
Vol. 105: 1 9 - 2 9 ,  1994 MARINE ECOLOGY PROGRESS SERIES 
Mar. Ecol. Prog. Ser. P ub lishe d  F eb ru ary  17

One foot in the grave: Zooplankton drift into the 
Westerschelde estuary (The Netherlands)
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ABSTRACT: The  net growth  ra te of m arine  Zooplankton en te r ing  the W este rschelde  es tuary  w as in v es
t iga ted  using an  advec tive-dispers ive  transport  m odel  that  sim ulates  Zooplankton biomass behav ing  
conservatively in the  estuary. Total biomass of m arine  zooplankters  in the W este rsche lde  w as  m uch  
lower than  w ha t  would be ex pec ted  based  on transport  alone, indicating  negat ive  growth  rates in the 
estuary. Including a ne t  consum ption term in the transport  m odel  a llowed the estimation* of total net 
mortality. About 3 % of all m arine  zooplankters  that e n te r  the  W esterschelde  with the flood curren ts  a re  
re ta ined  in the estuary, w h e re  they die. On average,  5 % of the total m arine  Zooplankton biomass in the 
estuary  d ied  per  day. Each year a ne t  am oun t  of ab o u t  1500 t of Zooplankton dry  w eigh t  (DW) is 
imported  from the sea  to the  estuary. T hus  in the  W esterschelde  the  m arine  Zooplankton persists mainly 
du e  to continuous rep len ishm en t  from the sea. Average  ne t  p roduc tion /b iom ass  ra tes of the major 
marine  Zooplankton species varied  from -0 .02  g DW (g DW) ' 1 d ~ 1 (Temora longicornis) to -0 .39  g DW 
( g D W ) '1 cri' (Pseudocalanus e lo n g a tu s ). In the estuary, the d ifferential  mortality of these  species 
resulted in shifts in d o m inance  within the Zooplankton comm unity  rela tive  to tha t  in the sea. Possible 
causes of this Zooplankton mortality a re  discussed.
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INTRODUCTION

The W esterschelde es tuary  (about 100 km long) is a 
turbid, well-mixed, eutrophic  es tuary  in the southw est 
of The N ether lands  (Heip 1988). W ater m asses in the 
most u ps tream  par t  have relatively high residence 
times in the estuary (about 50 to 70 d; K. Soetaert & 
P. M. J. H erm an  unpubl.). A turbidity m ax im um  exists 
in the brackish part of the estuary. A m assm ent of 
decay ing  organic m atte r  in this region causes oxygen 
depletion  in sum m er (Billen et al. 1988).

The temporal and  spatial p a t te rn s  of the Zooplankton 
in the W esterschelde w ere  s tud ied  by Soetaert & Van 
Rijswijk (1993). T here  is a w ell-developed  community 
in the brackish par t  which consists mainly of E ury
temora affin is  in w inter-spring and  Acartia tonsa  in 
summer. U pstream  the survival of these  species is h in 
dered  by the low oxygen con ten t of the water. In the 
more m arine  par t  of the es tuary  Zooplankton p o p u la 
tions, which  include species such as E uterpina acu 
tifrons, Acartia clausi, P seudocalanus e longa tus  and 
Temora longicornis, en ter  the es tuary  from the sea.

They are  first obse rved  in spring, have  their  la rgest 
population  size in sum m er and  decline and  d isappea r  
from the  es tuary  in winter. Both the m arine  an d  b ra c k 
ish Zooplankton popula tions are  se p a ra te d  by a zone 
w h ere  m em bers  of both  species are  in te rm ingled,  but 
w h ere  total density  is low.

In the cu rren t  study w e exam ined  w h e th e r  the 
m arine  populations of the W esterschelde are  able to 
m ain ta in  themselves, an d  w h e th e r  they thrive or are 
deteriorating. This re la tes  to the p rob lem  of coastal 
eutrophication: e s tu a n e s  are  know n to be  im portan t 
sources of nutr ients  and  organic carbon (Wollast 1976) 
to the sea. This p a p e r  add resses  the ques tion  of the 
ex ten t to which the es tuary  acts as a source or sink of 
marine zooplanktonic carbon.

MATERIAL AND METHODS

Sam pling and sam ple treatm ent. For 2 yr (April 1989 
to M arch  1991), 12 stations located a long a salinity 
g rad ien t  w ere  sam pled  monthly. T hree  100 1 sam ples
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Fig. 1. The  W esterschelde e s tu 
ary (The Netherlands),  showing 
the  13 com partm en ts  used  in 
the m odel  a n d  the sampling 
locations (* ) .  The  dashed-  
dotted  line indicates the border  
b e tw ee n  Belgium an d  The  

N e therlands

w ere  collec ted with a pu m p  from different dep ths 
(2.5 m  below  the  surface, 2.5 m above the  bottom, m id 
depth)  an d  p o u red  over a 55 pm mesh. For a more 
tho rough  description of sam pling m ethods  an d  sam ple 
processing ,  refer  to Soetaert  & Van Rijswijk (1993). 
T he  station locations a re  show n in Fig. 1. Dry weights  
of copepods  w ere  es t im ated  by m eans  of length- 
w e ig h t  regressions,  using  formulae ob ta ined  from the 
li tera ture  (Zurlini et al. 1978, Klein Breteler et al. 1982, 
Kiorboe et al. 1985). N on-copepod  dry  w eights  were  
o b ta ined  from Caste l & Courties (1982). For a list of 
species  be long ing  to the m arine  com m unity  in the 
W esterschelde,  refer  to Soetaert  & Van Rijswijk (1993).

Chlorophyll w as m e asu red  from w ate r  samples 
ta k e n  s im ultaneously  with the Zooplankton samples, 
using  reve rsed  p hase  HPLC (Gieskes et al. 1988).

The dry  w eights  of total m arine  Zooplankton (exclud
ing ben th ic  larvae, protozoans and  rotifers) an d  of the 
most im portan t  Zooplankton species w ere  used  in a 
m ode l of the  W esterschelde tha t sim ulates advective 
an d  dispersive transport.  The pelagic env ironm ent in 
this m ode l is subdiv ided  into 13 com partm en ts  (Fig. 1).

All Zooplankton sam ples  w ere  first t ransposed  to 
the ir  position at mid-tide using the formula:

„  tidal excursion , t 0 .* i  = X m + ----------  c o s ( y 2 n )

(van M a ld eg e m  1988), w h ere  Aj an d  X m are, r e sp e c 
tively, the t ransposed  distance and  the  sam pling  d is
tance  from the  f re shw ate r  boundary, 'tidal excursion' is 
the ave rag e  d is tance a w ate r  mass travels during  a 
tidal cycle (13 km according to van  M ald eg e m  1988), 
and  t /T  is the  time of sam pling  relative to h igh  w ater  
[within (-0.5, +0.5) w h e re  -0 .5  deno tes  ebb  phase

before curren t  h igh  water, +0.5 is ebb  p h ase  after cu r 
ren t  h igh  water]. The t ransposed  sam ples  w ere  then  
assigned  to one of the  model com partm ents  (Fig. 1). In 
practice they occupied  model com partm ents  2 to 13 or 
w ere  t ransposed  into the  sea.

