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Abstract

The hydrodynamic consequences of large coastal engineering (barrier-construction) works in the Oost-
erschelde were: prolonged residence times of the water, increased sinking of particulate material, and
higher water transparencies . This strongly influenced the phytoplankton (Bakker et al., 1990; 1994) and
phytoplankton biomass increased in the shallow Eastern compartment of the Oosterschelde (Bakker &
Vink, 1994) while phytoplankton concentration of the seston rose .

Zooplankton biomass, especially of copepods (Temora) and meroplankton (barnacle larvae) increased
during the post-barrier period in the Eastern compartment . It is hypothesized that this is caused by the

improved feeding conditions and the increased retention times in this area .
The barrier years 1985 and 1986 were characterized by low current velocities . In the Eastern com-

partment, this may have favoured the development of the rotifer Synchaeta (Bakker, 1994) and of the
important copepod predator Pleurobrachia (Ctenophora) .

In the Western compartment, zooplankton developments in the post-barrier years were rather simi-
lar to those in the pre-barrier period. This led to the disappearance of the previously existing biomass
gradients West-East (maxima in West) . At present a trend in the opposite direction (maxima in East)
is observed .

Introduction

In the Oosterschelde (Fig . 1), a tidal inlet
(ca 350 km') of the southern North Sea, a large-
scale hydraulic engineering project was carried
out. This involved the construction of a storm-
surge barrier in the mouth (1982-86), and dams
in the Eastern part (Oesterdam, 1982-86) and in
the Northern compartment (Philipsdam, 1985-
87) (Fig. 1). For further details cf. Nienhuis &

Smaal (1994) .
The construction of the barrier and the accom-

panying works seriously affected tidal amplitude
and current velocities (Wetsteyn et al., 1990 ;
Smaal & Nienhuis, 1992) . Current velocities de-
creased, especially in the shallow Eastern area,
suspended matter concentrations declined (Wet-
steyn & Bakker, 1991) and water transparency
rose concomitantly (Bakker et al., 1990) . This
caused the phytoplankton assemblage to extend
its growth season both earlier and later in the year
(Bakker et al., 1990) .

During the post-barrier years a changed light-
nutrient-salinity regime (i .e . high water trans-
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Fig . 1 . Map of the Oosterschelde with indications (broken lines) of the 4 compartments and the sampling localities in West (R14)
and East (LG-PK) .

parency, limitation of nitrate, high salinity) was
established during an extended summer season,
without the gradual transitions characterising the
pre-barrier period (Bakker et al., 1994). In sum-
mer, biomass of diatoms decreased but biomass
of flagellates increased in the Eastern compart-
ment (Bakker & Vink, 1994). Annual primary
production of the pre-barrier years, as reported
by Vegter & De Visscher (1987), did hardly
change in the post-barrier period (Wetsteyn &
Kromkamp, 1994) : slightly decreased values were
observed for the Western- and similar values for
the Eastern compartment.

Data on the zooplankton species composition
of the Oosterschelde are given by Bakker (1994) .
Population dynamics and trophic relations were
studied in the eighties, with special reference to
the copepods. Bakker & Van Rijswijk (1987)
determined the development time and growth

rate of Temora longicornis as related to the local
food conditions . At the same time Tackx et al.
(1989, 1990) performed grazing experiments using
the copepods Acartia spp., Temora longicornis and
Centropages hamatus as well as the nauplius lar-
vae of Balanus spp ., dominating in the Eastern
area. They demonstrated size- and species-
selective feeding in the copepods, and quantified
the grazing pressure in the Western and Eastern
parts of the Oosterschelde. Van Rijswijk et al.
(1989) continued the Temora studies with the
estimation of daily fecundity as influenced by
temperature and food . Tackx et al. (1991, 1994)
studied size distributions of phyto- and zoo-
plankton for the analysis of the trophic relations
in the pelagic subsystem in the basin. Finally,
Klepper (1989) and Van der Tol & Scholten
(1992) integrated all field data of the Ooster-
schelde in a dynamical ecosystem model in an



attempt to quantify the impact of the hydraulic
works on the foodweb .

The aim of the present paper is to detect a
possible response of the dominant zooplankton
species, notably the copepods, to the environ-
mental conditions in the present-day Ooster-
schelde .

As in the phytoplankton papers (Bakker et al.,
1990, 1994; Bakker & Vink, 1994) the attention is
focussed on the Eastern part of the sea-arm as
changes were most pronounced in that area .
Eastern and Western compartments are further
indicated as E and W, respectively .

