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The aim of the present study was to analyse the influence of warming on flatfish populations in the Bay of
Biscay. 17 autumn cruises conducted from 1987 to 2006 over the whole shelf of the Bay of Biscay provided
data for the abundance and occurrence of adults for twenty flatfish species. Trends in flatfish abundance were
analysed with regard to geographic range of populations and interannual fluctuations in abundance were
related to seawater temperature.
Results showed significant trends in abundance and occurrence for 55% of the flatfish species in the Bay of
Biscay. The response to warming of seawater was correlated to geographic ranges of species. While the
abundance of the northern temperate species decreased, that of southern ones increased. Moreover, for 40%
of the species which densities have significantly changed, abundances were correlated to temperatures in
their year of birth, positively for southern species and negatively for northern ones. Last, the abundance of
flatfish adults over the Bay of Biscay was compared to previous data on juveniles in the Bay of Vilaine, one of
the estuarine nursery ground in this area. For the northern species which have disappeared, the decline in
juvenile abundances preceded that of adults by several years, indicating that the recruitment is the process
affected.
We concluded on a major impact of warming to explain changes in flatfish species abundances. Nevertheless,
the impact of fishing interacts with that of climate change because the exploited species appeared to be the
most negatively affected.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The temperature of the upper 300 m of the North Atlantic
increased by about 0.6 °C between 1984 and 1999, with substantial
interannual variability (Brander et al., 2003). In the same way, long-
term trends and interannual variations in abundances and distribu-
tion of fish have been observed over the past few years. Perry et al.
(2005) showed a northward shift of fish species in the North Sea over
the last 25 years, related to changes in seawater temperature. Other
studies have related successive northward and southward migrations
of fish species to alternating warming and cooling events of the North
Atlantic seawater (Drinkwater, 2005). Rose (2005) found that these
changes in fish distribution linked to climate change in the North
Atlantic depend on the physiological limits of species.

In addition to sea temperature, other factors, and especially
exploitation, have to be taken into account when trying to explain
changes in distribution and abundance of fishes: in their study on the
commercial gadoid and flatfish species of the North Atlantic, Brander

et al. (2003) demonstrated that the abundance of warmwater species
in capture increased in comparison to colder water species and
suggested that consequences of fishing overlay those of the seawater
warming. On the other hand, Pauly (1994) and Van der Veer et al.
(2003) suggested that the replacement of sub-polar species by
tropical ones will result in higher occurrences of small flatfish species
of less commercial interest.

The Bay of Biscay is an arm of the North Atlantic extending along
the west coast of France down to the north coast of Spain (ICES Area
VIIIa/c), located at the interface between the North Atlantic sub-polar
and sub-tropical gyres. In this area, the seawater temperature in
winter has significantly increased over the last century, with the
fastest rate of prolonged change occurring in the last two decades.
Moreover, this general trend does not appear to be slowing down
(Koutsikopoulos et al., 1998; Garcia-Soto et al., 2002).

Poulard and Blanchard (2005) have investigated the relationship
between seawater warming and species composition of the fish
communities in the Bay of Biscay. They showed a change in species
composition of fish communities, with an expansion of the sub-
tropical and tolerant species and a decline of the temperate and boreal
species. Désaunay et al. (2006) investigated changes in abundance of
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4 selected commercial flatfishes with regard to their biogeographic
distribution. They noted a regression of northern winter spawners
such as plaice and dab, and an expansion of a southern summer
spawner, the wedge sole. However, our understanding of the effects of
climate change on fish populations is still hampered by the lack of
long-term and in-depth analyses at the level of populations.

The objective of the present study was to investigate the impact of
climatic variability and warming trend on all of the flatfish popula-
tions in the Bay of Biscay. The aim was here to complete the previous
approaches by a global study on the entire flatfish community, linked
to analyses on the process involved in the observed changes.
Groundfish surveys provided data for twenty flatfish species caught
in this area over the two last decades. Here we addressed the
following questions: Do flatfish populations show long-term trends in
abundance and occurrence? Is the interannual variability of abun-
dance related to seawater temperature? What are the involved
processes? We finally discussed the relative roles of climate warming
and fishing pressure on flatfish populations.

2. Materials and methods

2.1. Sea surface temperature (SST) in the Bay of Biscay for the two last
decades

Sea surface temperatures were extracted from a database provided
by the Hadley centre, Met Office (http://badc.nerc.ac.uk). These data
were measured in situ from 1870 to present, each month, and satellite
observations were included in the modern period. The data were
interpolated on a 1° latitude–longitude spatial grid (Rayner et al.,
2003). SST values were extracted from this database from 1960 to
2006 from nodes of the grid located between 43.5°N and 47.5°N, and
1.5°W and 4.5°W (9 nodes located in the Bay of Biscay). Annual,
summer (June–August) and winter (January–Mars) mean SST were
calculated over this area.

