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ABSTRACT: A number o f major European rivers (especially the Rhine) have a prevailing influence on the nutrient 
cycling o f most Dutch estuaries. Owing to the increased loading o f the estuaries with nitrogen and phosphorus 
compounds, effects o f eutrophication on the biological communities are most evident in the tidal Western Wadden 
Sea and in a nontidal brackish lagoon, Veerse Meer. Whether the relation between changed nutrient loadings and 
changed biomass and production o f primary and secondary producers in the turbid tidal Dutch ecosystems should 
be considered as a causal relation is questionable. The very widespread practice o f lagoon modification confuses 
the effects o f nutrient loading.

Introduction
Generally, tem perate  estuaries are open, incon

stant ecosystems characterized by extensive natural 
spatial and tem poral variability. Increased hum an 
activities in the 20 th  C entury led to  significant 
changes in the estuaries around  the  N orth  Sea. In 
D utch estuaries, a trem endous increase in mussel 
culture, fisheries, bo ttom  trawling, sand dredging, 
recreation, and flood control construction took 
place afte r the  Second W orld W ar. T hese activities 
resulted in habitat loss and disturbance o f coastal 
com m unities (Heip 1989). Fishery activities in tro 
duced alien species, such as the  “ oyster th ief,” the 
brow n alga Colpomenia peregrina, the  slipper limpet, 
Crepidula fornicata, and recently the  Japanese oys
ter, Crassostrea gigas, the  Japw eed, Sargassum mu
ticum, and many others. D utch estuaries receive 
fresh w ater from  a num ber o f rivers, which are 
loaded with nu trien ts and pollutants from  agricul
tural, urban , and industrial land uses within the 
watersheds. Reducing eutrophication , the process 
o f increasing loads and concentrations o f inorganic 
nutrien ts, mainly n itrogen  and phosphorus, is 
therefo re  one o f the  prim ary concerns o f  present- 
day w ater m anagem ent. In  this paper I try to  link 
the trends in the  developm ent o f estuarine com 
munities to  the chronic effects o f eu trophication 
and to  o th e r natu ral and m an-induced changes in 
D utch estuaries.

Eutrophication o f Dutch Estuaries
All D utch estuaries (Fig. 1) are  strongly influ

enced by discharge from  the  Rhine, Meuse, and

Scheldt rivers. T h e  average discharge o f the Rhine 
and Meuse together is 2,580 m _s s-1. T h e  Scheldt 
has an average discharge o f only 112 m~3 s“1 (de 
R uyter et al. 1987). A bout 80% o f the w ater o f  the 
Rhine runs via Nieuwe W aterweg and Hollands 
D iep-Haringvliet into the  N orth  Sea. Residual cu r
rents along the D utch coast transport Rhine w ater 
in a northerly  direction. Roughly 6% o f the  orig
inal Rhine w ater en ters the  W adden Sea (Ridder- 
inkhof 1990). Via the IJssel, the n o rth ern  branch  
o f the  Rhine, 8 -15%  o f the  R hine w ater flows into 
the Ijsselm eer, and eventually into the W estern 
W adden Sea (van d er V eer et al. 1988).

T h e  nitrogen, am m onium , and n itra te  loads o f 
the Rhine and Meuse have increased 2-fold to 
4-fold, over the period  1950-1985, whereas the 
phosphorus load has increased 5-fold to 7-fold (Fig. 
2; van der V eer et al. 1988). As a result o f  the 
reduced pollution o f the  rivers, n itrogen  and phos
phorus loads decreased som ewhat afte r 1980. In 
the past, concentrations o f nutrients increased even 
m ore m arkedly than  the load: a 5-fold increase for 
N and a 10-fold increase fo r P, with recently a slight 
decrease. T h e  increased concentrations o f n u tri
ents in the Rhine-M euse w ater resulted  in a 3-fold 
to 5-fold increase in N and P concentrations in 
Dutch coastal waters (van der V eer et al. 1988). 
T h e  increase in n u trien t concentrations and loads 
in W ester schelde estuary showed a com parable 
dram atic tren d  over the  past 30 to  40 years (van 
B uuren 1988), b u t the im pact o f  the  Scheldt River 
on the N orth  Sea is negligible, owing to  its small 
discharge o f fresh water.

Because o f the northerly-directed  residual cur-
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Fig. 1. I'he geographic position of th e  D utch estuaries. Ad
ditional geographic nam es m entioned  in th e  text: 1 =  Hollands 
Diep; 2 = H aringvliet; 3 =  V olkerak; 4 =  Zandkreek; 5 =  
K rabbenkreek; 6 =  Balgzand; 7 =  M arsdiep; 8 =  Ijsselm eer.

ren t along the  coast, less than  5% o f the  original 
Rhine-M euse w ater reaches the  estuaries and 
brackish lagoons in the  southwest N etherlands. 
O osterschelde, G revelingen, and Veerse M eer are 
therefo re  mainly loaded with nutrien ts from  dif
fuse sources, such as agricultural run-off, trea ted  
waste water, and drainage canals. T h e  saline water 
bodies in the southwest N etherlands are spatially 
separated (com partm entalization) by dikes and 
sluices constructed  during  the “ Deltaw orks,” a civ
il engineering scheme th a t was in operation be
tween 1957 and 1987, and aim ed to  restric t the 
sea-born flow o f the  m ain estuaries fo r safety rea
sons. Consequently, each o f these (form er) estu
aries has its own eu trophication  history and its own 
specific w ater regim e. T hese characteristics m ean 
that each unit has to be m anaged according to its 
particular conditions (N ienhuis 1989a).