As model input, a synthetic year  was crea ted  by 
tak ing  the  monthly ave rage  (e.g May 1989 and  May 
1990 values av e rag ed  to yield a synthetic May value) 
of samples in any  com partm en t as represen ta t ive  for 
this com partm en t or the sea.

Estim ating net export and net growth of the m arine 
Zooplankton. The concentra tion  of m arine  Zooplank
ton (Cj in the W esterschelde es tuary  changes  te m p o 
rally due to transport (advection and  dispersion) and  
due to in situ  production or mortality. Thus:

d C
dt

dCj
[n e t tra n sp o rt

dC i
[n e t p ro d u ctio n (i)

Viewed over 1 yr, biomass change  of m arine Zoo
p lank ton  is zero as the re  is no g radua l buildup or loss 
of Zooplankton biomass in the estuary. Thus:

3b5

0
Co = 0

from w hich it follows
365

f  d C  I
J  d  (■ I net tra m p

365

= -  ijf n e t p ro d u ctio n d t ( 2 )
o o

In o ther  words: net losses to (or imports from) the sea 
in teg ra ted  over the course of 1 yr must have been  p ro 
d uced  (or died) in the  es tuary  itself.

The m arine  p ar t  of the  W esterschelde  (model com 
par tm en ts  9 to 13 in Fig. 1) is vertically and  laterally 
well mixed; in the brackish par t  (model com partm ents
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3 to 8), small vertical grad ien ts  exist (Peters & Sterling 
1976). As zooplankters do not — in contrast to silt pa r t i 
cles — sed im ent to the bottom, their transport behaviour 
can be modelled as if they w ere  a dissolved substance. 
Dissolved transport in es tuaries can be rep rese n ted  by 
the t ide -averaged  differential equation:

3C i 1 3 1 3 , r - . dC,
Ine’ transport -  ^  3 Í  ( 3 ^ ’ (3)

(O'Kane 1980, T hom ann  & M ueller 1987). M ass t rans
port is a function of the f reshw ater  flow (advective 
transport, first term) and  a transport caused  by h e te ro 
geneities in troduced  by the tides (dispersive transport, 
second term); here, A  is the cross-sectional surface 
area, Q is the advective flow, x  deno tes  space and  E  
is the dispersion coefficient.

This differential equation  is rep laced  by a finite dif
ference approxim ation which is solved numerically  by 
com puter  (K. Soetaert  & P. M. J. H erm an  unpubl.). Thus 
the change  in concentra tions (C,) in the cen tre  of the 
13 m odelled  com partm ents  (Fig. 1) are  described  as:

dC, i
¡n e t tra n sp o rt

- t  [Qm ,, Cm -  Qlil+i C,+ E \ m  (C,tl -  Q  -  E', , ; (C,-  Q_,)]
(4)

(Thom ann & M ueller  1987, K. Soetaert & P. M. J. H e r 
m an  unpubl.) w here  E'l¡+ ¡ = E IJ+,-Au+1 'Ax, the 'bulk' 
dispersion coefficient (m3 d “1 ); Qu+i is the advective 
flow (m3 d " 1) b e tw e en  com partm en ts  i and  i+l; AiJ+1 is 
the flow interface be tw e en  com partm ents  (m2); Ax is 
the dispersion length  (m); and  V, is the volume (m3) of 
com partm en t i. The values of the (constant) dispersion 
coefficients (£') w ere  calibrated  based  on a conserva
tive substance  (chlorinity, K. Soetaert  & P. M. J. H e r 
m an  unpubl.). C o m par tm en t  volumes w ere  obta ined 
from the SAWES da tab a se  (SAWES 1991). Monthly 
values of advective flows w ere  available for the period 
1982 to 1988 (SAWES 1991). For the curren t  study we 
u sed  flow da ta  of the  period 1984 to 1985, bu t  a d v e c 
tive flows w ere  reasonab ly  invariant over the years, 
justifying the use of advective flows from a different 
year  (1984 to 1985) with respect to the observed  Z o o 

plank ton  data  set (average of 1989 to 1991).
The y ear ly  n e t  e x p o r t  of Z oo p lan k to n  b io m ass  to the 

sea, in  g dry  w e ig h t  (DW) y r " 1, c an  b e  e s t im a te d  b a s e d  
on Eq. (4) as:

365
j [Ql3,sea Q 3 + E'l3,sea(Qea “ Cl3 )]df (5)
0

w here  C,3 and  Cse3 are  the concentra tions of Zooplank
ton in the last m odelled  com partm en t and  the sea, 
respectively.

As m arine Zooplankton is not ex c h an g e d  with the 
f reshw ater  boundary, the  yearly net export to the sea

equals  the sum of all yearly ne t  transport term s in the 
com partm ents.  Due to Eq. (2) this am ounts  to the net 
yearly production in the estuary.

Net production of Z o o p lank to n  b io m a ss  c a n  b e  r e p 
r e s e n te d  as a l in e a r  fu nc t io n  of th e  p re v a i l in g  b iom ass:

 ̂ I net production — F C  ( 6 )

w here  r i s  the daily net g row th  rate [g DW (g D W )"1 d " 1].
The model w as im p lem en ted  in the  simulation en v i

ronm en t  SENECA (de Hoop et al. 1993). This m o d e l
ling p ac k ag e  takes care of m ost routines com m on to 
modelling exercises (calibration, sensitivity analysis, 
num erical integration) an d  provides easy  inpu t-ou tpu t 
m anagem en t .

RESULTS 

Tem poral and spatial patterns of m arine Zooplankton  
biom ass and ch lorophyll

Chlorophyll in the W esterschelde at tains very  high 
values in the  most u p s trea m  par t  of the es tuary  (more 
than  200 mg m " 3; Fig. 2). In the b rack ish  and  m arine  
part, values are  m ore m odest  (less than  20 m g m " 3). All 
along the estuary, 2 chlorophyll p ea k s  are  observed, 
one in spring and  one in summer.

Total concentra tion  (gDW  m " 3) of m arine  Zooplank
ton as a function of time and  space  is r e p re se n te d  in 
Fig. 3. M arine  Zooplankton en ter  the  es tuary  in early 
spring, their  distributional ran g e  is la rges t  in summer, 
and  in w inter  they have  nearly  d isa p p ea re d  from the
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Fig. 2. Chlorophyll  concentra t ion  in the  W es te rsche lde  e s tu 
ary a long  the  spat ia l  a n d  tem pora l  axis
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Fig. 3. M arine  Zooplankton dry  w e ig h t  in the  W esterschelde  
es tuary  a long  the  spatia l  an d  tem pora l  axis

estuary. At nearly  all times the  Zooplankton biomass is 
g rea te s t  in the  sea  and  declines m ore or less steadily 
up  the  estuary. A verage m arine  Zooplankton co n c en 
tration in the  sea w as 0.076 g DW m " 3 and  in the  e s tu 
ary 0.03 g DW m “3.

