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ABSTRACT: Regional warming causes changes in
local communities due to species extinctions and latitu-
dinal range shifts. We show that the species richness of
fish in 3 regional seas in the eastern North Atlantic
Ocean has changed over time (1997 to 2008), and
we relate this to higher water temperatures and the
biogeographic affinity of the species. In the North
and Celtic Seas, species richness increased due to in-
creases in the number of warm-favouring Lusitanian
species. In the area west of Scotland, species rich-
ness decreased because the number of cold-favouring
Boreal species decreased. Additional analyses of trends
in fishing effort imply that the observed changes in
species richness are unlikely to have been induced
by fisheries in the North and Celtic Seas, thereby
strengthening the idea that climate change affects spe-
cies richness of marine fish. However, in the area west
of Scotland, a potential effect of fisheries in addition to
temperature change on the observed change in spe-
cies richness could not be ruled out.
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INTRODUCTION

The Earth's climate has warmed by approximately
0.6°C over the past century (Walther et al. 2002), and
temperature is expected to continue rising. Global
warming has altered natural systems (e.g. Petchey et
al. 1999, Root et al. 2003), and climate change has been
predicted to lead to species extinctions (Thomas et al.
2004) and to poleward shifting of the latitudinal dis-
tribution ranges of species (Parmesan & Yohe 2003).
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Abundance of warm water species such as the snake pipefish,
red mullet and gurnards has been increasing in the Northeast
Atlantic in response to climate change.
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When species' ranges shift due to large-scale climatic
forcing, the diversity of local communities will change
in response (Fisher et al. 2008). Communities at tem -
perate latitudes will gain species from equatorial direc-
tions, for which the higher temperatures that were pre-
viously too cold become suitable, and lose species to
poleward regions, for which conditions become too
warm. Whether organisms will be able to shift their
occupied areas polewards with increasing tempera-
tures depends on the dispersal potential of the species,
the connectivity of suitable habitat patches and the
rate of temperature change.

Previous studies have indicated that important in-
creases in species richness as a result of global warm -
ing can be expected in a wide range of ecosystems and
organisms. Large-scale increases in species richness
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have been recorded for butterflies (Menéndez et al.
2006), freshwater fish (Daufresne & Boet 2007,
Daufresne et al. 2004) and marine fish (Henderson
2007, Hiddink & ter Hofstede 2008). In each of these
studies, the number of warm-favouring species in-
creased, while only few cold-favouring species were
lost. A consensus has emerged that many species are
expanding their distributions towards the poles and to
higher elevations in response to climate change, but
corresponding evidence forrange retractions at low lat-
itude and low elevation boundaries has been compara-
tively weak. It is unclear why not more species are ob-
served retreating in these regions (Thomas et al. 2006).

Coastal marine ecosystems are among the most so-
cio-economically and ecologically important habitats,
and these ecosystems are warming at a much faster rate
than many other ecosystems (MacKenzie & Schiedek
2007). Within the marine environment, climate change
is suggested to affect the distribution, abundance and
assemblage composition of fish. Future climate change
is predicted to lead to dramatic species turnovers of the
present biodiversity, implying serious ecological distur-
bances of the marine environment (Cheung et al. 2009).
Such processes will influence the nature and value of
commercial fisheries in these ecosystems.

A regional change in water temperature may lead to
changes in the local fish community because of immi-
gration and/or emigration of species with different
(Blanchard et al. 2005).
Macpherson (2002) showed a clear latitudinal gradient

temperature preferences

in marine species richness to increase from the poles
to the Equator, and subsequently it is expected that
higher water temperatures will result in increasing
marine fish species richness. In general, a warming
environment would result in poleward advances of
species with an affinity to warm water (Lusitanian)
and retreats of species with an affinity to cooler water
(Boreal) (Brander et al. 2003, Southward et al. 2005,
Stefansdottir et al. 2010).