Bottom temperature were not available on such a complete series
but only on a restricted data set (Ifremer, unpub. data), consisting in
summer mean temperatures (from June to August) at 100 m in depth
in the Bay of Biscay from 1967 to 2002. A comparison between the
common parts of the two data sets (mean temperatures from June to
August between 1967 and 2002) was performed and a significant
correlation was found (Pearson correlation coefficient r=0,68;
n=36; P=10−5). This relation was obtained on summer data,
when the maximum stratification of the water column occurs. The
SST was thus assumed to represent interannual variations of
temperatures in the water column on the continental shelf. We used
the exhaustive SST time series to study trends inwater temperature in
the Bay of Biscay and relations with flatfish densities.

2.2. Data from groundfish surveys over the Bay of Biscay shelf

17 groundfish surveys have been carried out annually since 1987
by Ifremer in the Bay of Biscay (Fig. 1) from September to December
(Souissi et al., 2001; Poulard and Trenkel, 2007). The survey area was
located between 48°30′ N in the North and 43°15′ N in the South. The
sampling scheme was stratified according to latitude and depth
(Fig.1). A 36/47 otter trawlwith a 20mmmesh codend liner was used.
Hauls were run for 30min, with a towing speed of 4 knots. Fishingwas
mainly limited to daylight hours. Catch numbers were recorded for all
species, all finfish were measured. From 56 to 113 hauls were carried
out per year (Fig. 1) and provided data on the occurrence and
abundance of twenty flatfish species.

Abundances (number of individuals per trawled surface, in
hectare, for each species) were estimated on the stratified sampling
scheme, with relation to mean density in each depth×latitude area
and to the surface of these areas, as described in Pennington and
Grosslein (1977). As age compositionwas not available for the studied

species from these surveys, all year classes were pooled to estimate
abundance. The occurrence of each species was expressed as the
relative number (in %) of positive hauls in a survey.

2.3. Flatfish species in the Bay of Biscay

Data were collected for the 20 flatfish species caught in the Bay of
Biscay during this series of annual surveys (Table 1). Mean latitudinal
range of each species was estimated from the northern and southern
limits of their geographic distribution according to the general
description by Wheeler (1978), who provided a reference previous
to the beginning of our time series, where geographic range were
estimated at the same time for all the studied species. Moreover, thank
to this mean latitudinal range, the 20 species were classed in three
class of biogeography related to their mean latitudinal range (Table 1)
and to the location of the study site (Fig. 1): southern species
(b43.5°N), species centered in the Bay of Biscay (midrange species,
[43.5–48°N]), northern species (N48°N).

Fishing effort was less known for most of the species in the Bay of
Biscay. Exploitation level was described according to expert knowl-
edge as a qualitative variable classified in 3 categories: (i) Commercial
targeted species; (ii) Occasional commercial species, involuntarily
caught in limited number with target species; (iii) Non-commercial
species, rarely captured because they live in inaccessible envi-
ronments for fishing gears and/or their size makes them unfit for
commercialization.

2.4. Mean age of the catches by flatfish species

Mean age of the catches by flatfish species was determined
according to the Von Bertalanffy growth equation:

t = t0− 1
K

× ln
L∞ − Lt

L∞

 !
ð1Þ

where K is the growth rate (year−1), L∞ is the ultimate length of the
catches (cm), Lt̅ is the mean length of the catches for the considered
species over all the years of the study (cm) and t0 is the theoretical age

Fig. 1. Map of the Bay of Biscay, with its location in Europe in the upper left corner,
showing the area sampled during the 17 groundfish surveys carried out by Ifremer from
September to December since 1987, with the sampling design of 1995, given as example.
The sampling schemewas stratified according to latitude (Gn, for North, andGs, for South)
and depth.
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for a length of 0 cm (years). K, L∞ and t0 were obtained from Fishbase
database (www.fishbase.org).

2.5. Statistical analysis

2.5.1. Temporal trends in biological and environmental time series
We first analyzed the temporal trends in seawater temperature

and in flatfish abundances and occurrences. A Kendall correlation test
was used to check for correlation between the year and 3 SST indices
(annual, summer and winter temperatures) and for correlation
between the year and the annual abundances of each species. This
non-parametric method was chosen because of the non-linear trends
between the year and the studied responses variables (Fischer, 2003).
Temporal trends in SST were analysed over the whole time series
(1960–2006) and over the period covering the study (1987–2006).

Some species were caught in low numbers (b10 ind. ha−1 year−1)
that may break up the trends in abundances. To complete the results
on the abundances, we also checked the trends in occurrences. We
used a logistic model to test correlation between the year and the
annual occurrences of each species, given the binary nature of this
variable (probability of presence).

