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to the two-dimensional spatial gradient in temper-
ature (in °C/km, calculated over a 3°-by-3° grid),
oriented along the spatial gradient. We introduced
the seasonal climate shift (in days/decade) as the
ratio of the long-term temperature trend (°C/year) to
the seasonal rate of change in temperature (°C/day).
We present seasonal shifts for spring and fall
globally using April and October temperatures.

The median rate of warming since 1960
has been more than three times faster on land
(0.24°C/decade) than at sea (0.07°C/decade,
Fig. 1A and table S1). At the scale of our anal-
ysis, median spatial gradients in temperature on
land (0.0082°C/km, Fig. 1B and table S1) are
greater than those at sea (0.0030°C/km) because
of the greater latitudinal and topographical tem-

perature differences on land, whereas large-scale
currents tend to reduce small-scale variability in
ocean surface temperatures. When spatial gradi-
ents are combined with rates of long-term tem-
perature change, the resulting median velocity of
isotherms across the ocean (21.7 km/decade) is
79% of that on land (27.3 km/decade), but when
comparing only those latitudes where both land
and ocean are present (50°S to 80°N), velocities
in the ocean (27.5 km/decade) are similar to those
on land (27.4 km/decade). The frequency dis-
tribution of velocities in the ocean is bimodal
(Fig. 2A), with a broader spread of positive val-
ues in the ocean than on land and many negative
values in cooling areas, including the Southern
Ocean and Eastern Boundary Current regions

with increased upwelling (Fig. 1, A and C, and
fig. S1D). The relative proportions of warm-
ing and cooling areas influence the land/ocean
comparison (table S1): With less cooling, me-
dian velocity in the Northern Hemisphere ocean
is 37.3 km/decade but only 30.3 km/decade on
land, whereas in the Southern Hemisphere me-
dian velocities are 17.6 and 14.6 km/decade for
land and ocean, respectively. The velocity of cli-
mate change is two to seven times faster in the
ocean than on land in the sub-Arctic and within
15° of the equator (Fig. 1C), but ocean and land
velocities are similar at most other latitudes (20°
to 50°S and 15° to 45°N).

At the scales studied, the velocity of climate
change is very patchy on land, whereas the ocean
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Fig. 1. (A) Trends in land (Climate Research Unit data set CRU TS3.1) and ocean
(Hadley Centre data set Had1SST 1.1) temperatures for 1960–2009, with latitude
medians (red, land; blue, ocean). (B) Spatial gradients in annual average tem-
peratures using the same data; cross-hatching shows areas with shallow spatial
gradients (<0.1°C/degree). (C) The velocity of climate change (km/decade) is the
velocity at which isotherms move: positive in warming areas, negative in cooling

areas, and generally faster in areas of shallow spatial gradients. (D) Seasonal shift
(days/decade) is the change in timing of monthly temperatures, shown for April,
representing Northern Hemisphere spring and Southern Hemisphere fall: positive
where timing advances, negative where timing is delayed. Cross-hatching shows
areas with small seasonal temperature change (<0.2°C/month), where seasonal
shifts may be large. See fig. S3 for October seasonal shifts.
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Will species track climate velocity? 

to the two-dimensional spatial gradient in temper-
ature (in °C/km, calculated over a 3°-by-3° grid),
oriented along the spatial gradient. We introduced
the seasonal climate shift (in days/decade) as the
ratio of the long-term temperature trend (°C/year) to
the seasonal rate of change in temperature (°C/day).
We present seasonal shifts for spring and fall
globally using April and October temperatures.

The median rate of warming since 1960
has been more than three times faster on land
(0.24°C/decade) than at sea (0.07°C/decade,
Fig. 1A and table S1). At the scale of our anal-
ysis, median spatial gradients in temperature on
land (0.0082°C/km, Fig. 1B and table S1) are
greater than those at sea (0.0030°C/km) because
of the greater latitudinal and topographical tem-

perature differences on land, whereas large-scale
currents tend to reduce small-scale variability in
ocean surface temperatures. When spatial gradi-
ents are combined with rates of long-term tem-
perature change, the resulting median velocity of
isotherms across the ocean (21.7 km/decade) is
79% of that on land (27.3 km/decade), but when
comparing only those latitudes where both land
and ocean are present (50°S to 80°N), velocities
in the ocean (27.5 km/decade) are similar to those
on land (27.4 km/decade). The frequency dis-
tribution of velocities in the ocean is bimodal
(Fig. 2A), with a broader spread of positive val-
ues in the ocean than on land and many negative
values in cooling areas, including the Southern
Ocean and Eastern Boundary Current regions