The ecological effects of climate change are likely to
be region-specific and may vary widely depending on
species and community characteristics and specific
regional conditions (W alther et al. 2002). To date, most
studies of the ecological effect of climate change on
marine fish have largely concentrated on the impact at
the individual species level (e.g. Attrill & Power 2002,
Perry et al. 2005, Dulvy et al. 2008, Nye et al. 2009)
rather than on community metrics such as species rich-
ness (i.e. the number of species observed). In this
study, we compared trends in fish species richness
among 3 regions in the eastern Atlantic Ocean, namely
(1) the North Sea, (2) the Celtic Sea, and (3) off the
west coast of Scotland. Differences in the local physical
environment such as variation in summer and winter
temperatures, and depth ranges, clearly cause differ-

ences in species richness among the 3 regions. We
therefore examined area-specific changes in species
richness. Trends in species richness for marine fish in
the North Sea have been related to temperature in a
previous study (Hiddink & ter Hofstede 2008); these
data were reanalysed using a shorter time series to
standardise the analyses between the different areas
used. Our objective was to determine whether species
richness of marine fish in the 3 different regions dis-
plays similar trends through time and whether it has a
consistent relation to bottom temperature. If warming
is the cause of changes in fish species composition, it
can be expected that the change in species richness
relates to the biogeographic affinity of species, such
that Boreal (cold-favouring) species decrease in abun-
dance, while Lusitanian (warm-favouring) species
increase in abundance. A consistent relationship be-
tween temperature change and changes in species
richness will indicate that large-scale increases in spe-
cies can be expected in temperate marine ecosystems.

MATERIALS AND METHODS

Survey data. Annual data describing the fish dis-
tribution (including elasmobranchs) in the 3 different
study areas during the winter were taken from 3 Inter-
national Bottom Trawl Surveys (IBTS) coordinated by
the International Council for the Exploration of the Sea
(ICES), namely the first quarter IBTS in the North Sea,
the first quarter W estern Division Bottom Trawl Survey
in the Inland Sea off the west coast of Scotland, and the
fourth quarter French Groundfish Survey in the Celtic
Sea. These surveys aimed for coherence and consis-
tency in the collected data by standardising their sam-
pling methods and protocols (ICES 2008a). All surveys
used a standard bottom-trawl net (chalut a grande
ouverture verticale, GOV-trawl), a gear that is spe-
cifically designed to sample fish that live at and above
the seabed (Heessen et al. 1997).

When comparing surveys, differences in sampling
method (gear) contribute more to the variance in abun-
dance estimates compared to survey period (quarter)
(Trenkel et al. 2004). Since the 3 studied areas were
sampled according to a corresponding standard IBTS
protocol, and both studied quarters (I and 4) com-
prised a cold season, we considered it appropriate to
compare the surveys from these 3 regions.

The IBTS in the North Sea and west of Scotland fol-
lowed a sampling strategy according to a grid of ICES
rectangles (0.5° latitude; Io longitude; approximately
56 X56 km). The IBTS in the Celtic Sea is in principle
depth-stratified, but to allow a uniform analysis, the
aggregation was performed following the grid of ICES
rectangles. Details of the gear and sampling strategies
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can be found in the manuals for the 3 surveys (ICES
2002, 2006). The data were extracted from the ICES
Database for Trawl Surveys (DATRAS, downloaded 17
July 2009; http://datras.ices.dk).

Fish data. Catch rates were standardised to the num -
ber of individuals caught per 60 min tow. The time
period during which all surveys had an overlap in
sound coverage of the different areas comprised more
than a decade (1997 to 2008). Such a time series is of
sufficient power to detect trends in both common and
rare fish species (Maxwell &Jennings 2005).

To avoid the introduction of temporal trends that
may be related to differences in the sampled survey
area over time, only rectangles fished in at least 75%
of the years were used (Fig. 1). In total, 210 of the 262
fished ICES rectangles were used in the analysis.
The number of hauls per rectangle was distributed
unevenly within each area, ranging between 1 and
6 hauls yr~\ on average 2.1 £ 0.8 hauls per rectangle in
the North Sea, 2.0 = 1.0 in the Celtic Sea, and 1.3 £ 0.6
in the west of Scotland. Since the number of species
caught is positively correlated to the number of hauls
fished (Daan 2006), the dataset was balanced before
using it for further analyses by applying the Monte
Carlo resampling strategy. For each ICES rectangle
and year, 1 haul was randomly selected, and this pro-
cess was repeated 100 times. These 100 random selec-
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Fig. 1. Location of the 3 studied areas (NS: North Sea; CS:

Celtic Sea; WS: west of Scotland). Open circles represent sur-

veyed International Council for the Exploration of the Sea

(ICES) rectangles; grey circles show the ICES rectangles used

in the analyses (>75 % annual coverage). Black dots indicate

ICES rectangles that were used for the calculation of average
bottom temperatures

tions were averaged, resulting in 1 balanced dataset
on which further analyses were performed.

