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ABSTRACT: Mortality factors operating in a temporarily isolated 0-group plaice population in the
western Wadden Sea have been examined from information on larval immigration, subsequent
settlement and changes in demersal densities. Larvae entered the western Wadden Sea every year from
the end of February to the beginning of May. In years of strong larval abundance the main period of
arrival seemed somewhat delayed from March to April. As a result, between-years mean length and
density of the settled population showed an inverse relation on June 1. Density-dependent mortality
was observed among plaice up to about 35 mm, with instantaneous mortality rates ranging up to
0.06 d~! during and shortly after settling of the larvae. Arguments are given that, although in the
coastal zone pelagic predators are present (several coelenterate species), the main density-dependent
mortality processes operate in the demersal phase. The larval data further showed that level of year-
class strength was established early in life, during the planktonic stage in the open sea. Observed
density-dependent mortality in the Wadden Sea reduced the between-year variation in year-class
strength generated in the open sea egg and larval stages from a coefficient of variation of 62 % during
larval immigration to 30 % after settling in June.

INTRODUCTION

From the onset of intensive fisheries research in the
beginning of this century, interest has focussed on
factors determining variation in year-class strength.
Hjort (1914) put forward the hypothesis that year-class
size is controlled during a critical phase in the early
life history of the fish, when numbers of individuals are
at a maximum. The mechanisms involved can be dis-
tinguished into density-independent processes related
to fluctuations in the physical environment, and
density-dependent processes caused either by preda-
tion or food competition. Since the various mechanisms
may operate simultaneously, a thorough analysis of the
factors controlling the ultimate size of a year-class is
generally very difficult.

Most marine fish species show large year-to-year
fluctuations in recruitment of juveniles to the parent
stock (Daan 1978, Holden 1978, Jones & Hislop 1978,
Sahrhage & Wagner 1978), which implies that in these
species density-dependent mortality factors are of rela-
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tively minor importance. The North Sea plaice popula-
tion (Pleuronectes platessa L.) is one of the few excep-
tions, showing relatively small variations in recruit-
ment (Bannister et al. 1974, Bannister 1978, Rauck &
Zijlstra 1978). In this species, recruitment seems to be
stabilized by density-dependent mortality factors and
therefore offers excellent opportunities for studying
such factors.

Extensive studies on the pelagic phase of North Sea
plaice by Bannister et al. (1974) and Harding et al.
(1978) reveal high mortality rates in egg and larval
stages, but fail to demonstrate any density-dependent
mortality.

Population control during the subsequent post-larval
demersal phase has been the subject of a number of
studies in British bays (Riley & Corlett 1966, Macer
1967, Steele & Edwards 1970, Lockwood 1972, 1980)
and in the continental Wadden Sea (Rauck & Zijlstra
1978, Zijlstra et al. 1982). These studies suggest a
positive relation between mortality and density in
post-larval plaice, by which the between-year fluctua-
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tions in abundance generated during the early pelagic
phase can be moderated. In British bays this density-
dependent mortality operates during the whole of the
summer period (Lockwood 1980), while in the Wadden
Sea density-dependent mortality seems to be restricted
to the period during and just after settlement of plaice
larvae (Rauck & Zijlstra 1978, Zijlstra et al. 1982).

The impact of some planktonic predators on larval
plaice during immigration of larvae into the Wadden
Sea was the subject of a previous paper (van der Veer
1985). The present paper focusses attention on mortali-
ty processes occurring during and shortly after larval
settlement. Information on larval immigration, settle-
ment, and changes in demersal densities was collected
with the object of estimating mortality rates for differ-
ent size groups separately.

MATERIAL AND METHODS

Description of the area. The area selected for this
study is part of a large tidal flat system in the western
Wadden Sea (Fig. 1). The intertidal area of the Balg-
zand (about 52 km?) is isolated from other tidal flats by
dikes in the south and west and for the remainder by
tidal channels ranging in depth from 5 to 20 m. A tidal
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Fig. 1. Location of the Balgzand. Pelagic (®) and demersal (O)
sampling stations are indicated together with the position of
the tide gauges (1)

watershed, i.e. an area where opposite tidal streams
meet, runs about 2 km along the flats parallel to the
Amsteldiep tidal channel (de Boer 1978). The area
consists of barren flats with only a few mussel beds in
the northwest part. Median grain size and silt content
respectively are about 150 um and 5 % and there is a
gradient from coarse sand in the northerly, more
exposed flats to fine sands and mud in the sheltered
southern areas (Dapper & van der Veer 1981). Nor-
mally the flats are drained for 2 to 4 h and submerged
for 8 to 10 h of the tidal cycle. At high water most of the
area is covered by 1.0 to 1.5 m of mostly very turbid
water, the actual depth depending on weather condi-
tions and lunar phase. The flats are intersected by
numerous small gullies. During the later phase of the
ebb the water recedes through these gullies to the
main tidal channel. The food of the plaice, consisting
of meio- and macrobenthos, is present in densities of
respectively about 1.5 and 30 g ash free dry weight
m~? (Beukema 1974, Witte & Zijlstra 1984).