Some properties o f present-day D utch estuaries 
vary considerably (Table 1). T h e  residence tim e o f 
the w ater masses in nontidal G revelingen and 
Veerse M eer is long com pared to  the  same char
acteristic in tidal estuaries. T h e  net freshw ater load 
directly derived from  the  Rhine and Meuse riv
ers on Oosterschelde, Veerse M eer, and Grevelin
gen is very small: 1% to 2% o f the  discharge o f the 
rivers. T h e  W adden Sea received approxim ately 
400 m 3 s“1 o f w ater from  the  Rhine; W esterschelde 
and Ems-Dollard each receive 100 to  150 m 3 s-1 o f 
fresh w ater from  th e ir tributaries. Veerse M eer 
ex p e rien ces  a lm ost p e rm a n e n t s tra tifica tio n , 
whereas in G revelingen and Ems-Dollard only a 
few deep channels are stratified during  sum m er. 
T h e  W este rsch e ld e  (m arin e  sec tion), O o s te r
schelde, and W adden Sea estuaries a re  completely- 
m ixed tidal systems. W esterschelde and Ems-Dol-
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Fig. 2. a. Loadings o f total phosphorus (triangles), o rth o 

phosphate (squares); (b) total n itrogen  (diamonds), n itra te  (tri
angles), and am m onium  (squares) o f  the  R hine R iver n ear the 
G erm an-D utch b o rd e r (van de r V eer e t al. 1988).

lard  are extrem ely tu rb id , G revelingen has very 
clear water, and O osterschelde, Veerse M eer, and 
W adden Sea are in-between (Table 1).

T h e re  is no one specific factor tha t limits grow th 
o f algae in D utch estuaries. In  the  tu rb id  W ester- 
schelde the  availability o f light limits phytoplank
ton dynamics. In p art o f  the  W estern W adden Sea 
phosphate may be potentially lim iting (Veldhuis 
1987). N itrogen may be the  lim iting factor fo r phy
toplankton grow th in O osterschelde and G reve
lingen (de Vries e t al. 1988a; W etsteyn et al. 1990), 
and occasionally also in Veerse M eer.

T h e  range o f n u trien t concentrations in Dutch 
estuaries differs greatly. Values above 1 mg I-1 for 
N, P, and Si seldom occur in O osterschelde and 
Grevelingen and n u trien t concentrations freq u en t
ly approach zero during  blooms o f phytoplankton. 
Veerse M eer has h igher m axim um  values fo r N 
and Si, bu t depletion occurs during  the growing 
season (Daemen 1985; de Vries et aí. 1988b). Wes- 
terscheide and Ems-Dollard have the  highest nu-
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T A B LE 1. P roperties o f  th e  D utch estuaries, derived from  W ollast (1988) and B okhorst (1988) fo r W esterschelde, from  Pro jectg roep  
Balans (1988) and W etsteyn and  Peperzak (1988) fo r O osterschelde, from  N ienhuis (1985) and de Vries e t al. (1988a) fo r G revelingen, 
from  D aem en (1985) and  S tronkhorst e t al. (1985) fo r V eerse M eer, from  E O N -projectgroep (1988) fo r W adden Sea, and  from  
Rijksw aterstaat (1985) fo r Ems-Dollard. Load =  freshw ater load.

Westerschelde Oosterschelde Grevelingen Veerse Meer Ems-Dollard Wadden Sea

A rea (km2) 300 350 108 22 460 1,200
Residence tim e (d) 3 0 -9 0  5 -4 0  180-360  ± 1 8 0  14-70  8 -1 5
L oad (m3 s”1) 100 20 5 3 150 400
T ides +  +  — — +  +
Stratification — — ±  +  ±  —
E xtinction coefficient (m~') 0 .5 -7  0 .4 -1 .5  0 .2 -0 .5  0 .3 -1 .4  1-7  0 .5 -3
C hlorinity (%o) 0 -1 7  15-17  14-16  8 -1 2  0 -1 7  10-17

trien t concentrations, never approaching zero d u r
ing spring and sum m er and reaching high values 
during  w inter (8 m g l ' 1 N, 4 m g I-1 P, and 9 mg 
I-1 Si) (Rijkswaterstaat 1985; B aretta and Ruardy 
1988a; Bokhorst 1988).

