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INTRODUCTION

Knowledge of the thermal biology of ectothermic

animals is fundamental to understanding their ecology

and distribution (Brown et al. 2004) and assessing the

likelihood of change in population dynamics or geo-

© Inter-Research 2010 · www.int-res.com
*Email: david.righton@cefas.co.uk

FEATURE ARTICLE

Thermal niche of Atlantic cod Gadus morhua:
limits, tolerance and optima

David A. Righton1,*, Ken Haste Andersen2, Francis Neat3, Vilhjalmur Thorsteinsson4, 

Petur Steingrund5, Henrik Svedäng6, Kathrine Michalsen7, Hans-Harald Hinrichsen8,

Victoria Bendall1, Stefan Neuenfeldt2, Peter Wright3, Patrik Jonsson6, Geir Huse7,

Jeroen van der Kooij1, Henrik Mosegaard2, Karin Hüssy2, Julian Metcalfe1

1Centre for Environment, Fisheries and Aquaculture Science (CEFAS), Lowestoft NR33 0HT, UK
2National Institute of Aquatic Resources, Technical University of Denmark, Charlottenlund 2920, Denmark

3Marine Scotland:Science, Marine Laboratory, Aberdeen AB11 9DB, UK
4Marine Research Institute, 121 Reykjavik, Iceland

5Faroe Marine Research Institute, 110 Tórshavn, Faroe Islands 
6Swedish Board of Fisheries, 401 26 Göteborg, Sweden

7Institute of Marine Research, 5817 Bergen, Norway
8Leibniz Institute of Marine Sciences, 24105 Kiel, Germany

ABSTRACT: Recent studies in the marine environment

have suggested that the limited phenotypic plasticity

of cold-adapted species such as Atlantic cod Gadus

morhua L. will cause distributions to shift toward the

poles in response to rising sea temperatures. Some cod

stocks are predicted to collapse, but this remains specu-

lative because almost no information is available on the

thermal tolerance of cod in its natural environment. We

used electronic tags to measure the thermal experience

of 384 adult Atlantic cod from 8 different stocks in the

northeast Atlantic. Over 100 000 d of data were col-

lected in total. The data demonstrate that cod is an

adaptable and tolerant species capable of surviving and

growing in a wide range of temperate marine climates.

The total thermal niche ranged from –1.5 to 19°C; this

range was narrower (1 to 8°C) during the spawning

season. Cod in each of the stocks studied had a thermal

niche of approximately 12°C, but latitudinal differences

in water temperature meant that cod in the warmer,

southern regions experienced 3 times the degree days

(DD; ~4000 DD yr–1) than individuals from northern re-

gions (~1200 DD yr–1). Growth rates increased with

temperature, reaching a maximum in those cod with a

mean thermal history of between 8 and 10°C. Our di-

rect observations of habitat occupation suggest that

adult cod will be able to tolerate warming seas, but that

climate change will affect cod populations at earlier

life-history stages as well as exerting effects on cod

prey species.
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Electronic tags attached to cod give unique insights into how

climate change may affect the growth and distribution of this

species.
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graphic range that may occur due to climate change

(Wikelski & Cook 2006, Young et al. 2006). Recent

studies in the marine environment have suggested that

the species distributions may be changing rapidly (Rose

2004, Drinkwater 2005, Perry et al. 2005, Parmesan

2006), but empirical data on the response of marine

species to different thermal niches and environments

is lacking (Pörtner & Knust 2007, Donaldson et al. 2008).

Cod Gadus morhua is a widely distributed, commer-

cially important species that used to be found in enor-

mous abundance throughout the shelf ecosystems of

the North Atlantic (Hutchings 2004, Rose 2004). Simi-

lar to most commercial species, most cod stocks are

now heavily over-exploited (Worm et al. 2006, ICES

2007, Pitcher et al. 2009) and, in some cases, collapsing

(Hutchings & Myers 1994, Cook et al. 1997, O’Brien et

al. 2000, Christensen et al. 2003, Hutchings 2004, Rose

2004), with continued debate as to whether this is the

consequence of high fishing mortality, climate change

or a combination of the two. In consequence, there is

considerable interest in defining the response of cod to

climate, and using this information to predict how this

may affect future stock recovery.

Most observations of cod thermal response have

been made in the laboratory (Schurmann & Steffensen

1992, Claireaux et al. 1995). Common to most of these

studies is the concept of optimality and, like all similar

studies, the optimum depends upon the currency used

to define success. Most experimental work has focussed

on defining the temperature at which growth rate is

maximised (Brander 1995, Claireaux et al. 2000, Pört-

ner et al. 2001, Björnsson & Steinarsson 2002, Lannig et

al. 2004). The measured optima range between 8 and

15°C and depend on size; smaller fish grow faster at

higher temperatures, whilst the growth of larger fish is

greater at lower temperatures (Jobling 1988, Pörtner et

al. 2001, Petersen & Steffensen 2003, Drinkwater 2005).