2.5.2. Meta-analysis of these population trends
To synthesize the results, we realized a global analysis by pooling

all the population trends in the same analysis (Planque and Fredou,
1999). In that aim, we plotted the temporal slope obtained from the
Kendall correlation test for each of the 20 species on their mean
latitude. In such a metaanalysis, significant and unsignificant slope
obtained for each population were compiled (Richardson and Schoe-
man, 2004) to analyse the global response of flatfish populations with
relation to their biogeographic distribution. Furthermore, we grouped
populations with regards to their mean latitudinal range (Southern
Biscay, Bay of Biscay, Northern Biscay, Table 1) and we tested with an
analysis of variance (AOV) if temporal trends differ among these
categories. For each of these groups, we also tested with a student t-
test, if the distribution of the temporal slopes differed from 0.

2.5.3. Correlations between SST and abundances time series
Interannual variability in the abundances of each species was

related to annual mean SST. This comparison was performed with a
time lag from 0 to 6 years between the two time series. Abundance of a
given year was related to SST of the same year and to those of the 6
previous years.

Time series of annual mean SST and abundances were first
compared using raw data. The correlations were then checked after
removing trends and autocorrelation from the time series. Indeed,
procedures for statistical testing of the correlation between the
abundances and SST series must account for the autocorrelation (low-
frequency variability) and trends in the time series because they may
result in an artificial increase in the statistical significance of the
correlation test (Pyper and Peterman,1998). The aimwas to transform
the original data to eliminate statistically significant trends and to
account for autocorrelationwhilst retaining the high-frequency signal
(Fox et al., 2000). To assess correlations between SST and interannual
variations in abundances time series, we first removed the trends by
prewhitening the data series prior to statistical testing. Prewhitening
of the abundances and SST time series was performed by applying a
linear model to times series and using residuals (calculated by the
least squares method) in the correlations. We then adjusted the d.f. in
the statistical tests to compensate for autocorrelation (Pyper and
Peterman, 1998). To adjust d.f., we applied the equation proposed by
Chelton (1984) and modified by Pyper and Peterman (1998):

1
N⁎

=
1
N

+
2
N

X
j

rxx jð Þryy jð Þ ð2Þ

where N⁎ is the corrected sample size, considered as the number of
independent joint observations on the two time series, X (abundance
data) and Y (SST data), N is the length of the initial time series and rxx
(j), and ryy(j) are the autocorrelation of X and Y at lag j. Estimators of
autocorrelation r are obtained using the Box–Jenkins' equation (Box
and Jenkins, 1976) modified by Chatfield (1989):

rxx jð Þ = N
N − j

×

PN− j

t=1
ðXt − XÞðXt + j − XÞ
PN
t=1

Xt−X
� �2 ð3Þ

where X ̅ is the overall mean.
Pyper and Peterman (1998) tested a variety of d.f. adjustment

methods and found Eq. (2) to be robust and unbiased compared with
other methods. This method is also robust to the number of lags
applied in the d.f.-reduction (Eq. (2)). In the present analysis, we
calculated autocorrelations until the fourth lag approximately equal to
N/5, following Pyper and Peterman (1998). The correlation was then
assessed using Pearson coefficients with d.f. correction for autocorre-
lation as described above (Eq. (2)). The p-value was assessed by

Table 1
Northern and southern limits of geographic distribution, mean latitude, latitudinal position with regard to the Bay of Biscay and exploitation level of the 20 caught flatfish species.

Species Common name Limits of distribution Mean latitudinal range Range classification for the Bay of Biscay Exploitation level

