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Chronic exposure to environmental
temperature attenuates the thermal
sensitivity of salmonids

Alexia M. González-Ferreras 1,2 , Jose Barquín 1, Penelope S. A. Blyth 3,4,

Jack Hawksley3, Hugh Kinsella2,5, Rasmus Lauridsen6,7, Olivia F. Morris3,

Francisco J. Peñas1, Gareth E. Thomas2,8, Guy Woodward 3, Lei Zhao9 &

Eoin J. O’Gorman 2

Metabolism, the biological processing of energy and materials, scales pre-

dictably with temperature and body size. Temperature effects on metabolism

are normally studied via acute exposures, which overlooks the capacity for

organisms to moderate their metabolism following chronic exposure to

warming. Here, we conduct respirometry assays in situ and after transplanting

salmonid fish among different streams to disentangle the effects of chronic

and acute thermal exposure. We find a clear temperature dependence of

metabolism for the transplants, but not the in-situ assays, indicating that

chronic exposure to warming can attenuate salmonid thermal sensitivity. A

bioenergeticmodel accurately captures thepresenceoffish inwarmer streams

when accounting for chronic exposure, whereas it incorrectly predicts their

local extinction with warming when incorporating the acute temperature

dependence of metabolism. This highlights the need to incorporate the

potential for thermal acclimation or adaptation when forecasting the con-

sequences of global warming on ecosystems.

Metabolic rate is commonly described as the transformation of energy

or materials within an organism over time1. Metabolic rate varies

within2 and among species3 with the two most important variables

thought to be temperature and individual body size4. The relationship

linking temperature, body size, andmetabolic rate has been explained

by the Metabolic Theory of Ecology (MTE), with important implica-

tions for multiple levels of biological organisation from the individual

or cellular level to entire ecosystems1,5,6.

Temperature is particularly relevant for ectotherms such as

fish, whose body temperature is largely regulated by that of their

environment7. The limited dispersal of freshwater fish within river

networks makes them particularly susceptible to global change8,

highlighting the need to understand their responses to warming for

better conservation and management. The thermal sensitivity of

ectothermic metabolic rate has been widely studied, and it generally

rises with temperature over the range an organism normally

experiences9,10. According to MTE, the slope of the relationship

between metabolic rate and temperature (termed the activation

energy, EA) is approximately 0.65 eV1, although it can vary between 0.2

and 1.2 eV4. The slope of the relationship between metabolic rate and
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bodymass (termed the allometric exponent, b) has long been assumed

to approximate 0.75 across all organisms1,11,12, however, some studies

have questioned the universality of this value, finding large variation

among taxa13,14.

Themajority of previous studies focused onmetabolic theory and

respirometry assays have been conducted in the laboratory, using

oxygen consumption rate as a proxy for aerobic metabolic rates15,16.

Here, organisms are normally transported to the laboratorywhere they

are exposed to acute temperature changes over short time scales

(hours to days). However, this might not adequately represent the

metabolic rates of individuals experiencing chronic temperature

exposure (years to multiple generations), since adaptive responses

including thermal acclimation and adaptation might modulate the

metabolic process. Here, acclimation occurs through plastic changes

such as alteration of phenotypes as a function of the environment with

unchanged genotypes, which is often a short-term responsewithin the

lifetime of an individual17, whilst adaptation occurs through evolu-

tionary changes such as alteration of genetic variation, which is often a

long-term response across multiple generations18. Accordingly, pre-

vious studies have revealed plasticity or evolution inmetabolic rates of

fish19–21 and aquatic invertebrates22. To the best of our knowledge,

however, no studies have been conducted in the wild to examine the

effects of chronic exposure towarming on the physiological responses

of native populations (i.e. experiencing elevated temperature over

long time scales, encompassing many generations). Therefore, a lack

of field experiments and empirical data means we still have limited

knowledge about the extent to which adaptive responses to warming

might modulate metabolism in natural environments.

Metabolic theory has been incorporated into models to predict

how global change will affect food webs23,24 or carbon cycling25,26.

However, these ignore the potential for organisms to adjust their

physiological response to warming through phenotypic or evolu-

tionary changes. If adaptive responses to warming can alleviate the

energetic demands of organisms (e.g. by downregulating their meta-

bolic rate), then modelling studies that do not account for this are

likely to overestimate the impacts of long-term warming. Studies

quantifying the effect of chronic exposure to higher temperatures on

the thermal sensitivity of metabolic rates are therefore urgently nee-

ded to improve our ability to forecast the effects of global warming on

ecosystems.