Fish were identified to the lowest possible taxonomic
level, which was mostly to species level; however,
for consistency, we refer to all taxa as species. All
species were labelled with their biogeographic affin-
ity, i.e. Atlantic (widespread), Boreal (northern, cold-
favouring) or Lusitanian (southern, warm-favouring),
which was derived from the literature following the
approach of Yang (1982), with inclusion of fish species
that have been recorded since then (Wheeler 1992,
Froese & Pauly 2009, Wheeler et al. 2004, Ellis et al.
2010). In Europe, Boreal fishes are those considered to
be northerly taxa which extend northwards to the Nor-
wegian Sea and Icelandic waters. These fishes often
have their southern limits of distribution around the
British Isles or west of Brittany, although some may
still occur further south, either in low numbers or as
vagrants. Lusitanian fishes are those that tend to be
abundant from the Iberian Peninsula (including the
Mediterranean Sea) to as far north as the British Isles,
and may have northerly limits in the southern or cen-
tral North Sea (although many such species do extend
to more northerly latitudes on the western seaboards of
the British Isles, and so can also occur in the north-
western North Sea). Many of these species have distri-
butions extending into the Mediterranean Sea and off
the coast of northwest Africa. Atlantic species are
those (often pelagic or deep-water) species that are
widespread in the North Atlantic, and include many of
the deeper-water or mesopelagic species that may be
widely distributed along the continental slope.

Corrections for misidentifications were made follow-
ing the approach of ter Hofstede & Daan (2008). In
addition, some fish in the families Myctophidae, Ser-
ranidae, Percichthyidae, Blenniidae, Stichtaeidae, Cal-
lionymidae, Gobiidae, Bothidae and Rajidae were only
identified to the family level. To avoid misinterpreta-
tion for non-existing species, these records were not
included in the analysis. The final list of taxa that could
be characterised contained 117 fish species for the
North Sea (8 Atlantic, 48 Boreal, 61 Lusitanian), 115
species for the Celtic Sea (17 Atlantic, 25 Boreal, 73
Lusitanian), and 100 species for the area west of Scot-
land (9 Atlantic, 34 Boreal, 57 Lusitanian).

Temperature data. Bottom temperature data were
obtained from the ICES Oceanographic Database
(downloaded 29 June 2009; www.ices.dk/ocean), for
the areas and quarters corresponding to those in which
the 3 surveys were executed. The time series of these
winter temperature data was available in higher quan-
tities, in particular spatially, than for the other seasons;
therefore, we chose to work only with data from the
winter period. Bottom data were defined as the deep-
est measurement taken with a vertical CTD cast, in
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general around 5 m above the bottom. The data were
averaged per quarter by ICES rectangle. To ensure a
balanced dataset, missing data were interpolated from
adjacent data by averaging the mean bottom tempera-
ture of the 8 surrounding rectangles. This interpolation
was performed for less than 14 % of the year-rectangle
combinations. The bottom temperature data series
covers the time period 1993 to 2008 to allow for the cal-
culation of 5 yrrunning means. For the Celtic Sea, data
were missing during the years 1995, 2007 and 2008,
and in the area west of Scotland during the years 1997
to 1999. Furthermore, in the surveyed area west of
Scotland, the available temperature data did not spa-
tially cover the area sufficiently for use in the analysis;
therefore, 8 ICES rectangles (42E0 to 42E3 and 43EOQ to
43E3) that lie in the centre of the area and for which
data are sufficiently available were selected to repre-
sent the entire area.

