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for cells with lower levels of warming suggests resilience to
warming to a threshold, beyond which change becomes
inevitable and pronounced.

Conclusions
The results here are unique in exploring observed spatial
heterogeneity in the response of the assemblage at a resolu-
tion that matches the one used in climate envelope models
[20]. Our finding of stability in presence-absence of species
over decadal periods, but significant temperature-driven
responses in local species abundance and assemblage
composition, suggests that climate envelope models based
on species presence-absence alone will not predict the most
ecologically and economically significant effects of climate
change. Moreover, studies exploring shifts in central latitudes
of species ranges using abundance data may miss important
spatial variability and local responses. For example, poleward
shifts in abundance, as would be expected under climate
envelope scenarios, have been identified in only 13 of 36
studied species (36%) in the North Sea assemblage [6] despite
significant and ubiquitous changes in temperature. In contrast,
by analyzing local changes in abundance without assuming
a range shift during warming and allowing for uneven abun-
dance distributions linked to suitable habitat, we identified
temperature-associated species-level changes in abundance
in the North Sea in 39 of the 50 (78%) most common species
(Figure 3; Table S2) and identified change in assemblage
composition associated with warming in 93% of the North
Sea cells (Figure 2B). This is consistent with many species
responding in abundance without necessarily changing their
spatial distributions of occurrence within the study region.
The impact of these abundance changes to commercial
fisheries was apparent, where landings of the nine species
identified as declining in warm conditions (blue species in
Figure 3, including haddock and cod) fell by a half during the
period of this study, whereas landings of the 27 species iden-
tified as increasing in warm conditions (red species in Figure 3,
including hake and dab) increased 2.5 times. For a given
region, reorganization of the fishing fleet and management
strategies will be required to ensure that the right species
are targeted and harvested sustainably.
Our analysis highlights the value of data from high resolu-

tion large-scale surveys of species abundance in regions
with a known history of climate change. The focus of many
studies on the ecological effects of climate change in marine
fish or fisheries has been on changing abundance distribu-
tions along latitudinal or depth gradients. Our analyses
demonstrate that such distributional changes have been rela-
tively benign on the European continental shelf during rapid
warming of the sea over the last 30 years. Instead, there
has been profound climate-driven reorganization of species
abundance in established local communities over much of
the shelf region, without spatial reorganization of species
presence-absence. This result is important because local
abundance changes in established fish communities have
the greatest implications for both ecosystem function and
societies dependent on marine natural resources. By con-
trast, over the timescale, studied changes in species ranges
are arguably less important, because they result only from
colonizations or extirpations that occur when species are
necessarily scarce and below the abundances required for
commercially viable exploitation. Thus, studies of distribu-
tional shifts can overlook ecologically and economically sig-
nificant climate effects, except for rare examples of species
range expansion coupled with large increases in abundance
(e.g., [21]). The next challenge is to use this knowledge to
develop effective indicators and predictive models to assess
consequences of climate change for marine ecosystems and

Figure 4. Species Responses to Warming and Impact on Fisheries

(A and B) Abundance response of species to temperature for the 50 most
common species in relation to species characteristics: mean latitude of
occurrence (A) and preferred temperature (B).
(C) Increase in commercial landings of species with positive abundance
responses to warming and decline in landings of species with negative
responses.
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Fig. 1. Physical climate indices from the 
North Sea and North East Atlantic spanning 

1980-2004; (a) North Atlantic Oscillation 
Index (December-February), (b) Gulf Stream 

Index, positive values represent northward 

displacement of the Gulf Stream wall, (c) 
mean winter bottom temperature (January 
March), (d) net inflow between Orkney and 

Shetland, (e) southern North Sea salinity 
anomaly, and (f) the principal component 
axes (first axis, grey points; second axis, bold 

line) of the 5-year running mean of these five 
climate indices. Annual values are represented 
by the connected points with the 5-year right 
aligned running mean represented by the 
bold line. 
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Fig. 2. Trend in depth anomaly of individual 
fishes over time (mdecade-1). Solid points are 

significant at P < 0-01. 
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Climate Change and Distribution
Shifts in Marine Fishes

Allison L. Perry,1* Paula J. Low,2. Jim R. Ellis,2 John D. Reynolds1*

We show that the distributions of both exploited and nonexploited North Sea
fishes have responded markedly to recent increases in sea temperature, with
nearly two-thirds of species shifting in mean latitude or depth or both over 25
years. For species with northerly or southerly range margins in the North Sea,
half have shown boundary shifts with warming, and all but one shifted north-
ward. Species with shifting distributions have faster life cycles and smaller
body sizes than nonshifting species. Further temperature rises are likely to have
profound impacts on commercial fisheries through continued shifts in distribu-
tion and alterations in community interactions.