Arnoglossus imperialis (Rafinesque, 1810) Imperial scaldfish 58°N–12°S 23°N Southern species Not commercial
Arnoglossus laterna (Walbaum, 1792) Scaldfish 62°N–30°N 46°N Midrange species Not commercial
Arnoglossus thori Kyle, 1913 Thor's scaldfish 54°N–42°N 48°N Midrange species Not commercial
Bathysolea profundicola (Vaillant, 1888) Deepwater sole 55°N–17°S 19°N Southern species Not commercial
Buglossidium luteum (Risso, 1810) Solenette 59°N–17°S 21°N Southern species Not commercial
Dicologlossa cuneata (Moreau, 1881) Wedge sole 47°N–32°S 7.5°N Southern species Targeted
Lepidorhombus boscii (Risso, 1810) Fourspot megrim 62°N–31°N 46.5°N Midrange species Targeted
Lepidorhombus whiffiagonis (Walbaum, 1792) Megrim 66°N–34°N 50°N Northern species Targeted
Limanda limanda (Linnaeus, 1758) Dab 71°N–42°N 56.5°N Northern species Targeted
Microchirus variegatus (Donovan, 1808) Thickback sole 58°N–2°N 30°N Southern species Occasional
Microstomus kitt (Walbaum, 1792) Lemon sole 70°N–42°N 56°N Northern species Targeted
Phrynorhombus norvegicus (Günther, 1862) Norwegian topknot 70°N–47°N 58.5°N Northern species Not commercial
Platichthys flesus (Linnaeus, 1758) Flounder 70°N–30°N 50°N Northern species Not commercial
Pleuronectes platessa Linnaeus, 1758 Plaice 70°N–30°N 50°N Northern species Targeted
Scophthalmus maximus (Linnaeus, 1758) Turbot 65°N–30°N 47.5°N Midrange species Targeted
Scophthalmus rhombus (Linnaeus, 1758) Brill 62°N–30°N 46°N Midrange species Targeted
Solea lascaris (Risso, 1810) Sand sole 58°N–33°S 12.5°N Southern species Occasional
Solea senegalensis Kaup, 1858 Senegalese sole 47°N–14°N 30.5°N Southern species Occasional
Solea solea (Linnaeus, 1758) Common sole 62°N–27°N 44.5°N Midrange species Targeted
Zeugopterus punctatus (Bloch, 1787) Topknot 64°N–43°N 53.5°N Northern species Not commercial
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comparing the Pearson coefficient against its theoretical distribution
with N⁎−2d.f.

3. Results

3.1. SST increase in the Bay of Biscay

Kendall correlation tests showed an increase in annual, winter and
summer mean SST over the period 1960–2006 (Table 2). Similar
trends were found for annual and summer mean SST in the recent
period when fish data are available, between 1987 and 2006 (Fig. 2;
Table 2).

3.2. Changes in abundance/occurrence of flatfish populations with
respect to latitudinal distribution

Over the 20 flatfish species caught during the study, 8 (40%)
showed a significant change in their abundances and 9 (45%) in their
occurrences (Table 3). These two variables increased for the imperial
scaldfish, the wedge sole and the thickback sole, whereas they
decreased for the dab, the flounder and the plaice. The number of
catches has dropped dramatically for the last 3 species since 1995 (1
dab, no flounder and 3 plaices). While the Norwegian topknot and the
turbot showed a decrease only in their abundances, a clear increase in
occurrence was found for the scaldfish, the deepwater sole and the
solenette. On the whole, among the 20 flatfish species studied in the
Bay of Biscay, 5 species were in decline (in abundance and/or
occurrence) and 6 in expansion.

When these results were considered with regards to species
latitudinal range, they provided a general signal (Table 3): the mean
latitudinal ranges of 5 of the 6 increasing species were southern from
the Bay of Biscay, the last one being centred in this Bay, while the
mean distributions of the 5 declining species were located at higher
latitude (Table 1). The meta-analysis on the 20 species reinforced this
general pattern (Fig. 3): the slope of the temporal trend declined with
increasingmean latitudinal range. If this linear relation betweenmean
latitude and temporal slope was not significant, slope were different
(AOV, Pb1%) between southern, midrange and Northern species
(Fig. 4). Moreover t-test demonstrated that slopes were positive
(Pb1%) for southern species, not significantly different from 0 for
species centred in the Bay of Biscay and negative for northern species
(Pb1%). These patterns were confirmed from species occurrence;
even if levels of significance were different, both probability of catch
and densities provided comparable results and the sign of the slope of
the time trends was similar for the 20 species (Table 3).

Regarding the level of exploitation of these species, non-commer-
cial, occasional and target species were all distributed on the whole
latitudinal range but the proportion of targeted species increased with
latitude (Fig. 3). 3 of the 5 northern significantly declining species
appeared to be targeted but 4 of the 6 southern species in expansion

were non-commercial species (Table 1). When all the species were
taken into account (Fig. 3), there was no discrepancies in the relation
between latitudinal range and temporal trends with regards to the
level of exploitation.

3.3. Influence of annual mean SST on abundance of flatfish species

Relation between time series of annual mean SST and abundances
were first analysed without removing trends and significant relations
were obtained for 5 species (Fig. 5A). For 4 species, the highest
correlation between annual mean SST and abundances was found for a
lag equal to the mean age of the population, as calculated with the
mean size of the catches and the von Bertalanffy growth equation

Table 2
Coefficient and significance (ns: non significant; PN5%) of the Kendall correlation
between the year and the annual, winter and summer mean SST in the Bay of Biscay
over the whole time series (1960–2006) and over the period covering the study (1987–
2006).

r P (in %)

1960–2006
Annual SST 0.38 b0.1
Winter SST 0.22 2
Summer SST 0.42 b0.1

1987–2006
Annual SST 0.44 b1
Winter SST 0.03 ns
Summer SST 0.51 2

Fig. 2. Time series of the see surface temperature in the Bay of Biscay for four flatfish
species in the Bay of Biscay since 1987.