Plankton sampling. Plankton sampling, aimed at
estimating the numbers of larvae that entered the area
through the tidal channels just before settling, was
carried out at weekly intervals from February until
May-June in 1980, 1981, and 1982. Usually 2 to 4 tidal
periods were sampled every week, during both the day
and night, at fixed stations in 1 of the 4 main tidal
channels (Fig. 1) that supply the Balgzand with water
{de Boer 1978). During each ebb and flood tide at least
5 samples were collected.

Double oblique hauls were made using nets with a
mouth area of 0.7 m? and a length of 5m. The nets
were constructed of polyamid plankton gauze (Mono-
dur 2000) with a mesh size of 2 X 2 mm. The duration
of the hauls varied between 10 and 45 min depending
on the strength of the current and the abundance of the
alga Phaeocystis pouchetti and the ctenophore
Pleurobrachia pileus. The total mesh area of the net
(12 m?) was sufficiently large to prevent serious over-
flow, even during blooms of these species (van der
Veer & Sadée 1984). The amount of water filtered,
measured by a flow meter mounted in the mouth of the
net, varied between 300 and 2000 m3 per haul. Further
details of the method are given in van der Veer (1985).

All sampled material was preserved in a 4 % neutral
formaldehyde-seawater solution. The fish larvae were
sorted into morphological stages as described by
Ryland (1966) and measured to the nearest mm total
length within 3 mo. No correction was made for shrink-
age, since both Lockwood (1973) and Dapper (1978}
found that, for plaice, shrinkage in 4 % formaldehyde
was negligible.

No correction was made for net efficiency, since a
comparison of day and night catches did not suggest an
increasing net avoidance with length (van der Veer
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1985). For each haul numbers were converted into
densities per 1000 m3 (ind 1000m~3), and the arithme-
tic mean was used as index of abundance.

Consistently during both the ebb and flood tide, the
variance surpassed the arithmetic mean, pointing to an
uneven distribution of the larvae in the water mass.
Confidence limits for such distributions can be com-
puted by using the factors derived from a logarithmic
(x+1) transformation and applying them to the arith-
metic mean of the samples {Elliott 1977). For the 95 %
confidence limits these factors of the Student’s t-dis-
tribution range between 2.09 and 2.02, depending on
the numbers of hauls made (20 to 40). Therefore, the
95 % confidence limits would lie between 47 and
209 % of the mean.

Demersal sampling. Demersal fishing was carried
out at 2 wk intervals during the period of larval settle-
ment from February until June-July in 1980, 1981, and
1982 on a grid of 36 stations distributed over the area
(Fig. 1).

larval abundance
(n-1000m-3)

12 1980

Fig. 2. Pleuronectes platessa. Mean abundance of pelagic
plaice larvae (ind 1000m~3) in the gullies near the Balgzand
area during flood (—) and ebb (---) tide

Hauls were made with a 1.90 m beam trawl with
1 tickler chain and a mesh size of 5 X 5 mm, towed by
a rubber dinghy with an outboard motor (25 HP) at a
speed of approximately 35 m min™ !, following Riley &
Corlett (1966). All sampling was carried out during
daytime and was restricted to a period of 3 h around
high water: during this tidal phase the distribution of
juvenile plaice appeared to be more or less random on
the tidal flats (Kuipers 1977). The exact length of a haul
was assessed with a meter-wheel fitted outside the
trawl. Each haul represented a surface area of at least
200 m2.

Catches were preserved ina 4 % formaldehyde solu-
tion. 0-group plaice were sorted into morphological
stages as described by Ryland (1966) and measured in
mm size classes. The numbers caught were corrected
for mesh selection, since considerable losses in the
lower size ranges may occur (Dapper 1978). Losses
other than those due to mesh selection were expected
to be negligible (Kuipers 1975). The corrected numbers
were converted into densities per 1000 m? (ind
1000m~?) and the arithmetic mean of all stations sam-
pled during a survey was calculated as an index of
abundance for the randomly distributed population on
the whole area at high water.