To address this, we measured the metabolism of a widespread

cold-water fish species – the brown trout (Salmo trutta Linnaeus, 1758)

– across multiple streams in the same catchment (Hengill, SW Iceland;

Fig. 1). Due to geothermal activity, the streams vary in their mean

annual temperature by 3–20 °C, but are otherwise alike in their phy-

sicochemical properties, making this a large-scale natural warming

experiment. We conducted respirometry assays in situ and after

transplanting fish among streams with contrasting temperatures,

allowing us to disentangle the effects of chronic and acute thermal

exposure (Fig. 1b, c). Additionally, we characterized themetabolism of

brown trout and Atlantic salmon (Salmo salar Linnaeus, 1758) in situ in

three additional locations (UK, Spain, and NE Iceland, spanning tem-

peratures of 6–20 °C) to test the generality of our findings across the

full continental-scale latitudinal range of these ubiquitous salmonid

species (Fig. 1a). Lastly, we used a bioenergetic population dynamical

model27 to assess the food-web implications of altered thermal sensi-

tivity of fish metabolism for the community biomass of algae, inver-

tebrates, and fish. Our first hypothesis was that metabolic rates

increase with both temperature and body mass. Our second hypoth-

esis was that populations experiencing chronic temperature exposure

Fig. 1 |Mapof study sites andoverviewofacute versus chronicexposure assays.

a Locations of the study sites, incorporating five assay contexts: SW Iceland_CH, SW

Iceland_AC, NE Iceland_CH, UK_CH, and Spain_CH (subscripts indicatewhether chronic

[CH] or acute [AC] temperature exposures were investigated). b Graphical repre-

sentation of transplant (i.e. acute exposure) and (c) in situ (i.e. chronic exposure)

fish respiration assays performed in theHengill geothermal catchment. Streams are

labelledwith the same codeused in previous studies65 and the solid arrows indicate

water flow direction. In both assays, the stream code on the fish icon indicates the

river where the fish was caught, and the dashed arrow denotes the river where

respirometry assays were conducted. Note that fish from IS1, IS5, and IS12 were not

“transplanted” to their own streams. The geographical delimitation for countries in

(a) has been obtained through Natural Earth (www.naturalearthdata.com) under

public domain. The fish silhouette in (b) and (c) was adapted from an image of

Salmo trutta (by Carlos Cano-Barbacil) downloaded from PhyloPic (https://www.

phylopic.org/) under CC0 1.0 Universal Public Domain Dedication.
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will be less thermally sensitive than those experiencing acute tem-

perature exposure due to adaptive responses. Our third hypothesis

was that any reduction in thermal sensitivity of metabolic rate

will support a higher-than-expected biomass of fish in warmer

environments.

In this work, we find that chronic exposure to warming can

attenuate salmonid thermal sensitivity and we show how a bionergetic

model can capture the presence of fish in warmer streams when

accounting for chronic exposure.

Results
Routinemetabolic rates (i.e. when individuals exhibit normal activity;

seeMethods) were quantified for a total of 511 individual fish (none of

which were ever reused) in field respirometry assays. This included

83 brown trout in SW Iceland_AC, 90 brown trout in SW Iceland_CH,

188 brown trout in UK_CH, 93 brown trout and 22 Atlantic salmon in

Spain_CH, and 35 Atlantic salmon in NE Iceland_CH, (subscripts indi-

cate whether chronic [CH] or acute [AC] temperature exposures

were investigated; see Fig. 1, Table S1, and Methods for study site

descriptions).

Temperature-dependence of metabolism
Metabolic rate only increased significantly with temperature in the

acute thermal exposure (transplant) assay in SW Iceland, with an

activation energy of 0.361 ± 0.160 eV (mean ± 95% CI; Table 1, Fig. 2a).

There was no significant effect of temperature on metabolic rate in

the chronic thermal exposure (in situ) assay in SW Iceland

(0.054 ± 0.399 eV; Table 1, Fig. 2b), nor in any of the other locations

(Table 1, Fig. 3a–d). This only agrees with our first hypothesis for the

acute exposure assay (i.e. confidence intervals of the activation

energy do not include zero), and not the chronic exposure assay (i.e.

confidence intervals include zero and thus thermal sensitivity is

attenuated). Note that the activation energy of the chronic exposure

assay was lower than that of the acute exposure assay, but the con-

fidence intervals overlapped, indicating no clear support for our

second hypothesis. Values of activation energies differed from the

expected value of 0.65 eV from MTE (including 95% CI) for trout in

SW Iceland_CH, SW Iceland_AC, and UK_CH. Note that supplementary

analysis indicated that the source stream from which the fish were

collected in the acute thermal exposure assays had no significant

effect on metabolic rate (Table S3).