Although experimental studies have been useful in

finding thermal optima for growth, using this optima as

the principal predictor of individual and stock perfor-

mance under different climate scenarios fails to recog-

nise that individual cod occupy a habitat envelope that

is defined by other ecological and physiological dri-

vers, such as food abundance, abundance of con-

specifics and habitat type. Furthermore, the perfor-

mance and resilience of cod stocks will also depend on

regional fishing mortality and any particular life-his-

tory characteristics of regional stocks, such as growth

rate and age at maturity. To determine how individuals

and stocks may respond to a warming marine environ-

ment, it is as important to define the upper and lower

limits of tolerance to temperature as it is to define the

thermal optima. This is because these limits provide

the boundaries of the thermal habitat (or thermal enve-

lope) that cod can occupy, not simply where growth,

under otherwise ideal conditions, would be maximised.

Recent experiments have explored the upper limits of

cod physiology, and have shown that life-support pro-

cesses cease to function effectively at around 22°C

(Lannig et al. 2004, Pörtner & Knust 2007). Experi-

ments at the lower limit have not been conducted

(Boutilier 1998). Determining how these physiological

limits are realised in the natural environment, where

other ecological drivers impinge upon habitat selection,

is an important companion to experimental studies, and

is of critical importance for decision makers (Cooke &

O’Connor 2010). However, the thermal habitat that

cod can occupy under natural conditions is not well

known because direct assessments of temperature ex-

perience are rare (Ropert-Coudert & Wilson 2005, Rice

2006, Neat & Righton 2007). Instead, researchers have

needed to combine data from hydrographic and fishing

surveys to infer or model the preferred thermal habitat

of cod (Blanchard et al. 2005, Rindorf & Lewy 2006).

Here we quantify and describe the temperatures and

depth experience of wild cod determined by a large-

scale electronic tagging programme in the northeast

(NE) Atlantic. This gives the advantage of direct ob-

servation of the thermal niche, and has allowed us to

assess the evidence for a preferred temperature range,

to define the limits of thermal tolerance and to assess

the effects of thermal habitat upon growth.

MATERIALS AND METHODS

Cod tagging and data collection. We deployed over

3000 electronic data-logging tags on cod (see Table S1

in Supplement 1 at www.int-res.com/articles/suppl/

m420p001_supp.pdf for full details of tag attachment)

in the NE Atlantic in 8 geographic areas that form the

basis of the historical and existing commercial cod fish-

eries (Fig. 1; see Table S2 in Supplement 1). The tags

were programmed to record depth and temperature

at intervals between 1 min and 6 h, depending on

the data storage available, to ensure that tags would

record data for more than 12 mo if still at liberty. All

tagging was conducted under governmental licence

and was in adherence with national regulations on the

treatment of experimental animals.

Thermal experience. Datasets >90 d in length were

collated (Table 1, Fig. S1 in Supplement 1 at www.int-

res.com/articles/suppl/m420p001_supp.pdf), and the

mean and SD of temperature and depth were extracted

for each day of data, in addition to the daily tempera-

ture range. In addition, the subset of data that had been

collected at an interval of 30 min or less (83% of total

dataset: 81 676 d) were used to extract the magnitude

and frequency of changes in temperature between tem-

perature recordings. The number of degree days expe-
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Fig. 1. Area of study and Gadus morhua tagging locations. Tag recapture locations for cod at liberty >90 d are shown by solid
symbols; release locations are white. Shading of the sea area shows seabed depth. (a) NE Atlantic and boundaries of each map
panel: (b) the Icelandic plateau; (c) Barents Sea and Norwegian Shelf (not completely shown in panel a); (d) Faroe Islands and 

northern North Sea; (e) southern North Sea and English Channel; (f) Skagerrak, Kattegat and Baltic Sea

Stock Baltic Barents Faroes N Iceland SW Iceland N North Sea S North Sea Skagerrak