Temporal trends in species richness for all fish spe-
cies, Boreal species, and Lusitanian species were
analysed using linear regression. Species richness was
related to the 5 yr running average bottom tempera-
ture, calculated from the current year and the 4 previ-
ous years, to allow for potential lagged effects. Using a
time lag is a fairly common method to approximate the
lifetime environmental experience of a fish (e.g. Perry
et al. 2005, Dulvy et al. 2008), and species richness
responded most significantly to 5 yr running means of
winter bottom temperature. In case of years with miss-
ing temperature data, the 5 yr running means were
based on the available years only. The relation be-
tween richness and temperature was tested using Pear-
son's correlation coefficient (r), on a year basis.

Fishing effort data. To discuss whether observed
changes in species richness may have been induced by
fisheries, we checked for changes in fishing effort in
the 3 different areas. We assumed that changes in fish-
ing effort are reflected in the average fishing mortali-
ties of the dominant commercial fish stocks estimated
by ICES assessment working groups (ICES 2008b,
2009). Only the demersal fisheries that are of main
importance in terms of effort were considered, which
are plaice, sole, cod, Norway pout, haddock and saithe
in the North Sea (ICES 2009); plaice, sole and cod in
the Celtic Sea (ICES 2008b), and haddock, saithe and
cod in the area west of Scotland (ICES 2008b). The
response of fish to changes in exploitation is expected
to show a time lag; for example, Daan et al. (2005)
noted a response time of 6 yr for an increase in species
richness in relation to an increase in fishing effort. In
our case, when ignoring a time lag, we observed no
correlation between fisheries effects and species rich-
ness. To allow for potential lagged effects, species rich-
ness was therefore related to the 6 yr running average
fishing mortality, calculated from the current year and

the 5 previous years for the period 1992 to 2008. The
relation between species richness and fishing mortality
was tested using Pearson's correlation coefficient (r),
on a year basis.

Autocorrelation. Autocorrelation in fish and envi-
ronmental data may complicate statistical inference in
correlation analyses (Pyper & Peterman 1998). We
used the Durbin-W atson statistic (D) on all of our time
series to detect the presence of autocorrelation in the
residuals from the regression analysis. In general, we
found no reason for concern that our data were auto-
correlated, thereby justifying our analyses for correla-
tion between species richness versus temperature and
fishing effort (bottom temperature: North Sea, NS, D =
1.94; Celtic Sea, CS, D = 1.07; west of Scotland, WS,
D =1.98; fishing effort: NS, D =1.70; CS, D =0.56; WS,
D = 1.47; total species richness: NS, D =2.67; CS, D =
2.48; WS, D =2.43; Boreal species richness: NS, D =
2.68; CS, D =2.13; WS, D =2.06; Lusitanian species
richness: NS, D =1.51; CS, D =2.20; WS, D =2.06).

RESULTS
Temperature

Winter bottom temperatures have increased signifi-
cantly since 1993 in all 3 studied regions in the eastern
Atlantic Ocean, in the North Sea by 0.09°C yr-1 (F115 =
12.01, p = 0.003), in the Celtic Sea by 0.04°C y r 1 (Flil2=
6.46, p = 0.025), and in the central part of the area west
of Scotland by 0.09°C yr1 (FljI12 = 0.005, p = 12.03;
Fig. 2a). Surface temperatures from the same areas,
obtained from the ICES Oceanographic Database and
analysed similarly to the CTD bottom temperature
data, showed similar trends, although the rates of
change differed slightly (NS: 0.10°C yr-1, F115 = 13.71,
p = 0.002; CS: 0.09°C yr 1, F1|I2 = 4.65, p = 0.052; WS:
0.06°C yrl, F112 = 7.76, p = 0.017). Surface tempera-
tures were highly correlated to bottom temperatures
(NS: 1=0.96, p <0.001; CS: r=0.57, p <0.001; WS: r=
0.77, p < 0.001), thereby emphasising the strength of
the bottom temperature data as used in our analyses.