Size-dependence of metabolism
In support of our first hypothesis, there was a significant log-linear

increase in metabolic rate with body mass for all assay contexts

(Table 1), regardless of species and whether the thermal exposure was

chronic or acute. The allometric exponents obtained for assays on

brown trout in the acute and chronic exposures in SW Iceland were

0.628 ±0.158 (mean ± 95% CI; Fig. 2c) and 0.591 ± 0.133 (Fig. 2d),

respectively. For the remaining locations with brown trout presence,

scaling exponents ranged from 0.567 ±0.156 in Spain_CH (Fig. 3f) to

0.668 ±0.326 inUK_CH (Fig. 3e). ForAtlantic salmon, scaling exponents

ranged from 0.511 ± 0.391 in Spain_CH (Fig. 3g) to 1.644 ±0.693 in NE

Iceland_CH (Fig. 3h). Values of allometric exponents differed from the

“universally expected” value of 0.75 from MTE (including 95% CI) for

brown trout in SW Iceland_CH and Spain_CH, and for Atlantic salmon in

NE Iceland_CH.

Food-web implications
The bioenergetic model parameterised with values from our pre-

vious work27 (i.e. optimised for chronic exposure to the natural sys-

tem and thus assuming Ex3 = 0.054) explained 32%, 84%, and 97% of

the variation across streams in the empirical biomass of diatoms,

invertebrates, and fish, respectively (Fig. 4a). Altering only the

parameter associated with thermal sensitivity of fish metabolism in

the bioenergetic model to the value obtained in the SW Iceland_AC
(transplant) assays (Ex3 = 0.361) dramatically changed the predic-

tions, whereby fish were instead predicted to exist in colder streams

and go extinct as temperature increased (Fig. 4b). This supports our

third hypothesis that a reduction in thermal sensitivity of fish due to

chronic exposure would result in a higher than expected biomass

of fish in warmer streams. The higher biomass of fish in the

colder streams predicted from the acute exposure assays also exer-

ted stronger top-down control on invertebrates, leading to an

Table 1 | Statistical output of multiple linear regression models for each assay context in the study

Species Assay context n Coefficient Estimate SE t value p value r
2

Brown trout SW Iceland_AC 79 lnðI0Þ −0.551 0.228 −2.413 0.018 0.51

b 0.628 0.079 7.942 <0.001

EA 0.361 0.080 4.509 <0.001

Brown trout SW Iceland_CH 75 lnðI0Þ 0.124 0.253 0.492 0.624 0.51

b 0.591 0.067 8.842 <0.001

EA 0.054 0.200 0.272 0.786

Brown trout UK_CH 157 lnðI0Þ −0.037 0.341 −0.109 0.913 0.09

b 0.668 0.165 4.046 <0.001

EA −0.443 0.477 −0.929 0.354

Brown trout Spain_CH 79 lnðI0Þ 0.094 0.227 0.414 0.680 0.40

b 0.567 0.078 7.261 <0.001

EA 0.150 0.357 0.421 0.675

Atlantic salmon Spain_CH 19 lnðI0Þ 0.337 0.561 0.600 0.557 0.26

b 0.511 0.184 2.772 0.014

EA −0.015 0.895 −0.017 0.987

Atlantic salmon NE Iceland_CH 34 lnðI0Þ −2.612 0.816 −3.200 0.003 0.41

b 1.644 0.340 4.839 <0.001

EA 0.062 0.432 0.143 0.887

Theestimatedcoefficients for the intercept (I0), allometric exponent (b), andactivationenergy (EA) are shownwith associated standarderrors (SE), t values, andp values.Resultswereobtained froma

linearmodel describing the relationshipbetween routinemetabolic rate [ln(I) inmgO2h
−1] as the response variable andfishbodymass [ln(M) inmg] and standardisedArrhenius temperature (TA in K)

as explanatory variables. The r2 value and number of individual fish included for each model (n) are also provided.
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increase in algal biomass, which was reversed in the warmer streams

without the fish.