Two distinct Zooplankton p e a k s  a re  observed  in the 
most m arine  par t  of the  estuary, one in late spring and  
one in summ er. Both p ea k s  lag som ew hat  beh ind  the 
chlorophyll p ea k s  (Fig. 4). This b im odal Zooplankton 
p a t te rn  fades furthe r  u p s trea m  (Fig. 3).

Compartment 13
20  -,

-0 .09

-0 .06
_c
ClO
o
_cO

-0 .03

Average of 1989-1991

Fig. 4. Chlorophyll concentration a n d  Z o o p l a n k t o n  dry weight 
in model c o m p a r t m e n t  13

For a more detailed  description of tem poral and  sp a 
tial pa t te rns  of all Zooplankton species in the Wester- 
schelde estuary, refer to Soetaert & Van Rijswijk 
(1993). An elaborate  analysis of primary productivity in 
the  es tuary  can be found in van S paen d o n k  et al. 
(1993).

M odelling 'conservative' Zooplankton biom ass

N et production  or consum ption of any constituent in 
an  es tuary  can be assessed  by com paring  observed  
concentra tions with the concentrations tha t occur 
u n d e r  conditions of conservative behaviour  (i.e. with 
zero ne t  production). This is com mon practice in the 
study of nutr ient consum ption or production pat terns  
in es tuaries  (e.g. H elder  et al. 1983).

Using the Zooplankton concentra tions at the s e a 
ward  boundary  (average of years 1989 to 1991) and  
observed  advective flows (1984 to 1986), w e  sim ulated  
the 'conservative ' concentra tions of total Zooplankton 
in the  various model com partm ents  using the  advec- 
tive-dispersive transport equation  (Eq. 4). Results are 
g iven in Fig. 5 (dotted line). T hese  conservative con
centrations rep resen t  the  sta te  in which the re  is no net 
growth; only flushing to the sea and  tidal mixing are 
m odelled. In all model com partm ents  the re  was a 
deficit in observed Zooplankton biomass with respect 
to the  conservative concentration. This indicates that 
Zooplankton mortality exceeds Zooplankton p ro d u c 
tion in the  es tuary  and  there  is net  decay. A verage con
servative biomass in the es tuary  is 0.06 g D W  m -3, 
while observed  biomass is only 0.03 g DW m -3.

T he b im odal n a tu re  of m odelled  biomass, which is 
p ronounced  in the  most seaw ard  com partm ents ,  g ra d 
ually d iminishes upstream.

Estim ating net im port/export of total Zooplankton  
biom ass

N ext a simulation was run  with a constant ne t  p ro 
duction te rm  included, one for each  m odelled  com par t
m e n t  (Eqs. 1, 4 & 6).

Calibrating  on the ne t  production term s (r) resulted  
in a rea sonab le  fit for all com partm en ts  (Fig. 5, solid 
line). The values of the terms p and  the total am oun t of 
Zooplankton dry w eigh t decaying  in the different 
m odel com partm ents  are  given in Table 1. The largest 
am oun t of Zooplankton (97%) decays in the  most 
dow nstream  (marine) com partm ents  (9 to 13) which 
comprise the la rgest volume of the W esterschelde. 
Only a small fraction of the  Zooplankton reaches  the 
brackish  region. In com partm ents  5 and  6, 'b e s t1 daily 
loss ra tes  w ere  less than  1 % d _1.
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Fig. 5. Conserva tive  Zooplankton dry  w e ig h t  (.......... ), m odelled  biomass (-------- ) a n d  o bse rved  Zooplankton dry  w e ig h t  (+) in
m odel  com par tm en ts  2, 5, 8 a n d  12

The m e an  ne t  production rate of total Zooplankton 
in the W esterschelde accord ing  to the  model was 
-0 .05  g D W  (gD W )“1 d “ \  i.e. on ave rage  a net loss of 
5 % of Zooplankton biomass occurred  in the Wester- 
schelde per  day.

Using Eq. (5) the yearly net export (import) to the sea 
w as es timated. We ob ta ined  a net of 1530 t dry w eight 
of Zooplankton tha t is im ported  from the sea  each  year, 
i.e. abou t 2.2 t of dry w eigh t p e r  tidal period.

As the average  volume of w ate r  en ter ing  the estuary 
each  flood is abou t 1030 x IO6 m 3 (van M aldegem  1988) 
and  the m ean  Zooplankton dry w eigh t in the sea is 
0.076 g DW m “3, on ave rage  1030 x 0.076 = 78 t of Zoo

plank ton  dry w eigh t en ter  the es tuary  during  flood 
while  abou t 2.2 t of dry w eigh t are  re ta ined  in the  e s tu 
ary p er  flood period. Thus, abou t 3 % of total Zooplank
ton dry  w eigh t en ter ing  at flood is lost to the es tuary  
per  tidal cycle.

Estimating yearly averaged  net loss rates of the m ost 
im portant m arine species in the estuary

Using observed  Zooplankton biomass at the seaw ard  
boundary  and  observed  biomass from the last model 
com partm en t (13), w e  es tim ated  the yearly in teg ra ted

0.08

0.04
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T ab le  1. Best ne t  p roduc tion  terms r, for the 13 m odel  com 
p a r tm en ts  in the  W es terschelde  estuary

C o m p a r tm e n t r,
(d -1)

Total dry w e igh t  decaying 
(t DW y r -1)

1 -0 .09 0
2 -0.1 0
3 -0 .6 6
4 -0 .6 9
5 -0.001 0
6 -0.001 0
7 -0 .03 9
8 -0 .03 16
9 -0 .05 48

10 -0 .0 5 117
11 -0 .0 5 138
12 -0 .05 402
13 -0.05 789
Total -0.05 1534

am oun t  of Zooplankton exported  to the  sea  by m eans  of 
Eq. (5).

Dividing this quant i ty  by the ave rag e  b iomass of the 
species  in  the  es tuary  gives yearly p roduction /b iom ass 
(P/B) ratios of the  various species in the  es tuary  (Eq. 2; 
Table 2). P rovided tha t  the  net production rates are 
cons tan t over the  yea r  (as in the  model in the previous 
section), these  P/B  rates  are  equivalen t  to the  net p ro 
duction rate; o therw ise  they can be cons idered  as 
approxim ations .  In w ha t  follows we will deno te  -(P /B )  
as the  daily loss rates.

T he  daily loss ra tes  varied from 0,017 (Temora lo n g i
cornis) to 0.387 g D W  (gD W )-1 d -1 (Pseudocalanus  
elongatus). In g en e ra l  th e re  is an  a g re e m e n t  b e tw e en  
im por tance  of the  species in the  es tuary  an d  the  daily 
loss rates: the  h ig h e r  the  daily losses, the  less im por
tan t  the species. P. elongatus, a l though  one of the  most 
im portan t  com ponen ts  in the sea, expe r iences  very 
h igh  losses in the estuary. As a consequence,  the  s p e 
cies is m uch  less im portan t in the estuary.

Could Zooplankton behaviour be responsible for the 
com puted negative production?