Species richness

The annual species richness of the fish fauna in the
North Sea (Fig. 3a) and Celtic Sea (Fig. 3b) increased
significantly during the studied period (NS: FIljI0 =
1091, p = 0.008); CS: Flg = 15.56, p = 0.003), whereas
a significant decrease was apparent west of Scotland
(F110 = 8.28, p = 0.016; Fig. 3c). Taking into account the
biogeographic affinity of the fish fauna, the richness of
Boreal fish species decreased in the area west of Scot-
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Fig. 2. (a) Average winter bottom temperature and (b) aver-
age fishing mortality for major demersal species based on the
main demersal fisheries in terms of effort in the North Sea
(NS), Celtic Sea (CS), and west of Scotland (WS) for the period
1992 to 2008. Lines indicate significant trends (NS: dashed;
CS: grey; WS: black)

land (Flil0 = 13.53, p = 0.004), while no trend was
observed in the North Sea (Ft 10 = 0.06, p = 0.818) and
Celtic Sea (Ft g=3.51, p = 0.093; Fig. 3a-c). The rich-
ness of Lusitanian species significantly increased in
the North Sea (F110 = 19.68, p = 0.001) and Celtic Sea
(Fti9=17.50, p = 0.002), and did not show a significant
change west of Scotland (F1j/10=0.08, p = 0.780).

Species richness versus temperature

Species richness was significantly positively corre-
lated to the 5 yr running means in bottom temperature
in the North Sea (r=10.69, p =0.012; Fig. 3d) and Celtic
Sea (r=0.78, p =0.007; Fig. 3e), while a negative rela-
tionship between species richness and temperature
was found west of Scotland (r =-0.55, p = 0.059; Fig.
3f). The richness of Boreal species was negatively cor-
related with temperature west of Scotland (r =-13.53,
p = 0.004), while no relation was observed in the North
Sea (r=0.06, p = 0.818) and in the Celtic Sea (r=3.51,
p = 0.093; Fig. 3d-f). The richness of Lusitanian fish
species was significantly positively related to bottom
temperature in the North Sea (r=0.82, p = 0.001) and
Celtic Sea (r=10.75, p =0.011), and did not have arela-
tion with bottom temperature west of Scotland (r =
0.03, p = 0.906; Fig. 3d-f).

Fishing effort

Changes in average fishing mortalities by area over
the period 1992 to 2008 were calculated using the main
demersal fisheries. The average fishing mortality of
these fisheries showed a significant decline in each
area over the period 1992 to 2008 (CS: F1j15=7.38, p =
0.016; NS: Flil5 = 185.25, p < 0.001; WS: FI|15 = 33.51,
p <0.001; Fig. 2b).

Species richness versus fishing effort

Species richness was significantly negatively corre-
lated to the 6 yrrunning means in average fishing mor-
tality in the North Sea over the period 1997 to 2008 (r=
-0.77, p = 0.003; Fig. 3g); no relationship was found in
the Celtic Sea (r=-0.49, p =0.127; Fig. 3h), and a sig-
nificant positive relationship was found in the area
west of Scotland (r = 0.64, p = 0.025) (Fig. 3i). Taking
into consideration the biogeographical guild, for Boreal
species a significant positive relationship between
species richness and fishing mortality was found in the
area west of Scotland (r = 0.77, p = 0.003), while no
relationship was observed in the other areas (NS: r =
-0.13, p =0.695; CS: r=-0.28, p = 0.408; Fig. 3g-i). For
Lusitanian species, species richness was negatively
correlated to fishing mortality in the North Sea (r =
-0.91, p < 0.001), while no relationship was found in
the Celtic Sea and west of Scotland (CS: r =-0.54, p =
0.083; WS: r =0.06, p = 0.850; Fig. 3g-1).

