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Abstract

Non-invasive methods for measuring thermal tolerance and thermoregulation in large numbers of individuals under natural envi-
ronmental conditions are useful to understand the capacity of species to adapt to future climate scenarios. Infrared thermography
(IRT) is one such tool in research on thermal adaptation, but concerns have been raised about its reliability, specifically the correla-
tion between surface temperature (Ts) and body temperature (Tp) (Monge et al., (2025). What does IRT tell us about the evolutionary
potential of heat tolerance in endotherms? Evolution Letters, 9(2),184-188). Here, we discuss the biological inferences that can be made
from data on Ts and T}, and whether Ts needs to be correlated with Ty, to be informative in studies of thermoregulation in free-living
organisms. We also present a framework illustrating biological insights that can be gained by integrating IRT with data on different
phenotypic traits, fitness metrics, pedigree information and other physiological traits, including T,. We illustrate the utility of this new
framework by demonstrating how it has increased our understanding of the evolution of thermal tolerance in a large animal where
Ty, is not easily measured, the ostrich (Struthio camelus) (Svensson et al., (2024). Heritable variation in thermal profiles is associated
with reproductive success in the world’s largest bird. Evolution Letters, 8(2), 200-211). Integrating IRT with individual fitness data and
pedigree information in field studies can aid our biological interpretation of Ts in future research on the ecology and evolution of

thermal tolerance in both endotherms and ectotherms.
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Non-invasive methods for measuring thermal tolerance in large
numbers of individuals outside the laboratory will increase our
understanding of the evolutionary responses of species to cli-
mate change. Measuring surface temperatures using infrared
thermography (IRT) is a potentially useful approach, but it has
been the subject to some recent methodological debate (Monge
et al., 2025). The main criticism is that surface temperatures
(Ts) might not accurately reflect internal body temperatures (T})
(Eastick et al., 2019; McCafferty et al., 2021; Monge et al., 2025).
Can this issue be overcome, or should we stop using IRT in stud-
ies of animal thermal tolerance? These questions have impli-
cations beyond research on thermal adaptation, including mea-
surement theory, which is the research discipline that deals with
the biological meaning of variables, their theoretical context, and
how we interpret biological measurements (Houle et al., 2011).
A central tenet of the evolutionary theory on thermoregula-
tion is that variation in T facilitates the stabilization of T}, un-
der fluctuating temperatures (see Box 1 for definitions of Ts and
Typ). Maintaining a stable T, across different thermal environ-

ments should increase fitness and could lead to the evolution of
homeothermy (Boyles et al., 2011). This is consistent with find-
ings of strong phylogenetic niche conservatism and slow evolu-
tion of Ty, (Moreira et al., 2021) that was noted already by the late
evolutionary biologist George C. Williams (Williams, 1992). Be-
havioral, physiological, and morphological traits, such as wing
flapping, panting, sweating, and emitting excess heat through
bare skin parts, or organisms having body parts where plumage
or pelage is not so dense (“thermal windows”), have evolved to
stabilize internal T, near some thermal fitness optimum in spite
of external temperature changes (Huey et al. 2003; Muiioz 2022;
Munoz & Losos 2018; Eastick et al., 2019; Fuller et al., 2003; Périard
et al., 2015; Weissenbdck et al., 2010). Ts and T, may become fur-
ther decoupled during stressful conditions, such as when birds
that are adapted to hot environments are exposed to cold stress
(Szafranska et al., 2020). Mechanisms that maintain T}, by dissi-
pating heat through surface areas will, therefore, likely reduce
the correlation between Ts and Ty, especially under shifting en-
vironmental conditions.
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Recently, Monge et al. (2025) argued that there is no conclusive
evidence that Ts reflects Ty, in endotherms, questioning the use
of IRT. They suggested that if IRT is to be used, then body parts
involved in heat retention, dissipation, or gain must be identi-
fied, and checked to see if they provide a good proxy measure
for T}, (Monge et al., 2025). Monge et al. (2025) cite several studies
on birds and mammals and argue based on these studies that
the relationship between Ty, and Ts may be weak or even absent,
reducing the utility of IRT.