During the period June to September, when the
population had stabilized, the 95 % confidence limits
of the arithmetic mean were on the order of 35 % of the
mean (Zijlstra et al. 1982). At least the same order of
magnitude was expected for the period prior to June.

RESULTS
Plankton data

Fig. 2 shows the mean abundance of larval plaice in
the plankton during ebb and flood. Larvae were caught
in low numbers at the end of February and remained
present in the plankton until the beginning of May. In
1980 larval densities at flood tide stayed on a more or
less constant level between February and May, while
in 1981 2 peaks occurred. In 1982 there was 1 period of
high abundance.

In the flood catches larvae were all in morphological
Stages 4 and 5, but the proportions differed between
the 3 yr (Fig. 3A). In all years there was a gradual shift
towards the higher developmental stages during the
period of immigration, which corresponded to some
extent to an increase in the mean length towards the
end (Fig. 3B).

Flood tide catches were consistently higher than ebb
catches (Fig. 2), indicating a retention of the larvae in
the tidal area during ebb tide. In 1980 there was a
negative relation between flood density and retention.
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However, retention varied only between 70 and 100 %.
As a rule the rate of retention seemed to be indepen-
dent of the flood abundance (Table 1). From the stage
compositions (Table 2) and the retention of each stage
(Table 3) it could be concluded that about equal frac-
tions of all stages were washed back during ebb tide.
This agreed with the fact that mean length of the plaice

Table 1. Pleuronectes platessa. Spearman'’s rank correlation
between mean weekly flood abundance and retention of
plaice larvae

Year No. of Spearman'’s rank Signi-
observations correlation ficance
1980 10 0.04 ns
1981 11 —0.60 p <0.05
1982 6 0.16 ns
Total 27 —0.30 ns

Table 2. Pleuronectes platessa. Mean morphological stage
composition of plaice larvae during flood and ebb tide (%)

Stage Flood tide Ebb tide
1980 1981 1982 1980 1981 1982
4A 22 27 21 36 3.0 94
4B 389 153 699 47.5 128 571
4B’ 416 476 249 40.1 653 337
5 172 343 3.0 89 190 00

larvae did not show systematic differences between
flood and ebb (Fig. 3B). Mean retention over the whole
period of larval immigration was higher in 1981 (88 %)
than in 1980 and 1982 (66 %) (Table 3). No clear differ-
ence was observed in retention during day or night
time. At the end of larval immigration mean length of
the larvae increased somewhat due to the shift in stage
composition.
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Table 3. Pleuronectes platessa. Mean retention of plaice lar-
vae with ebb tide expressed as percentage of flood densities
(%)

Stage 1980 1981 1982
4A 50 89 57
4B 65 90 68
4B’ 67 84 51
5 68 94 100
Total 66 88 65

Demersal surveys

Fig. 4A shows the mean abundance of demersal 0-
group plaice on the tidal flats. After the appearance of
the first specimens in February-March the population
increased rapidly to a maximum density of about 150
ind 1000m~?% in 1980, 350 in 1981, and 300 in 1982.
From May onwards numbers declined to a density of
about 100 ind 1000m™~2 by the end of July.

In all years the size frequencies of the plaice popula-

A

abundonce
{(n-1000m"?)
300 4

200 4

tion were distributed fairly normally. This has been
shown also for previous years by de Vlas (1979). There-
fore, for all surveys mean length has been estimated. In
all years this mean length of the population remained
approximately constant until the end of April, which
can be explained by the continuous arrival of new
settling larvae. From May onwards mean length
increased rapidly up to 5 to 6 cm in July (Fig. 4B).

The observed increase in mean length has been
compared with simulated values using a simple
descriptive growth model obtained under excess feed-
ing conditions (cropped fresh musselmeat) for es-
pecially small 0-group plaice up to 5 cm, kept in aer-
ated pails and crates with a layer of sand on the bottom
(Glazenburg 1983):

AL =13 X T 4+ 1.7 (mm mo™}) (1)

where AL = length increase in mm mo™!; T = mean
temperature in °C. Results of later, more detailed
experiments supported the validity of the model
(Fonds, pers. comm.). Mean daily temperatures could
not be measured. Instead high water temperatures on
the tidal flats during daytime were used (Fig. 5). These

B
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Fig. 4. Pleuronectes platessa. (A) Mean
abundance of all 0-group plaice (—) and
of only newly settled plaice [< 15 mm)]
(---) {ind 1000 m~?) in 1980, 1981, and
1982. (B) Mean length (mm) of 0-group
plaice on the Balgzand in 1980, 1981,
and 1982. (—) observed length, (---) esti- O]
mated after growth model of Glazenburg
(1983)
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Fig. 5. Water temperature on the tidal flats of the Balgzand at
high water during daytime in 1980 (e), 1981 (%), and 1982 (O)

values are a slight overestimation of the mean daily
temperatures and will therefore result in a somewhat
too high simulated growth. From the beginning of May
onwards there was a high similarity between the
observed and simulated values (Fig. 4B), which would
imply that feeding conditions were not limiting
growth. The discrepancy that developed between the
2 curves in the course of the period from May to July is
caused by the temperature effect and probably by the
decreasing validity of the experimental growth model
for plaice larger than 5 cm.

