and the relationship between dissolved oxygen and saturation and fluorescence 

(Figure 5.7) suggest that something other that an actively growing spring bloom was 

occuiTing. The lack o f  water samples from the immediate vicinity during the occurrence 

o f the peak in fluorescence signal and the oxygen minimum precludes any definitive 

answer as to what was their cause. However the inputs o f  sewage effluent from the 

Ringsend plant and heat from the thermal power plant could exacerbate any tendency to 

anoxia caused by decaying phytoplankton populations in the area. It should be noted 

however that spikes in the temperature signal occurred throughout the study period but 

only this one (coincidental with the fluorescence peak) produced a dramatic decrease in 

oxygen concentrations. The hypoxia observed on the 2nd o f May could have deleterious 

consequences for macrofauna in the Liffey estuary, particularly for sedentary species. 

Reduction in secondary producers such as filter feeding polychaetes or molluscs can 

decrease an estuary’s capacity to absorb any increase in primary productivity due to 

eutrophication (Cloern, 2001). This anoxic event may be seen as a pulse disturbance 

and as such would not be considered an undesirable disturbance under the U.K. scheme 

to be adopted (Anon, 2004) however a reduction in benthic fiher feeders could increase 

the supply o f particulates from the estuary into the bay where excess particulates are 

already associated with the macroalgal eutrophication problem (Jeffrey et a i ,  1994).

The phenomenon o f discolored water due to high phytoplankton concentrations is new to 

the north o f Dublin Bay. The appearance o f  the bloom is reminiscent o f other 

diatomaceous blooms resembling the “Dutchman’s baccy juice” referred to by Hardy 

(1956) and has been the subject o f some concern to recreational users o f the area 

(Kerrigan C., Pers. Comm.) and as such may be regarded as an undesirable disturbance. 

There is little evidence in literature for nuisance blooms o f  Odontella aiirita, which is in 

fact cultivated as a health food for its Omega 3 fatty acids (Burtin, 2003) though it is 

listed as a HAB species in China (Yan et a i ,  2002). The shift from macroalgal to 

microalgal productivity coincided with the changing composition o f the Ringsend sewage 

effluent and may be seen as a response to the increased NO3 loading, this is illustrated by 

the great difference in Odontella concentrations found between the north and south of the 

bay. Though the Odontella cells were collected in samples from the water column, it is
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likely that they are associated with the sediments o f the intertidal zone and become 

suspended on the tide; by this mechanism these diatoms may overcome the low 

calculated residence times in Dublin Bay i.e. true (drifting) phytoplankton would not 

remain in the Bay long enough to reach such high levels o f biomass. The microscopic 

counts often revealed large aggregates of Odontella cells which could result in increased 

sinking rates since the sinking rate o f an object is related to the square o f its radius 

(Peperzak et a i,  2003) and increased residence times. The shallow water depths result in 

high light intensities compared to other parts o f the bay and the continual nutrient supply 

from both the river Liffey and the Ringsend sewage treatment plant result in readily 

available supplies o f  macronutrients. Since diatom growth rates generally increase 

linearly to a maximum with temperature (Montagnes & Franklin, 2001) the shallow 

(rapidly warming) waters and the warm waters from the local power station may also 

play a role in the bloom development.

5.3.0: Conclusions

Overall the symptoms o f eutrophication apparent in Dublin Bay and the Liffey estuary 

are quite varied The Cryptomonas blooms in the upper estuary and the Odontella bloom 

in the bathing waters o f the north o f the bay exceed the limit o f  60 mg.m'^ set as the 

lower limit o f highly eutrophied waters (Bricker et a i,  1999). The short-lived anoxic 

event is also a clear indicator o f excess oxygen demand, most likely caused by organic 

loading, though a number o f factors contributed to this event. In the water column o f the 

open bay itself there is some evidence for increased phytoplankton biomass caused by the 

additional nutrients in the river Liffey plume. However the rapid flushing times o f  the 

estuary and the continual supply o f waters from an allochtonous source limit the 

symptoms o f eutrophication observ'ed in the Bay. These findings support the 

ecohydrodynamical typology advocated by Tett (2004), though the importance o f the 

local pulse disturbances and the definition o f  usage o f  the estuary must still be considered 

carefially.
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C H A P T E R  6: EU TR O PH IC A TIO N  STATUS

6.0.1 V'ariability and definition o f  metrics

Increased anthropogenic perturbations o f  the natural biogeochemical cycles o f  nitrogen 

and phosphorus, and the resultant increase in the phenom ena o f  coastal and estuarine 

eutrophication have led to legislative obligations pertaining to monitoring and 

quantification o f  the effects o f  excess nutrient loading. In Europe, the W FD  (EU, 2000) 

emphasises the ecosystem approach to coastal and estuarine measurem ent and 

management. Judgements o f  the ecological status o f  a water body are m ade on the basis 

o f  biological quality elements including, phytoplankton, macroalgae, benthic invertebrate 

fauna and fish. Physico-chemical elements include nutrient and dissolved oxygen 

concentrations, tem perature and transparency. For the biological quality elements high 

status is afforded when the parameters are consistent with undisturbed conditions. Good 

status is afforded when slight changes are observed and m oderate status is afforded when 

these parameters differ moderately from undisturbed conditions. The levels specified for 

the physico-chemical elements are those necessary to achieve the various biological 

standards i.e. good status is afforded if  the physico-chemical elements are such as to 

allow the achievement o f  good biological status etc. The W FD  stipulates that monitoring 

programs have sufficient sampling frequency to provide a reliable assessment o f  the 

relevant water quality elements and the directive also requires monitoring frequencies be 

chosen to achieve an acceptable level o f  confidence and precision. The minimum 

suggested frequency for monitoring o f  phytoplankton is six months while the physico­

chemical variables require a minimum monitoring frequency o f  three months.