Current research, however, shows that the correlation be-
tween T, and Ts is often positive, although its strength seems
to vary between different environmental settings and organ-
isms. We note that in several studies on endotherms, Ts and
Ty, were surprisingly strongly correlated, including at least one
study highlighted by Monge et al. (2025). In nestling blue tits
(Cyanistes caeruleus) 78% and 93% of the variation in Ts was ex-
plained by variation in T, before and after experimental cooling
(Andreasson et al., 2016). In red-footed boobies (Sula sula) T}, ex-
plained between 76% and 83% of T, the latter measured in dif-
ferent facial body parts (eye, face and bill; Gauchet et al., 2022).
In zebra finches (Taeniopygia guttata) Ts and Ty, were strongly cor-
related under hot (35°C; R? = 0.41; P = 0.006), but not under cold
conditions (5°C; R? = 0.11; P = 0.25) (Szafranska et al., 2020). Also,
in the study on mallard ducks (Anas platyrhynchos) that was high-
lighted by Monge et al. (2025), there was a strong and highly sig-
nificant (P < 0.001) relationship between cloacal temperature (a
proxy of Ty) and Ts, the latter estimated using IRT (Bakken et al.,
2005). In contrast, in a field study on vervet monkeys (Chloroce-
bus pygerythrus), the relationship between T, and Ts was weak,
motivating the authors to question the utility of IRT (McFarland
et al.,, 2020). In field studies of small-bodied ectotherms (insects),
Ts and T, were found to be strongly correlated (Svensson et al.,
2020; Tsubaki et al., 2010), likely because their small body size
contribute to make Ts and T, to converge and become similar
below a certain size threshold (Box 1).

The different results from these previous studies using IRT
therefore likely reflect variation in study design, whether Ts and
Ty are compared across or within individuals, how much ambi-
ent temperatures vary, the area of the body measured, effects
of body size, and other biological details of the focal study or-
ganism, including possible differences between endo- and ec-
thotherms. The question remains, however, whether the com-
plex relationship between Ty, and Ts would therefore necessarily
reduce the utility of IRT in studies of thermal tolerance?

Monge et al. (2025) advocate that employing “invasive and non-
invasive methods jointly are vital to help estimate whether Ts can
be validated against internal temperatures and improve its capacity
to inform on heat tolerance in endotherms.” While combining mea-
sures of Ts and Ty, is of course interesting to better understand
thermoregulation, we believe that the rationale for measuring
Ts is richer than that described by Monge et al. (2025), some-
thing that we develop further in this article (Figure 1). Here, we
describe a framework for how measures of Ty can be used in
studies of endotherm thermoregulation, and what they tell us
(Box 1; Figure 1). We illustrate this new framework with our re-
cent empirical study on thermal tolerance in ostriches (Struthio
camelus) (Svensson et al., 2024), while we also acknowledge the
limitations of IRT.

Box 1: Definitions of body temperature (Tp) and surface
temperature (Ts) in this paper

Body temperature (Tp) and surface temperature (Ts) are two
terms that are frequently used in discussions about animal
thermoregulation and the utility of IRT (Monge et al., 2025).
Although both T, and Ts are seemingly straightforward con-
cepts, they are in practice both difficult to measure empir-
ically and define in an operational way. Here, we pragmati-
cally define Ty, as whole animal body temperature (internal
and external), and Ts as external surface temperature only.
It follows that T then becomes nested within Ty, although
Monge et al. (2025) and many others seem to want to restrict
the use of Ty, to encompass only internal body temperature.
As there will always be a temperature gradient from the
surface temperature of an organism to its innermost tem-
perature, some relevant question to ask are: where does Ts
become T,? Could and should these two temperature mea-
sures be demarcated from each other and if so how? There-
fore, while Ty, and Ts are seemingly straightforward to define,
operationally they are not that easy to separate in empirical
field studies. The relationship between these two important
temperature variables therefore should therefore naturally
become a discussion within the field of measurement the-
ory (Houle et al., 2011).