Discussion
We found a clear temperature dependence of metabolism for the

transplant, but not the in-situ assays, suggesting that chronic exposure

to warmer environments can attenuate the thermal sensitivity of

metabolism in brown trout. This dramatic physiological change sug-

gests that simplistic extrapolations from theory or laboratory studies

that do not account for adaptive responses may be of questionable

validity when forecasting the consequences of global warming in wild

ecosystems.

Studies performed in the laboratory with fish exposed to dif-

ferent experimental temperatures have found activation energies

between 0.2 and 1.2 eV4,28. We only found mean values of EA within

this range in our transplant assays (SW Iceland_AC), suggesting that

thermal sensitivity may only emerge for brown trout following acute

exposure to new temperatures. Remarkably, we did not find any

significant relationships between temperature andmetabolic rate for

any of the assay contexts where we measured fish in situ (i.e. chronic

temperature exposure), with values of EA ≤0.15 eV. In laboratory

experiments, fish are usually caught in the wild or from hatcheries

and transported to experimental facilities, with the stress of move-

ment from their home environment to artificial conditions one pos-

sible explanation for the difference to our results. Additionally, the

use of environmental temperatures rather than acute exposures to

new thermal regimes suggests that the longer salmonids spend in a

warmer environment, the more capable they are of downregulating

their metabolism.

The observed attenuation of thermal sensitivity in the chronic

exposure assays has major implications for models using a universal

temperature dependence ofmetabolic rate when forecasting the long-

term impacts of warming on ecosystems. MTE is based on the laws of

thermodynamics1, and assumes that factors such as thermal acclima-

tion or adaptation can only alter the intercept and not the slope of the

relationship between metabolism and temperature29. However, some

studies have shown that fish populations from warmer environments

can display metabolic rates below expectations30, suggesting that

adaptive responses can lower the activation energy20. The comparative

lowering of respiration rates in warmer environments is referred to as

metabolic compensation and temperature-independence of metabo-

lism has been demonstrated for different aquatic organisms such as

fish31 or copepods32, among others. At the same time, numerous pre-

vious studies have shown the temperature-dependence ofmetabolism

in several aquatic organism10,33 and therefore it is essential to carry out

researchsuch as our study to analyse in depth the thermal sensitivity of

organism in warmer environments.

Our study differs from previous research in one key aspect: we

measured metabolic rates in situ, utilising natural temperature gra-

dients to examine the effects of chronic exposure to a given tem-

perature onmetabolic rate. Populations of salmonid fish in the Hengill

systemare characterised by a highpercentage of stationary individuals

with very low dispersal beyond their home stream, indicating they will

potentially have experienced the same thermal regime over many

generations34. We are aware of one other study using in-situ respiro-

metry across a wide temperature gradient20, which found low values of

EA for western mosquitofish, offering some support for adaptive

responses reducing the metabolic cost of warming. However, there

Fig. 2 | Mass and temperature dependence of salmonid metabolism in the

Hengill system. Effects of (a, b) temperature and (c, d) mass on themetabolic rate

of brown trout following (a, c) acute exposure (SW Iceland_AC) and (b, d) chronic

exposure (SW Iceland_CH) assays. Linear regressions: (a) ln(IM)=-0.551 + 0.361 TA,

F1,77 = 20.61, p <0.001, r2 =0.201; (b) ln IM
� �

=0:124 + 0:054TA, F1,73 =0.075,

p =0.785, r2 = −0.013; (c) ln IT
� �

= � 0:551 + 0:628lnM, F1,77 = 63.94, p <0.001,

r2 =0.447; (d) ln IT
� �

=0:124 + 0:591lnM, F1,73 = 79.27, p <0.001, r2 =0.514. Source

data are provided as a source data file.
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was still a significant relationship between temperature andmetabolic

rate, which may be related to the mosquitofish being an invasive

population in the study system, potentially limiting the scope for

thermal adaptation over longer time scales21. In-situ respirometry in

aquatic systems has otherwise only been used to quantify metabolic

rates for sharks35, deep-sea demersal fish36, corals37, and salmonids38,

but not across a natural temperature gradient. More in-situ respiro-

metry studies are thus needed and should where possible include

population genetics and transcriptomics to determine the relative

extent of evolutionary adaptation versus phenotypic plasticity in

moderating metabolic responses to warming39,40.