The approaches to measuring eutrophication taken by different groups and organisations 

vary in their detail but the main measurements are generally com m on to all systems. 

Principal amongst these are measurements o f  N  and P concentrations, since these are the 

elements that drive eutrophication. However the concentrations o f  nutrients and 

chlorophyll deemed to indicate eutrophic status vary between jurisdictions and studies. 

For instance the U S National Ocean Service (NOS) considers N concentrations above
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Img r '  anywhere in an estuary “high” (Brici<er et al., 1999, 2003) while the Irish EPA 

considers 2.6 mg r ’ in tidal freshwaters to be indicative o f  enrichment (Toner et al., 

2005). Increased ph\loplankton biomass is often the primary response to nutrient 

enrichment and chlorophyll a concentration is also a generally accepted metric of 

eutrophication. In terms o f  phyloplankton, a suite o f  indicator metrics is currently being 

developed for application in Ireland and the U.K. Principal amongst these metrics are the 

measurement o f  chlorophyll, and phytoplankton cell numbers are also to be used as an 

indicator, with values over 10^ cells.1'' of  any given cell type considered to be indicative 

of eutrophication (Devlin & Best, 2005). The chlorophyll levels deemed to represent 

eutrophic conditions also vary between jurisdictions. While the Irish EPA considers a 

median value o f  <15mg.m‘‘̂ to be indicative o f  eutrophication in tidal freshwaters and 

waters o f  intermediate salinity, the NOS consider values >5 mg.m’̂  to show a medium 

degree o f  eutrophication with chlorophyll concentrations >20 mg.m'^ being considered 

highly eutrophic for estuarine environments. In the U.K values >10mg.m‘‘ are generally 

considered to be indicative o f  eutrophication (Iriate & Purdie, 2004). Assessment o f  the 

appropriate chlorophyll value indicative o f  eutrophication is further complicated by the 

range o f  methods available for analysis o f  chlorophyll. Different methods may produce 

very different results. For instance methods where chlorophyll is extracted using hot 

methanol may produce results twice those of samples extracted in acetone (O ’Boyle, S., 

Pers. Comm). Various different systems are also used to quantify eutrophication, these 

may be based on the geographical extent o f  a particular eutrophication symptom (e.g. 

Bricker et al., 1999) or the frequency o f  occurrence o f  values exceeding the 

predetermined eutrophication limits (e.g. Toner et al., 2005) or a combination o f  both 

temporal and spatial occurrence. The differing cut-off values and analytical methods 

used to quantify eutrophication mean that no universally applied absolute standard for 

eutrophication status exists; this reflects the variability in estuarine types as well as the 

diverse methodologies applied. However eutrophication as defined in the European 

context has three main elements

1. Enrichment of waters with nutrients

2. Accelerated algal or macrophyte growth

3. Undesirable disturbance.
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The response o f  ecosystems to the pressures o f  nutrient enrichment differ greatly both 

quantitatively and qualita ti\e ly  between systems. Estuarine environments have been 

shown to demonstrate a range o f  responses to nutrient pressures (Cloern, 1999) and the 

responses o f  marine environments have also been varied. For instance the dramatic shift 

in magnitude, timing and composition o f  phytoplanktonic primary producers in the North 

Sea (Colijn et al., 2002) contrasts with the more equivocal evidence for eutrophication 

demonstrated in the Irish Sea (Gibson et al., 1997). The variation in the response o f  an 

ecosystem to nutrient loading may be attributed to two major categories o f  phenomena, 

namely the physical and biological processes. The principal physical factors that 

influence eutrophication are light availability (which is controlled by vertical water 

mixing and the attenuation o f  light) and horizontal advection (which controls the 

residence time o f  a particle in a given aquatic ecosystem). These physical processes are 

driven by topographic, hydrodynamic, climatological and weather conditions, which vary 

greatly from site to site. Biological processes m ay mediate the expression o f  

eutrophication through grazing. The interaction o f  these physical and biological 

processes result in the unique patterns o f  eutrophication observed in different estuaries 

and coastal marine environments within Europe and around the world.

6.1.0 Eutrophication in the LifTey Estuary and Dublin Bay

6.1.1 Enrichm ent o f  waters with nutrients

A recent study (Toner, 2005) considers the Liffey estuary to be o f  “intermediate” trophic 

status since median measured nutrient and chlorophyll concentrations were in compliance 

with the limits set out (median values <2.6 m g N .l ' ' ,  <60 |j.g P . f ' ,  <15 |j.g. Chla.m'^'). 

Monthly data presented in this study however demonstrate high nutrient concentrations 

within the estuary. The mean N values in the upper estuary from 2000-2004 exceeded 

the concentrations ascribed for highly enriched waters (1 mg l"') by Bricker et al. (2003) 

and P concentrations near the sewage treatment plant also exceeded the levels considered 

“high” (0.1 m g . r ’). The monthly nutrient data indicate that the Liffey estuary is
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hypernutrified with respect to N and P since both N and P were available for uptake at all 

times during the study period, even when ph>'toplank'ton biomass was at its highest. The 

calculated loads o f  nutrients both from the riverine and sewage sources were 2309 kg 

N.km^.y"' and 311 kg.P.km'^.y’', exceeding the moderately eutrophied category o f  Hessen 

(1999) and with higher catchment normalised values than U K equivalents. The Liffey 

estuary’s short length and shallow depths mean that the nutrient loads are large in terms 

of relative volume compared to many other estuaries with deeper depths and larger 

surface areas e.g. the Tay (Dobson, 2005). However the nutrient data indicate no major 

sinks o f  nutrients within the estuary which suggests minimal excess production of 

phytoplankton.