Table 3
Trends in abundance and occurrence for the twenty flatfish species sampled over the
continental shelf of the Bay of Biscay during the seventeen surveys conducted from
1987 to 2006.

Species Abundance Occurrence

r P (in %) a P (in %)

Northern species
Phrynorhombus norvegicus −0.40 3 −0.05 ns
Limanda limanda −0.67 b0.1 −0.25 b0.1
Microstomus kitt −0.29 ns −0.01 ns
Zeugopterus punctatus 0.01 ns 0.03 ns
Lepidorhombus whiffiagonis 0.00 ns −0.01 ns
Platichthys flesus −0.57 b1 −0.23 b0.1
Pleuronectes platessa −0.66 b0.1 −0.17 b0.1

Midrange species
Arnoglossus thori 0.26 ns 0.11 ns
Scophthalmus maximus −0.52 b1 −0.06 ns
Lepidorhombus boscii 0.34 ns 0.02 ns
Arnoglossus laterna 0.29 ns 0.06 b0.1
Scophthalmus rhombus −0.09 ns −0.07 ns
Solea solea 0.10 ns 0.01 ns

Southern species
Solea senegalensis 0.20 ns 0.20 ns
Microchirus variegatus 0.43 2 0.09 b0.1
Arnoglossus imperialis 0.49 b1 0.08 b0.1
Bathysolea profundicola 0.12 ns 0.09 b1
Buglossidium luteum 0.08 ns 0.04 1
Solea lascaris −0.02 ns 0.03 ns
Dicologlossa cuneata 0.37 4 0.04 b1

r: coefficient of the Kendall correlation between the year and the abundance, a: coefficient
of the logistic regression between the year and the occurrence. P: significance in % (ns:
unsignificant; PN5%). Species are classified as northern, southern or midrange species for
the Bay of Biscay according to their mean latitudinal range.
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(Fig. 5A). A different pattern was found for the plaice. This population
with ameanageof 3 years showedamaximumcorrelation coefficient for
a lagof one year (r=−0.76), but correlation coefficients for lags of 2 and
3 years remain close to the maximum value (r=−0.71 and r=−0.75
respectively).

The correlations were then checked after removing trends and
autocorrelation in the time series (Fig. 5B). Correlations between annual
meanSSTandabundanceswere significant for the imperial scaldfishand
the turbot for a lag equal to the mean age of the populations.

Systematically, correlations between temperatures and abun-
dances were negative for the declining species distributed in the
north of the Bay of Biscay and positive for the expanding species
distributed in the south of the bay (Fig. 5).

4. Discussion

4.1. Seawater warming in the Bay of Biscay

The present study indicated a significant increase in annual,
summer and winter SST over the whole continental shelf of the Bay of
Biscay since 1960. These results were consistent with those obtained
at a global scale on the consequences of warming in the coastal zone
(Sundermann et al., 2001) and with the previous studies which
described a seawater warming in the southern part of the Bay of Biscay
since the 70s (Koutsikopoulos et al., 1998; Planque et al., 2003), then
in the northern part since the 80s (Désaunay et al., 2006). In a study
outside the continental shelf of the Bay of Biscay, Blanchard and
Vandermeirsch (2005) specified that warming affects the entirewater
column, with an increase in sea temperature of 0.8 °C between 50 and
200 m over the period 1970–2000. The preliminary analysis realized
here on available bottom temperature on the continental shelf also
demonstrated that variations in surface temperature also affect the
bottom layer. Therefore, this warming impacts the habitat of flatfishes
which live in the bottom waters of the continental shelf.

4.2. Impact of warming on flatfish populations

4.2.1. Trends in abundance and occurrence with regards to geographical
distribution

The impact of warming on flatfish populations in the Bay of Biscay
was demonstrated through the latitudinal distribution of the affected
species. It is important to notice that the approximates of the
latitudinal range taken from Wheeler (1978) could be cautious for
some species. Nevertheless, these data were used to estimate a mean
latitudinal range for a metaanalysis and they provided imprecise but
standardized and simultaneous approximates. The mean latitudinal
ranges of the 5 declining species were between 47.5°N and 58.5°N,
those of the 6 expanding species between 7.5°N and 46°N. This clearly
indicated a rarefaction of the northern species and an expansion of the
southern ones with a limit in the Bay of Biscay (43.5–48°N). More
precisely, the mean latitudinal range of 4 over the 5 declining species
was northern than the Bay of Biscay. For the last one, it was located at
the North of this Bay. These northern species have a preference for
cold waters. For instance, the plaice favours temperatures between 2
and 15 °C (Fox et al., 2000). By contrast, among the 6 expanding
species, the mean latitudinal distribution of the scaldfish was located
in the Bay of Biscay but, for the 5 other species, it was largely more
southern. Some of them, such as the imperial scaldfish and the wedge
sole, could be described as sub-tropical species, as their distribution
extends until southern hemisphere. Southern species are thus adapted
to copewith higher temperatures. Moreover, this conclusion appeared
consistent when all the species were taken into account; the trends
demonstrated on species for which significant results were obtained
were reinforced by metaanalysis. The pattern of increasing southern
species and decreasing northern species appeared general with this
method previously validated to analyse trends in primary production
with regards to climate change worldwide (Richardson and Schoe-
man, 2004).