We emphasize that all empirical measures of both T}, and
Ts are only components of whole animal body tempera-
tures, as they are typically estimated from a limited region
within the body of an animal or on a restricted area of its
surface. Given that regional heterothermy is common and
that animals show temperature variation across both inter-
nal and external body parts, it follows that any point es-
timates of temperature, measured either within the body
of an animal or from parts of its surface will at most be a
proxy for either T, or Ts. Sometimes the term T. is used,
referring to “core body temperature,” but most studies us-
ing the term Ty, do in practice estimate some thermal body
component, not whole-animal body temperature across all
body parts (which is extremely difficult, if not impossible to
measure). For example, cloacal temperature is often used
in avian studies as a proxy for Ty, (Bakken et al., 2005), but
just like single point estimates of Ts from a limited area of
the body will not capture whole animal surface tempera-
ture, cloacal temperature is unlikely to be perfectly corre-
lated with core body temperature, and is therefore at best a
proxy for Ty.

Thus, although we pragmatically adopt the general termi-
nology used by Monge et al. (2025), we emphasize that none
of the empirical studies they cite have measured whole-
animal body temperature. All studies in this field—to our
knowledge—use various proxies of Ty, that could be appro-
priate to a lesser or greater extent. Below a certain body size,
Ts and T, will become increasingly similar to each other
and might approach whole-animal Ty,. Consistent with this,
Ts in small ectotherms is strongly correlated with internal
body temperatures, as shown in some IRT-studies on insects
(Tsubaki et al., 2010; Svensson et al., 2020).

Phenotypic and genetic variances and
covariances of surface temperatures
Understanding the evolution of thermal tolerance requires that

we quantify phenotypic and ideally also additive genetic varia-
tion from many individuals with a known pedigree within and
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Figure 1. Four areas where our understanding of thermal biology can be improved by combining surface (Ts) and/or body (T},) temperatures with
other types of data, such as BMR (“basal metabolic rate”) and ambient temperatures (T). The suggested tools and analyses are not exhaustive but
illustrate the types of questions that can be addressed by integrating different approaches. For example, cloacal temperatures may be suited to
monitoring large numbers of individuals of some species, while IRT techniques may be useful for species that are difficult to handle, such as
ostriches. The figures shown under “Analysis” are conceptual and illustrative, except the plot of ostrich neck Ts measurements (top right) where we
present new IRT data. We measured T on incubating female ostriches and compared them to non-incubating females, thereby getting an estimate
of thermal exposure during incubation (top right; see text for further statistics). These new data illustrate how combining Ts measurements with
behavioral observations can help us understand how activities, such as incubation, can increase thermal exposure and heat stress and the need for

efficient
thermoregulation.

across populations. In most cases, it is easier to measure surface
temperatures on a large numbers of individuals using IRT than
it is to measure various aspects of Ty, (Barham et al., 2025). One
challenge of using IRT is that extensive efforts are required to
make sure that IRT measurements are accurate (e.g., setting the
emissivity properly, calibrating the camera to field conditions,
ensuring that image angle and distance is accounted for etc,;
see Svensson et al., 2024). Nevertheless, with these methodolog-
ical limitations in mind, researchers can get repeated measures
from the same individuals using IRT with minimal disturbance
to normal behavior. Such data can then be used to calculate ther-
moregulatory indices or statistical surface temperature distribu-
tions across many individuals.

The value of IRT data will increase if such information can be
connected to relatedness via a pedigree, enabling researchers to
evaluate the potential of thermoregulation to evolve, by estimat-
ing quantitative genetic parameters (heritabilities, evolvabilities,
genetic variances, and covariances; see Svensson et al., 2024). Es-
timating individual differences in Ts can also enabled us to es-
timate genetic covariances between thermal profiles and other
phenotypic traits, such as body size, other fitness components, or
Ty (Schou et al., 2022; Svensson et al., 2024). Estimates of both ge-
netic variances and covariances between traits are crucial to pre-
dict direct and correlated evolutionary responses to selection on

thermoregulatory traits, like all other phenotypic traits (Lande &
Arnold, 1983; Svensson, 2023).