6.1.2 A cce lera ted  m icroalgal grow th

Monthly measured chlorophyll data were generally in the “low” (<5 mg.m’'̂ ) to 

“medium” (5 mg.m'^-<20 mg.m'^) range o f  Bricker (1999) yet sporadically “ high” (20 

mg.m'^-<60 mg.m‘‘̂) and “hypereutropic” (< 60 mg.m'^) values suggested that the high 

nutrient loads were stimulating some accelerated growth o f  the phytoplankton. The 

sporadically high chlorophyll concentrations indicated that the monthly sampling 

frequency may not have been adequately capturing some o f  the eutrophication 

phenomena occurring. The deployment of the YSI 6600 sondes and the resulting higher 

frequency data confirmed that high concentrations o f  chlorophyll can persist in the upper 

estuary for more than two weeks. The two-week Crytpomonas bloom (May 2004) with 

maximum chlorophyll concentrations (measured by fluorescence) o f  193 mg.m' 

exceeded the chlorophyll concentration limits set out by Bricker et al. (1999) for 

“hypereutrophication” . This bloom also acted as a considerable source o f  organic matter 

to the upper estuary. These blooms have now been detected in both 2003 and 2004 and 

are likely to continue to occur in the upper estuary due to the abundant supply o f  nutrients 

and the strong vertical stratification. The supply of allochtonous organic matter to the 

upper estuary from these blooms is likely to have consequences for oxygen availability in 

the area and is comparable to the carbon supply produced during spring bloom conditions 

in eutrophic systems (Hagy et al., 2005). The Liffey sediments are known to suffer from
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anoxia and are thought to be abiotic in terms o f  infauna (Wilson et al., 1986). As a result 

they have little capacity for passing additional organic matter further up the food chain. 

Since in summer the river flow (driven by rainfall) appears to control the duration of 

these blooms and summer rainfall is predicted to diminish with climate change (Sweeney 

& Feale, 2002), these blooms may become a more serious contributor to carbon 

deposition in the upper estuary in the future. The Cryptomonas blooms may be seen as a 

sustained, “press” disturbance, sporadically interrupted by rainfall events. Such 

phenomena are o f  greater significance to environmental health than episodic “pulse” 

disturbances (Tett, 2004). Reduction in the agricultural nutrient loading o f  the river may 

help reduce the intensity of this phenomenon.

In the seasonally nutrient-limited waters of north Dublin Bay monthly water column 

sampling o f  offshore sites showed little sign o f  eutrophic effects, though it appears that 

there may be some stimulation o f  phytoplankton growth in the extreme north east o f  the 

study area. The bathing waters o f  north Dublin Bay have shown prolonged and spatially 

extensive blooms o f  the diatom Odontella aurita with cell concentrations reaching 

7.5x10*' cells.r’ and total phaeopigment concentrations o f  up to 120.2 mg.m’̂ . These 

blooms have only been observed since the upgrading o f  the Ringsend sewage treatment 

plant, though they may have been occurring prior to this since sampling for chlorophyll 

and phytoplankton was not previously conducted in the bathing waters o f  north Dublin 

Bay. However the visible discolouration o f  the water column coincided with the 

treatment plant upgrade and an increase in oxidised N forms arriving on the shores of 

north Dublin Bay. The high cell concentrations involved in this bloom exceed the 10^ 

cell.r' concentrations considered to indicate eutrophication (Devlin & Best, 2005) and 

have been sufficient to cause a visible brown discolouration o f  the bathing waters 

reducing the amenity value of the beach to recreational users.
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6.1.3 Undesirable disturbances

The river LitTey has been a modified environment for over 1000 years and for much of 

this time its principal functions ha\'e been as a trade route and as a sewer. Its walled 

nature and long history o f  human usage means that undesirable disturbance should not be 

judged against natural, unperturbed conditions (since reference conditions are not known); 

rather a functional judgement approach is required. While the estuary still contains a busy 

trading port, the functioning o f  this industry is little affected by the trophic status o f  an 

estuary. In recent years the amenity value o f  the estuary has been realised and there has 

been an increasing drive towards the use o f  the Liffey as an aesthetic resource, 

particularly in terms o f  tourism. The recent construction o f  the Liffey boardwalks, which 

flank the river on its northern side, and the coming addition o f  a Liffey water taxi are 

testament to this shift in the Liffey estuary’s urban role. Similarly the principal social 

functions o f  Dublin Bay are now recreational. In this context undesirable disturbances 

may be viewed as anything that diminishes the aesthetic quality o f  the Liffey estuary or 

Dublin Bay.

One o f  the major aesthetic concerns relating to the Liffey estuary ecosystem is the smell 

of its anoxic sediments, caused by over supply o f  organic matter to the bottom layer of 

the stratified part o f  the estuary. This smell is already o f  such concern to Dublin citizens 

that it has even been immortalized in song

‘7  remember that summer in Dublin, and the Liffey as it stank like helT

Bagatelle- 1980

The Cryptomonas blooms in the Liffey estuary (stimulated by the availability o f  excess 

nuxients) act as a considerable source o f  organic matter to the sediments o f  the upper 

estaary and as such they may be seen a contributor to the anoxia in the sediment o f  this 

area. In this phenomenon the three elements of eutrophication, nutrient enrichment, 

accelerated growth and undesirable disturbance are discernible and as such the 

phenomenon may be classified as eutrophication according to the WFD (EU, 2000).
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The bloom of O. aurita in the bathing waters of north Dublin also indicates a response to 

the supply o f  oxidised N due to the upgrading o f  the sewage treatment plant. Here again 

we see enrichment, accelerated algal growth and an undesirable disturbance with respect 

to the aesthetic quality o f  bathing waters.