Mortality

On the assumption that the exchange between the
Balgzand area and the deeper surrounding channels
was negligible, the abundance of 0-group plaice
would be controlled by settlement and mortality du-
ring spring and early summer.

The observed retention of planktonic plaice larvae
per 1000 m?® (Fig. 2) has been converted into an assess-
ment of the settlement of larvae per 1000 m? on the
basis of the estimated volume of water covering the
area at high water. Since this volume varied as a
consequence of lunar phase and wind conditions, a
number of self-registering tide gauges were placed
around the tidal flats from February to May in all years
{Fig. 1). The resultant information on water level in
combination with a recent sounding chart (courtesy of
Rijkswaterstaat) yielded estimates of the daily volume
of water covering the Balgzand at high tide with a
accuracy of about 95 %. This volume varied between
5and 50 X 10° m® depending on lunar phase and
wind stress (van der Veer 1983).

Fig. 6. shows weekly estimates of mean settlement in
numbers per 1000 m? per tide in the course of the

settling larvae

(n»IC')g_Om'z) 1980

98I
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Fig. 6. Pleuronectes platessa. Weekly mean settlement of

larval plaice (ind 1000m~2) per tide on the Balgzand, esti-

mated after the retention of larvae and the daily amount of
water covering the tidal flats at high water

season. These larvae varied in size between 10 and
15 mm, as is indicated by the total length compositions
(Fig. 7).

With these numbers of settlers during a period from
O to t (S.y). estimated according to: mean settlement
per tide X number of tides during the period O tot, the
size of the demersal population at the start (Ng) and the
size at the end (N,) of the period considered, the mean
daily mortality Z (d~') among the whole 0-group popu-
lation could be calculated according to:

1, (Ng + Spuy)

Zoy = —1n (d) (2)
N,

where t = number of days between 0 and t.
The Z-values obtained over the period February to
May varied between approximately 0 and 0.11 d7},
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Fig. 7. Pleuronectes platessa. Mean length composition (mm)
of settling larvae in 1980, 1981, and 1982

with a mean of about 0.04 d 1. Part of the variationin Z
could be explained by differences in density as sug-
gested by the significant relation in Fig. 8 between
density and mortality (Spearman’s rank correlation
r, = 0.49; p < 0.05).

In order to detect the stage in which this density-
dependent mortality might occur, separate size groups
were analysed by the method described by Zijlstra et
al. (1982). The apparent optimal growth from May on,
according to Fig. 4B, justified the use of the growth
model for the preceding period, to compute the transfer
of plaice through the size classes by growth. For the
smallest size group, < 15 mm, corresponding to newly-
settled plaice, an expected density at time t (N,) could
be calculated on the basis of estimated settlement
(S.y) and the numbers disappearing by growth (Ng)
into the next size class between successive surveys
(according to Eq. {1]), from:

Nie = Ng + Sip.y—Ng (ind 1000m™?) (3)
mortahty (Z)
{d-)
+ 0.12
_ u]
+008 .
+0041 T -
i e —-x"770 X
x——"" 0 50
O_ X
~004-

By comparing this expected density with the observed
abundance in the next survey (N,), mean daily mortal-
ity rates Z (d7!) for the size group < 15mm were
calculated by:

1
Loy = _ln%
t t

dh (4)

Similarly, with the aid of the growth model (Eq. [1]),
mortality rates for the larger size groups were com-
puted assuming that with a growth of y mm between
2 successive surveys, all fish > y mm at t; will corres-
pond with all fish > (x + y) mm at t,. The difference
between expected and observed density should be
caused by mortality. Fig. 9 shows the relations
between density and mortality for the 4 different size
groups considered.