The value of fitness data

Examining the relationships between Ty, Ts, and fitness has the
potential to differentiate between adaptive thermoregulatory
processes and non-adaptive or maladaptive effects. For exam-
ple, an increase in T, can be due to facultative hyperthermia
or a failure of the thermoregulatory system. Investigating how
survival and reproductive rates vary in relation to temperature
changes can help distinguish between these two scenarios. Sim-
ilarly, increased Ts can indicate increased heat dissipation as an
adaptive response, or it can simply result from an inability to
stabilize body temperature. This can potentially be resolved by
relating Ts and Ty, to fitness. In some cases, researchers can also
estimate individual thermal reaction norms of how traits like T
and Ty, change with different ambient temperatures (Kellermann
et al., 2019). Furthermore, in other systems researchers can es-
timate the strength of natural or sexual selection on such indi-
vidual thermal reaction norms (Svensson et al., 2020). Estimating
thermal reaction norms requires repeatedly measuring many in-
dividuals, which is feasible using non-invasive methods such as
IRT, although in the future it might be possible with new data
logger technology (Schou & Cornwallis, 2024).
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Comparing surface temperatures across
body parts

Surface temperatures change with ambient temperatures.
Quantifying the magnitude of change for different body parts
can provide information on the extent to which they are involved
in thermoregulation. This has been particularly important in
identifying peripheral body parts, such as bird beaks, that act
as thermal radiators (Tattersall et al., 2009), or investigating how
testicles or the brain, need to be regulated at temperatures that
differ from internal body temperature (Fuller et al., 2003). Ac-
curately quantifying operative environmental temperatures for
freely moving animals in non-laboratory settings remains a ma-
jor challenge in research on animal thermoregulation. One ad-
vantage of using IRT is that Ts comparisons between body parts
can be made within the same thermal image, minimizing the
effects of variation in operative environmental temperature on
temperature measurements.

Thermal exposure and behavior

The thermal exposure of most animals is often extremely
variable due to spatial and temporal differences in tempera-
ture caused by, e.g., habitat differences or cooler or warmer
periods of the day. Most animals will be forced to per-
form tasks that are critical for aspects of fitness under sub-
optimal temperatures. For example, some African mammals
need to forage during the day due to the risk of preda-
tion at night, potentially exposing them to elevated thermal
stress (Veldhuis et al.,, 2020). Combining IRT-measured esti-
mates of Ts and behavioral observations could provide insights
into the thermal costs of performing such costly behaviors,
especially if combined with measures of fitness to estimate
selection.

The ostrich as a case study

In our field study of the ostrich, our primary aim was to quan-
tify the potential for thermal tolerance to evolve (Svensson et
al., 2024). As our general approach was recently questioned by
Monge et al. (2025) who raised several critical questions, we
hereby explain the logic of our approach and develop our gen-
eral framework illustrated in Figure 1 further. The evolutionary
potential of thermal tolerance depends on both the presence of
additive genetic variation in thermal tolerance and the relation-
ship between thermal tolerance and fitness. Estimating these
two factors requires repeated measurements of large numbers
of individuals, which ruled out measuring T,. We used IRT to
repeatedly measure Ts on 423 individuals to quantify individ-
ual variation, genetic variation, and selection on thermoregula-
tion (Figure 1). Ostriches experience extreme temperature fluc-
tuations, and their heads are always very exposed as they are
vigilant for predators. Thermoregulation of the brain is gener-
ally critical for physiological functioning in animals (Beltrédn et
al.,, 2021; Kilgore et al., 1976). In the ostrich, however, thermoreg-
ulation of the brain appears to be decoupled from T, (Fuller et
al., 2003). This raises the question of whether temperature regu-
lation of the head is under selection and heritable.

Another body part of the ostrich—the neck—is known to be
involved in dry heat exchange over the range of ambient temper-
atures that are frequent at our study site [Crawford & Schmidt-
Nielsen, 1967; Figure 2A in Svensson et al. (2024)]. Since the head

and the neck are consistently exposed to the same abiotic con-
ditions, the neck provides a measure of the thermal stress that
the brain is exposed to. Other body parts such as the legs are
more problematic to measure because they are not consistently
visible, as they are often covered by feathers or vegetation, and
hidden when an ostrich is sitting down or incubating.