We observed a positive relationship between metabolic rate and

bodymass in all our assayswith values of b ranging from0.5 to 1.7. The

latter value is much higher than typically reported41,42, and indicates

that larger fish use more oxygen per unit mass than smaller fish, in

contrast to the more typical sublinear allometric scaling of metabolic

rate. There is still plenty of debate in the literature about whether the

theoretical value of b should approximate two-thirds, three-quarters,

or linear scaling13, however, highlighting the inherent variability that

can be found. For example, steeper allometric scaling of fish (b =0.89)

has been reported from a meta-analysis of 25 studies43. Nevertheless,

there was a significant positive scaling of metabolic rates with body
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Fig. 4 | Predicted effects of temperature on biomass of three trophic groups

from a bioenergetic model. a Model predictions (lines) were obtained using the

parameter values from our previous work27, i.e. optimised for chronic exposure to

the natural systemand thus assuming the same thermal sensitivity offishmetabolic

rate in the chronic temperature exposure (in situ) assays in SW Iceland. Empirical

biomasses (circles, triangles and squares) of the three major trophic groups in the

Hengill streams are also shown, along with mean temperatures during the two-

week sampling period27.bModel predictions obtained using the thermal sensitivity

of fish metabolic rate in the acute temperature exposure (transplant) assays in SW

Iceland. Source data are provided as a source data file.

Fig. 3 | Mass and temperature dependence of salmonid metabolism across the

latitudinalgradient. Effects of (a–d) temperatureand (e–h)mass on themetabolic

rate of brown trout and Atlantic salmon following chronic exposure assays in (a, e)

UK, (b, c, f, g) Spain, and (d, h) NE Iceland. Linear regressions: (a) ln IM
� �

=

�0:037-0:443TA, F1,155 =0.870, p =0.352, r2 = −0.001; (b) ln IM
� �

=0:094+0.150TA,

F1,77 =0.180, p =0.673, r2 = −0.011; (c) ln IM
� �

=0:337-0.015TA, F1,17 <0.001,

p =0.986, r2 = −0.059; (d) ln IM
� �

= � 2:612 + 0:062TA, F1,32 =0.023, p =0.882,

r2 = −0.031; (e) ln IT
� �

= � 0:037 + 0:668lnM, F1,155 = 16.48, p <0.001, r2 =0.090; (f)

ln IT
� �

=0:094 +0:567lnM, F1,77 = 53.42, p <0.001, r2 =0.402; (g): ln IT
� �

=0:337 +

0:511lnM, F1,17 = 8.648, p =0.009, r2 =0.298; (h) ln IT
� �

= � 2:612 + 1:644lnM,

F1,32 = 25.68, p <0.001, r2 =0.428. Source data are provided as a source data file.
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mass throughout our results, regardless of species or geographic

location, supporting the idea that metabolism consistently exhibits a

positive relationship with body mass13,44.

Our model results accurately captured the long-term response of

brown trout to warming across different streams in the Hengill

catchment when considering the effects of chronic exposure to war-

mer environments on metabolism, with a greater biomass of fish as

stream temperature increased. This pattern is in contrast to ourmodel

predictions based on the acute thermal exposure assays and the gen-

eral expectation that warming will result in declining body size45 and

loss of apex predators46, highlighting how a single parameter can

completely reverse the expectations of community responses to

warming. The surprising success of brown trout in the warmer streams

(given it is largely a cold-water species) is most likely driven by

increased productivity underpinned by greater nutrient supply as

temperature increases27, helping to meet the greater metabolic

demands of a warmer environment. Moreover, trout feed selectively

on more energetically valuable prey and benefit from an increased

trophic transfer efficiency in the warmer streams34. The fact that trout

may experience long-term adaptation to stream temperatures over

multiple generations in the system highlights the potential for sal-

monids to adjust their physiology to compensate for warming impacts

over the decadal timescales relevant to future global climate change.

There are of course limitations to the approach presented here.

Whilst our modelling shows the potential for parameters based on

acute versus chronic exposure assays to qualitatively change the

effects of temperature on food web dynamics, the quantitative chan-

ges in community biomass are rather extreme (i.e. several orders of

magnitude in Fig. 4). This may largely be driven by the fact that all

other parameters are unlikely to remain equal in a warming scenario.

For instance, if global warming alters the temperature dependence of

fish metabolic rate (the only parameter we changed here), it should

also change the temperature dependence of their feeding rates and

indeed the biological rates of lower trophic levels. Previous studies

have shown that adaptive responses to warming could influence

invertebrate predator–prey interactions and population dynamics47.

This highlights the importance of quantifying the effects of chronic

exposure to warmer environments on the thermal response of biolo-

gical rates for organisms spanning multiple trophic levels if we are to

accurately parameterise predictive models of future warming scenar-

ios on food web dynamics.