Methods

Samples were taken at two locations : station
LG-PK in E (depth 20 m) and station R14 in W
(depth 40 m, near the storm-surge barrier)
(Fig. 1). During the period March to October
sampling was carried out weekly, during the rest
of the year less frequently .

Sampling and counting

Zooplankton was collected by pumping with a
Pleuger submersible system, capacity 200 1
min -' . Generally, 100 1 of water were filtered,
through a net of 63 µm mesh gauze, retaining all
copepod stages (smallest nauplii and eggs in-
cluded), cladocerans, appendicularians and the
majority of meroplankton (larvae of mollusks,
polychaete worms, barnacles) . The 63 µm mesh
did not retain quantitatively rotifers and protozo-
ans . Sampling was always done around half tide,
when maximum current velocities prevailed,
causing approximately homogeneous vertical dis-
tributions of zooplankton in the water column
(unpublished data of a precedhng pilot study) .
During the years 1982-84 all samples were taken
at mid depth, in the period 1985-88 samples were
collected at depths of 2 .5, 7.5, 12 .5, 17.5 and 22 m
and in W also at 27.5 and 32 m depth . At both
stations, samples taken at all depths were pooled .
Zooplankton was preserved with borax-buffered
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formalin to a final concentration of 4% exactly
(Steedman, 1976). In the laboratory a subsample
was taken, representing 100 1 of the original field
sample . Adult copepods and copepodid stages
were counted under a binocular microscope. For
the copepod nauplii and the rest of the zooplank-
ton a subsample was taken representing 10 1 of
water of the original field sample and the organ-
isms were counted using an inverted microscope .

Pleurobrachia pileus (Ctenophora) was sampled
at mid depth with a 200 pm mesh-sized high-
speed sampler during tows of ca 5 minutes, filter-
ing 50-100 m 3 of water. Total numbers of comb-
jellies were counted on board the ship (without
determining the size), in order to obtain an im-
pression of the abundance of this predator, po-
tentially of importance in controlling copepod
densities .

Biomass determination and calculations

Copepods were sorted and divided in the follow-
ing groups: small copepodid stages (I-III, 3 x 40
individuals, large copepodids (IV-V, 3 x 30 ind .),
adult females (3 x 10 ind .) and males (3 x 10 ind .) .
Cephalothorax lengths were measured . The ani-
mals were put in aluminum combustion vessels of
10 x 4 x 3 mm (Perkin-Elmer) . Vessels were pre-
dried and vessels plus animals dried in an oven
at 50 ° C for 24 hours . A Cahn electrobalance
(model 29, accuracy 0.1 ug) was used for the de-
termination of copepod dry weight . For correc-
tions of dry weight values and further details : cf.
Bakker & Van Rijswijk, 1987) . For Oikopleura
the length-weight relation according to King et al.
(1980) was used. For the remaining species and
groups weights were determined after calculation
of volume and conversion of wet- to dry weight .

Further calculations

Weekly averages of the biomass of the two main
components of the zooplankton (copepods and
meroplankton) were calculated for the 3 periods
of investigation : pre-barrier- (1982-83), barrier-
(1984-86) and post-barrier- (1987-88) period
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Fig. 2 . Seasonal distribution of copepod biomass (mg drw m - 3 ) in the Western and Eastern compartments of the Oosterschelde,
1982-88. Arrows indicate peaks of Pleurobrachia. (Note the different scale in 1988) .



(Fig. 8). Bakker et a! . (1990) argumented the in-
clusion of 1984 in the barrier construction period,
on the basis of the already increasing transpar-
encies .

Although phytoplankton is considered to be
the main food for suspension-feeding (meso)-
zooplankton, microzooplankton like ciliates and
rotifers may also be consumed by these animals
(Stoecker & Egloff, 1987) . Therefore total micro-
plankton carbon (i.e . phytoplankton- and micro-
zooplankton carbon added) was calculated
(based on the data of Bakker & Vink, 1994, and
on unpublished data of these authors), as monthly
averages for the 3 periods of investigation
(Fig. 10) .

In the Oosterschelde suspended matter con-
centrations and particulate organic carbon con-
centrations decreased, from the barrier period
onwards (Wetsteyn & Bakker, 1991) . Conse-
quently, the ratio of microplankton carbon to
POC seemed of importance as a measure of
(changing) food quality . This ratio was also cal-
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culated as monthly averages for the 3 periods of
investigation (Fig . 11) .

