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ABSTRACT: The effect of rising seawater temperature on growth of 0-group sole Solea solea and
plaice Pleuronectes platessa in the southeastern North Sea was investigated for the period 1970 to
2004 using annual autumn pre-recruit survey data and frequent surveys on a nursery ground.
Autumn length showed an increasing trend in sole but not in plaice. Increasing winter temperatures
significantly increased the growing period of sole, a warm-water species that spawns in spring, but
not of plaice, a temperate species that spawns in winter. Growth rate increased with higher summer
temperatures in sole and to a lesser degree in plaice. Compared to experimental growth rates at
ambient temperatures and unlimited food, observed growth rates were close to experimental values
until mid-June but were much lower in July to September, suggesting food limitation in summer. The
higher temperatures observed since 1989 positively affected the quality of the shallow coastal waters
as a nursery area for sole but not for plaice. A further increase may negatively affect the nursery qual-
ity if the production rate of benthic food cannot meet the increase in energy requirements of 0-group
flatfish.
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INTRODUCTION

The oceanographic conditions of the North Sea are
determined by the inflow of saline Atlantic water
through the northern entrances and to a lesser extent
through the English Channel. The temperature of the
North Sea is controlled by local solar heating and heat
exchange with the atmosphere (ICES 2005). Since
1989, large positive temperature anomalies have
occurred in the North Sea (Becker & Pauly 1996) and a
distinct increasing trend in sea surface temperatures of
the North Sea has been observed as a result of a warm-
ing climate (ICES 2005).

Many biological fluctuations in the oceans are
related to changes in sea temperature, allowing effects
of expected global warming to be predicted. It is evi-
dent from long-term biological data series that the
North Sea ecosystem is undergoing changes at all
trophic levels from phytoplankton to fish (Reid et al.
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1998, Genner et al. 2004, Weijerman et al. 2005). The
observed changes can be due to a direct response of
the biological system to changes in the physical envi-
ronment or to shifts between multiple stable states
driven by the internal dynamics of the ecosystem
(Scheffer & Carpenter 2003, de Roos & Persson 2002).
Although many correlations between physical vari-
ables (e.g. temperature, salinity, wind and currents)
and biological data sets have been presented (Beare et
al. 2002, Beaugrand 2004), the mechanisms linking the
two are still poorly understood and interpretations
remain speculative.

Shallow coastal areas are particularly sensitive to
rising temperatures. Productivity of coastal waters may
be affected by temperature (Beukema 1992, Kroncke
et al. 1998, Phillippart et al. 2003), although other
factors such as eutrophication and fisheries (Rijnsdorp
& van Leeuwen 1996) may also play a role. In the
Wadden Sea an increase in primary and secondary
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production coincided with an increased input of
nitrates and phosphates in the 1960s and 1970s
(Beukema & Cadée 1988, Colijn et al. 2002). It is
expected that productivity in this area has decreased
since the mid-1980s in response to the reduction in
nutrient input (Boddeke & Hagel 1995, Lenhart 2001),
but this is still under debate (Cadée & Hegeman 2002,
Philippart et al. 2007).

The coastal waters of the southeastern North Sea are
important nursery grounds for juvenile flatfish like sole
Solea solea and plaice Pleuronectes platessa (Zijlstra
1972, van Beek et al. 1989). Detailed studies suggest
that growth of 0-group {flatfish is determined by ambi-
ent temperature conditions and not by food conditions
(van der Veer & Witte 1993), as has been reported for
sole (Pihl 1989, Rogers 1994, van der Veer et al. 2001,
Amara 2003, 2004), plaice (Zijlstra et al. 1982, van der
Veer & Witte 1993, Amara 2003) and flounder (Pihl
1989, van der Veer et al. 1991). Only a few studies pro-
vided evidence for reduced growth in plaice (Nash
et al. 1994), either through intra-specific competition
(Rijnsdorp & van Leeuwen 1992, Modin & Pihl 1994) or
through changes in the abundance or quality of food
(Berghahn et al. 1995). On a large spatial scale, how-
ever, indirect support for the role of food quality and/or
quantity is provided by the observed increase in
growth of juvenile plaice and sole in the 1960s and
1970s (Rijnsdorp & van Leeuwen 1992, 1996, Millner &
Whiting 1996), which could be related to the eutrophi-
cation of the coastal waters and the observed increase
in benthic biomass (Reise 1982, Beukema & Cadée
1988, Beukema et al. 2002). Therefore, changes in pro-
ductivity may affect the productivity of flatfish stocks
in the North Sea through growth and survival of
juveniles (van der Veer et al. 1994).