Datasets >90 d 49 13 17 21 117 36 44 87
Longest dataset 608 768 785 1106 1246 908 797 512
Total days of data 9078 4582 5054 8122 40299 8447 8950 16131
Mean temperature 6.23 ± 2.21 6.40 ± 2.12 8.28 ± 1.26 3.61 ± 1.82 6.51 ± 2.43 9.19 ± 1.74 10.65 ± 3.82 7.19 ± 2.20
Spawning temperature 6.51 ± 2.11 5.91 ± 1.11 7.52 ± 0.50 3.72 ± 1.08 6.61 ± 1.52 7.56 ± 0.48 6.02 ± 1.09 5.63 ± 1.34
Maximum observed 17.4 11.71 11.49 10.8 13.4 14.51 19.45 18.23
Minimum observed 0.34 –1.54 0.57 –1.5 –0.6 5.53 2.32 –0.18
Annual range (pdf) 9.74 10.65 4.03 8.3 11.86 7.38 14.74 12.23
Spawning range (pdf) 9.15 5.85 3.16 6.01 7.4 4.03 6.49 7.29
Daily range (average) 2.06 ± 1.97 0.77 ± 0.8 0.39 ± 0.84 0.98 ± 1.27 0.69 ± 0.93 0.27 ± 0.25 0.37 ± 0.55 1.42 ± 1.61
Average range (liberty) 10.02 6.92 3.94 6.67 7.10 4.94 8.95 9.48
Max. range (lifetime) 14.99 10.22 8.54 8.45 11.8 7.96 14.78 15.96
Degree days (tags >1 yr) 2322 2589 ± 1690 3067 ± 9800 1228 ± 2510 2290 ± 6390 3606 ± 9600 3890 ± 363 na
Degree days (average) 2216.8 2366.4 3024.3 1239.5 2332 3418 3974.1 2709
Spawning 809.5 368.2 682 311.8 677.9 582.5 347.9 576.2
Specific growth rate 0.023 ± 0.018 na 0.006 ± 0.005 0.024 ± 0.018 0.013 ± 0.011 0.052 ± 0.022 0.053 ± 0.033 0.033 ± 0.028

(cm cm–1 d–1)

Table 1. Gadus morhua. Temperature (°C) experienced by cod in each ecosystem. Annual temperature range and spawning temper-

ature range were determined by calculating the difference between values at 10–4 in the probability density function (pdf) of tem-

perature observations. Daily range values were calculated as the average difference between observed daily maxima and minima

recorded by tags in each ecosystem. The maximum range experienced by an individual fish for each ecosystem is also included; val-

ues were calculated as the difference between the maximum and minimum values of temperature recorded by the tagged cod. Aver-

age degree day values for each ecosystem were calculated as the sum of the average temperature for each day of the year. Values

of variance, where presented, represent 1 SD. Cod were, on average, at liberty for 251 ± 172 d between release and recapture. 

na: not applicable 
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rienced by cod at liberty for more than 1 yr was calcu-

lated by summing the average temperature recorded

for each day of the first year at liberty. The probability

density function (pdf) of the thermal experience (using

a bin size of 0.5°C) was calculated for cod in each

ecosystem on a monthly basis, and the monthly pdfs

were averaged to provide a pdf of thermal experience

for the full year or for the spawning season. The pdfs for

each region were then averaged to calculate an overall

pdf for cod in the NE Atlantic, and also for the spawning

season (as identified for the Baltic Sea, Wieland et al.

2000; the Barents Sea, Kjesbu et al. 2010; the Faroes,

Steingrund & Gaard 2005; Iceland, Pálsson & Thor-

steinsson 2003; the North Sea, Yoneda & Wright 2005;

and the Skagerrak/Kattegat, Svedäng et al. 2007). The

overlap (O) between the thermal conditions cod occu-

pied and the available thermal conditions was calcu-

lated as a ratio between the pdf of cod thermal experi-

ence and the pdf of available temperatures in the

ecosystem (using a bin size of 5°C).

Growth rates. Of the 384 cod that were returned

after 90 d, 232 had complete and reliable information

on length at release and recapture and a near-com-

plete (to within 2 wk) record of daily temperature (see

Table S3 in Supplement 1). To analyse the relationship

between temperature exposure, ecosystem and fish

size, a generalised least squares regression was used.

Growth was estimated from the daily increase in

length (mm d–1) of each fish between release and

recapture. This measure was chosen because it was

more frequently recorded at capture than weight, and

because length increased linearly between release and

recapture and with respect to the number of days at

liberty. The most appropriate model, after investiga-

tion of the variance structure using restricted maxi-

mum and maximum likelihood (REML/ML) methods

(Fig. S2 in Supplement 1), was characterised as:

Length increase = Mean temperature during liberty ×

Ecosystem × Mean length between release and recap-

ture. Supplement 1 provides full details of the model.