Results

Copepod biomass (Figs 2-3)

In spring, the most abundant copepod genera
were Temora and Acartia ; during summer Cen-
tropages, Acartia and Euterpina were found, the
latter however only abounding during the barrier
year 1985 in E (Fig . 2). Generally, Pseudoca!anus,
Paraca!anus and Euterpina did not reach high
densities and were lumped to the rest group in
Figs 2-3. The seasonal distributions of copepod
biomass at both stations (Fig . 2) and the average
annual biomass values (Fig . 3) show Temora !on-
gicornis to be the dominating copepod in W
throughout the entire period of investigation with
ca 50-75°0 of total biomass . In E, Acartia spp .
were more abundant, representing ca 40-60°0 of
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Fig. 3 . Annual average copepod (top) and meroplanktonic (bottom) biomass (mg drw m-3) in the Western and Eastern com-
partments of the Oosterschelde, 1982-88 .
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total biomass. During the postbarrier year 1988
Temora reached an unprecedentedly high biom-
ass in E. Consequently, total copepod biomass
rose considerably in this area in 1988 (Fig. 3) . In
W such an increase did not occur: average bio-
mass of 1988 was similar to that of 1983-84
(Fig. 3). Late winter-early spring densities of
Temora in W were larger than those in E in 1982
till 1986, but this tendency disappeared in 1987-
88 . Consequently, Temora tended to peak earlier
in W than in E, but this trend was reversed in
1988 .
Acartia always demonstrated much larger late-

winter biomass and earlier peaks in E than near
the barrier. Here, Acartia development was often
very poor .

Peaks of Centropages biomass were modest, if
present, and times of occurrence of peaks were
similar in both areas . Late winter-early spring
densities were always very small or negligible .
Centropages generally followed Temora, but al-
ways had much smaller biomass .

All copepod species showed a more or less
fixed pattern of seasonal occurrence, except for
Euterpina . In W during 1982-83, this species de-
veloped well, but it could hardly be observed in
1984-87 (Fig. 2). In E a dense Euterpina popu-
lation occurred only in 1985 (Fig . 2) . In this
barrier year, when current velocities began to de-
crease, copepod developments were strikingly
different from those in all other years of investi-
gation in this area . Temora peaks, for instance,
were already seen around day 100, while the usual
maxima around days 150-175 were completely
lacking in 1985 (Fig. 2) .

Eggs (of all copepod species together) always
contributed very sparsely to total copepod bio-
mass .

Meroplankton biomass (Figs 3-4)

Meroplankton (benthic larvae) in the Ooster-
schelde consisted mainly of barnacle larvae
(Balanus spp.), bivalve larvae (mussels, cockles,
oysters) and polychaete larvae . Other groups re-
corded were gastropods (periwinkles, mud snails,
slipper limpets) and tunicates (tadpole larvae) .

1 3 3

The meroplankton group composition differed
considerably between the two compartments .
Barnacle- and polychaete larvae were found in
a 2-5 times higher biomass in E than in W .
Barnacle larvae could reach high densities in E
already in the pre-barrier period (1983), decreased
during 1984-85 and continuously increased again
from 1986 onwards (Figs 3, 4). Polychaetes,
mostly comprising a substantial biomass in E,
had a remarkably low density in 1983 (Fig. 3) .
Bivalve larvae accounted for ca 25% of total
benthic biomass in E. In W extended mussel beds
occur, causing the major benthic contribution to
total larval biomass in that area, especially from
1986 onwards, when biomass values amounted to
> 20 mg M-3, equalling those of barnacle larvae
in E (1983, 1988) . Other groups of minor impor-
tance were stronger represented in E . In W the
first larvae peak, in spring, was produced by mus-
sels; the summer peaks (Fig . 4) originated from
cockle larvae . In this area in 1986, exceptionally,
summer biomass strongly exceeded the spring
values here (Fig. 4). In E high cockle larvae peaks
were observed during summer 1987 (Fig . 4) .

Ctenophora (Pleurobrachia) densities (Figs 5-6)

Figure 5 gives thePleurobrachia densities (N m - 3 )
from 1982 onwards at both stations . As a rule,
highest densities were observed in W (1982, 1983,
1984, 1987) . During 1985 and 1988 highest
maxima were registrated in E, while in 1986 (bar-
rier construction year) E started and finished
higher than W, although the absolute peak
was found in the latter area . In 1984, 1985 and
1988 W demonstrated relatively low maxima
(S 10 m - 3 ) while during the other years numbers
fell within the range of > 20- > 50 m - 3 ) . Pleuro-
brachia development became visible from March-
April onwards and most maxima were situated in
May .