Climate change is predicted to drive species
ranges toward the poles (1), potentially result-
ing in widespread extinctions where dispersal
capabilities are limited or suitable habitat is
unavailable (2). For fishes, climate change
may strongly influence distribution and abun-
dance (3, 4) through changes in growth, sur-
vival, reproduction, or responses to changes at
other trophic levels (5, 6). These changes may
have impacts on the nature and value of com-
mercial fisheries. Species-specific responses are
likely to vary according to rates of population
turnover. Fish species with more rapid turnover
of generations may show the most rapid
demographic responses to temperature changes,
resulting in stronger distributional responses to
warming. We tested for large-scale, long-term,
climate-related changes in marine fish distribu-
tions and examined whether the distributions of
species with fast generation times and asso-
ciated life history characteristics are partic-
ularly responsive to temperature changes.

We studied the demersal (bottom-living)
fish assemblage in the North Sea. This group
is composed of more than 90 species with
varied biogeographical origins and distribu-
tion patterns. North Sea waters have warmed
by an average of 0.6-C between 1962 and
2001, based on four decadal means before
2001, and by 1.05-C from 1977 to 2001 (7),
which correspond with our fish survey time
series. Survey data were used to calculate
catch per unit effort to determine centers of
abundance (mean latitudes and depths) for
all species and boundary latitudes for those
species that have either northerly or souther-
ly range limits in the North Sea (7). No

species range was entirely confined to the
North Sea. Measures of distribution were
regressed against same-year and time-lagged
bottom temperatures, and also a composite
measure of temperatures, the North Atlantic
Oscillation Index, the Gulf Stream Index, and
the ratio of abundances of northern and south-
ern calanoid copepod species (7). We also con-
trolled for changes in abundance that may
have influenced species distributions (7).

Centers of distribution as measured by
mean latitudes shifted in relation to warming
for 15 of 36 species (Table 1). These trends
were shown by both commercially exploited
species Esuch as Atlantic cod (Gadus morhua)

and the common sole (Solea solea)^, and by
species that are not targeted by fisheries Esuch
as scaldfish (Arnoglossus laterna) and snake-
blenny (Lumpenus lampretaeformis)^. Distances
moved ranged from 48 to 403 km (average
distance x 0 172:3 T 98:8 km, n 0 15 spe-
cies) (Fig. 1) and most of these shifts (13 of 15)
were northward (Table 1). The spatial tem-
perature gradient of the North Sea is some-
what unusual; water temperatures become
colder with increasing latitude in the south-
ern North Sea but become slightly warmer
with increasing latitudes in the north (8),
where warm North Atlantic Current waters
enter the region (9). This temperature pattern
may explain one of the two exceptional spe-
cies that moved south, the Norway pout
(Trisopterus esmarkii). Its distribution was
centered in the northern North Sea, and its
southern movement brought it into cooler
waters. The other exception was the com-
mon sole. We speculate that the southward
shift in its distribution may have been
caused by the fact that the cleanup of the
Thames estuary led to its emergence as a
major sole nursery ground during the study
period (10).