For plaice <15 mm, mortality was significantly cor-
related with density (r; = 0.82; p <0.01). Also signifi-
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Fig. 9. Pleuronectes platessa. Relation between mean daily

mortality Z (d7!) between 2 successive demersal surveys and

mean abundance of 0-group plaice for different size classes

during Feb to Jun. Combined data of 1980 (e), 1981 (x), and
1982 (0)

Fig. 8. Pleuronectes platessa. Relation between
mean daily mortality Z (d7!) between 2 succes-
sive demersal surveys and mean abundance of
0-group plaice corrected for larval settlement
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9('30 IOCIJO during Feb to Jun. Combined data of 1980 (e),

1981 (x), and 1982 (0)
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cant correlations of mortality with density were found
for all plaice >15 mm and >25 mm (r,= 0.60, p <0.01;
r, = 070, p < 0.01 respectively). For all plaice
>35 mm, however, the correlation was no longer signi-
ficant (r, = 0.30, n.s.).

Since abundance and mortality are not independent
variables, it cannot be excluded that part of the corre-
lation originates from statistical effects. However, the
differences between the correlations for the various
size groups in Fig. 9 suggest that at least partly real
density-dependent processes are operating.

DISCUSSION
Immigration and settlement of larvae

Plaice larvae immigrating into the western Wadden
Sea originate from spawning grounds in the Southern
Bight and the Eastern English Channel (Simpson 1959,
Houghton & Harding 1976, Talbot 1976, 1978). After
spawning, which peaks in January-February (Harding
et al. 1978), the developing eggs and larvae are trans-
ported by residual currents towards the coastal nursery
areas (Houghton & Harding 1976, Zijlstra 1972).

The first larvae appear in the western Wadden Sea at
the beginning of March (Creutzberg et al. 1978), which
is early compared to the arrival in the German Wadden
Sea (Rauck 1974, Berghahn 1983) and some British
bays (Macer 1967, Edwards & Steele 1968, Lockwood
1972). There the first demersal specimens are not
observed before April or May. During the period of
immigration, larval abundance fluctuates considerably
both within and between years. Also the period of and
the numbers during maximum abundance vary. Such
fluctuations may be caused either by different rates of
development and survival at sea, or by interruptions in
transport by the residual currents. After arrival in the
Wadden Sea the larvae accumulate in the area by
settling from the plankton onto the tidal flats, a process
which is probably stimulated by the favourable food
conditions on the flats (Creutzberg et al. 1978).

The process of settlement is indicated by the con-
sistently higher abundance during flood tide compared
to ebb tide and also by the continuous increase in
numbers of small demersal plaice on the tidal flats
from February until May. Creutzberg et al. (1978) men-
tioned a time delay of about 40 d between the entrance
of larvae into the Wadden Sea and subsequent settling
on the Balgzand. However, the data of the present
study suggest that retention of larvae and settling on
the tidal flat are features of the same phenomena
(Fig. 10).

Retention varies substantially in the course of the
immigration period and between years. In the tidal

settled plaice <15mm
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Fig. 10. Pleuronectes platessa. Weekly number of settling

plaice larvae (ind 1000m~?) per tide estimated from plankton

data against simultaneous observed abundances of demersal
settled plaice < 15 mm. (@) 1980; (x) 1981, (O) 1982

inlets retention rate increased with the development of
the larvae (Creutzberg et al. 1978, Rijnsdorp & van
Straten 1982). This relation is less clear for the smaller
tidal gullies of this study. In 1981 however, when larval
development was on the average most advanced, the
highest retention rate was obtained (Tables 2 & 3).

Demersal abundance and growth

The seasonal abundance of demersal plaice on the
Balgzand showed a consistent pattern: increasing
numbers up to the first part of May followed by a sharp
reduction.

Peak densities varied considerably from year to year,
from 200 up to 350 ind 1000m~2 in the present study
and even up to 500 ind 1000m~2 in 1978 (Zijlstra et al.
1982). During the summer period from June 1 onwards,
there are no indications that growth is food limited
(Kuipers 1977, Zijlstra et al. 1982). Also in this study
simulated growth, calculated according to an empiri-
cal growth model determined under excess feeding
conditions, corresponds well with the observed values
in all 3 yr, despite variations in abundance. Our data
for 1980 to 1982 fit well in the inverse relation found by
Zijlstra et al. (1982) between the index of year-class
strength, calculated as the mean of the 2 highest
abundances of plaice between 20 and 35 mm, and the
mean length on Junel, which seems to suggest
density-dependent growth in early life (Fig. 11). The
strong relation between mean larval flood tide abun-
dance over the whole period of immigration and the
index of year-class strength over this period (r, = 0.83,
p < 0.05, Fig. 12A) means that a high larval abundance
results in a low mean length at June 1. Nevertheless,
over the whole larval period both mean length and
retention fraction in the larval stage just prior to sett-
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Fig. 11. Pleuronectes platessa. Relation between index of
year-class strength of the Balgzand (ind 1000m~?) and mean
length {mm) on June 1 after Zijlstra et al. 1982 and this study