The aim of the present study is to determine the
effect of rising temperatures on the nursery function of
North Sea coastal waters for 2 flatfish species that
differ in their temperature preferences: sole, a warm-
water species distributed throughout the Mediter-
ranean and reaching the northern limit in the North
Sea, and plaice, a temperate species distributed from
the Bay of Biskay up to the Barents Sea and Iceland
(Whitehead et al. 1986). We analysed the inter-annual
variation in the mean lengths that 0-groups reach after
their first growing season to disentangle the effect
of temperature on (1) the rate of growth and (2) the
duration of the growth period. A comparison of the
observed growth rates with experimental growth rates
at the ambient temperature and unlimited food (Fonds
& Saksena 1977, Fonds et al. 1992) was used to deter-
mine if and when reduced growth may occur (cf.
Zijlstra et al. 1982, van der Veer & Witte 1993). The im-
plications of a further increase in temperature in com-
bination with a possible decrease in the benthic pro-

ductivity on the quality of coastal nursery grounds for
these 2 important flatfish species will be discussed.

MATERIALS AND METHODS

Data. Two data sets were used: (1) the Demersal Fish
Survey (DFS) and (2) Balgzand Survey (BZS). The DFS
aims at obtaining an estimate of the year class strength
of 0-group plaice and sole and is used in stock as-
sessment and management advice. The BZS aims at
studying settlement, growth and mortality of 0-group
flatfish.

The DFS has been carried out annually in September
through October since 1969 along the Dutch, German
and Danish coasts between 51° and 55°30'N, includ-
ing the Scheldt Estuary, the Wadden Sea and the Ems-
Dollard (Fig. 1), thus covering the important nursery
grounds of the southeastern North Sea. The RV 'Isis’
used a 6 m beam trawl to survey the coastal areas,
whereas RV ‘Stern’ (Wadden Sea) and RV ‘Scholle-
vaar' (Scheldt Estuary) used 3 m beam trawls. All
trawls were rigged with a shrimp net with bobbin rope,
1 tickler chain and a mesh size in the cod end of 10 x
10 mm. Trawling speed was 2 to 3 knots and every year
200 to 300 hauls of 15 min were carried out at a set of
fixed stations. The depth of the hauls ranged from 1 to
45 m, but the main survey area was shallower than
25 m, where the 0-group fish are also more abundant.
The total length of fish measured was rounded down to
the next cm. The length distribution of each haul was

55.0°
N
OQ.

o 'v-L
54.5 German Bights
54.0° N

E,G-a..- °

WSS TR

53.5° 1 g

Dutch f’

53.0° Coast [\,,qxf

52.5°

52.0°1

51.5°4 Scheldt Estuary

51.0° . . r . .

FE  4° 5° 6° 7° g8 o

Fig. 1. Study area sampled annually in the Demersal Fish
Survey and the Balgzand survey
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converted into an age distribution using otolith sam-
ples collected by sampling area each year (van Beek et
al. 1989), and mean lengths were calculated for each
age group.

The BZS sampled the ca. 50 km? tidal flat area Balg-
zand (52°54' to 52°59'N, 4°48' to 4°55'E) bordering
the westernmost inlet of the Wadden Sea at frequent
intervals of 2 to 4 wk between March and August in
the 17 years between 1973 and 2002. A grid of 36 sta-
tions distributed over the area was sampled at a period
of 3 h around high water. Hauls of ca. 100 m in length
were made during daytime with a 1.9 m beam trawl
(1 tickler chain, net mesh size of 5 x 5 mm) towed by a
rubber dinghy with a 25 HP outboard motor at a speed
of ca. 35 m min~!. Length of the hauls was assessed
with a meter wheel fitted to the trawl. Catches were
deep-frozen and then sorted within a few days.
0-group plaice and sole were measured to the nearest
mm total length. Numbers of plaice and sole were cor-
rected for size-selective mesh and catch efficiency and
converted into numbers per 1000 m?. Further details
of the method are given in van der Veer et al. (2000b).