In the lower estuary, near the Ringsend sewage treatment plant, rapid tidal flushing, high 

diffuse attenuation coefficients, deep water depths and strong vertical mixing limit the 

extent of microalgal growth. However the high frequency data indicate that pressures 

caused by organic loading from the Ringsend sew'age treatment plant and thermal loading 

from the Poolbeg power station may combine with natural organic loads to produce 

sporadic anoxic events. This indicates an environment which is sensitive to 

anthropogenic disturbance. The frequency of occurrence o f  such events is not known but 

such conditions are likely to be detrimental to those fauna existing in the area and 

represent a further anthropogenic pressure on the system. The river Liffey is a salmonid 

river and low oxygen conditions could have serious consequences for migrating salmonid 

fish. The oxygen depletion observed in this study appears to be the result o f  direct 

anthropogenic organic loading rather than enrichment with nutrients, however the 

ecosystems approach demands that such loading be taken in the context o f  an already 

nutrient stressed environment.

6.2.0 Management

The European Environment agency advocates the Driving forces. Pressures, State, Impact, 

Reponse (DPSIR) approach to ecosystem management (Figure 6.1) (EEA, 1999). This 

model may be seen as a cycle where the changing driving forces exert changing pressures 

on an ecosystem resulting in altered states and impacts on that ecosystem and requiring 

management responses. In the Liffey estuary and Dublin Bay ecosystem the principal 

driving forces are the increasing domestic population in the Liffey catchment, agricultural 

production and increasing industrial activity. These driving forces exert the pressures o f  

nutrient and organic matter enrichment on the system. These pressures have resulted in
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and lagoons. Anoxic.

Reduced aesthetic quality o f  
batliing waters in Dublin Bay 
sediments. Malodorous estuarine 
sediments. Faecal contamination 
o f batlung waters

abiiotic estuarine sediments.

Figure 6.1: Schematic representation o f  the DPSIR approach to the Liffey estuary and

Dublin Bay. The State and Impact are those prior to the upgrade o f  the Ringsend sewage 

treatment plant.

an ecosystem which has shown signs o f  eutrophication for almost 100 years (Adeney, 

1908) and had been substantially altered from healthy conditions prior to the upgrading 

o f  the Ringsend sewage treatment plant. Indicators o f  the altered state included anoxic 

and abiotic estuarine sediments (Wilson et al., 1986); excessive growth o f  green and 

brown algae (Jeffrey et al., 1993, 1995, Brennan et al., 1994) and heavy metal pollution 

(Jones & Jordan, 1979; Wilson et al., 1986). The response to the eutrophication problem 

has been the upgrading o f  the sewage treatment plant. This has altered the pressures on 

the ecosystem by increasing the inputs o f  TON. The coincidence o f  a persistent, visible 

bloom of  O. aurita on the northern shores o f  Dublin Bay with the changing nutrient 

pressure suggests that this may be the response of the system to this new pressure. This 

phenomenon requires further research as to its extent and controlling mechanisms. Any
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new impact will require a new management response. Mitigation o f  enhanced microalgal 

growth will require significant reductions in the inputs o f  the limiting nutrient N  to  these 

bathing waters. Under the Urban W astewater Treatment Directive (EU, 1991a), N 

effluents which are larger than 100,000 population equivalent, and discharging to 

designated waters must be reduced by 70-80%. Phosphorus discharges must also be 

reduced by 80% and these objectives must be fulfilled by June 2008. A reduction in the 

N flux to the area requires tertiary denitrification treatment o f  the sewage effluent and is 

likely to be effective in reducing the symptoms o f  eutrophication in the Bay.

6.3.0 Conclusions

Overall the data presented here indicate a range o f  ecosystem dysfunctions present in the 

study area. The continuous oversupply o f  nutrients to the system has resulted in a num ber 

o f  eutrophication phenomena. In the upper Liffey estuary, persistently abundant nutrient 

supply and the highly stratified column favour the formation o f  phytoplankton blooms. 

These b loom s represent a significant carbon source to the upper stratified tidal reaches o f  

the estuary probably contributing to the already existing anoxic conditions in the 

sediments there. As such they may be considered undesirable disturbance. Simple 

mathematical modelling has illustrated the importance o f  physical factors, tides and flow 

in determining the timing o f  the occurrence o f  b loom formation. While the simplified 

flushing models illustrate the variability in residence times, the actual processes at work 

are far more complex. In order to develop a truly predictive model o f  phytoplankton 

bloom development a multi-layered vertical model is required and the possibility o f  

laterally differing horizontal flows must also be accounted for. Such a model would 

require much more detailed physical data regarding current speeds and water column 

structure and such needs might be met using profiling CTD or ADCP instruments.

In the lower estuary and in Dublin Bay the symptoms o f  eutrophication are m ore  limited. 

With the exception o f  the anoxic incident which appears to have occurred as a result o f  a 

combination o f  natural and anthropogenic factors these areas show limited signs o f  

eutrophication. This is principally as a result o f  the short residence times and rapid
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dilution with the taily saline waters o f  the Irish Sea. The persistent phytoplankton bloom 

in the bathing waters of North Dublin Bay appears to be partly associated with 

microphytobenthic diatoms with their ability to adhere to the sediments increasing their 

residence time sufficiently to produce the obser\'ed discolouration o f  the waters.