During the pre-barrier years a W-E gradient in
Pleurobrachia density was observed which disap-
peared in the barrier period but returned in the
post-barrier years . In 1988 (May) however, this
gradient reversed due to a steady increase of
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Pleurobrachia numbers in E, coinciding with a
decline in West . Figure 6 shows that no correla-
tion existed between the maximum density of
Pleurobrachia and the co-occurring total copepod
biomass. However, comparing Fig. 5 with Fig . 2,
the following details can be noticed . In 1984 Pleu-
robrachia reached low peak numbers in W while
at the same time (day 142) copepod (Temora)
biomass was very large and still rose further after
the definite wane of the predator . In E, 1985 was
characterized by scarcity of copepods from day
130 onwards which coincided with a relatively
high and long-lasting (although fluctuating) abun-
dance of Pleurobrachia . From day 170 onwards
when Pleurobrachia decreased definitely, summer
copepods (mainly Acartia) developed. In E, 1986,
the possibly predatory influence of Pleurobrachia
shifted to June when its numbers still rose and
copepod biomass strongly declined. In W, 1986,
copepod biomass did not increase further when
Pleurobrachia was at its maximum (day 140) . In
W, 1987, the drop of Temora on day 140 may be
influenced by the Pleurobrachia maximum at the
same time. In E, 1987, it was not earlier than day
170 when Pleurobrachia (as well as other gelati-
nous predators : Aurelia) had disappeared com-
pletely, that a strong copepod development
started . In E, May 1988, copepod biomass levels
decreased or flattened (Temora) when Pleuro-
brachia reached maximum abundance . In W,
1988, the high peak in copepod biomass devel-
oped when Pleurobrachia was nearly absent .

Biomass during pre-barrier-, barrier- and post-
barrier periods (Figs 7-8)

Annual average total zooplankton biomass
(Fig. 7). Biomass in W during the pre-barrier pe-
riod (ca 75-ca 150 mg drw m -3) was generally
higher than in E (ca 60-ca 100 mg drw m - 3) .

During the years 1985-86 biomasses in W and E
were similar and amounted to ca 100 mg drw
m -3 . During the post-barrier period E reached
the largest values measured in 1988 (> 200 mg
drw m -3 ), while the values of W maintained the
1983-84 level (ca 150 mg drw m -3) . During



85

	

86
Years

Fig. 7 . Annual average values of total zooplankton biomass (mg drw m -3, main contributing groups indicated) in Western (right
bar) and Eastern (left bar) compartments of the Oosterschelde, 1982-88 .

400

200

0

150

100

50

0

Fig. 8 . Seasonal distribution of copepod (top) and meroplanktonic (bottom) biomass (mg drw m -3 ) averaged for pre-barrier-,
barrier- and post-barrier years in the Oosterschelde, Western and Eastern compartments .

Mg/M 3

mg/m 3

250

200

100

50

82

WEST

83 84

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 38 38 40 42 44

6 8

150

100

50

0
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

	

6 8 10 12 14 16 18 20 22 24 28 28 30 32 34 36 38 40 42 44

Weeks

	

Weeks

87

EAST

88

Copepods

8 10

Mg/M3

13 5



1 3 6

1987-88 total annual biomass in W was smaller
than in E, so that the previous biomass gradient
W-E was reversed (on a per m 3 basis) .

Seasonal distribution patterns for copepods
and meroplankton are shown in Fig . 8, where
average weekly biomass values are given during
the three periods separately, for the two compart-
ments .

Copepods . In the post-barrier period in W,
copepods demonstrated a series of higher spring
but lower summer values than previously, leading
to approximately similar annual averages, except
1982 (Fig. 7). In E on the other hand, copepods
in the post-barrier years reached higher values
than before, nearly all over the year . The years of
barrier construction showed very low values in
summer (weeks 24-31) .
Meroplankton . In W higher values in barrier-

as well as in post-barrier years were reached
during summer, as compared to the pre-barrier
situation . In E a similar trend was observable
during nearly the whole year .

Discussion

The main change observed in this study is the
important increase in zooplankton biomass dur-
ing the post-barrier period in E . This led to the
reversal of the previous biomass gradient W-E
during the major part of the growth season in
these years (1987-88) . However, we face the ob-
jection that the complete zooplankton data for
the last period only comprise 1988, the first com-
plete post-barrier year, and not 1989, a year still
included indeed in the phytoplankton studies .
And as zooplankton biomass, especially of
Temora longicornis, was unprecedentedly high in
E during 1988, the question arises whether this
increase was an incidental phenomenon only .
Zooplankton samples of 1989 have been collected
and analysed with regard to Temora . Results of
the counting of the numbers of the adult animals
are presented in Fig. 9, for both 1988 and 1989
(after Darboe, 1992) . Maximum Temora densities
of 1989 were as high as those of the foregoing
year. The duration of the entire period of occur-