Measuring Ts of large numbers of individuals using IRT en-
abled us to estimate quantitative genetic parameters on the ther-
mal reaction norms of different body parts: the head and neck.
One of our findings was that egg laying rates of female ostriches
increased with the difference between head and neck temper-
ature under hot conditions (Svensson et al., 2024). This find-
ing is important as it indicates strong and ongoing selection
to stabilize head temperatures in female ostriches during heat
stress, compared to weak selection on other body parts, such as
the neck. Here, we present new results from these female os-
triches, where we combined Ts measures of the head and neck
with behavioral observations, namely if the ostrich was stand-
ing or incubating (Figure 1). We found that ostriches incubating
during hot afternoons had higher neck temperatures compared
to standing individuals, which was not the case during cooler
mornings (paired t-tests: hot afternoons t = 2.9; df = 11; P = 0.02;
cool mornings t = 0.3; df = 7; P = 0.76). Head Ts also increased,
but less so than the neck T (paired t-tests: hot afternoons t = 2.3;
df = 11; P = 0.04; cool mornings t = —0.3; df = 7; P = 0.77). Thus,
incubation in the ostrich is consistent with a thermoregulatory
cost (Figure 1).

This empirical field study on the ostrich was certainly not
without challenges. We investigated and quantified the role of
various confounding factors and their impact on IRT measures
and our results (Svensson et al., 2024). These confounding factors
included photographic angles, distance, feathered vs. bare sur-
faces, and body mass (see details of SI in Svensson et al., 2024).
Each study system will without doubt have its own unique lo-
gistical challenges. It is therefore important to be aware of the
limitations of IRT before embarking on new studies. It is cru-
cial to regularly calibrate the thermal imaging camera, justify
the choice of body parts, and standardize the extraction of data
from thermal images. Despite these methodological challenges
and limitations, our Ts measurements provided valuable infor-
mation on the evolutionary potential of thermoregulation in the
ostrich.

Conclusion

In summary, Ts is a biologically important thermal trait and
should, therefore, not be viewed only as a proxy for Ty. IRT re-
mains a useful technique for measuring Ts, but complementary
techniques exist and will likely become more frequently used
as sensor technology develops. A key challenge in future field
studies of thermal tolerance and thermoregulation is how to in-
terpret Ts across different contexts. One way to achieve this is
to combine IRT with other information, such as T, physiological
data, pedigree data, and fitness data (Figure 1). This will reveal
how and why Ts changes within individuals (i.e., plasticity), be-
tween individuals (i.e., genetic variation in plasticity) and across
generations (i.e., evolutionary change). Such data will advance
our understanding of the evolution of thermal physiology un-
der different ecological conditions. While we acknowledge the
limitations of IRT, it nevertheless remains a highly useful tool in
field studies of thermal adaptation, including both thermoregu-
lation and thermal tolerance. After all, even partial solutions to

G202 1990100 61 U0 1836 Aq 60EIZS/ZE0NEIDMBIAS/EE0 L 0 L/I0P/S[ILE-9OUBADE/IBIAS/WOS"dNO"OlWSPEE//:SANY WO} PAPEO|UMOQ



the empirical challenge of quantifying thermal tolerance, ther-
mal reaction norms, and the efficiency and fitness consequences
of thermoregulation are better than no solutions.

Data and code availability

Data and R-code associated with Figure 1 in this paper has been
uploaded to Zenodo digital repository: DOI: https://doi.org/10.5
281/zenodo.15189106

Author contributions

Conceptualization and writing of first draft: E.I.S., CK.C., and
M.E.S. Writing — reviewing and editing of later drafts: A.E., CK.C,,
E.ILS., JM, W, M.ES,, S.C., and Z.B.

Funding

Carlsberg Foundation (MFS), Swedish Research Council grant
2017-03880 (C.K.C.), Knut and Alice Wallenberg Foundation grant
2018.0138 (C.K.C.), Carl Tryggers grant 12:92 & 19:71 (C.K.C.),
Swedish Research Council grant 2016-03356 (E.L.S.), Western
Cape Agricultural Research Trust grant 0070/000VOLSTRUISE
(S.C.), and the Technology and Human Resources for Industry
program of the South African National Research Foundation
grant TP14081390585) (S.C.).