Our results emphasise the importance of measuring metabolic

rates in situ for a more comprehensive understanding of thermal

sensitivity in field conditions48. The next key step is to incorporate

intermittent flow respirometry in future in-situ studies to quantify

basal and maximum metabolic rate (and thus aerobic scope), which

would reduce the variability associated with estimates of routine

metabolic rate30,49. Future studies should evaluate whether there are

contrasting adaptive responses depending on the target organism or

trophic group, given the different generation times and pace of life for

organisms throughout the foodweb.Our resultsmay bemore relevant

for high latitude ecosystems where organisms often have scope for

increased performance, with potentially different adaptive responses

for tropical species close to their thermal limits. Studies are also nee-

ded to determine whether adaptation or acclimation can keep pace

with, or their extent is sufficient to mitigate, the effects of global cli-

mate change. Incorporating thermal acclimation and adaption into

predictive models may help to account for some of the ecological

surprises in response to warming that have been reported in previous

studies50,51 and help to avoid overestimating the long-term effects of

warming on ecosystems.

Methods
All procedures were performed in accordance with the relevant

guidelines and regulations of each country. Icelandic fieldwork was

performed in collaboration with the Marine and Freshwater Research

Institute under their permits and regulations. Biological field sampling

permits were requested in Spain from the regional governments of the

study area and the Picos de Europa National Park, and the corre-

sponding authorisation was received. All procedures in the UK were

carried out by licenced personnel under a UK Home Office A(SP)A

licence (PPL 30/3277).

Study area
The Hengill geothermal catchment of SW Iceland in May 2018 (trans-

plant assays) and August 2022 (in situ assays; see Fig. 1) was our focal

field system (more detailed descriptions can be found in22,34,52,53).

Headwater streams in the system differ in mean annual temperature

from 3–20 °C due to geothermally warmed groundwater, but are

otherwise alike in their physical and chemical characteristics27. Tem-

perature differences between streams are consistent throughout

entire years27, andover at least a 20-year periodof research inHengill54,

increasing the likelihood that trout (the only fish in the catchment)

experience long-term adaptation to streams over multiple genera-

tions. Trout populations are composed of a high percentage of sta-

tionary (93%; lowmobility and dispersal linked to the home range) and

low percentage of mobile (7%; high mobility) individuals (based on a

mark-recapture study in the Hengill catchment34), increasing the pos-

sibility for adaptive responses to warming over multiple generations.

Thus, this model systems allows us to embed short-termmanipulative

assays within a long-term temperature gradient55.

Two types of assays were conducted within the Hengill geo-

thermal streams: (1) transplant respirometry (SW Iceland_AC):

fish were collected from cold (IS12 with a mean ± standard deviation

annual temperature of 7.8 ± 4.2 °C) and warm streams (IS1 = 11.3 ±

4.0 °C and IS5 = 13.8 ± 1.6 °C), and their metabolism was measured

in five different streams (i.e. transplant of fish between rivers; see

Fig. 1b andAssay procedure section formore information) to examine

the effects of acute thermal exposure; and (2) in situ respirometry

(SW Iceland_CH): metabolismwasmeasured in the samenine streams

where the fish were caught (i.e. no transplant of fish between

streams; see Fig. 1c) to examine the effects of chronic temperature

exposure. Due to logistical limitations, the number of streams in the

transplant assaywas lower than the in-situ assay, but the temperature

gradient and number of fish measured was similar across assays

(Table S1).

Performing both assays in non-geothermal catchments is com-

plicated by smaller temperature gradients and the logistical difficulty

and stress to the fish of implementing transplant assays in rivers that

are very far from each other. However, to test the generality of the

chronic temperature exposure effects, we conducted in situ assays in

three additional locations across the natural latitudinal range of brown

trout and its widespread close congener, the Atlantic salmon: (1)

UK_CH, consisting of two carriers of the River Frome (East Bourton

Boundary Stream and Woodsford North Stream), sampled in August

2021; (2) Spain_CH, consistingof 10 rivers spread evenly across theDeva

and Pas catchments, sampled in July 2021; and (3) NE Iceland_CH,

consisting of four rivers (Hafralónsá, Hofsá, Selá, and Vesturdalsá)

sampled in June 2018 (Fig. 1a).