While the northern temperate species distribution retreated
northwards to avoid the temperature increase, the southern tempe-
rate species took advantage of seawater warming to spread over the
Bay of Biscay. These processes have already been highlighted in the
North Atlantic. Quéro et al. (1998) have first noted an increase in
abundance of tropical species in the south of the Bay of Biscay and a
northward shift of these species from 16° to 30°N since 1965, some of
them until the Irish Sea. Perry et al. (2005) showed a significant
change in mean latitudes in relation to warming for 15 fish species in
the North Sea. Their center of distribution moved from 48 to 403 km
over the last 25 years and most of these shifts were northward. They
notably indicated polar shifts for the scaldfish, the dab and the

Fig. 3. Relation between the Kendall's slope of the temporal trend in fish densities since
1987 and the mean latitudinal range for the 20 flatfish species caught in the Bay of
Biscay. Horizontal dotted line: limit between negative and positive temporal trend;
vertical lines: southern and northern limits of the Bay of Biscay. Species are identified
with symbols related to their level of exploitation: triangle: not commercial, circle:
occasional, square: targeted. Filled symbol corresponds to significant slopes.

Fig. 4. Boxplots of the distribution of the Kendall's slopes of the temporal trend in fish
densities since 1987 for the three groups of flatfish species (southern, centred in the Bay
of Biscay, northern).

49M. Hermant et al. / Journal of Sea Research 64 (2010) 45–53



Author's personal copy

common sole. In the same way, several studies have reported
successive northward and southwards migrations in cod (Gadus
morhua) caused by alternating events of warming and cooling of

North Atlantic seawater since the beginning of the 20th century
(Drinkwater, 2005). Thus, northward redistribution, or polar drift,
appeared as a response to climate change of flatfish species according

Fig. 5. Coefficients of the linear correlation betweenmean annual SSTand flatfish abundances with a lag from 0 to 6 years between the two time series, using (A) original data and (B)
transformed data (after removing trends and autocorrelation). t is the mean age of the populations (expressed in years). Parameters of the Von Bertalanffy growth equation used to
calculate this mean age are indicated for each species on part A.
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to their temperature requirements (Stebbing et al., 2002; Perry et al.,
2005; Drinkwater, 2005). Because most of fish species tend to prefer a
specific range of temperature, changes of geographical distribution of
species often match with long-term changes in temperature. In the
northern hemisphere, seawater warming induced a northward shift of
fish distributions (Rose, 2005).

4.2.2. Relationships between temperature and abundance
To estimate the short-term impact of warming on flatfish

populations in the Bay of Biscay, we performed comparisons between
temperature and abundance time series. Then, we compared the time
lags (in years) in correlation with the mean age in the population.
Without age determinations from otoliths, this mean age was roughly
estimated from growth parameters taken from fishbase and this
method only provided an uncertain qualitative estimate. With
transformed data (removed trend and autocorrelation), few (2
species) significant correlations were obtained, as the short-term
effect could be hidden by (i) the pool of several cohorts in abundance
indices, and subsequent autocorrelation in abundance time series and
(ii) variability unexplained by temperature and uncertainty in
estimates related to surveys (Poulard and Trenkel, 2007). Moreover,
variability in flatfish abundance is related to the long-term changes in
temperature and a comparison between abundance and SST time
series by smoothing the data would be appropriate to observe low-
frequency variability (Fox et al., 2000). However, suchmethodwas not
appropriate here because of the shortness of the series. The solution
was hence to compare the series while trends were preserved. Using
this approach, correlation coefficients result from the combination of
both long-term changes (low-frequency variability and, easily view-
able here, trend) and short-term changes (high-frequency variability).
Even if these correlations could not be used to test the relation
between temperature and abundance, because their significance was
over-estimated by temporal autocorrelation, they provided an indica-
tion of the covariations. When trends were preserved, species showed
the highest correlation for a time lag close or equal to the estimated
mean age of the population. The same pattern was obtained with the
transformed series for 2 of these 5 species, also with significant
correlations for a lag equal to the mean age of the population.
Furthermore, with regards to warming, these correlations were
consistent to the results on temporal trends in abundance and
occurrence: they were negative for the northern temperate species
and positive for the southern ones. These results suggested that
flatfish abundance is related to temperature in their year of birth.