Growth analysis. DFS data: Linear regression models
were performed to determine trends of autumn mean
lengths over the 34 yr study period and to find relation-
ships with temperature and length of growing period
for the 2 species. Since some of the co-variables that
may affect growth rate were available on the level of
the individual tow, and others at the level of the year, a
stepwise approach was adopted. First, the effect of co-
variables measured at the level of the individual tow
(sampling location, depth, date and local density) was
estimated using a generalised linear model (GLM;
Model 1). Model 2, comprising all significant co-vari-
ables of Model 1 as well as the class variable year, was
used to estimate the annual mean length standardized
for the mean sampling location (53°N, 5°E), depth
(10 m), date (Day 272 = 29 September) and local density
(sole: 1.0 fish 1000 m™2; plaice: 12 fish 1000 m~2). Model
3 analysed the effect of the temperature during the sur-
vey period on growth rate by replacing the class vari-
able year in Model 2 by the interaction between the
sampling date and temperature. Model 4 analysed the
standardized mean lengths from Model 2 in relation to
the co-variables for which only an annual value was
available (temperature during the growing period, start
of the growing season, year class strength and eutroph-
ication). The models used are summarised in Table 1.

BZS data: Growth rates during the growing season
were estimated from the increase in the mean length
for all hauls between successive sampling periods on
the Balgzand.

Experimental growth with unlimited food. Given
the mean monthly temperatures measured in Mars-
diep, the entrance of the western Wadden Sea

Table 1. Explanatory variables included in the generalised
linear models (GLMs) used to analyse the variation in the
mean length of the 0-group. L; is the mean length in individ-
ual hauls. L, is the mean length by year as estimated from
Model 2 for average depth, geographic location and relative
density per haul. Explanatory variables are Depth (D), Lati-
tude (Lat), Longitude (Lon), Sampling date (Day), Relative
catch rate in haul (C), Year (YR), Temperature during survey
period (T;), Temperature during the growth period (Tj), Start of
the growing period (S), year class strength (YCL) and eutroph-
ication (DIP). YR and YCLS are included as class variables

Model

1 L=D+Lat+Lon+Day+C

2 Li=D+Lat+Lon+ Day+ C+ YR

3 L;=D+Lat+Lon+Day + C+ (Day x Ty) + (Day x T.?)
4 Ly=S+T,+YCL+DIP

(www.nioz.nl), a spatially central position in the pre-
sent study area, the daily growth rates were estimated
based on experimentally determined relationships
between growth rate and temperature at unlimited
food conditions from Fonds & Saksena (1977) and
Fonds et al. (1992). Growth (mm d!) could be
described as a function of temperature (7T, °C):

Sole = -3.73x1071T3+1.692x1072T2-1.384x10"' T+0.323;
Plaice = —1.78x1074T3+5.10x1073T?+1.04x102T-1.10x1072

Experimental growth curves were calculated for 1975
to 1988 and from 1990 to 2002, 2 periods with contrast-
ing temperature conditions (see below).

Start of the growing season. A direct estimate of the
start of the growing season was available from the
peak occurrence of 0-group in the BZS data. This esti-
mate was available in plaice for 17 yr and in sole for
13 yr. In order to obtain estimates for the 35 yr study
period between 1970 and 2004, the start of the growing
period was estimated from the regression of the date of
peak occurrence against the date of the end of spawn-
ing, determined from market samples of commercial
fisheries landings.

BZS data: The date of maximum density of 0-group
on the Balgzand was estimated by fitting the regres-
sion through the log. transformed densities (Iny)
against the sampling date (x):

Iny = a + bx + cx?

and determining the maximum at x = —-b (2c)"!. Data
included in the analysis were restricted to 5 sampling
periods around the peak in abundance.