Environmental data. Temperature data were com-

piled from the International Council for the Explo-

ration of the Sea (ICES) Oceanographic Database con-

taining depth-specific conductivity-temperature-depth

(CTD) and bottle measurements. To describe the hydro-

graphy of each ecosystem, we selected all available

temperatures between 1950 and 2005 within the differ-

ent areas under investigation (Table 1, and see Table

S5 in Supplement 2 at www.int-res.com/articles/suppl/

m420p001_supp.pdf). Data were subsequently aggre-

gated to obtain monthly means per year and 5 m depth

stratum down to the maximum depth. To determine

the thermal envelope potentially available to the

tagged cod during the course of the study, concurrent

ICES CTD data (i.e. those that matched as closely as

possible the period during which the tags were collect-

ing temperature data) were extracted from an area that

enclosed the geographic limits of tag recaptures plus

0.5° longitude or latitude in each compass direction

(Table S4, and see Fig. S3 in Supplement 1). In some

cases, the number of CTD casts in these areas was so

low so that the period of extraction was broadened. As

for the temperature data collated from the electronic

tags, the pdf of available thermal conditions was calcu-

lated for each ecosystem on a monthly basis, and the

monthly pdfs were averaged to provide a pdf of ther-

mal experience for the full year or for the spawning

season. Further details of the methods adopted for

compiling the CTD data can be found in Supplement 1.

RESULTS

To date, a total of 902 cod have been recaptured.

Many of the datasets recovered were short in duration

so, to ensure that temperature data were collected

from cod that had the opportunity to move and select

preferred habitat, datasets shorter than 90 d in length

were discarded. This left 384 records (Tables 1 & S2),

with a mean ± SD time at liberty of 254 ± 173 d, of

which 66 individuals were at liberty for >1 yr (see

Fig. S1a in Supplement 1). The data comprise over

16 million records of both depth and temperature

(>100 000 d of data spread throughout the year;

Table 1, Fig. S1b & Table S2). Movement between

release and recapture was evident in many individuals

(Fig. 1, Table S2), although, with the exception of 1

individual that moved between the Baltic and the Kat-

tegat, all of the cod were recaptured within the eco-

system where they were tagged.

Across all ecosystems and seasons, the daily temper-

ature experience for individual cod ranged from sub-0

in northern ecosystems (lowest daily mean = –1.33°C,

minimum observed value = –1.54°C; Table 1) to an

upper limit of 19.39°C (highest daily mean; maximum

observed value = 19.45°C). In general, temperature

experience was defined by the available environment.

Thus in the relatively shallow, highly stratified waters

in the Baltic and Skagerrak, cod regularly experienced

daily temperature ranges of over 3°C as they moved

between different water strata (Figs. 2a & 3a). During

summer, when stratification was greatest, individuals

would change depth by only 10 or 20 m over 30 min, but

often experienced temperature changes greater than

2°C (Fig. 3b). Similarly, cod inhabiting deeper northern

waters (Iceland, Barents Sea), experienced rapid tem-

perature changes to temperatures as low as –1°C (i.e. at

the lower end of the thermal range) as they moved

across thermal fronts (Figs. 2b & 3b). In contrast, in the

less stratified southern North Sea (Fig. 2c), where cod
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remained close to the seabed for much of the summer,

temperature changes greater than 1°C over the course

of a day were rarely observed (Fig. 3a). Instead, most

cod experienced long periods at relatively high tem-

peratures as the water column underwent seasonal

warming (Fig. 2c, see Fig. S4 in Supplement 2).

Stocks in each ecosystem had an annual temperature

experience that varied as expected with latitude; aver-

age temperature experience increased as latitude de-

creased (Fig. 4a,b, Table 1). Within ecosystems, varia-

tion in annual temperature experience was also depen-

dent upon the occupied depth; cod occupying deeper

water experienced lower average temperatures (see

Figs. S5 & S6b in Supplement 2). Thus, cod in the

southern North Sea and Baltic Sea were confined to

relatively shallow water (<100 m) and experienced

5

Fig. 2. Example time-series of depths and temperatures occupied by individual cod Gadus morhua (left), and the marine climate

in the corresponding ecosystem (right): (a) the Baltic Sea; (b) north Iceland and (c) the southern North Sea. Each point on a time-

series chart shows the measured depth (10 min frequency), coloured to indicate water temperature (°C). To illustrate clearly

the range of temperatures experienced by each individual, colour scales are relative to each time series. Marine climate colour

scales are consistent between panels to illustrate differences between ecosystems. Plots for all ecosystems studied can be found in 

Supplement 2 at www.int-res.com/articles/suppl/m420p001_supp.pdf

http://www.int-res.com/articles/suppl/m420p001_supp.pdf
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Fig. 3. Temporal changes in temperature experienced by Gadus morhua in the northeast Atlantic. (a) Observed frequencies of

daily thermal range (T °Cmax – T °Cmin) in each ecosystem; (b) observed frequencies of thermal shock (ΔT °C 30 min–1) in each

ecosystem. Frequencies of thermal shock were calculated for each region from datasets that had a temporal resolution of 30 min 

or greater (83% of total dataset: 81676 d)
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Fig. 4. Temperature experience of Gadus morhua populations.