T h e  total n itrogen  loadings to  D utch coastal wa
ters vary two orders o f  m agnitude (4-235 g N m -2 
yr-1, T able 2). M ean N concentrations show a m uch 
sm aller range o f 0 .5 -4 .6  m g I-1. Obviously n itro 
gen loads o f 4 0 -2 0 0  g N m -2 y r-1 do no t give rise 
to  extrem ely high chlorophyll concentrations d u r
ing sum m er in the tu rb id  D utch estuaries and in 
the  coastal waters. In  such places light availability 
ra th e r than  n u trien t supply may limit net prim ary 
production. In  the  clear waters o f  Veerse M eer, a 
load o f 34 g N m -2 y r-1 results in high chlorophyll 
concentrations (100 m g chi a m _s, o r even higher; 
de Vries et al. 1988b). Production o f phytoplank
ton  biomass in Veerse M eer, and consequent de
position o f particu late organic carbon on the  bo t
tom  sediments, was large enough during  1980- 
1983 to  increase the  area o f anaerobic sedim ent 
from  4% to 25% o f the  bottom  surface (Stronk
horst et al. 1985). Veerse M eer Lagoon is vulnerable 
to  eu trophication  because o f the long residence 
tim e o f the  w ater mass, the  low extinction coeffi
cient, and the almost perm anen t stratification.

O osterschelde has a very low N loading, and cor
respondingly low chlorophyll concentrations (Ta-

TA B LE 2. N itrogen  and chlorophyll in D utch estuaries and 
coastal waters. Data derived from  de Vries e ta l. (1988b); SMOES- 
m odel calculations (H. Schölten, personal com m unication; 
R ijksw aterstaat 1985).

Load
(g N m-2 yr-1)

Mean Winter 
Concentration 

N-NH4+ N -N O r 
(mg l j

Mean Chlorophyll 
Concentration 

Summer (mg Chi.
a m-s)

N o rth  Sea coastal 40 0.5 15
Dollard 61 3.5 40
W adden Sea 50 1,2 30
W esterschelde 235 4.6 30
O osterschelde 5 1.0 5
G revelingenm eer 4 0.7 5
V eerse M eer 34 3.0 100

ble 2). Owing to  the design o f the D eltaplan, Oos
terschelde has been largely separated from  flow o f 
the Rhine. O osterschelde is mainly influenced by 
m arine coastal w ater which contains low concen
trations o f total n itrogen  (less than  0.5 mg N I-1; 
B rockm ann et al. 1988). M athem atical m odel cal
culations revealed tha t a reduction  o f 50% o f the 
n itrogen  load o f the R hine River would only lead 
to a reduction o f less than  6% o f the N concentra
tion in O osterschelde (Simulation Model O oster
schelde Ecosystem; H. Schölten personal com m u
nication).

Grevelingen Lagoon has a low N loading (4 g N 
m -2 yr-1, T able 2) in contrast with Veerse M eer. 
M athem atical m odel simulations (de Vries e t al. 
1988a) suggested th a t production  o f phytoplank
ton in Grevelingen is lim ited by nitrogen  ra th e r 
than  by light availability. In  addition, the  N:P ratio  
o f dissolved nutrien ts in G revelingen Lagoon d u r
ing w inter is 2 to  4, po inting to  a surplus o f  phos
phate, notw ithstanding the  dom inance o f n itrogen  
in the discharge w ater en tering  the lagoon (N:P =  
22:1). Model calculations showed a high turnover 
o f n itrogen  in the w ater column. T h e  chain o f 
processes, n u trien t uptake by phytoplankton, to 
form ation o f organic m atter in algal cells, to  m in
eralization o f dead algae, to  regeneration  o f nu 
trients, etc., repeats about eight times p er year in 
Grevelingen. T his implies th a t about 90% o f the 
annual prim ary production  o f phytoplankton is 
supported by regenerated  nutrients, especially N H 4 
(de Vries and H opstaken 1984; de Vries et al. 
1988a).

Biological Effects o f Eutrophication and 
Water Management

E f f e c t s  o n  P r i m a r y  P r o d u c e r s

In  Fig. 3 a tentative carbon budget o f the  main 
categories o f prim ary producers in all D utch es
tuaries is given. I t has to  be realized tha t the  “pies” 
depict average, annual, in tegra ted  data, useful for 
reasons o f com parison, b u t do no t reflect tem poral 
and spatial variability. Phytoplankton a re  the  dom-
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Fig. 3. P relim inary average annual carbon  budget o f  prim ary producers in D utch estuaries (N ienhuis 1989a; R ijkswaterstaat 
1985; B aretta  and R uardy 1988a [Ems-Dollard]; de  W ilde and  Beukem a 1984; Vosjan 1987; B aretta  and R uardy 1988b [W adden 
Sea]; W etsteyn e t al. 1990 [O osterschelde]; and Coosen e t al. 1990 [Veerse Meer]). SG =  seagrass; MAS =  m acroalgae on  soft 
substrates; M AH =  m acroalgae on h a rd  substrates; SMP =  salt-m arsh plants.

inant prim ary producers in D utch estuaries, con
tribu ting  45% to 71% to the  overall annual budget 
o f organic m aterial (Fig. 3). N otw ithstanding the 
large differences in n u trien t loadings o f the sepa
ra te  waters, prim ary production  o f phytoplankton 
only shows a 2.4-fold difference betw een the  light- 
limited, tu rb id  Ems-Dollard (100 g C m -2 yr-1) and 
W esterschelde (125 g C m “2 yr-1), and the  clear, 
presum ably not nu trient-lim ited  Veerse M eer (240 
g C m -2 yr-1). P roduction  levels in W adden Sea, 
Oosterschelde, and G revelingen are interm ediate.