Market sampling data: The timing of spawning was
estimated from the gradual progression of adult fish
from the ripening to spawning and spent stage, using
market sampling data collected around the spawning
period (plaice: December to April; sole: February to
June; de Veen 1970, Rijnsdorp 1989). The date when
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50 % of the female population had fin-
ished spawning was estimated using
logistic regression of the proportion of
spent females per sample against the
sampling day (Rijnsdorp et al. 2005).
The use of this proxy is supported by
the positive correlation with the date of
peak spawning observed in egg sur- 8 1
veys (sole: van der Land 1991; plaice: 7 1
Harding et al. 1978, Heessen & Rijns- 6 -
dorp 1989, van der Land et al. 1990,

SST (°C)

— ¢ - —Belgian coast

Marsdiep

------ Helgoland

ICES 2006a): sole: r = 0.83; p > 0.05; 1970
n = 4; plaice: r = 0.68, p < 0.05; n=09.

Temperature. Temperature data
were available for 3 coastal locations in
the present study area: ~4 n mile off
the Blankenberge (51°20'N), the
Marsdiep tidal channel entering the
Wadden Sea (53°N, ~5°E) (van Aken
2003) and Helgoland (54° to 54°30'N,
7°30" to 8°E) (Fig. 2a). The Marsdiep
time series of monthly mean sea sur-
face temperature (SST) data was used
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Nutrients. The load of dissolved inor-

Year

ganic phosphate (DIP, mol s7!) in the
river Rhine at Lobith (van Raaphorst &
de Jonge 2004) was used as an index of
the nutrient input into coastal waters,
which via an effect on primary produc-

Fig. 2 (a) Annual mean sea surface temperature (SST, °C) at Den Helder.
Adapted from van Aken (2003 and expanded on). (b) Load of dissolved inorganic
nitrate (DIN, kmol s~!) and phosphate (DIP, mol s7!) in the river Rhine at the Ger-
man/Dutch border, adapted from van Raaphorst & de Jonge (2004 and expanded
on). (c) Year class strength (in millions) of 1-group North Sea sole Solea solea
and plaice Pleuronectes platessa estimated by virtual population analysis

tion may affect benthic food conditions

for flatfish on the nursery grounds

(Boddeke & Hagel 1995, Philippart et al. 2007). Dis-
solved inorganic nitrate (DIN) follows the same trend
as DIP (r =0.47, n = 35, p < 0.01) with increasing loads
from 1970 to a maximum in the 1980s followed by a
decrease, although the decline in DIN in recent years
is less pronounced than that in DIP (Fig. 2b).

Year class strength. Fig. 2c shows the variations in
year class strength as estimated by virtual population
analysis (VPA) of commercial catches (ICES 2006Db).
Mean number of 1-group fish was estimated at 1.19
million plaice (coefficient of variation, CV = 66 %) and
0.12 million sole (CV = 74 %). VPA estimates were sig-

of commercial catches (ICES 2006b)

nificantly correlated with the abundance of 0-group in
the DFS survey (plaice: r = 0.48, p < 0.01; sole: r = 0.36,
p < 0.05).

RESULTS
Trends in mean lengths
The mean length and 95% confidence limits of

0-group sole and plaice was estimated for the average
sampling date, depth, geographic position and catch
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rate using GLM Model 2 (see '‘Growth
rate'). Between 1970 and 2004 mean
lengths of 0-group sole increased sig-
nificantly by over 2 cm (Fig. 3; r = 0.73,
n=35,p<0.001). The inter-annual vari-
ation was large, and rather than being
a steady linear increase, the main in-
crease appeared to have occurred
between 1988 and 1990. Length of
0-group plaice varied without a clear
trend (r = 0.1, n = 35, ns).

Start of the growing season

In both species the end of the spawn-
ing period has shifted to an earlier date
in recent years (Fig. 4), coinciding with
increased winter SST (Tables 2 & 3). On
average sole finished spawning in mid-
June (mean day = Day 164, SD = 11).
Between 1988 and 1990 a shift to an
advanced spawning period occurred.
Since the beginning of the 1990s,
spawning ended ca. 20 d earlier than in
the previous 20 yr, but spawning was
late again during the cold year of 1996.
The advance in the end of spawning
(56.32 d per 1°C, SE = 0.83) was best
explained by March temperatures (r =
0.73, n = 35, p <0.01). Plaice ended
spawning in late February on average
(mean day = Day 54, SD = 7). Although
less distinct than for sole, a similar shift
to an advanced spawning was observed
ca. 1989, and in 2001 spawning ended
the earliest it had in the past 30 yr
(Fig. 4). The advance in the end of
spawning (1.88 d per 1°C, SE = 0.49)
was best explained by February tem-
peratures (r = 0.55, n = 35, p <0.05).