with increased upwelling (Fig. 1, A and C, and
fig. S1D). The relative proportions of warm-
ing and cooling areas influence the land/ocean
comparison (table S1): With less cooling, me-
dian velocity in the Northern Hemisphere ocean
is 37.3 km/decade but only 30.3 km/decade on
land, whereas in the Southern Hemisphere me-
dian velocities are 17.6 and 14.6 km/decade for
land and ocean, respectively. The velocity of cli-
mate change is two to seven times faster in the
ocean than on land in the sub-Arctic and within
15° of the equator (Fig. 1C), but ocean and land
velocities are similar at most other latitudes (20°
to 50°S and 15° to 45°N).

At the scales studied, the velocity of climate
change is very patchy on land, whereas the ocean
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Fig. 1. (A) Trends in land (Climate Research Unit data set CRU TS3.1) and ocean
(Hadley Centre data set Had1SST 1.1) temperatures for 1960–2009, with latitude
medians (red, land; blue, ocean). (B) Spatial gradients in annual average tem-
peratures using the same data; cross-hatching shows areas with shallow spatial
gradients (<0.1°C/degree). (C) The velocity of climate change (km/decade) is the
velocity at which isotherms move: positive in warming areas, negative in cooling

areas, and generally faster in areas of shallow spatial gradients. (D) Seasonal shift
(days/decade) is the change in timing of monthly temperatures, shown for April,
representing Northern Hemisphere spring and Southern Hemisphere fall: positive
where timing advances, negative where timing is delayed. Cross-hatching shows
areas with small seasonal temperature change (<0.2°C/month), where seasonal
shifts may be large. See fig. S3 for October seasonal shifts.
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Fig. 8. Smoothed maps of
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5 yr time blocks using
inverse distance weight-
ing. Units of biomass are 
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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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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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Example: Northeast U.S. Spring 

•  41 years 
•  8,785 tows 
•  30 min @ 6.5 km/hr 
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American lobster (Homarus americanus) 
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Prionotus carolinus
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Prionotus evolans
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Pseudopleuronectes americanus
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Scomber scombrus
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Scophthalmus aquosus
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Lophius americanus
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Melanogrammus aeglefinus
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Merluccius albidus
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Myoxocephalus octodecemspinosus
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Paralichthys dentatus
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Peprilus triacanthus
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Placopecten magellanicus
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Pollachius virens
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Prionotus carolinus
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Prionotus evolans
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Pseudopleuronectes americanus
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Scomber scombrus
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Scophthalmus aquosus
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Sebastes fasciatus
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American lobster (Homarus americanus) 
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Centers of species’ ranges: 1968 
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Shifts in centers of species’ ranges: 1968-2008 
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Wide variation in range shifts 
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Many regions shifting south 



Bottom temperature and regional shifts 
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Gulf of Mexico 
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Gulf of Mexico: constrained by geography 
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Bottom temperature explains regional shifts 
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Eastern Bering Sea 
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Eastern Bering Sea: lagged response 
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Sea surface temperature: no relation 
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Assemblages track multi-decadal 
bottom temperature trends 
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Predicted distribution 

Absent x Predicted Observed 
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Temperature explains range contractions 

Absent x Predicted Observed 
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No evidence for an overall lag 
Histogram of direction$gamhlat1lag
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Observed rate of shift (° lat/yr) ~ 

Climate velocity 

Demersal/pelagic    

Commercially fished/not 

Biomass trend 

Fish/invertebrate 

Multiple linear regression, simplified by AIC 
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Can we explain rates for fishes? 

Observed rate of shift (° lat/yr) ~ 
Climate velocity 
Demersal/pelagic    
Commercially fished/not 
Biomass trend 
Maximum length 
Trophic level 
Growth rate 
Lifespan 
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Fisheries lag behind fish 

Red hake       75% slower 

American lobster    87% slower 

Yellowtail flounder   85% slower 

Summer flounder    68% slower 

Pinsky & Fogarty in review 
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Conclusions 

•  Range shifts occur rapidly and can be 
explained by local climate velocity 

•  These shifts affect ocean management, 
including fisheries 
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• black: weighted 
mean stratum 

• grey: weighted mean 

• turquoise: weighted 
median 

• bisque: presence/
absence 

• khaki: 4th-root 
transformed 
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