4.2.3. Response of flatfish population to temperature increase: a
consequence of changes in recruitment

The northward redistribution of flatfish species in the Bay of Biscay
could be explained by two processes. First, the individuals could
migrate to follow their temperature range. However, such migrations
are unlikely for flatfishes as they are quite sedentary, their movements
being reduced and essentially seasonal. Adults migrate to deeper
waters in winter to reproduce and come back inshore in summer to
feed (Deniel, 1981; Quéro and Vayne, 1997). Secondly, the response of
species to climate change could depend on the success of the different
phases of their life cycle (Rose, 2005; Wood et al., 2002). The
recruitment is one of the key stages which could be affected by
temperature (Henderson,1998; Philippart et al., 1998; Fox et al., 2000)
and its variability strongly influences the population structure (Levin
and Stunz, 2005). For a large proportion of flatfish species, the
recruitment and the growth of juveniles occur in coastal nurseries
(Gibson, 1994). A disturbance in recruitment impacts the adult
abundance at the end of the time needed for the juveniles to join
adult population over the continental shelf, i.e. several years after. In
the present study, for 40% of species which densities have changed,
noticeable correlation was found between abundances and tempera-
tures and the highest correlations were obtained for a time lag equal

to the mean age of the population. Moreover, these correlations were
positive for southern species and negative for northern ones. It
indicated that abundances of adult flatfishes depend on temperatures
in their year of birth and emphasized the impact of warming on
recruitment.

This hypothesis of the effects of warming on the recruitment could
also be highlighted for species of which abundance sharply decreased
and quite disappeared from the catches before the end of the time
series (plaice and dab). Désaunay et al. (2006) estimated the
abundance of flatfish juveniles in the Bay of Vilaine nursery ground
over the period 1981–2001. They indicated a drop in juvenile captures
for the plaice and the dab since 1990 and 1993 respectively. As
observed in the present study, adult abundance of both species
decreased in the Bay of Biscay from 1995. This abundance drop could
not arise from a northward migration of individuals, because the
disappearance of juveniles and adults was not synchronous. For these
2 northern temperate species, the strong reduction of the adult
abundance in the Bay of Biscay seems rather to be the consequence,
with a time lag of several years, of a disruption of recruitment related
to temperature rising. Brunel and Boucher (2007) led to the same
conclusion about the major effect of warming on exploited fish
population recruitment in the North Atlantic.

Therefore, in response to seawater warming, delayed trends in
abundance time series between juvenile nursery grounds and adults
on the continental shelf, and correlations between abundances and
temperature in the year of birth, indicated a northward redistribution
of flatfishes in the Bay of Biscay induced by changes that subsequently
affect the recruitment success.

4.2.4. Ecological explanations of the effect of warming on flatfish
recruitment

Seawater temperature affects metabolic and physiological rates,
behaviour and hence population dynamics of fish (Brander et al.,
2003). Fish recruitment is especially affected by seawater warming
(Philippart et al., 1998; Fox et al., 2000; Clark and Hare, 2002).
Recruitment may be affected by sea temperature through (i)
metabolic costs of spawners (Fischer, 2003; Gibson, 2005), (ii) eggs
development (Van der Land, 1991; Dethlefsen et al., 1996), (iii)
activity of predators that feed on fish eggs and larvae (Wood et al.,
2002), (iv) natural mortality of eggs and larvae (Van der Veer et al.,
2000), (v) food availability (Cushing, 1990; Miller et al., 1991; Houde,
1997; Mountain, 2002; Clark and Hare, 2002) and, thus, growth
(Fonds, 1979) and survival (Suthers, 1998) of larvae but also (vi)
growth (Fonds 1975; Yamashita et al., 2001; Lekve et al., 2002; Le Pape
et al., 2003; Tresher et al., 2007; Teal et al., 2008) and mortality of
juveniles (Miller et al., 1988; Suthers, 1998). Thus, many behavioral
and physiological processes during spawning and larval phase may be
affected by seawater warming.