The date of the peak occurrence of
settled plaice and sole at Balgzand was
significantly correlated with the esti-
mated end of spawning (Fig. 5). The
average start of the growing season
was on Day 183 (SD = 20, min. = 139,
max. = 219) for sole and Day 105 (SD =
18, min. = 67, max. = 135) for plaice.
The effect of winter temperature on

the length of the growing period revealed that an
increase in winter temperature of 1 SD above the
mean advanced the end of spawning by 16.3 d in sole
and 7.5 d in plaice, and the start of the growing
period by 28.1 d in sole and 8.9 d in plaice, as com-
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Fig. 3. Solea solea and Pleuronectes platessa. Predicted mean lengths (cm) of

0-group sole and plaice at an average sampling date (29 September), depth

(10 m), geographic position (53°N, 5°E) and relative density (Model 2). Error
bars show 95 % confidence limits
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Fig. 4. Solea solea and Pleuronectes platessa. (a) Inter-annual variations in the
end of spawning of sole and plaice expressed as the anomaly (d) from the aver-
age date (sole = Day 164, plaice = Day 54). (b) Inter-annual variations in the start
of the growing season of sole and plaice

pared to a year with a temperature of 1 SD below the
mean. The length of the growing period, defined as
the period between the start of the growing period
and the mean DFS sampling date, ranged between 65
and 94 (mean = 79) d in sole and between 164 and
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Table 2. Solea solea and Pleuronectes platessa. Model 1 parameter estimates

and percentage of deviance in the mean length of 0-group sole and plaice

in individual tows explained by co-variables measured at the level of the
individual tows. ns: not significant

Estimate SE % explained  df P

Sole

Depth 0.04 0.003 1.80% 1 <0.001
Latitude 0.429 0.036 1.10% 1 <0.001
Longitude -0.458 0.025 2.50% 1 <0.001
Sampling day 0.023 0.001 1.90 % 1 <0.001
Relative catch rate 0.001 0.003 0.00% 1 ns
Plaice

Depth 0.102 0.0035 7.20% 1 <0.001
Latitude 0.986 0.0463 3.80% 1 <0.001
Longitude -0.7798 0.0325 4.90 % 1 <0.001
Sampling day 0.0353 0.0018 3.10% 1 <0.001
Relative catch rate -0.053 0.0069 0.50% 1 <0.001

Table 3. Solea solea and Pleuronectes platessa. Percentage of deviance by the

generalised linear (GLM) models of mean length of 0-group sole and plaice in

individual tows explained by co-variables measured at the level of the individ-

ual tows. YR: year; Day: sampling day; T;: temperature during the survey period;
AIC: Akaike's information criterion

Model % explained  df AIC
Sole

1 Model 1 7.4 4 24600.9
2 Model 1 + YR 52.6 38 20305.9
3a Model 1 + Day x T 12.2 5 24256.9
3b Model 1 + Day x T, + (Day x T.?) 12.8 6 24214.6
Plaice

1 Model 1 19.8 5  34980.7
2 Model 1 + YR 27.0 39  34244.0
3a Model 1 + Day x Tj 21.0 6  34858.0
3b Model 1 + (Day x T;) + (Day x Ti?) 21.3 7 34823.0
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Fig. 5. Solea solea and Pleuronectes platessa. Relationship between the day of
peak settlement of 0-group at Balgzand and the date of the end of spawning
for (a) sole and (b) plaice