In principle, m echanism s other than  mortality, and 
especially vertical migration behaviour, could be 
responsible  for the observed  d ec rease  in a b u n d a n ce  
from the  seaw ard  com partm ents  into the estuary. Kim- 
m e re r  & McKinnon (1987b) describe a pow erfu l m e c h 
anism  for re ten tion  of Zooplankton in a bay: some Zoo
p lank ton  species have  vertical migration pat terns  in 
p h ase  with the tide. Since the  cu rren t  velocity nea r  the 
bottom is lower than  at the  surface and  the Zooplank
ton are  mainly at the  surface w h e n  the tide comes in, 
they  move further u ps tream  with the  incoming tide 
than  dow nstream  with the  outgoing tide. This m e c h a 
n ism w as only described  for typical bay-dw elling  sp e 
cies. K immerer & McKinnon (1987b) stress that,  unless 
Zooplankton are  able to distinguish b e tw e en  the 
incoming and  outgoing tide by perceiv ing their  im m e
diate  surroundings,  an  endogenous  rhythm  m ust be 
a ssu m ed  to explain  this behaviour. While it is possible 
tha t such  a behaviour would  develop  for bay- or estu- 
ar ine -res iden t species (the selective a d v a n ta g e  of the 
fea ture  is apparent) ,  it is highly im probab le  tha t  the 
reverse  behaviour would  develop in neritic species. 
The fraction of such populations that can  potentially be 
lost to estuaries and  bays is very small. K immerer & 
McKinnon (1987b) use this reasoning  to explain why 
no t ide-induced  vertical m ovem en t  can  be observed  in 
the neritic species in their  study. For the neritic species 
in the W esterschelde, we have d iscarded  this b e h a v 
ioural m echanism  for the sam e reason. Moreover, no 
t ide-re la ted  vertical m ovem ents  have been  described 
for Zooplankton species in the  N orth  Sea, w hich  is the 
m ain  hab i ta t  for the species w ashed  into the  Wester- 
schelde (Fransz et al. 1991). The vertical m ovem ents  in 
the N orth  Sea are  clearly diurnal. In the nearby  S ou th 
ern Bight, day-n igh t vertical migration  was observed 
for Temora longicornis  and  P seudocalanus e longatus  at 
least during the phytop lank ton  bloom in M ay (Daro 
1985).

Hill (1991) has show n tha t ne t  horizontal d isp lace
m en t can result from the interaction be tw e en  penod ic  
vertical migration and  periodic com ponents  in the  tidal 
currents ,  if the periods of the vertical m ovem ent and  of 
the  tidal currents  are  in teger  multiples of each  other. 
He po in ted  out the  im portance of the  S2 (solar) com po
nent in the tide, which has a period of 12.00 h and  
therefore interacts with a d iurnal vertical migration. 
He show ed  that a Zooplankton organism  that m igrates 
diurnally  over the entire w ater  column can be d is
p laced  by a net of abou t 2 km d -1 w hen  the am plitude 
of the S2 current com ponen t is 0.5 m s -1.

A lthough  Hill’s (1991) study clearly shows the  exis
tence  of the effect of interaction b e tw e en  the S2 tidal

Table  2. E st im ated  ne t  loss ra tes (-P/B), in g DW (g DW )-1 d" 
of the  most im por tan t  m arine  species  in the  estuary, a r ra n g e d  

accord ing  to dec reas in g  biomass

Species -P /B % of total biomass: 
in es tuary  in sea

Temora longicornis 0.017 23 21
E uterp ina  acutifrons 0.032 19 15
A cartia  clausi 0.057 15 15
C en tro p a g es h a m a tu s 0.032 9 8
P seudoca lanus e longa tus 0.387 6 21
O ithona nana 0.157 2 4
Paracalanus p a rvu s 0.102 2 3
All o ther spec ies  com bined 0.014 24 13
A verage  zoop lank ter 0.052 100 100
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com ponen t and  vertical migration, the cases studied 
are  abs tract and  do not really mirror the conditions in a 
well-mixed estuary. It is highly im probable  tha t all 
Zooplankton individuals would deterministically be 
found at an  infinitely narrow, well-defined dep th  in te r
val. Instead, because  of vertical eddy  diffusivity, ver t i
cal distribution pat te rns  are  smoothed, and  this should 
be incorporated  into a realistic es timate of the m a g n i
tude of the effect mentioned.

In w ha t  follows we will calculate the directional d is
p lacem ent that results in a worst-case scenario, i.e. one 
in which net d isp lacem ent is maximal. O ur calculation 
is based  on the model of Hill (1991), but instead  of 
allowing the Zooplankton to m igrate deterministically, 
the influence of mixing processes on the vertical distri
bution is included.

K immerer & McKinnon (1987b) show that, if the  v e r 
tical distribution of Zooplankton is d e te rm ined  by 
sw im m ing behaviour  on the one h an d  and  by eddy  dif
fusivity on the other, the fraction of animals at dep th  z 
(q7, in m “1), can be described  as:

w here  z is depth , D is total w ate r  depth, and  at is a 
d imensionless sw im m ing speed. O rder-of-m agnitude 
considerations led K immerer & McKinnon to the 
approx im ate  relation cu = lOOw, w h ere  w  is swimm ing 
speed  in m s -1. This relationship, at least approx i
mately, also holds for the Westerschelde.

We ap p roached  d iurnal vertical m igration by 
describ ing the vertical sw im m ing speed  w  as a p e r i
odic function of time:

w h ere  Wmax is maxim al a t ta inab le  vertical sw im m ing 
speed; t is time in hours from midnight; and  the positive 
sense  of the dep th  axis is u p w ard  (z = 0 at the bottom).

Horizontal m ovem en t  of an  ave rag e  Zooplankton 
individual at time t, caused  by the  S2 com ponen t of the 
tide, can  then be re p re se n te d  by the following m od i
fied version of Eq. (3) in Hill (1991):

D

üp(t) = ƒ q?. us(-j=))k e o s - ‘H dz
0

w here  Us is the am plitude  of the  S2 cu rren t  com po
nent; (|) is the phase  ang le  of this component; and  k  is a 
coefficient describ ing the  sh a p e  of the velocity profile 
with w ate r  depth .  According to Hill (1991), the effect is 
m aximal at a p hase  va lue  of e i ther  0 or n.

T he net daily unid irectional horizontal d isp lacem ent 
d ue  to the  interaction b e tw e e n  vertical migration 
m ovem ent and  the S2 com ponen t of the  tide can  then  
be expressed  as: 2 4

up = ƒ üp(0 df
o

As it was not possible to arrive at a m a n a g e a b le  a n a 
lytical solution for this integral,  it was solved n u m e r i 
cally for a 'worst case '  ap p ro a ch  in the  particu lar  s i tua 
tion of the W esterschelde: Us = 0.5 m s -1, D = 10 m, 
WmiiX = 0.02 m s " 1, g = 0, le = /?.