DISCUSSION

Winter bottom temperatures significantly increased
in the North Sea and west of Scotland during the
period 1993 to 2008, and in the Celtic Sea during the
period 1993 to 2006, which is in accordance with
recent findings of other studies of sea water tempera-
tures in the Northeast Atlantic (e.g. MacKenzie &
Schiedek 2007, Philippart et al. 2007, Hiddink & ter
Hofstede 2008). Sea surface temperatures increased
correspondingly in the areas. Although the observed
regional increases in temperature are consistent with
the expected increase due to global warming, they are
substantially higher than the increase expected from
global climate change. This discrepancy is likely
related to the effect of regional processes, in particular
the Atlantic Multidecadal Oscillation, which shifted to
a warm phase during our study period (Enfield et al.
2001, 2010). Furthermore, regional climate-change
scenarios around the North Sea predict an increase in
air temperature of 2 to 3.5°C by the 2080s, and water
temperatures will also increase, but not as rapidly as
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Fig. 3. Change in fish species richness over time (1997 to 2008) and with temperature. Species richness per year for All, Boreal,
and Lusitanian fish species in the (a) North Sea (NS), (b) Celtic Sea (CS) and (c) west of Scotland (WS). Species richness for All,
Boreal, and Lusitanian species versus the average bottom temperature over the previous 5 yr in (d) NS, (¢) CS and (f) WS.
Species richness for All, Boreal, and Lusitanian species versus the average fishery mortality for major demersal species over the
previous 6 yrin (g) NS, (h) CS and (i) WS. Lines indicate significant correlations (All: black; Boreal: dashed; Lusitanian: grey)

over land (e.g. Hulme et al. 2002). The fast regional
warming as observed around the British Isles is likely
due to regional processes, not only global ones, and
may be attributed to a combination of anthropogenic
and natural influences (Stone et al. 2009).

Our analyses showed a significant increase in species
richness of marine fish in the North Sea during the years
1997 to 2008, and Celtic Sea over the period 1997 to
2007, areas in which the water temperature had in-
creased significantly during the same period. In both the
North and Celtic Seas, the positive change in species

richness is significantly related to these higher water
temperatures, following the expectations that marine
fish species richness correlates positively with tempera-
ture (Macpherson 2002, Macpherson & Duarte 2006).
However, in the area west of Scotland, a decrease in spe-
cies richness was observed, which also significantly cor-
related to increasing water temperatures. Such findings
are unexpected, but may be explained when taking into
account the biogeographic affinity of fish species.

In general, a warming environment is expected to
result in poleward advances of warm-favouring Lusi-
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tanian species and retreats of cold-favouring Boreal
species (Brander et al. 2003, Southward et al. 2005,
Rijnsdorp et al. 2009). In the North and Celtic Seas,
where bottom temperatures are rising, a significant
increase in Lusitanian species richness has been ob-
served, and in both areas the increase in Lusitanian
species richness was found to be significantly related
to bottom temperature. While Lusitanian species are
thought to be positively affected by rising water tem-
peratures, the opposite is expected for Boreal species.
In the North and Celtic Seas, no trend in Boreal species
richness was observed. However, in the area west of
Scotland, although no trend in Lusitanian species rich-
ness was observed, the richness of Boreal species
showed a significant decrease during the period 1997
to 2008, and this decrease was found to be significantly
correlated to the rise in water temperature. This strong
decline in Boreal species richness in the area west of
Scotland, in combination with the lack of a trend in
Lusitanian species richness, explains the overall de-
cline in species richness in this area in relation to
increasing water temperatures.

Temperature change influences the local species
diversity by changing species distribution over short
time scales, even interannually (Fisher et al. 2008),
which may explain in our results the lack of a generic
response to warming of the 3 local marine fish commu-
nities. Contrasting responses in richness of marine fish
to increasing water temperatures have also been found
around Iceland over the period 1996 to 2007. Species
richness increased with temperature and time south-
west of Iceland, but decreased northeast of the country
(Stefansdottir et al. 2010). The difference in trends
illustrates the importance of performing analyses at
the appropriate scale; however, no clear explanations
for the observation were given, and it was only ex-
pected that both fisheries and the functional character-
istics of the ecosystem, such as food-web interactions,
are the main causal factors of the different trends in
richness within the Icelandic fish community.

The fact that the relationship between climate and
marine life is difficult to generalise is also illustrated by
a comparison of the planktonic assemblage in relation
to hydroclimatic features among 3 different European
seas (Beaugrand et al. 2000): A strong negative rela-
tionship between the abundance of plankton and air
temperature was found in the English Channel; it was
weaker in the Celtic Sea and no relationship was found
in the Bay of Biscay. The observed differences were
attributed to variation in the local physical environ-
ment and the biological composition of the regions
(Beaugrand et al. 2000).