The complex interactions between the physical, biological and chemical processes in 

aquatic environments, combined with stochastically driven w-eather processes can lead to 

highly changeable conditions on timescales from hours to months. This complexity 

results in problems o f  determining sampling frequencies adequate to uncover phenomena 

on the relevant timescales. Meaningful assessment o f  the trophic status and eutrophic 

response of a given ecosystem relies on the collection o f  representative data from the 

study area which may be difficult when events occur on such short timescales. Since 

physical processes govern the distribution o f  the relevant parameters at a given time, an 

understanding o f  these processes is essential to the interpretation o f  data collected. This 

study illustrates the complexity of events occurring in the estuarine environment on 

timescales much shorter than those of traditional spot sampling. Both the Cryptomonas 

blooms and the anoxic event in the Liffey estuary are o f  considerable concern to the 

environmental manager and both were elucidated through the collection o f  high 

frequency data. Under the WFD the specified minimum temporal frequency for the 

collection o f  phytoplankton data is six months. This study illustrates that a 1 month 

interval is barely sufficient to reveal important estuarine processes and it seems clear that 

data collected on a six monthly interval can yield little useful information in the context 

o f  such highly variable aquatic environments. Indeed given the complexity o f  estuarine 

systems a measurement interval o f  six hours might still be sufficient to explain the many 

processes at work.
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Appendix I



Latitude Longitude Eastings Northings

0  , .  1 . c 0 , 1

1 53 ’ 20 53 -06 15 17 316273.64 234487.41
2 53 20 53 -06 15 ! 11 316384.51 234476.33
3 53 20 51 -06 14 48 316632.07 234423.93
4 53 20 46 -06 14 13 317461.5 234294.03
5 53 20 42 -06 13 42 317995.29 234175.48
6 53 20 44 -06 13 31 318249.69 234261.6
7 53 20 50 -06 12 56 318891.38 234448.34
8 53 20 43 -06 12 32 319330.54 234251.48
9 53 20 32 -06 11 32 320458.04 233934.71
10 53 20 36 -06 11 09 320884.63 234062.46
11 53 20 31 -06 10 53 321 182.54 233921.57
12 53 20 30 -06 10 32 321572.95 233899.98
13 53 , 20 31 -06 09 46 322418.86 233960.65
14 53 1 20 34 -06 09 00 323263.07 234086.39
15 53 ' 20 41 -06 10 03 322095.68 234262.28
16 53 20 44 -06 10 32 321555.01 234341.22
17 53 : 20 44 -06 10 56 321109.07 234320.57
18 53 i  20 40 -06 07 59 324398.49 234279.27
19 53 i  20 48 -06 08 42 323587.35 234515.36
20 53 ' 21 00 -06 08 12 324132.34 234901.48
21 53 : 21 18 -06 08 01 324328.86 235463.4
22 53 21 36 -06 07 54 324436.8 236023
23 53 21 18 -06 06 36 325893.43 235504.57
24 53 1 21 00 -06 06 48 325686.44 234942.31
25 53 ■ 20 40 -06 06 25 326126.65 234322.57
26 53 21 03 -06 05 55 326656.14 235059.35
27 53 20 58 -06 04 35 328148.63 234937.88
28 53 21 18 -06 03 30 329335.72 235586.96
29 53 ! 20 24 -06 04 39 328097.6 233888.61
30 53 1 20 20 -06 05 48 326828.62 233738.79
31 53 1 20 23 -06 06 55 325584.05 233798.19
32 53 ( 20 01 -06 07 02 325470.24 233110.34
33 53 19 58 -06 06 02 326594.77 233034.34
34 53 20 00 -06 05 27 327235.86 233140.53
35 53 i  19 35 -06 07 18 325208.37 232296.11
36 53 ! 18 29 -06 06 25 326244 230300.11
37 53 i  18 16 -06 08 12 324266.65 229832.74
38 53 . 18 39 -06 09 05 323264.08 230530.49
39 53 , 19 26 -06 08 59 323344.34 231962.36
40 53 19 60 -06 08 13 324161.54 233042.6
41 53 i  20 12 -06 09 42 322505.87 233378.28

Appendix I: Station numbers and coordinates both as latitude and longitude and as 

Irish National Grid.



Appendix II



Date n

Total Oxidised 
Nitrogen

m c r ‘ n

Orthophosphate 

m c r’