400_

0 50 100

	

150

	

200
Day number

250 300

0 1988
•

	

1989

50

	

100

	

150

	

200

	

250

	

300
Day number

Fig . 9. Seasonal distribution of adult Temora longicornis den-
sities in the Eastern compartment of the Oosterschelde in
1988 and 1989 (after Darboe, 1992) .

rence was even longer in 1989 (Fig . 9). Moreover,
the 1989 (and 1988) Temora adults reached
heavier individual weights than during the pre-
barrier period (Bakker & Van Rijswijk, unpubl . ;
Darboe, 1992) . This supports the impression that
the increase of copepod (notably Temora) bio-
mass is a characteristic phenomenon for the post-
barrier years. Also the model calculations by Van
der Tol & Scholten (1992) indicate an increased
zooplankton biomass and an overall increase in
carbon fluxes with regard to the zooplankton
during the post-barrier period .

Environmental factors in the Oosterschelde in-
fluencing the annual fluctuations in zooplankton
abundance comprise both the hydrodynamical
changes (specific for this basin) and the cyclic
physical, chemical and biological alterations,
partly of general nature, partly strengthened or



weakened by the infrastructural works . Because
several factors demonstrated the most conspicu-
ous changes in E, the phytoplankton in this area
were influenced most distinctly too (Bakker et al.,
1994; Bakker & Vink, 1994).

In relation to the zooplankton biomass increase
in E, the following factors are of importance :

1 . Increased residence times during barrier- and
post-barrier years (cf. Wetsteyn et al., 1990; Vroon,
1994). Larger residence times lead to stronger
retention of zooplankton which is of importance
during the growth season as the populations are
allowed to stay and reproduce for a prolonged
time in a smaller area than before . This may re-
sult in higher population densities during the
propagative period of a species . For copepods
this can also lead to higher numbers of resting
eggs sedimenting on a certain bottom area and,
consequently, to higher naupliar densities in the
next spring period . The strongly decreased cur-
rent velocities during the barrier years were most
favourable for the rotifer Synchaeta spp., reaching
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Fig . 10 . Microplankton carbon (i .e . phytoplankton- plus microzooplankton carbon) in the Eastern compartment of the Ooster-
schelde, calculated as average monthly values during pre-barrier- (1982-83), barrier- (1984-86) and post-barrier (1987-88) periods .

J F M A

Microplankton C

M

	

J

	

A

Month

peak abundances during this period (Bakker,
1994) .

2. Increased phytoplankton biomass. A shift in
phytoplankton composition during the barrier
period was demonstrated (Bakker et al., 1990),
continuing in the post-barrier period (Bakker
et al., 1994). It is difficult to evaluate a possible
influence of a change in phytoplankton composi-
tion per se on the zooplankton, but when also
phytoplankton biomass increases (Bakker &
Vink, 1994; Wetsteyn & Kromkamp, 1994), the
food conditions for the zooplankton will improve,
especially when the enlarged biomass of the
phytoplankton is composed of preferred species
in favourable size classes (Tackx et al., 1989) .
There are good reasons to assume that this is true
indeed, as flagellate biomass increased from 1985
onwards (Bakker & Vink, 1994) and also a num-
ber of smaller diatom species appeared (Bakker
et al., 1994). For the copepods also microzoo-
plankton (rotifers, ciliates) represent good food
(Stoecker & Egloff, 1987). Therefore total micro-
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plankton carbon (including microzooplankton)
was calculated to illustrate the changed food
quantities in the Oosterschelde during the 3
periods (Fig. 10). For the pre-barrier period a
regular increase of microplankton carbon can be
seen from winter to summer, with a distinct sum-
mer peak, followed by a (steeper) decrease in late
summer and autumn. The barrier- and post-
barrier years, characterized by higher transpar-
encies in the water column enabling an earlier
start of phytoplankton development, demon-
strated much larger biomass in late winter and
spring. In summer, however, carbon biomass val-
ues were smaller than previously : this may be
partly due to nitrogen limitation (Bakker & Vink,
1994), partly to increased grazing pressure ex-
erted by the larger zooplankton biomass (Fig . 8) .