P roduction  o f m icrophytobenthos (benthic dia
toms, g reen algae, etc.) is roughly 30% to 70% of 
th e  p ro d u c tio n  o f  p h y to p lan k to n . In  W ester- 
schelde estuary the  relative share o f benthic mi
crophytes is high, based on a P /B  ratio  derived 
from  very high biomass data, sam pled on intertidal

flats (D. J . de Jo n g  personal com m unication, Dienst 
G etijdew ateren).

Both production  and biomass o f m icrophyto
benthos in the W estern W adden Sea show an in
creasing tren d  over the period  1968-1981, possi
bly related  to  the  increasing eu trophication  o f the 
W estern W adden Sea. T h e  in terp re ta tion  o f causes 
is confused by large tidal, seasonal, and year-to- 
year variability in the  W adden Sea, to g eth er with 
changes in the stations caused by dredging. M ore
over, im provem ents in the  m easuring m ethods o f 
organic m atter, chlorophyll, and prim ary p roduc
tion in terfere  seriously with the  assessment o f any 
long-term  tren d  in input o f nu trien ts to  the  W est
ern  W adden Sea (Cadeé 1980).

In  several reports by w ater m anagers the  sug
gested positive relation betw een prim ary produc-
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Fig. 4 a) A nnual 14C phytop lank ton  prim ary  production , 

in teg rated  over th e  w ater colum n, a t two stations in th e  W estern 
W adden Sea, M arsdiep tidal inlet, and in n er W estern  W adden 
Sea (com pilation derived from  van de r V eer 1988), and (b) at 
one station in eastern  O osterschelde before , during , and afte r 
th e  construction  o f  th e  storm  surge b a rrie r  (data derived from  
V egter and de V isscher 1987 [data fo r 1985]; N ienhuis 1989b; 
W etsteyn e t al. 1990).

tion and eu trophication  in the  W estern W adden 
Sea has been m entioned, sometimes as a causal 
relation (Rijkswaterstaat 1989), sometimes as a 
noncausal, suggested  re la tio n  (R ijksw aterstaat
1990).

It may be questioned w hether increasing n u tri
en t loading o f the  w ater mass o f the W estern W ad
den Sea should necessarily give an increase in p ro 
duction and biomass o f  m icrophytobenthos. O r 
stated otherw ise, the  relation betw een an increas
ing n u trien t load o f the  w ater mass and increasing 
m icrophytobenthos activity suggests a lim iting role 
fo r these nu trien ts befo re eutrophication  started. 
T his is unlikely in the  W estern W adden Sea, since 
n u trien t concentrations in the  in terstitial w ater of 
subtidal and in tertidal flats are  far h igher than  in 
the  w ater colum n because o f the accum ulation o f 
decom posing organic m atter in shallow-water sed
iments. In  O osterschelde estuary which is less eu- 
trophic than  the  W adden Sea (Table 2), de Jong

et al. (1990) found th a t n u trien t supply from  in
terstitial water in the  sedim ent is no t lim iting the 
grow th ra te  o f in tertidal m icrophytobenthos.

Phytoplankton productivity should reflect m ore 
directly a possible effect o f an increasing tren d  in 
n u trien t loadings than  m icrophytobenthos p ro 
duction. Phytoplankton productivity in the  W est
ern  W adden Sea increased during  1965-1986 (Fig. 
4a; data derived from  van der V eer et al. 1988). 
However, owing to  the  scanty data, the  large vari
ation in the  data set, and the m ethodological 
changes in the  course o f tim e (Cadée 1980, 1984, 
1986; Cadée and H egem an 1974a, b, 1977), the 
significance o f the increase is unclear.

A lthough cu rren t velocities, visibility o f  the  wa
te r mass, n u trien t load, and seston quantities (W et
steyn et al. 1990) in the Oosterschelde estuary 
changed dram atically afte r the construction o f a 
storm  surge b arrie r and two auxiliary dams, annual 
phytoplankton prim ary production  did no t change 
notably (Fig. 4; V egter and de Visscher 1987; W et
steyn et al. 1990). N either an increasing n o r a de
creasing tren d  is detected. T h e  construction o f  the 
storm  surge b arrie r was finished in 1986, b u t no 
break  in the production  data could be observed 
(Fig. 4b). W etsteyn et al. (1990) and Schölten et 
al. (1990) though t th a t the  decreased n u trien t load
ing o f O osterschelde estuary was com pensated by 
an increase in light penetra tion  th rough  the water 
colum n, resulting in almost the same in tegrated  
level o f prim ary production  o f phytoplankton on 
an annual basis.

Data from  O osterschelde show how cautiously 
“correlations” should be draw n betw een environ
m ental param eters and phytoplankton productiv
ity. Obviously, the  in tegra ted  p aram eter prim ary 
production is a robust characteristic o f the  pelagic 
e s tu a r in e  ecosystem , show ing la rg e  re silien ce  
against changes in the  environm ent (cf. H erm an 
and Schölten 1990).