(a) Relationship between average temperature experience

and latitude. The linear regression indicated is given by y =

–0.212x + 19.97; r2 = 0.176, df =1, 383, p < 0.0001). More details

are provided in Tables S5 & S6 in Supplement 2 at www.int-

res.com/articles/suppl/m420p001_supp.pdf. (b) Average tem-

perature for cod in each ecosystem. Dashed portions of each

line indicate the months of spawning. (c) Probability density

functions (pdfs) of temperature experience across all ecosys-

tems. Solid line: overall pdf; dashed line: pdf during the 

months of spawning
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broad temperature ranges over the course

of a year that reflected their exposure to

the seasonal change in water temperature

(Fig. 4b, Table 1, Fig. S5). In the northern

North Sea and Skagerrak, where some cod

were able to move to water depths of up 

to 200 m, overall temperature experience

was narrower and was concentrated

between 5 and 10°C. In the deeper, north-

ern ecosystems, where cod could access

water as deep as 850 m, average tempera-

tures were cooler and narrower in range

(Fig. 4a,b, Table 1). In consequence, the

number of annual degree days that indi-

vidual cod experienced ranged from 849 to

4353 (Table 1), and was greater at more

southerly latitudes.

Overall growth rates of individuals in 6 regions were

positively related to the temperatures experienced,

and negatively related in the southern North Sea

(Fig. 5) and north Iceland. Growth was significantly

related to both average temperature experience and

ecosystem occupied (Table 2). Taking only the highest

growth rates into consideration, the relationship

between temperature and growth was pyramidal.

Thus, cod grew more rapidly up to temperatures

around 10°C, beyond which growth rates appeared to

decrease again (Fig. 5). The growth of individuals was

also significantly related to the number of degree days

experienced, i.e. Growth in length (cm d–1) = 0.002742

× Growing degree days + 0.8269, p1,318 < 0.01. In the

southern North Sea, where measured temperatures

were the highest, the linear model may not have been

entirely appropriate for analysing the growth relation-

ship. In all other ecosystems, however, this assumption

was reasonable, and so the linear model was retained.

The pdf of temperature experience for all cod

observed in the study describes a peak at around 7°C

(Fig. 4c), and upper and lower limits of –1 and 19°C

respectively. The pdfs for cod in each ecosystem de-

scribe annual thermal ranges of between 9 and 15°C

(Fig. 6, Table 1). Comparison of available temperature

with occupied temperature, using the qualitative over-

lap index O (see ‘Materials and methods’) showed that

temperatures below 5°C were occupied less than

expected (O ≤ 1) in all but one of the ecosystems

(the Skagerrak) where these conditions are available

(Table 3a). In ecosystems with sub-zero conditions

(Barents Sea, Faroes and Iceland), this was particularly

marked (O ≤ 0.5). Cod occupied temperatures above

10°C less than expected in the Baltic and north Ice-

land, but more than expected (O ≥ 2) in the Barents

Sea. During the spawning period, cod in all systems

had a much narrower thermal experience than for the

full year, generally between 5 and 10°C. This range

coincided with the thermal habitat available in the

North Sea (both northern and southern), but in the

Baltic, Faroes, Iceland and in the Barents Sea, cod did

not occupy water temperatures below 5°C as much as

expected, and water temperatures between 5 and 10°C

more than expected (Table 3b).

DISCUSSION

Temperature is fundamental to the ecology and

physiology of fish because it controls vital processes

(Graham & Harrod 2009). A multitude of studies have
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Fig. 5. Gadus morhua. Specific growth rate of individual cod

in relation to temperature. Each point represents a single

individual; lines indicate the relationship between tempera-

ture and growth rate for each ecosystem as determined by

multiple regression analysis. Details of the regression model

are provided in Supplement 2 at www.int-res.com/articles/

suppl/m420p001_supp.pdf. Lines indicate the best linear fit to

the data from a generalised least squares regression model

Factor df F p

Intercept 1 349.56 <0.0001

Mean temperature 1 4.19 <0.04

Ecosystem 6 25.33 <0.001

Mean length 1 0.89 0.34

Mean temperature × Ecosystem 6 1.31 0.25

Mean temperature × Mean length 1 0.81 0.36

Ecosystem × Mean length 6 3.46 0.003

Mean temperature × Ecosystem × Mean length 6 1.46 0.19

Error 204

Table 2. Gadus morhua. Results of analysis of variance (ANOVA) to explore

the relationship between growth, average temperature and ecosystem. The

ANOVA was conducted on results from a generalised least-squared regres-

sion model with restricted maximum likelihood estimation and a power

function variance structure (see Supplement 1 at www.int-res.com/articles/

suppl/m420p001_supp.pdf for details of the model)
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Fig. 6. Gadus morhua. Thermal habitat availability and thermal habitat occupation of cod in each ecosystem, represented as