Growth rate
DES data

Sampling depth had a significant
positive effect on 0-group body length
(Table 4), although the effect on plaice
was 3 times larger than for sole. Posi-
tion also showed a strong signal with
lengths increasing towards the North
and decreasing towards the East. It
should be noted that in the present
study area, because of the shape of the
coast in the Wadden Sea, a slight
northerly shift may be combined with a
large shift eastward; thus, the positive
effect of the northerly position may be
outweighed by the negative effect of
the easterly position. The effect of
sampling date provided an estimate of
growth rates during the sampling
period (September). Growth rates in
September were estimated at 0.023 +
0.001 cm d7! for sole and at 0.035 +
0.002 cm d~! for plaice (Tables 2 & 3).
Relative catch rate in the haul did not
show an effect on sole but had a signif-
icant negative effect on plaice lengths.
These factors in Model 1 explained
7.4 % of the variability in mean lengths
of 0-group sole and 19.8 % of variability
in plaice.

The 0-group length showed large
inter-annual variations. The class vari-
able year explained 45.2% and 8.2%
of the deviance in sole and plaice,
respectively (Model 2, Tables 2 & 3).
To test the effect of temperature on
growth rate, the class variable year
was replaced by the interaction be-
tween Day x T (Model 3a). The inter-
action term increased the explained
variance to 12.8 and 21.3% in sole
and plaice, respectively (Tables 2 &
3). Temperature positively affected
the growth rate. The temperature
effect was larger for sole than for
plaice. Addition of the interaction of
the T? x Day (Model 3b) was also
significant, revealing that the temper-
ature effect on growth rate in plaice

173 (mean = 169) d in plaice. One SD difference in was dome-shaped with a maximum ca. 20°C. In sole,
winter temperature thus translated into an 18% the relationship was concave up and the maximum
change in duration of growing period in sole but only was outside the range of temperatures observed over

a 3% change in plaice. the years in September.
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Table 4. Solea solea and Pleuronectes platessa. Model 4 para-
meter estimate, SE and the percentage of the explained (expl)
deviance in the annual mean length of 0-group (L,,) that can
be ascribed to the start of the growing period (S), the mean
temperature during the growing period (T sole: 3rd quarter
[Q3]; T plaice: Q2+3), the log, year class strength (YCL) and
eutrophication (DIP). The effect of the co-variables was tested
against the full model. The L, was estimated as the year
effect in Model 2 and scaled to the average location, depth,
and catch rate per tow. ns: not significant

Estimate SE % expl  df P

Sole

S -0.049 0.016 9.0 1 <0.01
T, 0.578 0.182 10.2 1 <0.01
Log. YCL -0.103 0.190 0.3 1 ns
DIP -0.016 0.017 0.9 1 ns
Total 69.9 34
Plaice

S 0.001 0.013 0.0 1 ns
T, 0.411 0.127 4.0 1  <0.01
Log. YCL -0.418 0.146 3.1 1 <0.05
DIP 0.024 0.010 2.2 1 <0.05
Total 42.3 34

The annual mean length of sole predicted by Model
2 was affected by both the start of the growing period
and temperature during the growing period, whereas
year class strength and DIP did not contribute signifi-
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cantly (Fig. 6, Table 4). Model 4 accounted for almost
70 % of the variation observed, although 50% of the
explained variance could not be ascribed to a single
co-variable because of the significant correlation
between winter and summer temperature. In contrast
to sole, the annual mean length in plaice was not sig-
nificantly related to the start of the growing period,
whereas temperature during the growing period, year
class strength and DIP significantly contributed to the
variance in length (Fig. 7). Model 4 explained 42 % of
the variance in annual mean length in plaice. An
increase of 1°C in the temperature during the growing
period increased autumn length by 0.58 cm (SE = 0.18)
in sole and 0.41 cm (SE = 0.13) in plaice (Table 4).