Changes in the structure of fish communities are
often considered to be fisheries-induced (e.g. Pauly et
al. 1998, Levin et al. 2006), and fisheries may have

played a role in the observed changes in the fish com-
munities in the North Sea, Celtic Sea, and the area
west of Scotland. The intensive exploitation of fish
communities often leads to substantial reductions in
the abundance of target species, in particular the
larger predatory species, and changes in species com-
position (Greenstreet & Haii 1996, Rice & Gislason
1996, Daan et al. 2005).

Fishing will alter fish communities by removing
species with a high longevity and a large body size
(Genner et al. 2010), thereby increasing the opportuni-
ties for smaller-sized species to invade the area, ampli-
fying the positive circumstances for the generally small
Lusitanian species in times of global warming.

Recent studies have argued that changes in marine
fish communities are likely to be caused by the inter-
acting effects of climate change and fisheries, rather
than by either of these drivers separately or by simple
additive effects (e.g. Perry et al. 2010, Planque et al.
2010). Climate is changing globally, and it is likely that
an increase in temperature is contributing to the in-
crease in Lusitanian species or the decrease in Boreal
species. However, fishing activities often develop con-
currently, making it hard to disentangle their effect
from climate change. For example, Daan (2006) argued
that although climate change may have had add-on
effects, an increase in species richness in the North
Sea in the period 1977 to 2005 was an indirect effect
of overexploitation. The decrease in larger predatory
species was considered to allow smaller prey species to
increase in abundance due to a reduction in predation
mortality and/or competition. In our study areas, fish-
ing mortality of the main demersal fish species de-
creased over the period 1992 to 2008 (Fig. 2b). The
observed increase in species richness in the Celtic and
North Seas coincided with a decrease in fishing effort,
contradicting Daan (2006). In fact, we observed no
relationship between trends in species richness and
fishing mortality in the Celtic Sea, and even a signifi-
cant negative relationship was shown in the North Sea,
both for the overall and Lusitanian species richness.
The increase in Lusitanian species richness is less
likely to have been caused by a decrease in fisheries,
since the opposite would be expected, meaning an
increase in fisheries would favour small-sized fish
(Genner et al. 2010), and on average Lusitanian spe-
cies are smaller than Boreal species. In the area west of
Scotland, we observed a positive relation between spe-
cies richness (overall and Boreal) and fishing mortality,
meaning that the decrease in overall and Boreal spe-
cies richness may have been driven by the decline in
fishing mortality. Therefore, besides the relationship of
species richness with increasing bottom temperatures,
fisheries may also have had effects on the richness of
marine fish in the area west of Scotland. However,
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notwithstanding the observations in the area west of
Scotland, our findings support the idea that the
observed changes in species richness in the North and
Celtic Seas are likely to be more strongly climate dri-
ven than fisheries induced. This would be in line with
the observations in other taxa throughout the world,
viz. that as temperature rises, species richness in-
creases due a positive correlation between richness
and temperature observed along latitudinal gradients.
Such increases have been reported for a variety of
communities including terrestrial taxa, such as plants
(Klanderud & Birks 2003), birds (La Sorte et al. 2009)
and butterflies (Menéndez et al. 2006), for all of which
recent climatic change is considered to be the most
likely major driving factor. In the marine environment,
for example, long-term changes in species composition
and diversity of the copepod community have been
related to hydroclimatic changes in the Northeast
Atlantic, in particular to the variation in decadal oscil-
lations (Beaugrand 2003). During the positive phase of
the North Atlantic Oscillation, which occurred in the
1990s, sea temperatures increased, and the plankton
community of the temperate waters was replaced by a
southern community.

It is generally accepted that major changes have
occurred in the fish communities of the Northeast
Atlantic during recent decades (e.g. Pauly et al. 1998,
Attrill & Power 2002). Assuming that the sea tempera-
ture warming rates will follow the global consensus
view of warming (Kerr 2004), the general poleward
decline in species richness will decrease (Fisher et al.
2008), and regionally the recent observed increases in
fish species richness in the North and Celtic Seas will
continue. Such changes in species biogeography,
including the change in composition of the fish com-
munities (fewer Boreal and more Lusitanian species),
will undoubtedly have implications for commercial
fisheries and on the implementation of effective con-

servation and environmental monitoring strategies.
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