A m axim um  vertical sw im m ing speed  (Wmax) of 2 cm 
s -1 gives a m ean  velocity of abou t 1 cm s “1, which is 
h igh  for m esozooplankton  bu t com parab le  to values 
ca lcula ted  by K im m erer & M cKinnon (1987b). The 
shape  of the vertical distribution profile tha t results 
from the in teraction of Zooplankton sw im m ing and  v e r 
tical mixing is show n in Fig. 6. Biomass increases  by a 
factor of 6, w hich is com parab le  to values observed  by 
Daro (1985).
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2 c m  s “ 1 t= 0 h  is a t  m id n ig h t ,  qz (m _1) is t h e  f rac t io n  of th e  Z o o p la n k to n  c o m m u n i ty  r e s id in g  a t  a g iv e n  w a t e r  d e p t h
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T he ne t  d isp lacem ent d ue  to the interaction be tw een  
vertical migration, vertical eddy  diffusivity and  the S2 
com ponen t  of the  tidal cu rren t  is then  52 m d -1. This is 
neg l ig ib le  com pared  with the  d ispersion an d  advective 
flows in the  system: including this d isp lacem ent as an 
addi tiona l term in our advective-d ispers ive  equation 
yields only a 5 % difference in total Zooplankton 
im ported  from the sea.

It should  be no ted  tha t our ap p ro a ch  shows that,  for 
vertical m igration  w hich  is locked to the  tides (as 
desc r ibed  for bay species in K im m erer  & McKinnon 
1987b), the  horizontal d isp lacem ent is on the  order  of 
1 km  d ~ \  w hich  is in acco rdance  with the  conclusion of 
these  au thors  that this can be  an im portan t m echan ism  
of ne t  transport.  In the  p resen t  case, however, w e  dis
m issed  d iurnal vertical migration  as an  im portan t  loss 
p rocess  for the estuary.

Horizontal d isp lacem ent tow ards a reas  of high or 
low flow during  different p h ases  of the tide is ano ther  
m ech an ism  tha t could p rev e n t  the  Zooplankton from 
en te r ing  the  estuary. However, as d iscussed  for sem i
d iu rna l  vertical migration, th e re  is no ad v a n ta g e  for 
neritic species to display this behav iour  (as the  chance 
of en te r ing  es tuaries  is very small). Therefore, horizon
tal m o vem en t  is not cons idered  a likely cand ida te  for 
explain ing  the losses to the  estuary.

DISCUSSION

The W esterschelde  es tuary  is charac ter ized  by a s e a 
sonally varying river flow (50 to 200 m 3 s " 1), w hich is 
rela tively  small com pared  to tidal ex c h an g e  (45 x IO3 
m 3 s “1). The tidal cu rren ts  induce s trong mixing which 
results  in the  ex change  of m arine  and  es tuar ine  s u b 
s tances an d  the  es tab l ishm ent of the  typical es tuarine  
gradient.  Salinity in trudes  into the  es tuary  up  to about 
100 km upstream, and  the salinity g rad ie n t  moves 
u p s trea m  in sum m er  w h e n  f re shw ate r  d ischarge  is 
lower.

Being drifters, Zooplankton o rganism s are  pa r t icu 
larly in f luenced  by fluid dynamics. Along with d is
solved substances, m arine  zooplankters  will be e x 
c h a n g e d  b e tw e en  the  es tuary  an d  the sea. D epend ing  
on their  rela tive a b u n d a n c e  in the  two w ate r  masses 
a n d  the  m agn itude  of river d ischarge, this will result 
in ei ther  a net import into or a net  export from the 
estuary.

In a con ta ined  w ate r  mass, Zooplankton net p ro d u c 
tion rates are  easily de term ined .  T hey  are  positive 
w h en  the  popula tion  b iomass is increasing, and  n e g a 
tive in periods of decline. In the  ab sen c e  of long-term  
trends  (i.e. biomass at a g iven point in the  year  is com 
p arab le  am ong  years), ne t  p roduction  in teg ra ted  for a 
w hole  yea r  should  be zero. In systems show ing  a

substantia l ex change  with foreign, ad jacen t waters, 
processes tha t regu la te  Zooplankton a b u n d a n ce  are 
more difficult to ascertain: one m ust distinguish b e 
tw een  increase in s tanding  stock due  to in situ  growth 
and  tha t due  to im port/export processes. Numerical 
m odelling of transport processes can provide estimates 
of their  m agnitude .  In this p ap e r  w e es tim ated the 
influx from the sea  by m eans  of an  independen tly  cali
b ra ted  transport model (K. Soetaert  & P. M. J. H erm an  
unpubl.). Immediate ly  after the m arine species are 
seen  to en ter  the  estuary, s tanding  stock in the  entire 
es tuary  is lower than  expected  in the  case of zero net 
growth. It follows tha t m arine  Zooplankton biomass is 
decaying  in the  W esterschelde and  tha t Zooplankton 
persists there  m ainly due  to continuous supply. Mixing 
with seaw ate r  rep len ishes the stocks, and  abou t 3% of 
the  m arine b iomass tha t  enters during flood is lost to 
the estuary. On a yearly basis this am ounts  to a net of 
abou t 1500 t of dry  w eigh t en ter ing  and  decaying  in 
the W esterschelde.

N otw ithstanding  the  fact tha t m arine  Zooplankton 
biomass is in troduced  into the  W esterschelde, a global 
b u d g e t  shows the  es tuary  to be an  exporter  of organic 
m atte r  (mainly detritus) towards the sea (Wollast 1976). 
A substantia l am ount of this organic load is d e n v e d  
from the  River Scheldt (freshwater phytoplankton, 
detritus) and  from detrital effluents a long the  banks  of 
the  es tuary  (K. Soetaert & P. M. J. H e rm a n  unpubl.). 
Salinity in to lerance of the  im ported  freshw ate r  phy to 
p lank ton  leads to h igh  mortality in the brackish  zone of 
the es tuary  (van S p aen d o n k  et al. 1993, K. Soetaert, 
P. M. J. H e rm a n  & J. K rom kam p unpubl.). H ence  the 
W esterschelde appears  to act as a g raveyard  of high- 
quality organic m atte r  (freshwater phytoplankton, 
m arine  Zooplankton). Part of the detritus tha t is thus 
formed will be recycled  or lost in the es tuary  itself, 
while the surplus is exported  to the sea.

A com parab le  se tup  to that described  h e re  was used 
to estim ate net  Zooplankton growth rates in an  A us
tralian m arine  bay (Kimmerer & McKinnon 1987a). 
Here, too, negative  ne t  growth  rates w ere  observed  for 
non-res iden t species in the  Bay. They varied  in m a g n i
tude from 1.5 to 3 .2% d~ !, which is com parab le  to the 
lowest ne t  loss rates observed  in the W esterschelde.