probability density functions (pdfs). Habitat availability is shown by the shaded areas, and habitat occupation by lines. The pdfs

were calculated for the spawning season (yellow shading, dashed lines) and the full year (red shading, solid line). Orange

shading shows where the habitat availability pdfs overlapped. (a) Barents Sea; (b) north Iceland; (c) southwest Iceland; (d) Faroes; 

(e) Baltic Sea; (f) Skagerrak; (g) northern North Sea; (h) southern North Sea
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demonstrated that cod are no exception (Jobling 1988,

Brander 1995, Claireaux et al. 2000, Pörtner et al. 2001,

Björnsson & Steinarsson 2002, Lannig et al. 2004,

Yoneda & Wright 2005). Our study quantifies, for the

first time, the natural temperature experience of indi-

vidual cod across the latitudinal range of the species in

relation to the available thermal niche.

Broad thermal niche occupied by locally 

adapted stocks

Our results show that cod occupy water from near

freezing (–1.5°C) to almost 20°C and that individuals

endure medium-term (days to months) exposure to the

upper and lower extremes. While this thermal range is

not as wide as those reported for freshwater species

such as goldfish Carassius auratus or brown bullhead

Ictalurus nebulosus (Brett 1956), it is greater than the

range reported for other ectothermic marine fishes

such as blue marlin Makaira nigricans (Goodyear et al.

2008) and European plaice Platessa platessa (Hunter et

al. 2004) and more in line with marine fish species that

show some degree of endothermy such as salmon

sharks Lamna ditropis (Weng et al. 2005) or bluefin

tuna Thunnus thunnus (Block et al. 2005). This sug-

gests that within each region, cod have the behav-

ioural and physiological plasticity that allows them to

occupy the full thermal extent of their ecosystem.

However, while each population experienced and tol-

erated a wide range of oceanographic conditions, cod

did not occupy habitat indiscriminately. For example,

cod residing to the north of Iceland and in the Barents

Sea experienced the coldest temperatures, but although

the available thermal habitat was relatively restricted,

cod were able to avoid long-term exposure to very cold

temperatures. At more southerly latitudes, by contrast,

cod occupied a much wider range of temperatures

(North Sea) and occasionally experienced large fluctu-

ations in daily temperature (Baltic Sea). Cod in the

southern North Sea experienced the highest tempera-

tures, with seasonal changes in water temperature

leading to some cod remaining at >16°C for many

weeks to months.

In the shorter term, cod proved tolerant of relatively

large daily temperature ranges, or were tolerant to

rapid (30 min) changes in temperature. Again, differ-

ent stocks had considerably different experiences.

Cod of the north Iceland and Barents Sea stocks expe-

rienced temperatures as low as –1.5°C when crossing

the boundaries between water masses in deep polar

fronts, but also experienced temperatures of up to

10°C when moving inshore at spawning time. In both

areas, cod tolerated cold shocks of up to 6°C as they

moved vertically across the boundaries between water

masses. Such shocks were also experienced by cod in

the Baltic Sea and Skagerrak and, in extreme cases,

led to some cod experiencing daily thermal ranges

greater than 10°C and up to 13°C, which is similar to

or greater than the temperature ranges reported for

deep-diving oceanic predators (Block et al. 2005).

These events were most likely linked to foraging

activity, since cod did not appear to avoid re-exposure

to the shocks (Figs. 2 & 3) and, indeed, continued to

move across thermal boundaries for periods of many

weeks and months. The evidence of the frequency

and magnitude of thermal shocks in wild fish is

extremely limited (Donaldson et al. 2008), and these

data suggest it may be an important factor in under-

standing the physiological adaptations of large,

mobile fish species. Such tolerance of a wide range of

thermal conditions is likely to have a genetic basis:

different stocks of cod are known to have polymor-

phisms in haemoglobin type (Nielsen et al. 2003,

9

Table 3. Gadus morhua. Overlap between available thermal habitat and thermal habitat occupied by cod (a) throughout the year

and (b) during the spawning season. Bold values: thermal envelopes that were under-represented in the dataset (less than half

the frequency expected on basis of random distribution); shaded values: thermal envelopes that were over-represented in the

dataset (more than twice the frequency expected by chance). –: a comparison could not be made as the tag experience data did 

not extend to this temperature category. id: insufficient data

Temperature (°C) Baltic Barents Faroes N Iceland SW Iceland N North Sea S North Sea Skagerrak