Most species that showed climate-related
latitudinal changes also shifted in depth, which
was unsurprising because North Sea depths are
roughly positively correlated with latitude (8).
A further six species, including plaice (Pleuro-
nectes platessa) and cuckoo ray (Leucoraja
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Fig. 1. Examples of North Sea fish distribu-
tions that have shifted north with climatic
warming. Relationships between mean lati-
tude and 5-year running mean winter bot-
tom temperature for (A) cod, (B) anglerfish,
and (C) snake blenny are shown. In (D), ranges
of shifts in mean latitude are shown for (A),
(B), and (C) within the North Sea. Bars on
the map illustrate only shift ranges of mean
latitudes, not longitudes. Arrows indicate
where shifts have been significant over time,
with the direction of movement. Regression
details are in Table 1.
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cially targeted and threatened species was not found to be
significant when tested within each SDM model and climate
dataset combination (two sample Wilcoxon test, p-value .0.05)
(Fig. S1). The median projected rates of poleward range shift are
167.0 and 185.6 km over 65 years, corresponding to 26 and
28 km decade21 for commercially exploited and threatened
species, respectively (Fig. 3b). There is, however, variation within
species predictions. For example, from 1985 to 2050, the predicted
centroid distribution shift for L. circularis ranges from 8.9 km to
450 km northwards while that for R. undulata ranges from 32 km
southwards to 247 km northwards. Contrasting these projections,
three out of six SDM/GCM model combinations predict a
.600 km northwards centroid shift for S. stellaris for the same
period. R. alba was projected to shift at the fastest rate amongst the
seven threatened species, reaching a maximum of 1046 km
northwards by 2050 (threshold = 0.7). There is considerable
variation in the predicted rate of range shift between SDMs,
and to a lesser extent, between climate forcing used. However, no
significant difference was found between latitudinal shifts projected
using different SDM models within each of the two climate
datasets, for both commercially targeted and threatened species
(two sample Wilcoxon test, p-value.0.05).

Predicted changes in range area
Changes in area of predicted suitable habitat between 1985 and

2050 vary considerably, both between species and models (Fig. 4).
Maxent and DBEM in general project net gains or no change in
range area while AquaMaps frequently predicts net losses. More
specifically, L. circularis, R. clavata and S. stellaris, were projected to
have a net loss in range area by 2050 using 3 out of 6 model SDM-
GCM combinations. While a net loss in range area is also seen in
R. alba using the DBEM with CMIP3-E data, it contrasts the
prediction with GFDL data that shows a net gain. The trend of
predicted range area also varies between different climate forcing
for D. batis, S. squatina and R. alba. Furthermore, the highest
predicted gain (53.08%) and loss (22.44%) in area as a percentage
of the 1985 range area were both predicted for L. circularis. The
outlying points in Figure 4 are caused by L. circularis and D. batis,
which are predicted to increase their range area by 53.08% and
42.17% respectively, using the DBEM model. These larger
increases in range area are due to the DBEM- CMIP3-E model
combination predicting greater range expansions to the northeast
and West Atlantic than is seen for other models.

Analysis of Range Overlap
The overall median change in range overlap between threat-

ened and commercial species (expressed as a percentage of the
1985 overlap value), across models and thresholds, is relatively
small (+/24%) with the distribution of differences for threatened
species showing no significant difference from 0 for N. norvegicus, L.
whiffiagonis, M. aeglefinus, M. kitt, M. merluccius and S. solea (one-
sample Wilcox test, p-value.0.05). However, selected model/
threshold combinations projected large changes in overlap
(exceeding +/250%) (Fig. 5). All commercial species are predicted
to decrease in overlap for at least one threatened species and
modelling scenario. In contrast, all but two commercial species
are, on average, projected to overlap more in predicted range with
threatened species by 2050 (Table S1). The notable exception is L.
piscatorius, which decreases in median overlap (median = 23.0%),
particularly with D. batis (median = 20.7%, min = 261.1%) (Fig.
S2a), R. clavata (median = 27.5%, min = 255.6) and S. stellaris
(median = 25.8%, min = 251.7%). R. alba was projected to have
the greatest increases in median range overlap across commercial
species (mean = 4.9%). This species may thus be most likely to

experience an increase in range overlap with the set of commercial
species under climate change. S. squatina, on the other hand, was
projected to have predominantly small, negative changes in
median overlap across all commercial species (mean = 22.7%) and
with only low variation between median values across species
(26%#x#1%) (Fig. S2b). D. batis shows a small average change in

Figure 3. Shifts in latitudinal centroid for threatened and
commercial species. Projected change (in km) in latitudinal centroid
from 1985 to 2050 across the six SDM and climatic dataset
combinations for a) each threatened species b) threatened and
commercial species, grouped. Thick bars represent median values, the
upper and lower ends of the box the upper and lower quartiles of the
data, and the whiskers the most extreme datapoints no greater than 1.5
times inter-quartile range from the box. Points that are more extreme
than whiskers are represented as circles.
doi:10.1371/journal.pone.0054216.g003
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previously observed rate. Moreover, similar to

previous observed rate of range shift of mobile

marine ectotherms, our overall projected range shift

rate was an order of magnitude higher than

terrestrial animals such as birds and butterflies

(Fig. 5), which have moved on average 6.1 km

decade)1 (Parmesan and Yohe 2003).