A n e t  mortality rate  in the Zooplankton com munity of 
5%  d _1 in the W esterschelde is quite high: in the 
absence  of ex ternal supply it will take  only abou t  13 d 
to reduce  total b iomass to 50%, and  44 d to reduce  it 
to 10%. The extrem ely  high loss rates in the Wester- 
schelde for P seudocalanus e longatus  (0.4 d " 1) explain 
why this species, a l though  the most im portan t one in 
the  ad jacen t sea, is insignificant in the es tuary  itself. 
O ther  species that exhibit less ex trem e loss rates 
increase  in relative ab u n d a n c e  in the es tuary  with 
respect  to the sea (Temora longicornis, Euterpina acu-
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tifrons, C entropages ham atus). H ighest losses w ere  
observed  in P. elongatus, O ithona nana  an d  Para
calanus parvus. According to Fransz et al. (1991), 
O ithona  species in the North Sea originate from 
Atlantic waters, while the other two are w hat they call 
'genera l  North Sea species',  i.e. p resen t  in the entire 
North Sea. P. e longatus  is the  most a b u n d a n t  species in 
the entire  North Sea, and  highest b iomasses have  often 
b ee n  recorded  in the central par t  (Krause & M artens 
1990, Fransz et al. 1991 and  references therein). The 
species 71 longicornis, C. ham atus  and  Acartia clausi, 
which have m odera te  loss rates in the estuary, are 
described as typical coastal neritic constituents in 
Fransz et al. (1991), while E. acutifrons has a w orld
w ide distribution in coastal, shelf and  oceanic waters 
(d’Apolito & Stancyk 1979). Thus it appears  tha t sp e 
cies w hich are  typical for coastal a reas  have the lowest 
mortality in the estuary, while those tha t are  more 
com mon in offshore regions exhibit h ighest mortality.

Growth rates of populations are  expressions of the 
in teg ra ted  food and  physical environm ent in which 
they live. O ne obvious factor that could be responsible 
for Zooplankton im poverishm ent in the es tuary  is salin
ity. Zooplankton distributions are  know n to be limited 
by salinity but rem arkab ly  few studies have been  
m ade  on salinity to lerances (Miller 1983 and  refer
ences therein). Extrem e conditions, ra ther  than  the 
ave rage  conditions that are  usually perceived, could 
be  im portant in de term in ing  Zooplankton distribution, 
and  even a short-term  exposure  to unfavourab le  salin
ities could cause dea th .  Since almost nothing is known 
on the mortality of the species u nder  s tudy with respect 
to salinity, the im pact of this factor on the observed 
pat tern  cannot be  assessed  for the Westerschelde. 
However, if low salinity w ere  the major factor resp o n 
sible, then  mortality w ould  be most obvious in the 
upstream  com partm ents ,  w h erea s  the la rgest losses 
occur nea r  the sea.

Among the most p rom inen t factors increasing 
towards the coast are  turbidity and  turbulence.  The 
am ount of m ateria l in suspension  increases  drastically 
coastward, while the relative conten t of organic m atter  
decreases  concurrently  to less than  20%  (Eisma & Kalf
1987). The w aters  a re  also significantly more tu rbu len t 
nea r  the coast com pared  to the central regions of the 
North Sea (Otto et al. 1990). In the Southern  Bight of 
the North Sea, ave rage  su sp e n d ed  m atte r  concen tra
tions in surface w aters  rapidly increase  from abou t 5 g 
n r 3 in the middle of the Bight to more than  100 g m -3 
at the mouth  of the  W esterschelde (van A lphen  1990). 
Turbidity rem ains h igh  th roughou t the W esterschelde 
es tuary  (Soetaert & Van Rijswijk 1993), and  on average  
less than 7 % of total su sp e n d ed  m atte r  in the m arine 
par t  of the W esterschelde is of o rganic origin (authors' 
own data). As the Zooplankton has  to feed  from the

susp e n d ed  mass of organics, such a substantia l load of 
inedible particles will necessita te  a la rge  rejection or 
regurg ita tion  rate and  hence  inc rease  the energy  
d e m a n d  of the feeding process whilst dec reas ing  the 
assimilation efficiency. F urtherm ore ,  tu rbu lence  of the 
waters  could in terfere with the ability of the organism s 
to cap tu re  and  hand le  the food material.  Thus it is 
likely tha t feeding conditions for the  Zooplankton in 
the W esterschelde a re  so b ad  tha t they are  not able to 
m ee t respira tory requ irem ents .  A delete rious effect of 
turbidity on copepods w as dem ons tra ted  by White & 
D agg (1989) w ho show ed  tha t egg  production  of the 
es tuarine  copepod  Acartia tonsa  was negatively  
affected at high sed im en t concentra tions. Tester & 
Turner  (1989) show ed  tha t the ingestion  rate  of a shelf- 
w ate r  copepod, Eucalanus p ilea tus, w as generally  
lower in turbid w aters  co m pared  to tha t  in 'pure '  f e e d 
ing experim ents.  At turbidities h ighe r  than  30 m g T 1, 
the  ingestion rate  of this species was m ore depressed .  
N otw iths tand ing  these  studies, g raz ing  experim ents  
with Zooplankton usually  do not consider  na tu ra l  con 
ditions of turbidity and  tu rbulence,  an d  h ence  the 
effect of these factors on the W esterschelde m arine  
Zooplankton com m unity  rem ains to be  tested.

A closer look at the coupling of Zooplankton and  
phytop lank ton  dynam ics provides some insight into 
the ability of W esterschelde Zooplankton to respond  to 
the food environm ent.  At the se aw ard  bo u n d a ry  and  — 
due  to transport effects — in the m ost m arine  par t  of 
the W esterschelde, Zooplankton biomass is seen  to rise 
shortly after phy top lank ton  biomass increases. M ore 
upstream , this ability to respond  to phy top lank ton  
dynam ics d iminishes and  the coupling b e tw e e n  zoo- 
and  phytop lank ton  pa t te rns  d isappears .

In the nea rby  coastal area, a dele te rious effect of the 
unpa la tab le  P haeocystis  on the  Zooplankton w as  p o s 
tula ted  by Jo ins  et al. (1982), and  this too could n e g a 
tively influence W esterschelde Zooplankton. However, 
the suitability of this flagellate as food for the  Zoo
p lank ton  is a controversial issue and  both  h igh  up take  
(Weisse 1983) and  strongly red u c ed  u p ta k e  by co p e 
pods (Daro 1986, Verity & S m ayda 1989) have  b e e n  
docum ented .

W hatever  the causes, the decay  of m arine  Zooplank
ton in the  W esterschelde es tuary  is consistent with the 
observed  trend  of dec reas ing  im portance  of the meso- 
zooplankton graz ing  food chain  from the  central to the 
coastal North Sea (Joiris et al. 1982) and  the concom i
tant increasing im portance  of the bac teria l loop. O ne 
could v iew the m arine  par t  of the W este rschelde e s tu 
ary as an  ex trem e coastal environm ent,  w h e re  d ue  to 
the  inability of Zooplankton to survive, la rge  par ts  of 
prim ary production are  channe l led  th rough  the b a c te 
rial chain  ra ther  than  the graz ing  food chain. In a m ore 
favourable physical setting (e.g. the central N orth  Sea),
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then, Zooplankton graz ing  on p n m a ry  producers  could 
be w h a t  is reduc ing  bacteria l growth.