ling appear to be independent of density (Fig. 12B, C).
Therefore, the suggestion given by Zijlstra & Witte
(1982), that a difference in timing of larval immigration
Is responsible for the apparent density-dependent
growth, appears to be the most likely explanation. A
shift in main immigration from March to April during
years of high abundance will result in relatively large
numbers of newly-settled plaice at the start of the
growth season in May and thus lead to a relatively
lower mean length on June 1. This explanation finds
support in the fact that in the 2 most abundant years
(1981 and 1982) larval densities are relatively higher
during April, whereas in the weaker larval year of 1980
the densities are almost comparable during March and
April.

Mortality

For an accurate calculation of mortality rates, precise
estimates of pelagic and demersal densities are
required. Larval densities are determined by date of
sampling, location, tide, depth, and diel period
(Rijnsdorp et al. 1985) and all these factors have been
incorporated in the framework of the sampling prog-
ram. Interference may also occur by problems of net
efficiency; however, net avoidance by the pelagic lar-
vae does not seem likely (van der Veer 1985). The
method used to estimate settlement per unit surface

mean flood abundance

from larval retention and the volume of water on the
tidal flats might also have biassed the results. The
good correspondence between the size distribution of
the pelagic settling 4A, 4B and 4B’ larvae with that of
the settled demersal larvae support the validity of the
method at least qualitatively (Table 4). A quantitative

Table 4. Pleuronectes platessa. Size distribution (%) of Stage
4A, 4B and 4B’ larvae: settling pelagic larvae (calculated from
flood-ebb differences) and observed simultaneous demersal
settled larvae on the Balgzand. Mean percentages of 1980 to

1982
Larval size Pelagicsettling  Demersal settled
(mm) larvae (%) larvae (%)

8 1 2

9 9 11
10 24 28
11 30 30
12 24 22
13 9 5
14 3 2

justification is found in the linear relation (r, = 0.74,
p < 0.01) between the estimated number of pelagic
larvae retained and settled on the flats and the simul-
taneous abundance of demersal plaice = 15 mm (Fig.
10}. With respect to demersal sampling, previous
studies clearly demonstrated the validity of the method
(Kuipers 1975, Zijlstra et al. 1982).

The observed changes in density of demersal plaice
until the end of larval immigration in May reflect the
integrated effect of settlement, possible migration, and
mortality. With the accurate estimate of settlement,
mortality can be assessed if the plaice population on
the Balgzand does not migrate to or from the deeper
parts of the surrounding tidal channels. Migrations
within the area would be compensated for in the over-
all estimate of mortality. Investigations by both Creutz-
berg & Fonds (1971) and Zijlstra et al. (1982) indicate
low densities of 0-group plaice in the deeper channels,
at least prior to June-July, which suggests that major
migrations do not occur to or from the area during this
phase. Similar observations have been made in British
waters (Macer 1967, Lockwood 1972).
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Earlier attempts to estimate mortality rates in post-
larval plaice indicate for various areas, such as Red
Wharf Bay (Macer 1967), Loch Ewe (Edwards & Steele
1968), Filey Bay (Lockwood 1972) and the German
Wadden Sea (Rauck & Zijlstra 1978), a decline of
mortality with age, as reviewed by Zijlstra et al. {1982).
Cushing (1974) suggests that predation will be the
main cause of mortality during the early life of fish,
and that the inverse relation between mortality and
age is the result of a reduced number of potential
predators with increasing size. In a previous study on
the Balgzand, mortality was estimated at about
0.023 d~! during April-June and at about 0.005d!
during July-August, with the suggestion that mortality
in the first period was probably underestimated due to
the absence of data on numbers of settling larvae
(Zijlstra et al. 1982). The present study largely confirms
the earlier observations on mortality rates during the
stage of settlement, which are in the order of 0.04 d~1,
about 2 times higher than the values given by Zijlstra
et al. (1982) and about as high as those found during
the egg and larval phases (Harding et al. 1978).