Assay procedure
Fish were captured by electrofishing in all study sites and the metho-

dology for field respirometry was consistent. Assay chambers con-

sisted of 7.2 L round (32 cm diameter), airtight, and transparent plastic

containers (LocknLock brand), which were submerged in a 50 L con-

tainer of river water, filtered through a 250 µm sieve (Fig. S2). One

individual fish was placed in each chamber and the lid was sealed

underwater, ensuring there were no air bubbles in the chamber.

Chambers were secured in shallow water for approximately 1.5-

3 hours. Each time assays were run, one chamber contained only
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filtered river water (i.e. no fish) to act as a control for background

photosynthesis and/or respiration of micro-organisms. A miniDOT

logger (PrecisionMeasurements Engineering “PME”) was inserted into

each chamber to measure dissolved oxygen concentrations and water

temperature everyminute. At the end of each assay, fishwere weighed

and measured (fork length) and released into the same river from

which they were captured. Weights of all fish individuals from Hengill

2018 and 20 individuals from NE_Iceland were estimated according to

length-weight relationships obtained from empirical data collected at

those locations (see Fig. S1).

Quantifying metabolic rates
Fish exhibited some activity during the assays since movement is

necessary to maintain their position in the water, thus we consider

the decline in dissolved oxygen consumption rate as a proxy for

routinemetabolic rate here15,56,57. To reduce potential effects of stress

associatedwith collection and handling of fish, the first 30minutes of

recorded oxygen data in each assay were excluded from further

analysis. The maximum duration of the recorded data was also

standardised to 120minutes, resulting in a 90-minute assay mea-

surement period (after excluding the first 30minutes). Note that the

maximumduration of the recorded data was >90 & ≤100minutes for

1% of assays, >100 & ≤110minutes for 2% of assays, and >110 &

<120minutes for 8% of assays. The ‘auto_rate’ function in the ‘respR’

package v2.0.258 of R v4.1.359 was used to calculate oxygen depletion

rates through a combination of rolling regression and Kernel density

estimation (KDE) algorithms58. This procedure identifies the most

linear portion of the data (representative of routine metabolic rates)

through rolling linear regressions of 30-minute time frames. Meta-

bolic rates were only retained for further analysis if the r2 value for

the regression was greater than 0.860, which was the case for 87% of

thedata. Background respiration rateswere calculated as the slope of

the linear regression through the entire 90-minute period of

the control chamber and subtracted from the corresponding fish

metabolic rates for that assay block. Positive oxygen depletion rates

after background correction were excluded from further analysis

(which was the case in just one assay). Per volume rates (mg O2 m
−1

L−1) were converted into whole organism rates (mg O2 h
−1) using the

effective volume of the chamber, estimated as total volume minus

the volumes of the miniDOT and the fish (assuming a density of

1,000 kgm−3)61.

Statistical analysis
All statistical analyses were conducted in R v4.1.359. In accordancewith

MTE1, metabolic rate, I (mg O2 h
−1), depends on body mass and tem-

perature as:

I = I0M
beEATA ð1Þ

where I0 is the intercept, M is the wet weight of fish (g), b is an allo-

metric exponent, EA is the activation energy (eV), and TA is a stan-

dardised Arrhenius temperature:

TA =
T � T0

kTT0

ð2Þ

where T is the temperature of the chamber (K), T0 is a normalisation

constant set to the average temperature (K) of all the chambers for

each case study, and k is the Boltzman constant (8. 617 × 10−5 eV K−1).

The average temperature for each chamber was calculated over the

same time period selected by the ‘auto_rate’ function to obtain

the metabolic rate. I0 varies depending on the type of organism5,62,

whilst b and EA are often argued to centre around values of 0.75 and

0.65 eV, respectively1. We performed a multiple linear regression

(‘lm’ function in the ‘stats’ package v4.1.3 of R) on the natural loga-

rithmic transformation of Eq. 1 for each assay context to explore the

main effects of temperature and body mass on the metabolic rate.

Subsequently, metabolic rates were mass-corrected by dividing

by Mb (denoted as IM) and temperature-corrected by dividing by

eEATA (denoted as IT) to visualise the independent effects of

temperature and body mass on metabolic rate, respectively. More-

over, we performed a supplementary analysis for the acute assays,

including an extra categorical variable in Eq. 1 for the main effect of

the source stream (S) that the fish were collected from (3 levels: IS1,

IS12, and IS5).