3. Increased food quality during barrier- and post-
barrier years . Suspended matter concentrations
decreased significantly from the barrier period
onwards (Wetsteyn & Kromkamp, 1994; Bakker
& Vink, 1994). Particulate organic carbon con-
centration was found to behave similarly as
suspended matter concentration (Bakker &
Wetsteyn: unpubl .). During the major part of
the growth season in barrier- and post-barrier
periods, the microplankton carbon/POC ratio
changed in favour of the living component of the
POC (Fig. 11). (Only during a short summer

period (July) the situation was similar to the pre-
barrier period) . This improvement of the food
value of the seston, in combination with the
increased microplankton biomass per se, may re-
sult in a more favourable energy balance as the
animals have to spend less energy and/or time to
select preferred food items . This may have led to
a larger productivity, of the holoplankton as well
as of the benthos, and, consequently to the in-
creased biomass and total zooplankton densities .
The decrease of indigestible material in the zoo-
plankton diet was not explicitly modelled by van
der Tol & Scholten (1992) .

4. Increased sinking rate during the barrier period,
when current velocities and tidal amplitude con-
tinuously decreased to minimum values at the end
of 1986 and the first months of 1987 (cf . Vroon,
1994). The demonstrated increased sedimenta-
tion of total suspended matter might also have
comprised living organisms, zooplankton in-
cluded . Temora abundance was rather low during
1986 . Barnacle larvae, on the other hand, were
more abundant than previously (Fig . 4) and
notably these animals are expected to respond
strongly to decreased current velocities with in-
creased sinking, due to slower swimming move-
ments (compared to copepods) according to their
littoral character. For the copepods, an intensi-
fied vertical migration rather than increased sink-

Fig. 11 . The ratio microplankton carbon : particulate organic carbon in the Eastern compartment of the Oosterschelde, calculated
as average monthly values during pre-barrier- (1982-83), barrier- (1984-86) and post-barrier (1987-88) periods .



ing rates might be held responsible for the smaller
biomass observed, as the decreased tidal water
movements were accompanied by increased
transparencies (cf. Dodson, 1990) .

5. Predatory control of mesozooplankton popula-
tions by invertebrate macrozooplankton . In the open
North Sea, Daan (1989) demonstrated that pre-
dation, as a regulating factor, is only of impor-
tance when feeding conditions for the copepods
are sub-optimal. In the coastal zone, however,
other situations may prevail and predators like
Ctenophora can reduce copepod population den-
sities to a high extent (a.o . Greve, 1971 ; Deason
& Smayda, 1982) . (See further) .

6. Water temperature, especially during winter.
Influence of water temperature in zooplankton
reproduction, notably of copepods, has been
studied thoroughly. In our region a significant
correlation was established between Temora
fecundity and temperature in spring (Van Rijswijk
et al., 1989; Fransz et al., 1989). Colebrook
(1982, 1985) was the first to document that win-
ter periods are often crucial for the variation be-
tween years, through differential survival of the
stocks . After mild winters copepod development
starts earlier and may proceed more rapidly, while
after extreme winters development is strongly re-
tarded (Fransz et al., 1991). Remarkably, during
the barrier period three colder winters occurred
successively. Air temperature during the months
January-March were 1-3 ° C lower than the
long-term mean (Data Dutch Meteorological
Inst., unpubl .) . (See further) .

We assume that the effects of increased residence
times, increased phytoplankton biomass and
improved food quality all have influenced the
zooplankton development positively during the
barrier construction period . Moreover, larger
volumes of Grevelingen (Fig . - 1) water were dis-
charged into the Oosterschelde in those years
(Nienhuis & Smaal, 1993) and several phy-
toplankton- and microzooplankton organisms
were introduced that found favourable conditions
for development, especially in E (Bakker et al.,
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1994; Bakker, 1994). Increased sinking rates of
large phytoplankton and stronger predatory con-
trol, on the other hand, may have counteracted
the favourable effects. Also the lower winter tem-
peratures may have had negative influences .
However, when we account for the strong early
development of Temora in E in 1985 (Fig. 2), it
seems that the winter effect can be neglected here
and that the positive effects of food quality and
-quantity prevailed .

Copepod production of resting eggs

The persistence of a neritic copepod population
over successive years may depend on the ability
of producing resting eggs . Overwintering eggs of
Temora longicornis were discovered by Lindley
(1986) who found that these eggs could remain
viable for more than a year (Lindley, 1990) .
Temora in E probably developed autochthonous
populations via increasing densities of resting eggs
when exchange between the compartments de-
creased and retention of animals plus eggs in-
creased. Moreover, resuspension and subsequent
transport of eggs will have mainly occurred dur-
ing flood, via the deeper channels in eastern di-
rection, because the strength of the ebb current in
E was reduced more strongly in barrier- and post-
barrier years than the strength of the flood current
(Vroon, 1994) and thus transport of eggs in sea-
ward direction might have decreased, probably
leading to accumulation of eggs in E .