(a) Overall

<5 1.219 0.382 0.986 id 0.928 0.550 0.156 2.154

5 to 10 1.322 1.588 0.901 0.978 1.611 1.450 1.100 0.907

10 to 15 0.189 3.187 1.032 1.169 0.037 1.104 1.453 1.810

15 to 20 0.0732 id 1.277 id – – – 0.08

(b) Spawning time

<5 1.705 0.479 1.031 – 0.944 0.360 0.014 2.165

5 to 10 2.086 1.569 1.012 1.000 2.252 2.185 1.198 0.805

10 to 15 0.151 – id – – – – –

15 to 20 0.0732 – – – – – – –
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Petersen & Steffensen 2003) that confer advantage in

different environments, and recent evidence has sug-

gested that some genes influence behaviour and eco-

logical performance in highly stratified environments

(e.g. PanI allele: Case et al. 2005, Sarvas & Fevolden

2005, Pampoulie et al. 2008).

Defining the thermal niche for cod—

growth and feeding

Optimal temperatures for cod have been described a

number of times, cover a range between 7 and 15°C,

and depend on the criteria or ‘currency’ used to assess

optimality (e.g. growth, metabolic scope). However,

our results show that cod often resided at temperatures

that would not be considered optimal for growth, and

did not appear to behave in a way as to move closer

(vertically or geographically) to described thermal

optima. These results suggest that the temperature

range that leads to high growth rates may be much

wider than assumed from laboratory studies. Indeed,

our data suggest that within their thermal niche, the

growth rates of cod increase with temperature, either

when considering the thermal range within each

region, or across the regions we studied, even in the

warmest region (southern North Sea; specific growth

rate = 0.053 cm cm–1 d–1), although there was some evi-

dence for a downturn beyond mean thermal experi-

ence of 16°C. These individual-based growth esti-

mates concur with Brander’s (1995) population-based

estimates that cod weight-at-age is greater in warmer

environments, with the fastest-growing cod found at

the southern- and western-most limits of their distribu-

tion (the Celtic Sea). The data are also direct and

detailed evidence in support of the growing degree

day (GDD) metric (Neuheimer & Taggart 2007).

Our data also show that, in addition to the general

trend for increased growth rate at higher average

temperatures, the growth rates of cod from different

ecosystems overlapped, indicating that there are fac-

tors independent of temperature that also had an effect

on growth. For example, cod in the southern North

Sea, considered to be a very productive and food-rich

ecosystem, had the highest growth rates of all despite

experiencing temperatures that have been shown to be

very stressful in laboratory experiments (Lannig et al.

2004). In contrast, cod at what would be conventionally

described as being at ‘optimal’ temperatures, such as

those living on the Faroe Plateau, exhibited very low

growth rates during our study, particularly when com-

pared to cod in southwest Iceland, which grew faster at

similar temperatures. This may be attributed to the

very low productivity in the region during the study

period (Steingrund & Gaard 2005). Furthermore, the

generally slower growth of cod in the colder, northern

ecosystems may be accounted for, in part, by the larger

biomass of the stocks and greater competition that

individuals face for food relative to the depleted stocks

in the southern ecosystems (Michalsen et al. 1998,

Sundby & Nakken 2008), or because standard meta-

bolic rates of northern cod are higher than their south-

ern counterparts (Sylvestre et al. 2007).

Overall, our data and analysis show that it is neces-

sary to take into account a number of factors when con-

sidering behavioural or biological outcomes. The iden-

tification of a single thermal optimum is unlikely to

apply to an entire metapopulation, nor is a thermal

optimum likely to drive behaviour at all times and in all

locations. This is probably why cod that experienced

temperatures that might be considered suboptimal for

growth (e.g. those in northern Iceland that occupied

cold water and that regularly experienced changes in

temperature of >4°C) did not move into conventionally

more ‘favourable’ thermal conditions. This underlines

the need to adopt a multivariate approach to analyses

of growth rate. Thus, when considering how productiv-

ity or distribution of stocks might change in the future,

it may be more appropriate to consider the constraints

or limits to habitat occupation rather than attempt to

identify preferences.

Defining the thermal niche for cod—

maturation and spawning

During the spawning season, the thermal experience

of cod in each stock was narrower, less variable and

matched more closely the ‘optimal’ range for growth.