In this p ap e r  the im portance  of physical s tructuring 
in the  popula tion  dynam ics of es tuar ine  pelagic  o rg a n 
isms has b e e n  clearly dem onstra ted .  A simple but r ea l
istic transpor t  m odel can be used  to discriminate 
b e tw e e n  physical and  biological effects on population  
dynam ics. Only a few o ther  studies have  in tegra ted  
both  a physical an d  biological ap p roach  to explain  Zoo
p lank ton  popula tion  s truc tu re  (Wroblewski 1982, 
Davis 1984, K im m erer & McKinnon 1987a, H ofm ann
1988). In some o ther  studies es tuar ine  Zooplankton 
dynam ics w ere  cons idered  only as par t  of a global 
ecosystem  model (Kremer & Nixon 1978, Baretta  & 
Ruardij 1988).

A part  from se a-bo rne  Zooplankton constituents, the 
W este rsche lde  harbours  a significant popula tion  of 
truly es tuar ine  (brackish) zooplankters  (Escaravage & 
Soetaer t  1993, Soetaer t  & Van Rijswijk 1993). The 
g lobal biomass distribution of W esterschelde  Zoo
p lank ton  is bimodal, p e a k in g  in the  m arine  and  in the 
b rackish  par t  of the  estuary. This w as in te rp re ted  as 
r e p rese n t in g  2 es tuar ine  food chains, phytoplankton- 
b ased  in the  m arine  part, de t r i tus-based  in the  b rac k 
ish p a r t  (Hum m el et al. 1988, H am erlynck  et al. 1993). 
The exis tence of an  in te rm ed ia te  zone of low Zoo
p lank ton  biomass but w ith  h igh  phy top lank ton  stocks 
was p re se n te d  as an  en igm a by H am erlynck  et al. 
(1993). The inability of the  m arine  Zooplankton to su r 
vive in the  es tuary  can  explain  w hy  they  are  so scarce 
in this par t  of the  W esterschelde.

A ck n o w led g e m e n ts .  For the  m odell ing  pa r t  of this study, K.S. 
benef i ted  from a CEC g ran t  in the  scope of the  JEEP-M AST 
p ro g ram m e  a n d  from a contract  from Rijkswaterstaat.  Zoo
p lan k to n  process ing  w as  d one  by K.S. as p a r t  of an  NFWO 
g ran t  at the  Free  University  of Brussels.  T h an k s  to Drs van 
Eck a n d  A. S ch o u w e n aa r  for providing us with the da ta  n e c 
essary  for the  t ransport  subm odel.  This is article n u m b er  680 
of the N IO O-C EM O. Drs C. Heip  an d  M. Tackx are  ack n o w l
e d g e d  for critically re ad in g  the  manuscrip t.

LITERATURE CITED

Baretta, J. W., Ruardij,  P. (1988). Tidal flat estuaries .  S im ula 
tion a n d  analysis of the  Ems estuary. Springer-Verlag, 
Berlin

Billen, G., Lancelot, C., de  Becker, E., Servais, P. (1988). M o d 
ell ing microbial p rocesses  (phyto- a n d  bacterioplankton) 
in the  Schelde  Estuary. Hydrobiol. Bull. 22: 4 3 -5 5  

Castel,  J., Courties, C. (1982). Com position a n d  differential 
distribution of Zooplankton in Arcachon  Bay. J. P lankton 
Res. 4(3): 417-433  

d 'Apolito, L. M., Stancyk, S. E. (1979). Population dynam ics of 
E uterpina acu tifrons  (Copepoda:  Harpacticoida) from 
North  Inlet, South  Carolina,  with re fe rence  to dimorphic  
males. Mar. Biol. 54: 251-260  

Daro, M. H. (1985). Feed ing  ry thm s a n d  vertical distribution 
of m arine  copepods.  Bull. mar. Sei. 37(2): 487-497

Daro, M. H. (1986). Field s tudy of the diel, selective and  effi
ciency feeding of the m arine  copepod  Temora longicornis  
in the Southern  Bight of the North  Sea. Proc. Progress in 
Belgian O ceanograph ic  Research. Brussels, M arch  1985. 
Royal Academ y of Belgium, National  Com m ittee  of 
Oceanology, Brussels, p. 250-263  

Davis, C. S. (1984). Interaction of a copepod  poplation with 
the m ea n  circulation on G eorges  Bank. J. mar. Res. 42: 
573-590

de Hoop, B. J., H erm an,  P. M. J., Schölten, H., Soetaert,  K. 
(1993). SENECA 2.0. A Simulation E N vironm ent  for ECo- 
logical Application. N e ther lands  Institute of Ecology, 
Yerseke

Eisma, D., Kali, J. (1987). Distribution, o rganic  con ten t  and  
particle  size of su sp en d e d  m at te r  in the North  Sea. Neth. 
J. Sea Res. 21: 265-285  

E scaravage, V., Soetaert,  K. (1993). Estimating secondary  p ro 
duction for the brack ish  W esterschelde copepod  p o p u la 
tion E urytem ora a ffin is  (Poppe) combining experim ental  
data and  field observations. Cah. Biol. mar. 34: 201-214  

Fransz, H. G., Colebrook, J. M., Gamble ,  J. C., Krause, M. 
(1991). The Zooplankton of the  North  Sea. Neth. J. Sea 
Res. 28(1/2): 1-52 

Gieskes,  W. W. C., Kraay, G. W., Nontji, A., Se t iaperm ana ,  D., 
Sutomo (1988). Monsoonal altera tion of a m ixed and  lay
e red  s truc ture  in the  phy top lank ton  of the euphotic  zone 
of the  Banda Sea (Indonesia), a m athem atica l  analysis of 
a lgal p igm en t  fingerprints . Neth.  J. Sea Res. 22: 123-137 

H am erlynck,  O., Mees,  J., C raeym eersch ,  J. A., Soetaert,  K., 
Hostens,  K., Cattrijsse, A., Van Dam me, P. A. (1993). The 
W esterschelde  estuary: two food w eb s  and  a nutrient-rich 
desert .  In: Progress in Belgian O ceanograph ic  Research. 
Royal A cadem y of Belgium, National  Com m ittee  of 
Oceanology, Brussels, p. 217-234 

Heip, C. (1988). Biota and  abiotic env ironm en t  in the Wester- 
sche lde  estuary. Hydrobiol. Bull. 22(1): 31-34  

Helder, W., de  Vries, R. T. P., Rutgers van der  Loeff, M. M. 
(1983). Behaviour of n i trogen  nu tr ien ts  and  silica in the 
Ems-Dollard estuary. Can. J. Fish. Aquat.  Sei. 40 (suppl. 
1): 188-200

Hill, A. E. (1991). A m echan ism  for horizontal Zooplankton 
transport  by vertical m igration in tidal currents.  Mar. Biol. 
I l l :  485 -492

H ofmann, E. E. (1988). Plankton dynamics on the  outer  so u th 
eas te rn  U. S. continenta l  shelf. III. A coupled  physical- 
biological model. J. mar. Res. 46: 91 9 -9 4 6  