Bioenergetic model
In our previous work27, we built a bioenergetics model to describe the

effects of temperature on the biomass of diatoms, invertebrates, and

fish, estimating parameter values bymaximum likelihoodoptimisation

based on the observed biomass of the three groups in the Hengill

system. Here, we summarise the model and its application to this

study, with full details in our previous work27. The model is:

dB1

dt
= rB1 1�

B1

K

� �

� y2B1B2 ð3Þ

dB2

dt
= e2y2B1B2 � x2B2 � y3B2B3

ð4Þ

dB3

dt
= e3y3B2B3 � x3B3

ð5Þ

Here,B1, B2, andB3denote the biomass of diatoms, invertebrates, and

fish, respectively (mg m−2); r is the maximum mass-specific growth

rate of diatoms (day−1); K is the carrying capacity (mg m−2); xi is the

mass-specific metabolic rate of trophic group i (day−1); yi represents

the attack rate of trophic group i (m2 mg−1 day−1); e2 = 0.45 is

the assimilation efficiency when invertebrates consume diatoms63;

and e3 = 0.85 is the assimilation efficiency when fish consume

invertebrates27.

The equilibrium biomasses in the absence of fish are:

B1
C = x2=e2y2

B2
C = 1� B1

C=K
� �

B3
C =0

8

>

>

<

>

>

:

r=y2 ð6Þ

and the equilibrium biomasses in the presence of fish are:

B1
D =K 1� B2

Dy2=r
� �

B2
D = x3=e3y3

B3
D = e2B1

D � x2=y2

� �

y2=y3

8

>

>

>

<

>

>

>

:

ð7Þ

Whether the fish is present or absent is determined by

λ3,1&2 = e3y3B
C
2 � x3. IfB

C
2>x3=e3y3, i.e.B

C
2>B

D
2 , then λ3,1&2>0 andfish can

invade the equilibrium coexistence state of diatoms and invertebrates.

Conversely, if BC
2<B

D
2 , then λ3,1&2<0 and fish are absent.

To avoid overfitting, we reduced the number of parameters by

letting G2 = x2/y2, G3 = x3/y3, H2 = y2/r, and H3 = y2/y3. Then the equili-

brium biomasses in the absence of fish are:

B1
C =G2=e2

B2
C = 1� B1

C=K
� �

B3
C =0

8

>

>

<

>

>

:

=H2 ð8Þ
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and the equilibrium biomasses in the presence of fish are:

B1
D =K 1� B2

DH2

� �

B2
D =G3=e3

B3
D = e2B1

D � G2

� �

H3

8

>

>

>

<

>

>

>

:

ð9Þ

Meanwhile, λ3,1&2 = y3ðe3B
C
2 � G3Þ. Considering y3 is always posi-

tive, the presence of fish is determined by λ
0
3,1&2 = e3B

C
2 � G3.

The temperature dependences of the parameters are:

lnG2 =AG2 +CG2TA ð10Þ

lnG3 =AG3 +CG3TA ð11Þ

lnH2 =AH2 +CH2TA ð12Þ

lnH3 =AH3 +CH3TA ð13Þ

ln K =AK +CKTA ð14Þ

The values of AG2, AG3, AH2, AH3, AK, CG2, CG3, CH2, CH3, and CK were

estimated in our previous work27 using the maximum likelihood opti-

misation. The estimated values are listed in Table S2. Substituting

these estimates into Eqs. 8 and 9, we can simulate the equilibrium

biomass of the three groups.

In the Hengill system, we can consider fish to be chronically

exposed to the temperature of each stream, and thus the activation

energy of metabolic rate should be identical to the chronic tempera-

ture assays conducted here, i.e. 0.054 (Table 1). Note that the bioe-

nergetic model does not directly use the parameter value of Ex3, but

rather a combination of Ex3 and Ey3 (sinceG3 = x3/y3 and CG3 = Ex3 – Ey3).

Thus, we cannot isolate Ex3 to verify its exact value from the optimi-

sation against the empirical biomasses in our previous work27, and so

must assume that it is 0.054.We can then examine how a change in the

activation energy of fish metabolism from the value in the chronic to

the acute temperature exposure assays (i.e. from0.054 to 0.361) alters

the biomass of fish and the lower trophic level groups. That is, we

increaseCG3by0.361 –0.054 =0.307. The remaining parameters in the

model were maintained at the same values as in our previous work27.

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study64 have been deposited with the Uni-

versity of Essex Research Data Repository at http://researchdata.essex.

ac.uk/189/. Source data are provided with this paper.

Code availability
Codeused to assess the data andgenerate thefigures and tables64have

been deposited with the University of Essex Research Data Repository

at http://researchdata.essex.ac.uk/189/.
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