17 0 8 2000 15 -S7.54 2899.95 0.871 ■■ 11 -5.646 208.28 0.927 ■■

05 10 2000 16 -46.14 1637.10 0.862 " 12 -2.264 106.73 0.816 ■■

?0 11 2000 17 -56.35 1984.80 0.911 ■■ 9 -0.265 48.463 0.962 ■■

1.' 12 2000 15 -45.54 1768.00 0.957 ■■ 11 -1.295 65.906 0.919 ■■

11 01 2001 7 -49 02 2035.60 0.736 ■ 8 0.4833 36.795 0.842 ■■

14 0 2 2001 17 -45.81 1682.00 0.885 ■■ 10 -0.483 50.126 0.322 ■■

22 05 2001 13 -68.68 251240 0.917 ■■ 13 -0.113 79.348 0.002

10 04 2001 9 -94.19 3304.10 0.971 ■■ 7 -1.857 89.237 0.911

02 05 2001 17 -52.64 1762.30 0.970 ■■ 9 -0.742 54.47 0.912 ■■

20 06 2001 15 -56.16 1904.60 0.844 ■■ 11 -8.013 295.76 0.543 ■■

11 07 2001 17 -14.31 488.91 0.855 ■■ 9 -0.936 39.724 0.970 ■■

29 08 2001 14 -35.64 1220.90 0.882 ■■ 8 -2.569 107.46 0.991 ■■

05 09 2001 12 -37.34 1307.40 0.891 ■■ 8 -3.497 141.63 0.984 ■■

21 11 2001 15 -35.21 1314,10 0.966 ■■ 7 -0.255 41.367 0.744 ■

06 12 2001 15 -43.21 1686.00 0.771 ■■ 6 -1.093 62.607 0.994 ■■

16 01 2002 15 -66.19 2363.20 0.991 ■■ 8 -1.7 88.243 0.992 ■■

29 01 2002 15 -87.13 3073.60 0.975 ■■ 11 -1.39 71.35 0.890 ■■

14 02 2002 14 -83.56 2979.60 0.963 ■■ 8 -0.752 54.659 0.955 ■■

21 03.2002 15 -79.32 2761.20 0.996 ■■ 14 -1.484 70.107 0.937 ■■

24 04 2002 15 -57.64 2068.00 0.912 ■■ 7 -1.588 84.886 0.967 ■■

29 05 2(X)0 15 -29.57 1045.30 0.862 ■■ 8 -1.254 63.991 0.936 ■■

12 06 2002 17 -41.36 1501.40 0.938 ■■ 12 -1.328 75.365 0.986 ■■

03 072 0 0 2 15 -50.39 1713.90 0.906 ■■ 12 -1.984 93.36 0.875 ■■

14 08 7002 15 -58.88 1950.40 0.989 ■■ - - - -

11 09.2002 14 -55.70 183210 0.754 " 8 -2.047 98.73 0.897 ■■

09 10 2002 17 -47.86 1645.20 0.810 ■■ 12 -2.17 96.983 0.902 ■■

07 11 2002 15 -37.69 1457.30 0.895 ■■ 6 -0.936 72.457 0.908 ■■

18 122002 14 -44.01 1645.90 0.963 ■■ 15 0.0285 86.962 0.000

09 0 1 2003 15 -60.70 2319.10 0.983 ■■ 6 2.4606 47.521 0.829 ■■

17 02  2003 11 -72.50 2626.70 0.995 ■■ 7 -1.149 91.05 0.879 ■■

03 03 2003 15 -48.50 1890.90 0.871 ■■ 6 -0.181 72.256 0.252 •

16 04 2003 15 -76.47 2600.80 0.859 ■■ 5 -0.634 63.734 0.710

01 05 2003 15 -55.95 1989.30 0.499 ■■ 8 0.403 16.989 0.027

05 06 2003 14 -47.68 1752.40 0.866 ■■ 7 -3.438 124.34 0.753 ■■

23 072003 15 -49.35 1788.10 0.904 ■■ 6 -1.729 94.422 0.938 ■■

2 1 0 8  2003 15 -51.53 1769.50 0.899 ■■ 6 0.3185 47.558 0.029

04 0 9 2003 17 -49.59 1791.60 0.931 ■■ 6 -1.616 97.926 0.650 ■

16'10 2003 15 -87.42 3067.20 0.981 ■■ 6 -3.137 136.19 0.934 ■■

19'11 2003 15 -42.34 1606.90 0.837 ■■ 6 -0.102 41.154 0.204

10 12 2003 15 -64.80 2375.40 0.964 ■■ 6 -0.434 50.081 0.909 ■■

21 01'2004 15 -66.79 2597.70 0.936 ■■ 6 -0.395 65.209 0.510

18 02 2004 15 -60.76 2334.60 0.954 ■■ 6 -0.418 74.762 0.279

11 03 2004 8 -81.06 2999.30 0.892 ■■ 8 -0.906 74.226 0.902 "

01 04 '2004 15 -69.17 2688.10 0.956 ■■ 6 -0.109 70.337 0.0310 -

27 05'2004 16 -33.26 1505.60 0.357 ■ 7 -1.58 71.73 0.688 ■

10 06 2004 - . - 8 -2.135 99.326 0.977 ■■

Appendix II: Results o f  estuar>- TON and PO4 mixing curves, n. number of

samples, m. slope o f  mixmg curve, c, constant ( |ig .r ‘), r̂  , * indicates p<0.05, **

indicates p<0.001



Dale n
Ammonia

m c r*
17/08/2000 8 -3.1389 163.33 0.648 *

05/10/2000 8 1.2373 31.55 0.430 -

02/11/2000 8 -6 0061 173.97 0.024 -

30/11/2000 8 2.356 89.299 0.386 -
13/12/2000 6 0.8193 85.134 0.660
14/02/2001 8 0.1526 46.032 0.006 -
22/03/2001 6 6.0296 77.144 0.699

02/05/2001 8 3.3899 13.643 0.939 * *

20/06/2001 6 0.3357 148.72 0.000 -

11/07/2001 8 -2.314 138.76 0,392 -

29/08/2001 6 4.1415 23.96 0.862 * ♦

05/09/2001 8 1.8763 68,138 0,611 *

21/11/2001 6 1.2446 62.575 0.315 -
06/12/2001 6 -0.7361 95.097 0.236 -

16/01/2002 6 -2.5973 161.22 0.615 -
29/01/2002 6 -0.0789 47.553 0.009 -

14/02/2002 6 0.9868 47.212 0.586 -
21/03/2002 6 0.9162 47.004 0.351 -

24/04/2002 6 1.6805 11.542 0.790 *

29/05/2002 6 -4.5049 209.77 0.683 *

12/06/2002 8 -1.0184 107.7 0.158 -

03/07/2002 6 -1.019 140.02 0.125 -
14/08/2002 8 -0.6951 120.49 0.020 -
11/09/2002 6 -3.83 184.44 0.561 -
09/10/2002 8 0.9761 104.41 0.440 -

07/11/2002 6 1.5095 39.877 0.932 * *

18/12/2CX)2 6 -1.2638 114.53 0.250 -
09/01/2003 6 5.2528 89.311 0.455 -

17/02/2003 3 -0.0137 92.591 0.001 -
13/03/2003 6 0.7751 70.68 0.069 -
16/04/2003 6 1.1248 103.16 0.277 -
01/05/2003 4 5.2833 112.62 0.892 -
05/06/2003 6 0.5655 74.772 0.061 -
23/07/2003 6 0.0547 54.709 0.010 -