BZS data

Estimates of the daily growth rate were highly vari-
able and increased during spring to reach a peak value
at ca. Day 180 (late June to early July) in sole and
Day 150 (late May to early June) in plaice (Fig. 8). After
Day 200 (mid-July) growth rates were lower in both
species. The mean growth rate estimated for the DFS
survey period was well within the range of BZS esti-
mates. In sole the growth rates in the period 1975 to
1988 were somewhat lower than in the period 1990 to

_2 T T T T T 1
-30 -20 -10 0 10 20 30
Residual start growing season (d)
21d
L 4
*
11 . .
. ¢ *
*
0 - . * ’: *e * o
0.0 * P
3 . *e
-1 . *8 o
>
_2 T T T 1
-20 10 0 10 20
Residual DIP

Fig. 6. Solea solea. Model 4 partial regression residual plot of the annual mean 0-group length of sole against (a) the temperature
during the growing period, (b) the start of the growing period, (c) log year class strength and (d) eutrophication. Lines show
significant linear regression
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2002 (linear model with a date < Day 210, p < 0.05). In
plaice the growth rates up to Day 150 were higher (lin-
ear model with a date < Day 150, p < 0.05), whereas
growth rates later than Day 150 tended to be lower in
the recent period than in the earlier period (p < 0.01).

Comparison of observed growth rates and experi-
mental growth rates

The growth rates estimated from the DFS and BZS
were compared to experimental growth rates under ad
lib food conditions and at observed temperatures. The
comparison was done separately for the relatively
cooler period 1970 to 1988 and the warmer period 1989
to 2004. Growth rates estimated from BZS data were
below the experimental growth rate in sole, whereas in
plaice the observations at Balgzand were around the
experimental growth rates in spring but considerably
lower in summer (Fig. 8). Also, the mean growth rate in
September estimated from DFS data (Model 1) was
well below the experimental growth rates and fell
within the range of BZS growth rates.

From the parameter estimate of the temperature
effect during the growing period of Model 4 and the
duration of the growth period, it could be calculated
that an increase in temperature of 1°C enhanced the

growth rate by 0.073 mm d' per 1°C in sole and
0.0243 mm d! per 1°C in plaice. These values are
lower than the experimental values 0.113 mm d! per
1°C (sole) and 0.047 mm d~* per 1°C (plaice) calculated
from the slope of the experimental relationships
between growth rate and temperature at the average
temperature during the growing period of 17.1°C (sole)
and 14.2°C (plaice).

DISCUSSION

Our analysis clearly showed that the size of sole and
plaice attained at the end of their first year is differen-
tially affected by temperature conditions. In sole, tem-
perature significantly affects both the growth rate and
the duration of the growing period, whereas in plaice
only growth rate is significantly affected.

Start of growing period and the timing of spawning

The duration of the growing period is determined by
the timing of spawning, which is significantly affected
by winter temperature. In plaice the start of the grow-
ing season was on average 53 d later than the end of
spawning. In sole this difference was only 19 d. The



Teal et al.: Climate change effects on sole and plaice 227

et - e BZ1975-1988

L] o BZ 1990-2002
o » Dollard 1992

%

=

E

o —0-2 . . . . . : .
= 0 50 100 150 200 250 300 350
= 251

g b e BZ 1975-1988

o o BZ 1990-2002

U] 24 X % Dollard 1992

-0.5 T T T T T T )
0 50 100 150 200 250 300 350

Day of year

Fig. 8. Solea solea and Pleuronectes platessa. Growth rates
(mm d!) of (a) plaice and (b) sole estimated from the length
increment between successive sampling periods on Balgzand
(BZ), Dollard (Jager et al. 1995) and the Demersal Fish Survey
(DFS) survey (H). Lines show the expected growth rates
according to the experiments of Fonds & Saksena (1977) and
Fonds et al. (1992) for the cooler period 1975 to 1988 and
the warmer period 1990 to 2002

difference between the species corresponds to the
higher water temperature and smaller egg size in sole,
resulting in a shorter development time until meta-
morphosis (Riley 1973, Fox et al. 2003).

Growth rate

Seasonal changes in growth estimates from DFS,
BZS and the Dollard (estuary of the Ems in the
Dutch/German Wadden Sea area) in 1992 (Jager et al.
1995) were similar (Fig. 8), suggesting little local- or
habitat-related differences in growth rates. The
growth estimates, based on population mean incre-
ments in size, showed a sharp drop in growth rates
after mid-June. Similar trends in mean length incre-

ments during the summer season in the intertidal, sub-
tidal and tidal channels of the western Dutch Wadden
Sea (van der Veer & Witte 1993) suggest the absence of
size-selective migration movements of 0-group plaice.
This is confirmed by the distribution patterns of O-
group plaice in various depth ranges in the western
Wadden Sea that did not change before September
(Zijlstra et al. 1982). We therefore assume that the
observed population length increments are a good
proxy for growth rates.