High turbidity  and exposure to  waves and tides 
prevents the potential sedim ent habitats in Wes- 
terschelde and Ems-Dollard from  being invaded by 
m acrophytes. O osterschelde and  W estern W adden 
Sea have only local grow th o f m acrophytes on sed
im ent substrates in sheltered regions, such as Balg- 
zand, Zandkreek, and K rabbenkreek em baym ents 
(Fig. 1). In the  brackish lagoons Grevelingen and 
Veerse M eer, m acroalgae (mainly green  algae) and 
seagrasses contribu te significantly to  the  carbon 
budget. In  Grevelingen the  roo ted  seagrass Zostera 
marina covers 20% o f the  surface area o f  the lagoon 
and has a net production  o f 150 g C m -2 yr-1. T h e  
eelgrass contributes only 14% to the  annual carbon 
budget, while phytoplankton provides 60% (Fig. 
4).

In  eutrophic waters, such as Veerse M eer, mac
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roalgae becom e m ore prom inent. H ere  seagrasses 
cover only 3% o f the  surface area o f the lagoon 
w hile m acro a lg ae— m ainly  Ulva— co v er 20% 
(Hannewijk 1988). T h e  lagoon is dom inated by 
Ulva species during  sum m er, p roducing roughly 
500 g C m -2 yr-1 in shallow areas. T h e  contribution 
to  the  annual carbon budget o f Veerse M eer is 120 
g C m -2 yr-1, which is 27% o f the lagoon’s budget 
(Fig. 3). T h e  high n itrogen  load o f Veerse M eer 
no t only results in a high production  o f phyto
plankton, bu t also in mass grow th oïU lva  in shallow 
areas.

Light rem ains the dom inant factor for p roduc
tion processes. Veerse M eer, eutrophic and clear, 
has the highest total prim ary production  o f all es
tuaries in T h e  N etherlands, roughly 450 g C m -2 
yr-1, and light-lim ited Ems-Dollard estuary has the 
lowest value, roughly 160 g C m -2 y r '1.

A num ber o f biological effects have been linked 
to  the  increasing eu trophication  in the Dutch 
coastal waters and the  W estern W adden Sea (see 
for sum m ary Nelissen and Stefels 1988): an in
creasing biomass and production o f m icroalgae and 
an increasing dom inance o f flagellates over dia
toms. W hether th e re  exists a cause-effect relation 
betw een eu trophication  and algal blooms rem ains 
unresolved. Cushing (1990) postulated tha t in the 
w estern N orth  Sea, betw een the  1950s and 1970s, 
phytoplankton production  was reduced consider
ably owing to  the  occurrence o f strong northerly  
winds and gales that delayed the  tim e o f the onset 
o f  p roduction  in spring. T h e  in teraction betw een 
physical climatic factors (tem perature, wind), act
ing on a tim e scale o f decades to centuries, and the 
regional o r local factors (eutrophication, pollu
tion), acting on a tim e scale o f weeks to  decades, 
makes in terpretation  o f biological phenom ena very 
complicated.

A ccording to  R ichardson (1989), blooms o f phy
toplankton, toxic o r nontoxic species, are  a natural 
phenom enon in the  coastal and central parts o f  the 
N orth  Sea. However, eu trophication from  an th ro 
pogenic sources gives rise to  an increase in the 
intensity and frequency o f such algal blooms in the 
coastal areas, possibly stim ulating the  frequency of 
oxygen depletion, and thus seriously affecting eco
system functioning.

T h e  relation betw een eu trophication  and mi- 
croalgal p roduction, m entioned fo r D utch coastal 
and W adden Sea waters, can hardly be achieved 
for the estuaries and lagoons in the  southw estern 
N etherlands. V eerse M eer and G revelingen have 
their own specific eu trophication  stories, starting 
respectively in 1961 and 1971, when the  estuaries 
were closed off from  the  sea. Long-term  series, 
such as those published for the  W adden Sea by 
Beukem a and Cadée (1986), are not available for

O osterschelde estuary. For W esterschelde, Bok
horst (1988) sum m arized a series o f physico-chem
ical characteristics over the  period  1982 to  1988. 
In W esterschelde estuary the tim e series o f  chlo
rophyll concentrations in the  w ater colum n show 
a rising trend . T his tren d  can partly  be explained 
by variations in the  spring light extinction. T h e  
rem aining p art to  be in te rp re ted  is unclear and can 
hardly be due to an increase in n u trien t concen
trations (H erm an and H um m el 1989). Effects o f 
eu trophication o f the delta waters have been ob
scured (except for W ester schelde) by the  execution 
o f the Deltaplan, which drastically altered  the  hy
drography o f the area.

E f f e c t s  o n  H i g h e r  T r o p h i c  L e v e l s

Phytoplankton are the  dom inant prim ary p ro 
ducers in all D utch estuaries. Roughly 10% to 20% 
of the phytoplankton net p roduction  in D utch es
tuaries is grazed by herbivorous Zooplankton (C. 
Bakker personal com m unication). Generally, in 
deeper coastal waters a m uch larger p a r t is con
sum ed by Zooplankton (Valiela 1984).