In consequence, the mean temperature during spawn-

ing time was very similar across stocks. This phenome-

non was not just because the environmental tempera-

ture range also narrows in each ecosystem during the

spawning season; cod in the deeper, cooler ecosystems

moved into shallower, warmer water. In the Baltic, cod

moved into deeper, cooler water. As a result, cod in

these systems occupied temperatures between 5 and

10°C more than expected, or they occupied tempera-

tures below 5°C less than expected. This suggests that

the thermal requirements of cod may be particularly

critical at spawning time, perhaps because of the role

temperature plays in gonad maturation (Yoneda &

Wright 2005, Kjesbu et al. 2010), the development

rates of fertilised eggs (Geffen et al. 2006), or indirectly

via its effects on the larval food availability (O’Brien et

al. 2000, Ottersen & Loeng 2000, Beaugrand et al. 2003,

Drinkwater 2005). The avoidance of warm water in the

spawning season in the Baltic and of colder water in

Icelandic/Barents Sea waters may even underlie spawn-

ing migrations that are so characteristic of these stocks.

10
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Cod populations and marine climate

Historically, cod has been the dominant demersal

species in temperate and boreal ecosystems and the

foundation of a huge fishing industry (Cook et al. 1997,

O’Brien et al. 2000, Christensen et al. 2003, Hutchings

2004, Rose 2004). The ecological success of cod, and its

wide distribution between ~40 and 70° N, was likely to

have been founded on wide environmental tolerance,

behavioural flexibility and local adaptation. Our re-

sults underline that, rather than being limited by a nar-

row range of optimal temperatures, cod are extremely

well adapted to survive and grow under exposure to a

wide range of water temperatures, be they well below

the described optimal temperature for growth, or well

above it. Furthermore, cod are able to tolerate rela-

tively large and rapid changes in temperature as a con-

sequence of moving between different water strata in

search of food. Thus, cod are clearly able to occupy

thermally ‘sub- or super-optimal’ habitats, and may

even thrive in them provided that food resources are

adequate (Brander 1995).

Recent studies have suggested that the range of cod

in the NE Atlantic will contract as mean water temper-

atures increase as a consequence of climate change

(Blanchard et al. 2005, Drinkwater 2005). Evidence

from some recent studies has supported claims that the

southern limit to distribution has already moved north-

wards as ocean warming increases (Perry et al. 2005,

Rindorf & Lewy 2006, Dulvy et al. 2008). Warming seas

may affect cod distribution and productivity by ex-

ceeding physiological tolerance in the southern range

and adversely affecting recruitment through changes

in the abundance and distribution of planktonic prey

for larval and juvenile cod (O’Brien et al. 2000, Beau-

grand et al. 2003). This contraction may also be medi-

ated through changes in the distribution of important

prey species (Dulvy et al. 2008). The evidence that

identifies the mechanism(s) responsible for the changes

already observed is equivocal, however. Our results

suggest that the stock of adult cod in the NE Atlantic is

able to occupy a broad range of habitats and that each

sub-stock we studied occupied almost the full range of

thermal habitat available to it. We cannot determine

from our data if northward migration or substitution of

sub-stocks will occur if water temperatures rise, or if

the most southern sub-stock will be able to tolerate the

change in marine climate predicted for the next cen-

tury. However, our data suggest that predictions of

response to marine climate change need to take into

account the limits to habitat occupation, and not just

focus on the optima for growth. As such, cod stocks

appear to have the potential to cope with the increases

in sea temperature predicted for the next century or

more. This assertion is supported by a recent study of

prehistoric fish communities which shows that cod was

a dominant part of the ecosystem in Danish waters, de-

spite seawater temperatures 2°C higher than at pre-

sent (Enghoff et al. 2007).

Conversely, our results also show that it is possible to

identify potential tipping points at which climate change

may exert a particularly strong effect. Although adult

cod could occupy most temperatures during the feed-

ing season, the range of temperatures at which spawn-

ing took place was much narrower and peaked at 7°C.

Future changes in sea temperature, especially those at

spawning time, may lead to spatial or temporal adjust-

ment of spawning. The consequences of rapid changes

in the location or timing of spawning are difficult to

predict, but would probably lead to changes in the spa-

tial distribution and survivorship of larvae with subse-

quent effects on the distribution of the adult stock.

Thus, while cod in the past have occupied a wide

range of environments across the northern hemi-

sphere, they may not be able to respond to rapid cli-

mate change in the future. Any further threats to suc-

cessful recruitment (e.g. through failure of spawning)

increase the risk of population collapse, especially at

low stock sizes (Brander 2005). Reduced fishing mor-

tality therefore remains the best chance of achieving

stock recovery.
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