Plaice growth rates between April and mid-June
were close to experimental growth rates at ambient
temperatures measured under unrestricted food con-
ditions. The summer growth rates from mid-June
onwards, however, were well below the experimental
values. The most likely explanations for the strong
discrepancy between experimental growth rates and
those observed in the field are differences in activity
level and food limitation in summer.

Activity levels of wild fish are usually higher than in
an experimental setup, potentially influencing growth
rates (Rennie et al. 2005). However, we have no infor-
mation to test for a possible shift from a low activity
level in early summer (field and experimental growth
rates similar) to a considerable higher activity level af-
ter mid-June (lower field growth rates). Alternatively,
the occurrence of lower growth rates from mid-June
onwards could be explained by food limitation in either
the quantity or quality of food. van der Veer & Witte
(1993) hypothesized that the growth of flatfish in their
nursery grounds is largely determined by the ambient
temperature conditions (the ‘maximum growth/optimal
food hypothesis’). Our results suggest that this may
hold only for the spring and early summer conditions
but not later in summer when food requirements of
0-group flatfish populations (van der Veer et al. 2000a)
and other epifauna components, such as gobies and
crustaceans, reach a peak in biomass (Kuipers 1977).
Food-limited growth is also supported by Berghahn et
al. (1995), who showed that size of 0-group plaice dif-
fered substantially between 2 locations within the nurs-
ery area and correlated with both the local abundance
and the quality of food resources. Several papers pro-
vided strong evidence for the occurrence of density-
dependent growth during the juvenile phase in plaice
(Modin & Pihl 1994, Rijnsdorp & van Leeuwen 1992,
1996), but not in sole (van der Veer et al. 1991, Rogers
1994, Amara 2003, 2004). In recent years the proba-
bility of food limitations may have increased due to a
decrease in primary and secondary (benthic) productiv-
ity of the system following the reduction in nutrient
concentrations in the coastal waters since the 1980s
(Lenhart, 2001, Philippart et al. 2007), in line with the
significant contribution of the eutrophication parameter
DIP to the variation in growth of plaice.
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Implications of climate change

We showed that an increase in temperature affects
the size of 0-group sole and plaice at the end of their
first year by advancing the start of the growing
period and by affecting the growth rate during the
growing period. A further increase in temperature as
predicted by climate models (Sheppard 2004) will
impact sole and plaice differentially. The relation-
ships between the timing of spawning and winter
temperatures suggest that a further temperature
increase may advance spawning in sole and lead to a
further increase in the duration of the growing
period, but will not greatly affect the timing of
spawning in plaice.

A further increase in summer temperature is ex-
pected to lead to a further increase in the growth rate
in sole, as the optimum temperature is close to 24°C
(Fonds & Saksena 1977). However, for plaice the
growth rate is likely to be negatively affected when
the temperature increases above 20°C, beyond which
the growth rate will start to decrease (Fonds et al.
1992). This may lead to a movement of young plaice
to deeper and cooler waters, as has already occurred
in recent years (Van Keeken et al. 2007). Warm tem-
peratures around August may further strengthen the
food limitation if secondary production cannot keep
up with the increased food requirements of the flat-
fish population. As the primary production in coastal
waters such as the Wadden Sea is mainly determined
by light and nutrients (Colijn & Cadée 2003), an
increase in summer temperature due to global warm-
ing may raise the food requirements of the secondary
and tertiary consumers above primary production and
result in a reduction of the quality of the coastal
waters as a nursery area for 0-group flatfish. At pre-
sent some of the food items of juvenile flatfishes such
as bivalves already suffer from severe food limitation
during the summer period (Cardoso et al. 2006). Fur-
thermore, the observed differences in temperature
preference and sensitivity (range, Qo) between sec-
ondary and tertiary consumers in the Wadden Sea
will also affect predator-prey interactions and the
ultimate food conditions and resulting growth (Freitas
et al. 2007).
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