T h e  prom inent food link in G revelingen, Oos
terschelde, and the  W adden Sea is dom inated by 
phytoplankton to  benthic filter feeders such as 
mussels and cockles. T h e  tu rnover ra te  o f nu trien ts 
in these ecosystems is determ ined  by the  filtering 
capacity o f benthic filter feeders. T heoretically, 
every 5 to  10 days the  en tire  volum e o f w ater o f 
the estuaries m entioned circulates th rough  the  fil
tering  apparatus o f the  suspension feeders. F ilter 
feeders act as natu ra l controllers o f eutrophication  
processes (Officer et al. 1982); they transfer o r
ganic m aterial from  the  w ater colum n onto  the 
bottom  sediments. M oreover, they accelerate the 
regeneration  o f nu trien ts from  the  deposited par
ticulate organic m atter, thereby  enhancing the p ri
m ary production  o f phytoplankton, as was assumed 
fo r Grevelingen (de Vries et al. 1988a).

T h e  chain o f processes— partly m easured, partly 
theoretical— from  biodeposition to regeneration  
o f nu trien ts and the coupling betw een nitrification 
and denitrification is d irected  by the  load o f o r
ganic m aterial to  the  sedim ent. In  this context, 
denitrification is undoubtedly a significant process 
in estuarine ecosystems. Rates o f gaseous losses o f 
n itrogen  in the  range o f 5 m g N m -2 d _1 to  70 mg 
N m '2 d “1 were determ ined  in Belgian, D utch, and 
Danish coastal sediments, rep resen ting  8% to 23% 
o f the am ount o f n itrogen  m ineralization in the 
benthic subsystem (Billen and Lancelot 1987). 
However, when the increasing load o f organic m a
terial on the bottom  exceeds the capacity o f  aerobic 
m ineralization, anaerobic conditions will prevail in 
the  sedim ent, leading to  death  o f  bottom  fauna 
and a disconnection o f nitrification and denitrifi-
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Fig. 5. C hanges in to ta l m acrozoobenthos p roduction  (in g 
AFDW  m -2 yr-1) du rin g  a 15-yr period  in a tidal flat in the  
W estern W adden Sea; estim ates based on samples taken  along 
12 transects (in te rru p ted  lines) and  in th ree  perm an en t plots 
(un in te rru p ted  lines) (Beukem a and Cadée 1986).

cation. M athem atical m odel calculations simulate 
tha t a loading o f approxim ately 10 g N m -2 yr-1 
o r m ore uncouples the  eu trophication  controlling 
processes (de Vries et al. 1988a).

Veerse M eer experiences a N load o f 34 g m -2 
yr-1 in com bination with a long residence time of 
the  water, perm anen t stratification mainly in the 
eastern section, and clear w ater during  a consid
erable part o f the  year. Obviously, the  chlorophyll 
concentrations in this lagoon cannot be controlled 
by the bottom  fauna, a lthough a substantial benthic 
biomass is available (Coosen et al. 1990).

Beukem a and Cadée (1986) suggested th a t in
creased n u trien t concentrations in D utch coastal 
waters and in the  W estern W adden Sea induced 
increased prim ary production , which, in tu rn , in
creased secondary production. Both au thors are 
careful enough no t to  exclude several alternative 
factors tha t may have con tribu ted  to  the observed 
trends, such as the  decrease during  the  last decades 
o f various toxic substances, like heavy metals and 
insecticides in the  R hine River and in the  Dutch 
W adden Sea (Dijkzeul 1982; Essink 1985), an  in
crease in the  concentration  o f suspended organic 
m aterial, and an increase o f the  sedim entation ra te  
at many o f the tidal flats in the  W estern W adden

Sea. A ccording to Beukem a and Cadée (1986), it 
appears to be virtually impossible to  estim ate the 
contribution o f these factors to  the  observed in
creases in productivity.

Decom posing algal stocks may deplete dissolved 
oxygen. Low oxygen concentrations were ob
served in the 1970s during  sum m ertim e in the 
W estern W adden Sea (Tijssen and  van Bennekom  
1976), and in the 1930s in seagrass beds during  
the n ight (Broekhuysen 1935). No negative effects 
on the  zoobenthos were observed during  the past 
20 years. Local mass m ortalities o f  zoobenthos may 
be re la ted  to  forced m ineralization o f deposited 
algal blooms (Beukema and Cadée 1986). Accu
m ulation o f decom posing m acroalgal m aterial 
causes local death  to  m acrozoobenthos, for ex
ample, in places w here m uch Ulva and  Enteromor
pha d rift ashore (cf. Reise 1984).

M acrozoobenthos production  and biomass at 
Balgzand, a tidal flat area in the w esternm ost part 
o f the W adden Sea, doubled over a period  o f 15 
years (Fig. 5; Beukem a and Cadeé 1986). Focus
sing, however, on the period  1970-1980, the pe
riod o f the  most severe eu trophication  o f the Rhine 
River (Fig. 2), no increasing tren d  can be detected  
in m acrozoobenthos biomass; a “ norm al” year-to- 
year variation betw een 15 g AFDW  m -2 and 26 g 
AFDW  m -2 is observed (Beukema 1982).

Data from  the W adden Sea reveal how strongly 
m acrozoobenthos biomass and  production values 
vary over tim e and in space. Many biological and 
abiological factors modify these processes: density- 
dependent and density-independent population 
regulation, lethal effects o f  severe winters, im pact 
o f  the building o f large civil engineering construc
tions and m anipulations with the  tidal factor (Oos
terschelde), fisheries activities (Oosterschelde) and 
presumably eutrophication (W adden Sea). We know 
far too little to attribu te causal explanations to these 
variations (cf. Beukem a 1989; de Jonge and Essink
1991).