Thus, the early life history stages of flatfish species are sensitive to
seawater temperature (Fonds, 1979). The list of temperature depen-
dent factors influencing recruitment is extensive (see overview in
Cushing, 1995) and it is difficult to analyze the process involved in the
consequences of sea warming. The relative importance of regulating
factors on recruitment success differs according to species and region
(see overview in Van der Veer et al., 2000), as fish populations
respond to different predominant mechanisms (Nash and Geffen,
2000; Désaunay et al., 2006). In the Bay of Biscay, as in other
temperate areas, the influence of warming on recruitment success
probably differs for sub-tropical and cold-temperate species (Wood
et al., 2002). One relevant hypothesis to explain patterns of changes in
the Bay of Biscay refers to the differences in life cycle of flatfish with
regard to their latitudinal range. While cold northern flatfishes spawn
during the winter–spring season, warm southern species spawn
during spring–summer. These features were verified for the flatfishes
that exhibit significant trends in the Bay of Biscay; except for the deep
water sole (spawning season unknown), all the southern species
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spawn in spring–summer and the northern species in winter–spring
(Wheeler, 1969; Legett and Frank, 1997; Désaunay et al., 2006). During
winter, as metabolic costs of spawners are generally optimized for a
temperature lower than the thermal optimum for the growth of young
stages (Fischer, 2003; Munday et al., 2008), sea warming negatively
influences the recruitment of winter–spring spawning northern
species. Especially, Van der Veer (1986) and Fox et al. (2000) showed
a negative relationship betweenwinter sea temperature at the time of
spawning and the year-class strength of the plaice around the British
Isles and in the North Sea. A similar relationship has been demon-
strated for the dab in the Bristol Channel by Henderson (1998). On the
contrary, winter growth of benthic juveniles of southern spring–
summer spawners could have been enhanced by winter warming and
this faster growthwould have increased their survival (Suthers,1998).
The pelagic larval phase of spring–summer spawning southern
species was however not modified, because summer warming is
below their (warm) maximal spawning thermal range. In the same
time, increase in the summer growth of northern winter–spring
spawning juveniles (Le Pape et al., 2003) seemed not to compensate
more consequent losses (Van der Veer et al., 2000; Levin and Stunz,
2005) related to the previous phase of the life cycle (winter–spring
spawning, hatching and pelagic larvae). Hence, a shift could have
occurred between increase of southern warm species and decline of
northern cold ones with relation to their different life cycle.

4.3. Impact of fishing on flatfish populations

The study of changes in abundance and occurrence of flatfish
populations in the Bay of Biscay cannot ignore the effect of fishing.
Quéro and Cendrero (1996) have collected large amount of data about
catches of fishes in the Arcachon basin (south of the Bay of Biscay).
They indicated that the turbot, the brill, the plaice, the common sole
and the wedge sole are targeted commercial species and they
specified that the Senegalese sole, the sand sole and the thickback
sole are often caught and confused with the common sole. These
indications confirmed the categories of exploitation level that have
been established in this study, according to specialists (Table 1). This
classification showed that among the 6 northern temperate species
which have significantly dropped in abundance, 4 are target species
for fishing and 2 are non-commercial. In contrast, among the 5
southern temperate species which have significantly increased, 3 are
non-commercial and 2 undergo a targeted or occasional exploitation.
The impact of fishing on flatfish populations tends therefore to
combine with climate change (Gibson, 2005), with a reduction of
abundance for 45% of the large northern exploited species and an
increase for 50% of the small southern non-commercial species.
However, as abundances decreased also for 25% of non-commercial
species and increased for 11% of target species, a more general impact
of warming could be pointed out; when all of the flatfish populations
were considered in the metaanalysis, no difference in trends with
regard to the level of exploitation appeared on the 20 species.
Nonetheless, target species appeared in a larger proportion in
Northern than in Southern species. This last result appeared related
to previous conclusions of Pauly (1994) and Van der Veer et al.
(2003): the replacement of sub-polar species by tropical ones will
result in higher occurrences of small flatfish species of less commercial
interest. Thus climate changes can explain different trends between
target and commercial flatfish. Nevertheless, fishing pressure can
increase this pattern threw overexploitation of commercial species
and also threw reduction of higher levels of the foodwebs (Pauly et al.,
1998) and lower predation on small southern species.

5. Conclusion

Trawl survey data collected in the Bay of Biscay during the two last
decades enabled us to show a significant variation in abundance for

55% of the flatfish species. The impact of climate change was evident
with regard to the latitudinal range of population because the species
in decline have their center of distribution northernmost than species
in expansion, with a limit in the Bay of Biscay. This was a general-
ization of the previous results on 4 commercial flatfish species
(Désaunay et al., 2006); it confirmed changes in species composition
of fish communities (Poulard and Blanchard, 2005) and demonstrated
a general pattern of increase of southern species and decrease of
northern ones. The analysis of abundance time series suggested an
effect of seawater warming on recruitment. Indeed, for northern
temperate species, the recruitment reduction occurred several years
before the adult abundance decrease. Moreover, the correlation
between abundances of species and the temperature in their year of
birth emphasized this assumption. Nevertheless, although the impact
of seawater warming on flatfish populations in the Bay of Biscay was
established, processes remain uncertain and are probably different
between southern and northern species.

The impact of climate change on flatfish populations seemed to be
amplified by fishing (Brander, 2005), with a stock reduction in
exploited species and an expansion of non-commercial species.
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