Copepods (Temora) and Ctenophora
(Pleurobrachia)

Pleurobrachia abundance in coastal embayments,
at the start of its growth season, is often depen-
dent on import (immigration) from the sea (Van
der Veer & Sadee, 1984). The Oosterschelde data
(Fig. 5) suggest a similar picture, cf. the W-E
gradient of Pleurobrachia densities in the pre-
barrier years .

The sudden appearance of high numbers of the
comb jellies in coastal areas is ascribed to migra-
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tion of already developed populations from else-
where (Reeve & Walter, 1978), or to massive re-
suspension of overwintering stages on the sea
floor (De Wolf, pers . comm.). Pleurobrachia
adopts the planktonic phase when a water tem-
perature of ca. 10 ° C is exceeded (De Wolf, idem)
and at the same time food is present in sufficient
quantities. The massive recruitment from bottom
stages partly explains the patchy occurrence of
Pleurobrachia, although many other plankton or-
ganisms show patchiness phenomena (De Wolf,
1989). Once in the water phase and in favourable
food conditions, propagation of the species pro-
ceeds rapidly and in the adjacent waters of the
southern North Sea the peak is generally reached
in May (Greve, 1971 ; Van der Veer & Sadee,
1984; Kuipers et al., 1990; this paper) .

Fraser (1970) found 80-97 % of the diet to con-
sist of crustaceans with copepods as dominating
constituent . Depletion of copepod standing
stocks by Ctenophora is observed regularly
(Greve, 1971 ; Kremer, 1976 ; Deason & Smayda,
1982; Frank, 1986; Suthers & Frank, 1990) .
However, also in coastal systems the predatory
impact of Pleurobrachia on copepod abundance is
sometimes very small (Kuipers et al., 1990; Dutch
Wadden Sea, 1983). Moreover, negative correla-
tions between Pleurobrachia- and copepod abun-
dance, as reported in the literature, often are not
significant (Miller & Daan, 1989). But when a
patchy Ctenophora distribution would coincide
with a uniform copepod distribution, correlations
although existing, might not be demonstrated
(Suthers & Frank, 1990) .

We did not find a correlation between Pleuro-
brachia maxima and copepod densities at the
same time (Fig. 6), but for the W compartment
there were strong indications that the height of the
Pleurobrachia maximum was influenced by either
the preceding copepod maximum, or might influ-
ence (in its turn) the following copepod maximum
(Fig. 12). A choice, however, between cause and
consequence cannot be made. Moreover, an exact
correlation can hardly be expected as the timings
of the start of both prey and predator are inde-
pendent of each other (see also Kuipers et al.,
1990). When Pleurobrachia comes first and food
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Fig. 12 . Maxima (N m -3) of Pleurobrachia and copepod
biomass maxima (mg drw m -3 ) before, during or after the
Pleurobrachia peak in the Oosterschelde, Western compart-
ment, 1982-1988.

is still lacking, mortality of the Ctenophora will be
high and subsequent copepod development may
be prosperous . A good example of this sequence
may be the situation of W in 1988 (Fig . 2) . In case
of the reverse, i .e . when Temora starts first and
develops rapidly, the later arriving Pleurobrachia
finds a well provided table and may quickly
graze down the copepod stock. This could have
occurred in E, 1985, when after a cold winter,
phytoplankton started its growth very early and
Temora responded immediately, in spite of the
lower water temperature . Afterwards, continued
high abundance of Pleurobrachia may have caused
the unusual disappearance of the copepod in May .
In many cases development of predator and prey
may run more or less parallel, e .g. in 1986, in both
compartments; this was also observed by Kuipers
et al. (1990). In W, Temora biomass of 1984 was
the largest measured in this area during the entire
period of observation and the combination of high
densities of suitable phytoplankton (Bakker &
Van Rijswijk, 1987) and low abundance of Pleu-
robrachia (Fig. 5) can be held responsible .

The (ctenophoran) predator on Pleurobrachia,
often causing the final decline of the latter, is



Beroe gracilis (e .g . Greve, 1971). We paid no spe-
cial attention to Beroe, but in case this species
was observed, this always occurred during the
wane of Pleurobrachia (cf. the arrows in Fig. 5 for
1981 1987 and 1988) .

Meroplankton

Copepods use to dominate in W (to ca 70 % of
total zooplankton biomass ; Bakker & Van
Rijswijk, 1987; Tackx et al., 1990) and benthic
larvae demonstrate higher biomass values in East,
as follows from the detailed comparisons of
Figs 2, 3 and 4 .