Discussion

In this paper, we show that biodiversity in the high

latitude regions is likely to be highly sensitive to

climate change. This agrees well with theory and

observations. Latitudinal pattern of species richness

of marine fish and invertebrates shows a plateau of

around 40oN–30oS and declines towards the Poles

(Fig. 2b, Macpherson 2002). Generally, distribu-

tions of marine ectotherms tend to extend poleward

as global ocean warms up, leading to high invasion

intensity and overall increases in species richness in

high latitude (> 40oN and > 30oS) regions. This is

also in agreement with the climate change-related

increase in species richness of fish fauna in the

North Sea observed in recent decades (Hiddink and

Hofstede 2008).

The high sensitivity of polar species to temper-

ature change renders the polar regions particularly

susceptible to climate change biodiversity impact.

Polar species generally have temperature limits

that are 2–4 times narrower than lower latitude

species (Somero and DeVries 1967; Peck et al.

2004). Therefore, in our model, increasing tem-

perature led to the retreat of low-latitude range

boundaries of polar species. This resulted in bands

of high local extinction intensity in the sub-polar

regions of the north Atlantic and the Southern

Ocean. Simultaneously, the poleward expansion

(invasion) of species’ high-latitude range, com-

pounded with the lower species richness in higher

latitude, resulted in high invasion intensity in the

polar region. These predictions, which agree with

the eco-physiology of animals (Pörtner et al. 2007;

Tewksbury et al. 2008), suggest that marine com-

munities at the extreme ends of the environmental

temperature spectrum are especially at risk from

climate change. Particularly, the expansion of

poleward range of species in the polar region is

limited by the availability of suitable habitats.

Thus, retractions of the equator-ward range lead

to range contraction, which further increases

the impact on individual population and

biodiversity.

Biodiversity in tropical regions is likely to be

impacted by higher rate of local extinction. Tropical

marine poikilotherms tend to have a thermal

tolerance (defined by the upper and lower lethal

temperature limits of a species) close to the maxi-

mum temperature of their habitat (Pörtner and

Knust 2007; Tewksbury et al. 2008), rendering

them highly sensitive to increase in sea water

temperature. Thus, generally, these animals were

projected to move to colder habitats in higher

latitude when tropical water temperature increases,

leading to local extinction in the tropical regions.

Figure 5 Comparison between the

past observed rate of poleward shift of

high-latitude limit of birds, butterflies

and North Sea demersal fish from the

present study. The area and time

covered by the studies are noted in

the horizontal axis. Projection from

the high-range (grey box) and low-

range (white box) climate scenarios

are included. Data with positive shifts

are displayed only. 1 – Parmesan and

Yohe (2003); 2 – Perry et al. (2005).
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Focus	  on	  top	  10	  commercially	  important	  
species	  by	  landings	  

Pleuronectes	  platessa	  	  
plaice	  

Hippoglossoides	  platessoides	  	  
	  long	  rough	  dab	  

Limanda	  limanda	  	  
dab	  

Microstomus	  kiD	  	  
Lemon	  sole	  

Melanogrammus	  aeglefinus	  	  
haddock	  

Merlangius	  merlangus	  
whi-ng	  

Merluccius	  merluccius	  	  
hake	  

Gadus	  morhua	  
cod	  

Pollachius	  virens	  
saithe	  

Molva	  molva	  
ling	  



Generalised	  addi-ve	  model	  (GAM)	  variables	  
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GAM	  variable	  selec-on	  
Mean	  for	  all	  10	  species	  with	  model	  trained	  on	  2000-‐2009	  and	  predic-ng	  the	  same	  period	  

(mean	  ±	  SE)	  

Blue (bottom axis): Correlation (r) of observed and modelled 
abundance. Red (top axis): Weighted AIC values of models  
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All	  8	  species	  studied	  show	  a	  drama-c	  
decline	  in	  abundance.	  None	  have	  the	  
capacity	  to	  shib	  pole-‐wards	  or	  to	  move	  
deeper.	  As	  a	  consequence	  they	  will	  be	  

exposed	  to	  higher	  temperatures	  
	  

Acclimate	  
Move	  and	  adapt	  	  

Decline	  

Main	  finding	  
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