21/08/2003 6 0.0246 51.314 0.001 -
04/09/2003 6 -2.6299 170.16 0.221 -

16/10/2003 6 2.3753 70.418 0.841 * *

19/11/2003 6 0.0816 51.069 0.254 -

10/12/2003 6 1.5517 66.032 0.981 * *

21/01/2004 6 0.4347 36.819 0.576 -

18/02/2004 6 2.8234 29.8 0.918 *  *

1 1/03/2004 - - - - -

01/04/2004 6 5.011 21.382 0.887 -

27/05/2004 6 0.1234 24.133 0.005 -

10/06/2004 - - - - -

Appendix II: Results o f  estuar\- ammonia mixing curves, n, number o f  

samples, m, slope o f  mixing curve, c, constant ()ag.r'), , * indicates p<0.05,

** indicates p<0.001



Date n

Total Oxidised 
Nitrogen 

ni c r‘ n
O rthophosphate 

in c r ‘

28-Jun-OO 20 -20.342 701.87 0.491 * * 20 -73.27 2515 0.849 * *

27-Jul-OO - - - - - - - - - -

24-Aug-OO 7 -55 03 5 1862 0 890 V  * - - - - -

28-Sep-OO - - - - - 21 -13.333 468.67 0.181
23-No\--00 24 -50.632 1828.7 0.996 * * 24 -4.7849 184.98 0.975 » *

18-Jan-Ol 24 -95.247 3472.9 0.941 *  * 24 -3.4054 140.63 0.652 » «

8-Feb-Ol 23 -67.951 2522 2 0.984 * 24 -2.8048 122.74 0.403 ♦ ♦

21-Feb-01 24 -35.087 1375.2 0.592 *  * 24 -4.8587 187.13 0.059 -
14-Mar-Ol 24 -65.318 2398.1 0.371 • * 24 -19.372 685.36 0.737
19-Apr-Ol 24 -60.053 2199.7 0.863 * * 24 -13.866 493.99 0.730 * *

26-Apr-Ol 24 -54.57 1860.5 0.344 * * 24 -13.556 463.06 0.394 * *

23-May-Ol 4 2.1053 -56 0.011 - 24 0.1953 -3.5772 0.001 ~

6-Jun-Ol - - - - - 24 1.1215 33.14 0.028 -

25-Jul-OI 3 -25 856 0.250 - 14 -21.949 757.45 0.757 * ♦

2-Aug-Ol - - - - - 5 -47.5 1627 0.586 -
11-O ct-01 23 -44.728 1584.5 0.793 * * 23 -22.788 794.93 0.587 * ♦

14-Nov-Ol 24 -50.65 1843.2 0.838 *  * 24 -8.8422 325.27 0.720
11-Dec-01 23 -54.679 1986.8 0.989 * * 23 -8.7444 320.16 0.792 * *

2 1-Feb-02 22 -56.736 2084.9 0.905 * * 23 -3.9633 159.58 0.410 * *

5-M ar-02 19 -58.876 2174.4 0.882 * # 19 -5.4011 201.61 0.659 « *

11-A pr-02 23 -38.903 1447.3 0.663 * * 23 -3.8963 158.02 0.081 -

15-M a>-02 - - - - - - - - -
20-Jun-02 19 -32.309 1113.6 0.889 ♦ * 18 -8.0507 281.74 0.664 * *

1 8-.Iul-02 10 -43.683 1484.5 0.950 « * 22 -17.815 614.28 0.860 * *

2 2-Aug-02 13 -0.8621 41.914 0.000 22 18.571 637.85 0.197 *

25-Sep-02 23 -29.053 1001.2 0.483 *  * 23 3 1498 82.062 0.007 -

13-N 0V-O2 23 -79.279 2734.8 0.981 * * 23 -4.9714 199.55 0.589 * *

5-Dec-02 24 -48.672 1805.9 0.544 *  * 24 -2.6553 109.23 0.028 -

23-Jan-03 23 -66.707 2428.9 0.902 *  * 23 -5.0609 203.32 0.223 *

6-M ar-03 24 -42.4 1595.3 0.467 *  * 24 -0.4 36.987 0.000 -
9-Apr-03 21 -64.554 2242.3 0.790 *  * 20 -23.085 793.47 0.787
8-M ay-03 12 -54.598 1879.5 0.729 *  * 18 -11.727 406.2 0.795 * *

25-Jun-03 5 -80 2743.7 0.494 - - - - -
03/07/2003 12 -25.488 870.33 0.608 * * 23 -13.919 477.91 0.664
12/11/2003 24 -107.9 3760.4 0.926 * * 24 -33.398 1155 0.819 * *

04/12/2003 18 -61.965 2230.4 0.645 *  * 18 -7.1725 281.19 0.807 * *

28/01/2004 9 -78.721 2865.2 0.936 *  * 9 -2.9 128.89 0.140 -

12/02/2004 23 -85.471 3075.6 0.935 *  * 23 -10.733 381.48 0.772
12/05/2004 13 -37.289 178.86 0.480 « * 12 -51.753 1746.2 0.907
30/06/2004 15 -83.22 2851.1 0.590 * * 6 -4.7368 170.98 0.029 -