Generally, tidal estuaries and sea-arms show
an increase of depth of the channels in seaward
direction . In the Oosterschelde a large difference
between the compartments exists in depth-volume
ratios : average depth in W is ca 12 m and in E
ca 4 m . (For the main hydrographical features cf.
Vroon, 1994). Consequently, in E a relatively
larger bottom surface provides a relatively small
water volume with many benthic larvae, espe-
cially those of barnacles and polychaetes, while in
W comparable numbers of larvae are continu-
ously distributed over a much larger water vol-
ume. Nevertheless, the abundance of a particular
group of meroplankton, the lamellibranch larvae,
is still larger in W, which is due to the localiza-
tion of the majority of the mussel culture plots in
this (and the central) area of the sea-arm (van
Stralen & Dijkema, 1994) .

In coastal marine and estuarine areas suspen-
sion-feeding zoobenthos may largely control
phytoplankton biomass (Cloern, 1982 ; Herman
& Scholten, 1990) . This holds also for the
Oosterschelde with its dense beds of cockles and
(cultivated) mussels, implying high filtering activ-
ity (Prins & Smaal, 1994 ; Van Stralen & Dijkema,
1994 ; Herman & Scholten, 1990, Van der Tol &
Scholten, 1992) . The increased residence times
during barrier- and post-barrier years will have
been responsible for a stronger retention than
before of the numerous larvae released and this
explains the increased biomass of lamellibranch
larvae during these periods in W (Figs 3, 4) . The
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copepods have to compete with the mussels for
phytoplankton food and did not succeed to in-
crease their biomass during these years (Figs 2, 3).

In E, however, there is virtually no mussel cul-
ture, and it was here, that the copepods (Figs 2,
3, 7, 8) as well as the non-selective (Tackx et al.,
1989) barnacle larvae (Figs 3, 4, 7) could profit
completely from the improved food conditions .
Consequently, total zooplankton biomass here
increased during nearly the entire growth season
of the post-barrier period (Figs 7, 8) .

During the pre-barrier period, as a rule, mus-
sel veligers were present from the beginning of
April onwards (Fig . 4) . After the colder winters of
the barrier years, however, development of larval
populations started later. In 1988 the larvae could
be observed again in April . It seems therefore that
the lower water temperatures in early spring re-
tarded mussel reproduction. For barnacle repro-
duction, on the other hand, a retarding effect of
low temperatures during spring 1985-87 could
not at all be discovered : a large larval stock was
already present in March, while during the same
period in 1982-84 only a few larvae were found .
In 1988 at the same time many larvae occurred .
For barnacles, therefore, food availability seems
decisive for the early development, even in case
of low winter temperatures . During the pre-barrier
years, when suspended matter concentration was
high due to a large contribution of non-living par-
ticulate matter, barnacle larvae, contrary to cope-
pods not able to efficient phytoplankton selection
(Tackx et al ., 1989), did not occur in very high
abundances . It seems therefore that these organ-
isms, even more than the copepods, profited from
the new situation with increased phytoplankton
concentration of the seston, making selection less
necessary .

Final remarks

The increased zooplankton biomass in E (post-
barrier years) will exert a stronger grazing pres-
sure on the phytoplankton . During summer
phytoplankton biomass was much smaller than
previously (Bakker & Vink, 1994) indeed . Beside
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the role of zooplankton, the increasing nutrient
limitation (especially of nitrogen) can be held re-
sponsible for the phytoplankton decline in sum-
mer (Bakker & Vink, 1994) .
Tackx et al. (1994) calculated phyto- and zoo-

plankton biomass distributions in E during the
entire period of observation . They used these data
to test the model of Sheldon et al. (1977 ; predict-
ing biomasses at higher from those at lower
trophic levels) and showed that observed stand-
ing stock ratios of zooplankton to phytoplankton
agreed well with the model predictions in pre-
barrier- and barrier periods . In 1988, however,
the model predictions became invalid because of
important changes in the zooplankton, i.e . the
increased biomass of mainly Temora and Balanus
nauplii .

We concluded that the new hydrographic re-
gime in the Oosterschelde (via reduced current
velocities, increased sinking of suspended matter
and increased transparencies) influenced phy-
toplankton composition (Bakker et al., 1990 ;
1994), phytoplankton biomass (Bakker & Vink,
1994) and -primary production (Wetsteyn &
Kromkamp, 1994) directly. Correspondingly, we
hypothesize that increased retention time, in-
creased phytoplankton biomass and improved
food quality of the seston have resulted in an
increase of zooplankton biomass from 1988 on-
wards. These phenomena were most clearly ob-
served in E. In this area also some changes in
species composition were observed (Bakker,
1994). Future research in the Oosterschelde will
reveal if this new trends of the zooplankton
development will persist .
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