Conflict of interest

The authors declare no conflict of interest.

References

Andreasson, F, Nord, A., & Nilsson, J.-A. (2016). Brood size constrains
the development of endothermy in blue tits. Journal of Experimen-
tal Biology, 219, 2212-2219. https://doi.org/10.1242/jeb.135350

Bakken, G. S., Van Sant, M. ], Lynott, A. J., & Banta, M. R. (2005). Pre-
dicting small endotherm body temperatures from scalp temper-
atures. Journal of Thermal Biology, 30, 221-228. https://doi.org/10
.1016/j.jtherbio.2004.11.005

Barham, K. E., Frere, C. H., Dwyer, R. G,, Baker, C. J., Campbell, H. A,
Irwin, T. R. et al (2025). Climate-induced shifts in crocodile body
temperature impact behavior and performance. Current Biology,
S0960982225000636.

Beltrdn, I., Herculano-Houzel, S, Sinervo, B., & Whiting, M. J. (2021).
Are ectotherm brains vulnerable to global warming? Trends in
Ecology & Evolution, 36, 691-699.

Boyles, J. G, Seebacher, F, Smit, B., & McKechnie, A. E. (2011). Adap-
tive thermoregulation in endotherms may alter responses to
climate change. Integrative and Comparative Biology, 51, 676-690.
https://doi.org/10.1093/icb/icr053

Crawford, E. C., & Schmidt-Nielsen, K. (1967). Temperature regula-
tion and evaporative cooling in the ostrich. American Journal of
Physiology-Legacy Content, 212, 347-353. https://doi.org/10.1152/aj
plegacy.1967.212.2.347

Eastick, D. L., Tattersall, G. J.,, Watson, S. J,, Lesku, J. A., & Robert,
K. A. (2019). Cassowary casques act as thermal windows.
Scientific Reports, 9, 1966. https://doi.org/10.1038/s41598-019-387
80-8

Fuller, A., Kamerman, P. R,, Maloney, S. K., Mitchell, G., & Mitchell,
D. (2003). Variability in brain and arterial blood temperatures
in free-ranging ostriches in their natural habitat. Journal of

Evolution Letters (2025),Vol.O | 5

Experimental Biology, 206, 1171-1181. https://doi.org/10.1242/jeb.
00230

Gauchet, L., Jaeger, A., & Grémillet, D. (2022). Using facial infrared
thermography to infer avian body temperatures in the wild.
Marine Biology, 169, 57. https://doi.org/10.1007/s00227-022- 04041
y

Houle, D., Pélabon, C., Wagner, G. P, & Hansen, T. F. (2011). Measure-
ment and meaning in biology. The Quarterly Review of Biology, 86,
3-34. https://doi.org/10.1086/658408

Huey, R. B, Hertz, P. E., & Sinervo, B. (2003). Behavioral drive ver-
sus behavioral inertia in evolution: a null model approach. The
American Naturalist, 161, 357-366. https://doi.org/10.1086/346135.

Kellermann, V., Chown, S. L., Schou, M. F,, Aitkenhead, I., Janion-
Scheepers, C., Clemson, A., Scott, M. T,, & Sgro, C. M. (2019).
Comparing thermal performance curves across traits: how con-
sistent are they? Journal of Experimental Biology, 222, jeb193433.
https://doi.org/10.1242/jeb.193433

Kilgore, D. L., Bernstein, M. H., & Hudson, D. M. (1976). Brain tem-
peratures in birds. Journal of Comparative Physiology, 110, 209-215.
https://doi.org/10.1007/BF00689309

Lande, R., & Arnold, S. J. (1983). The measurement of selection on
correlated characters. Evolution; International Journal of Organic
Evolution, 37, 1210-1226. https://doi.org/10.2307/2408842