The suggestion of Zijlstra et al. (1982) that mortality
may depend on the abundance of the plaice — being
higher at higher densities — also finds confirmation in
this new and more detailed material. This dependence
is significant for all size groups below 35 mm, if data
for the 3 yr of sampling are combined. The data of the
separate years show more variability, but at least for
the size group =< 15 mm the data are consistent in this
respect for each of the 3 yr. A problematic feature is
that at low densities zero or even slightly negative
mortalities are found. This may be due to a slight
overestimation of the growth rate by the model used,
which influences the transfer of one size group to
another and affects mortalities at various densities to
the same extent. Alternatively, migration behaviour
may be different at different densities, or the ‘noise’ in
the estimation processes may be higher at low
densities. For these smallest demersal plaice up to
35 mm, a trend of decreasing mortality with increasing
size is not clearly visible. However, the variation in Z
appears to increase in the larger size classes (— 0.01 to
+0.07 for plaice = 15 mm to —0.05 to +0.09 for plaice
> 35 mm), which may indicate that Z-values were less
accurately estimated, partly because of smaller sam-
ples. Although the period of density-dependent mor-
tality is rather short, it will have measurable effects on
survival. For instance a mortality of 0.01 d~! reduces
the population in 14 d by 13 %, compared with a 57 %
reduction at a mortality rate of 0.06 d~'.

For the newly-settled plaice the relation between
mortality and density may not be linear, but seems to
follow some 'S-shaped’ curve as described for preda-
tion of small mammals on insects by Holling (1959). A

similar suggestion for an S-shaped mortality-density
response in 0-group plaice has been found by Lock-
wood (1980) in British waters. Such a relation indicates
either a numerical response — whereby the number of
predators increases — or a functional response -
whereby each individual predator attacks more prey —
by one or more predators (Solomon 1949). The rapid
changes in plaice densities and the immediate effect
on mortality suggest a functional response of the pre-
dator population through conditioning. However, it is
not clear why this should be restricted to newly-settled
plaice.

The possibility that density-dependent mortality
also acts in the planktonic pre-settling phase in the
Wadden Sea cannot be excluded. In the coastal zone
important predators are present such as the ctenophore
Pleurobrachia pileus and the scyphomedusa Aurelia
aurita (van der Veer 1985). Each year they show an
enormous numerical increase at the end of larval
immigration in early May. Their mass appearance is
probably responsible for the sharp drop in the numbers
of plaice larvae at that period. However, it seems
unlikely that these coelenterates can be the cause of a
density-dependent mortality during the whole period
of immigration.

Considering possible predators in the demersal
phase, Bergman et al. (1976) provided evidence that
the brown shrimp Crangon crangon is an important
predator on small 0-group plaice on the Balgzand.
Predation by shrimps has also been reported for Loch
Ewe (Edwards & Steele 1968) and Red Wharf Bay
(Macer 1967), although C. crangon is not the main
predator in these latter areas. Other predators on 0-
group plaice such as dabs (Macer 1967), cod and lesser
weever (Edwards & Steele 1968j are virtually absent in
our area. Cannibalism by larger plaice has been men-
tioned (Riley & Corlett 1966, Macer 1967), but no
evidence for serious predation of this type has been
reported by other authors for British waters (Edwards &
Steele 1968), or the Wadden Sea (Kuipers 1977, de Vlas
1979).

The observed decrease in mortality rates from spring
to summer can be explained by a decreasing predation
by Crangon crangon, because the larger plaice are less
vulnerable to shrimp predation (Bergman et al. 1976).
Other predators on larger 0-group plaice in the Wad-
den Sea include crabs (Bergman et al. 1976), bass
(Zijlstra pers. comm.) and birds (Mes pers. comm.), but
their numbers are lower than those of the shrimps.

Impact of mortality on year-class strength

From extensive information available on the egg and
larval stages of North Sea plaice (Harding et al. 1978),
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it appears that year-class fluctuations might be gener-
ated as early as in the egg stage (Brander & Houghton
1982). Between-year fluctuations in late egg stage
abundance and ultimate recruitment seems to be
associated with temperature conditions in the spawn-
ing area; low temperatures seem to induce reduced
mortalities and a slow rate of development (Harding et
al. 1978, Zijlstra & Witte 1982). However, such correla-
tions between an environmental factor and recruitment
may be deceptive and do not necessarily give insight
into the underlying causal relations. Gulland (1965)
concludes, on the basis of various published correla-
tions, that many of these may be fortuitous and that
they should at least be confirmed by an independent
new set of data.