Hummel,  H., Moerland, G., Bakker, C. (1988). The  concom i
tan t  exis tence of a typical coastal an d  a detr ital food chain 
in the W esterschelde  estuary. Hydrobiol.  Bull. 22: 35 -41  

Joiris, C., Billen, G., Lancelot,  C., Daro, M. H., Mom m aerts ,  
J. P., Bertels, A., Bossicart, M., Nijs, J. (1982). A b u d g e t  of 
carbon  cycling in the Belgian coastal zone: relative roles of 
Zooplankton, bacter iop lank ton  and  ben thos  in the util iza
tion of primary production.  Neth. J. Sea Res. 16: 260-275  

Kimmerer, W. J., McKinnon, A. D. (1987a). Zooplank ton  in a 
m arine  bay. I. Horizonta l distributions u se d  to est im ate  net 
populat ion  grow th  rates. Mar. Ecol. Prog. Ser. 41: 4 3 -5 2  

Kimmerer, W. J., McKinnon, A. D. (1987b). Zooplank ton  in a 
m arine  bay. II. Vertical  m igration to m ain ta in  horizontal 
distributions.  Mar. Ecol. Prog. Ser. 41: 5 3 -6 0  

Kiorboe, T., M ohlenberg ,  F., H am burger ,  K. (1985). B ioener
getics of the p lanktonic  copepod  Acartia  tonsa: relation 
b e tw ee n  feeding, e g g  production  a n d  respiration  and  
composit ion of specific action. Mar. Ecol. Prog. Ser. 26: 
85 -9 7

Klein Breteler,  W. C. M., Fransz, H. G., Gonzalez, S. R. (1982). 
G row th  and  dev e lo p m en t  of four calanoid copepod  spe-



Soetaert  & H erm an: Zooplankton dnft  into the W esterschelde  estuary 29

cies u n d e r  experim ental  and  na tura l  conditions. Neth. J. 
Sea Res. 16: 195-207 

Krause, M., Martens,  P. (1990). Distribution pa t te rns  of meso- 
zooplankton biomass in the North Sea. H elgo länder  
M eeresun te rs .  44: 295-327  

Kremer, J. N., Nixon, S. W. (1978). A coastal m arine  ecosys
tem. Simulation and analysis.  Springer  Verlag, Berlin 

Miller, C. B. (1983). The  Zooplankton of estuaries. In: 
Ketchum, B. H. (ed.) Estuaries a n d  enclosed seas.  E lse
vier, Amsterdam, p. 103-149 

O 'Kane, J. P. (1980). Estuarine  w a ter-quah ty  m an agem en t.  
Pitman, Boston

Otto, L., Z im m erm an,  J. T. F., Furnes, G. K., Mork, M., Saetre, 
R., Becker,  G. (1990). Physical o ceanography  of the North 
Sea. Neth. J. Sea Res. 26(2-4): 161-238 

Peters, J. J., Sterling, A. (1976). H ydrodynam ique  et t rans
ports de séd im ents  de l 'es tua ire  de l 'Escaut. In: Nihoul, 
J. C. J., Wollast, R. (eds.) L 'Estuaire de  l 'Escaut. Projet 
Mer. Rapport final, Vol. 10. Service du  Prem ier  Ministre,  
Bruxelles, p. 1-70  

SAWES (1991). W aterkw ali te i tsmodel  W esterschelde.  WL- 
ra pportT 257 .  W ater loopkundig  Laboratorium, Delft 

Soetaert,  K., Van Rijswijk, P. (1993). Spatial an d  tem poral  p a t 
terns of the Zooplankton in the W esterschelde  estuary.  
Mar. Ecol. Prog. Ser. 97: 4 7 -5 9  

Tester, P. A., Turner,  J. T. (1989). Zooplank ton  feed ing  ecol
ogy: Feed ing  rates of the copepods  Acartia  tonsa, C e n 
tropages velificatus  a n d  E ucalanus p ilea tu s  in relation to 
the su sp en d e d  sed im ents  in the  p lum e of the  Mississippi 
River (Northern Gulf of Mexico continental  shelf). Scientia 
mar. 53(2-3):  231-237 

T hom ann,  R. V., Mueller,  J. A. (1987). Principles of surface 
w a ter  quali ty modelling  and  control. H a rp er  & Row, New 
York

This article w as su b m itted  to the  ed itor

van A lphen, J. S. L. J. (1990). A m u d  ba lan ce  for Belgian- 
Dutch coastal w a ters  b e tw ee n  1969-1986. Neth.  J. Sea 
Res. 25(1): 19-30  

van  M aldegem , D. (1988). Verzeilen van  de immissie- 
g eg ev e n s  van the  o p p e rv la k te w a te r  van  he t  Schelde  e s tu 
arium  over de  per iode  1975 t/m 1986. In ternal  report  RWS. 
GWAO-88. 1267. Rijkswaterstaat,  M id d e lb u rg  

van S p aendonk ,  J. C. M., Krom kamp, J. C., de  Visscher, 
P. R. M. (1993). Primary production  of p h y top lank ton  in a 
turb id  coastal plain estuary, the W este rschelde  (The 
Netherlands).  Neth.  J. Sea Res. 31(3): 267-279  

Verity, P. G., Sm ayda, T J. (1989). Nutritional va lue  of 
P haeocystis p o u c h e tii  (Prym nesiophyceae) a n d  o ther 
phy top lank ton  for Acartia  spp. (Copepoda):  ingestion, 
eg g  production  an d  grow th  of nauplii.  M ar Biol. 100: 
161-171

Weisse, T. (1983). Feed in g  of calanoid c opepods  in re la tion to 
P heaocystis p o u c h e tii  blooms in the  G e rm a n  W ad d e n  Sea 
a rea  off Sylt. Mar. Biol. 74: 87-94  

White, J. R., Dagg, M. J. (1989). Effects of su s p e n d e d  sed i 
m en ts  on e g g  p roduc tion  of the calanoid  copepod  Acartia  
tonsa. Mar. Biol. 102: 31 5 -3 1 9  

Wollast, R. (1976). Transport  et accum ula tion  de polluants 
d ans  l 'es tua ire  de  l 'Escaut. In: Nihoul, J. C., Wollast, R. 
(eds.) L 'Estuaire de  l'Escaut. Projet  Mer. R apport  final, 
Vol. 10. Service du  Prem ier  Ministre, Bruxelles,  p. 
191-201

W roblewski,  J. S., (1982). Interaction of cu rren ts  a n d  vertical 
migrat ion  in m ain ta in ing  C alanus m arshallae  in the O r e 
gon upwelling  zone  — a simulation. D eep  Sea Res. 29: 
665 -6 8 6

Zurlini, G., Ferrari, I., Nassogne,  A. (1978). R eproduction  a n d  
growth  of E uterp ina  acutifrons  (Copepoda:  Harpacticoida) 
u n d e r  exper im en ta l  conditions. Mar. Biol. 46: 5 9 -6 4

M anuscrip t first received: A u g u s t 31, 1993 
R ev ised  version accep ted: N o v e m b e r  19, 1993