Besides the argum ents m entioned, caution is 
needed in exemplifying a positive relation  betw een 
benthos production  and biomass and eutrophica
tion, because this relation  presupposes the exis
tence o f food lim itation for the  benthos. It is un 
likely tha t in a eutrophicated  system fu rth e r 
addition o f nu trien ts m ight enhance the  p roduc
tivity o f filter feeders. Model calculations fo r O os
terschelde estuary showed tha t a doubling o f the 
n u trien t load on the  ecosystem only increased ben
thic filter-feeder biomass by 2.5% (H erm an and 
Schölten 1990). From  budget calculations based 
on estim ates o f  com m unity m etabolism , de W ilde 
and Beukem a (1984) suggested th a t a shortage 
ra th e r than  an abundance o f organic m atter as 
food existed fo r the benthic fauna in the  W estern
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W adden Sea because about 90% o f  the  prim ary 
food available will be m ineralized in the  bottom  
sediments, e ither aerobically (68%) o r anaerobical
ly (21%).

Beukem a and N ienhuis (1985) came to  a con
trasting  conclusion: ra th e r than  a shortage in food 
supply, the  availability o f suitable habitats, p reda
tion pressure, and the  quality o f  the food (organic 
m aterial) may decide w hether m acrozoobenthos 
biomass expansion is limited.

Going th rough  the estuarine food web, at the 
level o f the secondary consum ers, the  energy from  
the sun, substantiated in prim ary organic m atter, 
is so far fractioned and dissipated that in term s o f 
consum ption and production  only a few g C m -2 
yr-1 is left. Many carnivores occur in the estuarine 
ecosystem, and all o f  them  have their own spe
cialized ways o f catching their prey, consuming their 
food, and assimilating what is necessary for grow th, 
respiration, and reproduction. It is impossible to 
couple eu trophication  to  the  occurrence o f top 
predators.

A t low water, tidal flats are a very well-laid table 
for a wealth o f waterfowl (waders, ducks, geese), 
each having th e ir own feeding strategy. O oster
schelde estuary can be taken as an  example. O ver 
200,000 m igratory  birds, mainly carnivorous wad
ers (max. 150,000) and herbivores (max. 40,000), 
use the  estuary as w intering grounds. O ystercatch- 
e r (Haematopus ostralegus) and dunlin  (Calidris al
pina), with m axim um  num bers in w inter o f  87,000 
and 53,000 respectively, a re  the dom inant waders 
(data Rijkswaterstaat, M iddelburg; M eire et al. 
1989). M eire and Coosen (1985) calculated that 
roughly 20% of the m acrozoobenthos biomass is 
consum ed annually by birds.

Grevelingen Lagoon: A Case Study
Grevelingen Lagoon offers an excellent example 

o f long-term  changes in the num bers and biomass 
o f secondary consum ers following the  closure of 
the estuary in May 1971. Before 1971 when G reve
lingen was still a tidal estuary, a considerable pop
ulation o f m igratory  m arine flatfish (plaice, dab, 
sole) lived in the  estuary. T h e  closure o f  the  estuary 
m eant a blockade for the  rem aining population o f 
flatfish. T h e ir m igratory behavior was counteract
ed and hence th e ir usual way o f reproduction . T h e  
seawalls su rrounding  the  lagoon prevented  them  
from  re tu rn in g  to  th e ir spawning grounds in the 
N orth  Sea. F igure 6 shows a gradual decline in the 
num ber o f flatfish to  a very low level at the  end of 
the 1980s.

M igratory birds, carnivorous waders exploited 
the  in tertidal flats in G revelingen estuary before 
May 1971. Owing to the  closure o f the  estuary the 
w ater level was fixed, and consequently all in te r

—  birds
—  fish

birds -  herbivores 
bi7ds~-"piscivores

gobiid fish

birds-carnivorous 
waders 

■Hlatfish
1970f 72 7U 76 78 80 82 8¿ 86 88 

closure
Fig. 6. L ong-term  changes in relative num bers o f  dom inant 

groups o f  prim ary  and secondary consum ers in G revelingen 
Lagoon, following the  closure o f th e  estuary  in 1971 (derived 
from  N ienhuis 1985). Only qualitative trends a re  given; annual 
fluctuations have been left out.

tidal flats changed into e ither perm anently  sub
m erged sedim ents o r perm anently  dry terrestria l 
shore areas. T hese changes were followed by a 
dram atic drop  in the num bers o f waders directly 
after 1971 (Fig. 6).