Appendix II; Results o f Dublin Ba\' TON and PO4 mixing curves, n, number o f  

samples, m, slope o f  mixing curve, c, constant ((ig .r’), r^. * indicates p<0.05, ** 

mdicates p<0.001



Dale n

Ammonia 

m c

27/07/2000 20 -103.36 3553.4 0.239 ♦

24/08/2000 10 -30.7 1050.8 0.679 *  *

28/09/2000 17 -136.67 4674.3 0.521 * #

26/10/2000 8 -2.6026 47.5 0.148 -

23/11/2000 24 -30.414 1048.3 0.932 * *

18/01/2000 24 -31.063 1103.1 0.829 » *

14/03/2001 24 -87.825 3009.8 0.589 *  *

19/04/2002 23 -61.813 2124.4 0.774 *  *

26/04/2001 9 -17.879 626.31 0.053 -
25/07/2001 11 -98.673 3391.1 0.825 * *

02/08/2001 6 -218 7452 0.886 *  *

11/10/2001 23 -92.687 3190.8 0.508 *  *

14/11/2001 24 -42.525 1486.3 0.867 *  *

11/12/2001 9 -41.43 1445.4 0.810 *  *

21/02/2002 23 -21.769 777.89 0.394 *  *

05/03/2002 19 -35.89 1246 0.715
20/06/2002 12 -34.244 1199.1 0.618 *  *

18/07/2002 21 -99.254 3380.2 0.964 *  *

22/08/2002 23 -80.714 2754.1 0.224 *

25/09/2002 23 -133.08 4537.6 0.796 *  *

13/11/2002 23 -27.329 953.17 0.780 *  *

23/01/2003 19 -23.471 809.58 0.588 *  *

09/04/2003 19 -75.536 2585.1 0.782 *  «

08/05/2003 13 -24.098 838.19 0.586 « *

25/06/2003 4 -96.667 3316 0.289 -

03/07/2003 - - - - -
07/08/2003 11 -10.859 384.12 0.788 * *

24/09/2003 13 -35.068 1208.3 0.951 * *

12/11/2003 10 -100.02 3431 0.791 » »

04/12/2003 18 -46.526 1606.6 0.851 * *

28/01/2004 9 -9.3023 348.02 0.138 -

12/02/2004 20 -27.111 933.76 0.756 » *

12/05/2004 7 -97.363 3282.1 0.825 » *

30/06/2004 14 -33.349 1149.9 0.152 -

Appendix II: Results o f  Dublin Bay ammonia mixing curves, n, number o f  

samples, m, slope o f  mixmg curve, c, constant (|ig .r '), r^, * indicates 

p<0.05, ** indicates p<0.001



Appendix III



Station 36 08/05/2003

Diatoms Cells r'
LeplcK-ylindnts danicus 15700
Encampia zoodiacus 200
Chaetoceros densum 200
Rhizosolenia stohherfotii 300
Proboscia alala 800
Thalassionem a m tzchoides 600
Xitzschia delicatissima 400
iM id en a  borealis 300
Cjuinnardia flacc ida 200
Centric 2(htm 400

DInoflagcalltes
Protopcridiniiim  islandicum 100
Gymnodinium  variabile 100
Prorocentrum m inimum 400
Gyrodinium glaucum 500
G yrodinium aureohtm 100

Appendix 111: Ph>toplanklon counts from station 36 in Dublin Bay



Station 36 25/06/2003

D iatom s C ells.1''
Rhiosolenia sloltcrfotii 120(X)
Proboscta alata 1700

Slauroneis membranacca 700

Psetido-nitzchia delicatissim a  2200
Li'ptocylindrns m inim us 2700
r entric 60x20 100
\a \n cu la  80.x]2 300
Fragilahopsis sp .25x10  100
O dontella sinensis 100

Dinoflai’caiites

G lenodinm m  dantcum  100
Proloperidinium  brevipes 100
G ymm xiiniim i sim plex  200
Prorocentnim  dcntatum  100
Ceralium furca  400
Prorocentnim  m icans 500
Chrodinium aureahim  100
G ymm xiiniiim  \ariab ile  300
Protoperidinium  pellncidum  300
Protoperidinium  oblongiim  100
D inophysis acuta 100

C typtom onas sp. 100

Appendix III: Phytoplanklon counts from station 36 in Dublin Bay



Station 36 03/07/2003

Diatoms Cells,]'
OdonU’lla alterans 80
Odonlella regia 40
Odonlella sinensis 40
Melosira mmndoides 80
Melsoira moniliformis 80
Paralia sulcata 3440
Pseudonilzchia seriata 160
Proboscia alata 40
Slauroneis membrancea 40
Thalassionema nitzschoides 520
Unkonwn 30/jn 40
Centric 25xl0/jm 80
Centric SOxlO/jm 360
Centric 50x10fjm 40
Centric 60x20/jm 40
Centric 60x30fjm 200
Centric 80xl0/.im 40
Centric 90x20fjm 80
\av icu la  20x6fjn\ 200
\a \ic iila  78xl8fjm 40
Pennate 120x8/.en 40

Dinoflagcllates
Prorocentnim aporum 40
Gyrodinium pepo 80
Scripsiella sp. 80
Ceratium fiirca 40

A p p en d ix  111: Ph>toplankton counts from  station 3 6  in D ublin  B ay



Station 36 07/08/2003

Diatoms Cells.r'
Rhiosoh’nia slolterfotii 200
Prohoscia alaia 100
Stauroneis memhranacca 100
Pseudo-nitzschia seriala 35200
Leptocylindrus danicus 44700
Chaetoceros densum 500
Cylindrotheca closterimn 2400
Rhizosolenia setigera 200
Centric 40fj>n 300
Centric 90/jm 100

Dinoflagtailtcs

Protoperidinium hrevipes 100
Scripsiella sp. 100
Prorocenlnim micans 400
Ceratium fusus 200
Ceratium minutum 100
Gyrodinium lachryma 100
Gyrodinlum conicimi 100

A ppendix III: Phytoplankton counts from station 36 in Dublin Bay