The observations on larval and early post-larval
abundance near the entrance of the Wadden Sea by
Creutzberg et al. (1978) and by this study might offer
an opportunity for such an independent check over a
period of 6 yr. It appears that the annual index of
abundance of newly-settled plaice as well as the mean
flood abundance of larvae show significant inverse
relations with the February temperature near the
spawning grounds in the Southern Bight of the North
Sea [station: Noordhinder light vessel, position:
51°39’N; 2°34'E] (1= —0.90; p<0.01 and r, =
—0.71; p < 0.05 respectively) (Fig. 13A,B). Low tem-
peratures during the egqg and larval stage will undoub-
tedly slow down the rate of development. In years with
a low temperature in February, one may therefore
either expect an immigration of larvae in an earlier
morphological stage, smaller larvae or a delayed
immigration. In 1981 and 1982, when temperatures
were relatively low (see Fig. 13) there was no marked
effect on the stage of the larvae (Table 2) or on their
size (Fig. 12C). The main difference between year-
classes spawned under different temperature condi-
tions appears to be that at higher temperatures larval
numbers are more or less constant throughout March
and April, whereas at lower temperatures larval
abundance is higher in April than in March (Fig. 13C).

year - class index
settied plaice

A

Although the main period of immigration appears to be
shifted in low temperature years, first settlement does
not seem to be delayed in such years. It is not yet clear
how temperature affects mortality in the egg and larval
stages.

In Table 5 estimates are given of mean abundance at
various stages during the early life of the North Sea
plaice, together with an index of variability: the coeffi-
cient of variation. This coefficient, defined as mean
divided by standard deviation, is a measurement for
the relative dispersion, independent of the units in
which the results are expressed during the various life
stages. There is a major increase in the coefficient from
the egg stage to Stage I larvae (from 40 to 90 %), but
the value for Stage I larvae is based on only 4 observa-
tions and therefore not very reliable. At the entrance to
the Wadden Sea the coefficient of variation during the
late larval stages is somewhat lower but is still about
62 %. After settlement a sharp drop follows to 30 % in
July, a value similar to that observed during recruit-
ment at about 2 yr of age. The sharp reduction of the
variation between years in the early demersal phase
points to some regulation, which supports the sugges-
tion of a density-dependent mortality during and
shortly after settling as estimated in Fig. 8 and 9. The
fact that the coefficient of variation remains more or
less stable up to the age of recruitment indicates the
absence of further regulating mechanisms during this
period in the nursery.

This picture confirms the hypothesis formulated by
Rauck & Zijlstra (1978) and Zijlstra et al. (1982), that if
a regulating mechanism is operating in the nursery at
all, it must be confined to the period during or shortly
after settlement. Although the order of magnitude of a
year-class is determined roughly at the time the
pelagic larvae arrive at the entrance of the Wadden
Sea, a further readjustment occurs by the density-
dependent mortality mechanism, which results in a
reduction in year-class strength variations. This con-
clusion is in accordance with the idea put forward by
Gulland (1965), who suggested 2 important periods
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Table 5. Pleuronectes platessa. Mean abundance and coefficient of variation of 0-group plaice during egg and larval stages in the
North Sea and subsequent juvenile stages in the Wadden Sea

to the parent stock in the North Sea

Unit Mean Coefficient of No. of Source
variation (%) years

Pelagic stage {North Sea)
Fertilized eggs ind x10'? 4.33 40 10 Harding et al. (1978)
Stage V eggs ind x 102 0.88 41 10 Harding et al. (1978)
Stage [ larvae ind x10'? 0.17 95 4 Harding et al. (1978)
Larval abundance near ind 1000m™3 7.5 62 6 Creutzberg et al. (1978),
the Wadden Sea this study
Demersal stage (Wadden Sea)
Year-class index on the ind 1000m—2 114.6 62 9 Zijlstra et al. (1982),
Balgzand in May this study
Year-class index on the ind 1000m2 89.3 30 9 Zijlstra et al. (1982),
Balgzand in July this study
Recruitment of 2yr old plaice ind X10° 298 35 9 International Wadden

Sea project (Anon. 1985)

with regard to the fixation of year-class strength: a fast
coarse control during the period of egg or larval drift,
followed by a second period of finer regulation later on
in the early life of the fish.

The present study only considers population
dynamic processes of 0O-group plaice in a very
restricted area of the continental nursery and it might
be questionable if extrapolation to total North Sea
recruitment is allowable. Such processes can of course
only be studied in sufficient detail in areas of in size of
the western Wadden Sea or smaller. However, the fact
that the plaice index of abundance in the Balgzand is
significantly correlated with the arithmetic mean
index for the whole continental Delta and Wadden Sea

year-class index
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Fig. 14. Pleuronectes platessa. Relation between index of

year-class strength of plaice in the Delta and Wadden Sea

(International Wadden Sea project, Anon.1985) and index on
the Balgzand (after Zijlstra et al. 1982 and this study)

area obtained from the International Wadden Sea pro-
ject (Anon. 1985), gives some credibility to such an
approach (Fig. 14; r, = 0.88; p < 0.05).
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