T h e  sudden change in May 1971 induced several 
o th er changes on the tertiary  trophic level. T h e  
num bers o f  small gobiid fish (Pomatoschistus minu
tus, P. microps, Gobius niger) and small pelagic fish 
(Gasterosteus aculeatus, Sprattus sprattus, Atherina 
presbyter) increased gradually afte r the  closure (Fig. 
6). All these fish species took advantage o f the  de
creased exposure o f the  lagoon, the  availability o f 
su itab le  b re e d in g  h ab ita ts , an d  p ro p e r  food  
(Doornbos 1987). T h e  closure o f  Grevelingen 
estuary resulted  also in a m ajor increase in the 
num bers o f  piscivorous birds (great crested grebe, 
Podiceps cristatus', corm orant, Phalacrocorax carbo', 
red-breasted  m erganser, Mergus serrator). This 
change in num bers is re la ted  to  the  m uch higher 
transparency o f the  w ater (the birds are visual 
predators) and the  availability o f prey items. T h e  
prey taken by grebes and m ergansers are  usually 
small: 60% o f the  fresh weight o f th e  stom ach con
tents o f these birds consisted o f gobiid fish (D oorn
bos 1984).

M igratory herbivorous birds (geese, ducks, m ute 
swan [Cygnus olor], and coot [Fulica atra]) took also 
great advantage o f the  new situation in Greveling
en Lagoon afte r May 1971, which b ro u g h t them  
food and shelter (Slob 1989).

Eelgrass, Zostera marina, a rooting , subm erged 
phanerogam , found an open niche— the sheltered 
subtidal sand flats— after May 1971. T h e  species 
colonized the  lagoon from  the  original pre-1971 
sites, reached a m axim um  distribution in 1978, and 
showed a fluctuating p a tte rn  th e reafte r owing to 
com plex causes beyond the  scope o f this review (cf.
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Fig. 7. R elation betw een m axim um  aboveground  biomass 
o f  Zostera marina in G revelingen Lagoon du rin g  Ju ly -A u g u st 
and th e  num ber o f  bird-days o f  herb ivorous waterfowl in G reve
lingen Lagoon in th e  subsequent au tum n and w inter over the  
period  1973-1987; n =  9; r  =  0.74; p  <  0.025.

Nienhuis 1983). Zostera marina is the  dom inant 
m acrophyte food source in G revelingen Lagoon. 
T h e  m axim um  aboveground biomass o f  Zostera ma
rina in Ju ly -A ugust, over the  period  1973 to  1988, 
showed a significant correlation with the  num ber 
o f bird-days o f herbivorous birds {Fulica atra, Anas 
penelope, Anas plathyrhynchos, Anas crecca, Branta ber
nicla, Cygnus olor) in the  subsequent autum n and 
w inter (r =  0.74, p <  0.025, n =  9; Fig. 7). Al
though the  birds only consum e 4% o f the annual 
ab o v e g ro u n d  p rim a ry  p ro d u c tio n  o f  ee lg rass 
(Nienhuis and G roenendijk  1986), tha t is, 11% o f 
the  peak standing crop in August, the  correlation 
betw een the num bers o f birds present and their 
p re ferred  food source is significant. Obviously a 
large p art o f the peak standing crop is no t available 
to  the birds because it is beyond the  reach o f their 
bills, o r because the  arrival o f  the  birds does not 
coincide with m axim um  standing stock ô f the  mac
rophytes; when m ost birds arrive later in the  year, 
the larger p a rt o f  the  seagrass biomass has already 
decomposed.

Final Remarks
T h e  effects o f w ater m anagem ent in Greveling

en Lagoon are clearcut (Figs. 6 and 7) following a 
sudden change in environm ental circumstances. 
T h e  chain o f argum ents in favor o f a relation  be
tween eu trophication  and food chain functioning 
is far m ore diffuse. Eutrophication is a slow and 
gradual process, loading the  estuary with nutrients, 
presum ably giving rise to  h igher prim ary p roduc
tion and, far less convincing, to  h igher secondary 
production  and biomass (cf. examples from  the 
W adden Sea). Does a h igher secondary production,

th a t is, m ore food for waders, also lead to  a larger 
population o f m igratory birds?

T h e  effects o f chronic eu trophication, like an- 
aerobiosis, toxic algal blooms, mass kills o f  benthic 
and epibenthic animals and changes in species pat
terns, are  all too obvious in many estuarine areas 
in the world (e.g., Baltic, R osenberg 1985; n o rth 
ern  A driatic, Sfriso et al. 1987; Black Sea, Bologa 
1989). N ontidal areas with a long residence time 
o f the w ater mass and prevailing sedim entation and 
stratification appear to  be most vulnerable to  eu
trophication. Once the  unw anted, negative effects 
o f eu trophication  em erge, the  process is very dif
ficult to stop. Subsequent delivery o f nutrients from  
underw ater sedim ents may ex tend  the  process for 
many years.

Fortunately the  situation along the D utch coast 
is, as yet, no t as pronounced  as th a t sketched for 
the brackish areas abroad. As long as we do not 
know in detail the long-term  effects o f  eu troph i
cation on estuarine ecosystem functioning, the p re
cautionary principle (Portm an 1989) should be 
supported: avoiding excessive inputs o f  nu trien ts 
and reducing fu tu re  loadings to  D utch estuaries 
and coastal waters. Political decisions in favor o f 
th a t precautionary  principle have already been 
taken by the  governm ents o f the  countries b o r
dering the  N orth  Sea. By 1995 these countries will 
have im plem ented a phosphorus- and nitrogen-re- 
moval capacity leading to a reduction  o f effluent 
loads o f 50% (T h ird  In ternational C onference on 
the  P rotection o f the N orth  Sea 1990).
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