McCafferty, D. ]., Koprowski, R., Herborn, K., Tattersall, G. J., Jerem, P,
& Nord, A. (2021). Editorial: Advances in thermal imaging. Journal
of Thermal Biology, 102, 103109. https://doi.org/10.1016/j.jtherbio
.2021.103109

McFarland, R., Barrett, L., Fuller, A., Hetem, R. S, Porter, W. P,, Young,
C., & Henzi, S. P. (2020). Infrared thermography cannot be used to
approximate core body temperature in wild primates. American
Journal of Primatology, 82, €23204. https://doi.org/10.1002/ajp.23
204

Monge, O., Caro, S. P,, & Charmantier, A. (2025). What does infrared
thermography tell us about the evolutionary potential of heat
tolerance in endotherms? Evolution Letters, qrae070.

Moreira, M. O., Qu, Y.-F, & Wiens, J. J. (2021). Large-scale evolution of
body temperatures in land vertebrates. Evolution Letters, 5, 484
494. https://doi.org/10.1002/ev13.249

Muifioz, M. M. (2022). The Bogert effect, a factor in evolution. Evolu-
tion; International Journal of Organic Evolution, 76, 49-66.

Munoz, M. M., & Losos, J. B. (2018). Thermoregulatory behavior si-
multaneously promotes and forestalls evolution in a tropical
lizard. The American Naturalist, 191, E15-E26.

Périard, J. D., Racinais, S., & Sawka, M. N. (2015). Adaptations and
mechanisms of human heat acclimation: Applications for com-
petitive athletes and sports. Scandinavian journal of Medicine &
Science in Sports, 25, 20-38.

Schou, M. F, & Cornwallis, C. K. (2024). Adaptation to fluctuating
temperatures across life stages in endotherms. Trends in Ecology
& Evolution, 39, 841-850.

Schou, M. F, Engelbrecht, A., Brand, Z., Svensson, E. I, Cloete, S.,
& Cornwallis, C. K. (2022). Evolutionary trade-offs between heat
and cold tolerance limit responses to fluctuating climates. Sci-
ence Advances, 8, eabn9580. https://doi.org/10.1126/sciadv.abn95
80

Svensson, E. I. (2023). Phenotypic selection in natural populations:
what have we learned in 40 years? Evolution; International Journal
of Organic Evolution, 77, 1493-1504. https://doi.org/10.1093/evolut
/qpad077

Svensson, E.I., Gomez-Llano, M. A., & Waller, J. T. (2020). Selection on
phenotypic plasticity favors thermal canalization. Proceedings of
the National Academy of Sciences, 117, 29767-29774. https://doi.or
g/10.1073/pnas.2012454117

G202 1990100 61 U0 1836 Aq 60EIZS/ZE0NEIDMBIAS/EE0 L 0 L/I0P/S[ILE-9OUBADE/IBIAS/WOS"dNO"OlWSPEE//:SANY WO} PAPEO|UMOQ


https://doi.org/10.5281/zenodo.15189106
https://doi.org/10.1242/jeb.135350
https://doi.org/10.1016/j.jtherbio.2004.11.005
https://doi.org/10.1093/icb/icr053
https://doi.org/10.1152/ajplegacy.1967.212.2.347
https://doi.org/10.1038/s41598-019-38780-8
https://doi.org/10.1242/jeb.00230
https://doi.org/10.1007/s00227-022-04041-y
https://doi.org/10.1086/658408
https://doi.org/10.1086/346135
https://doi.org/10.1242/jeb.193433
https://doi.org/10.1007/BF00689309
https://doi.org/10.2307/2408842
https://doi.org/10.1016/j.jtherbio.2021.103109
https://doi.org/10.1002/ajp.23204
https://doi.org/10.1002/evl3.249
https://doi.org/10.1126/sciadv.abn9580
https://doi.org/10.1093/evolut/qpad077
https://doi.org/10.1073/pnas.2012454117

6 | Svensson et al.

Svensson, E. I, Schou, M. F, Melgar, J., Waller, J., Engelbrecht, A.,
Brand, Z., Cloete, S., & Cornwallis, C. K. (2024). Heritable vari-
ation in thermal profiles is associated with reproductive suc-
cess in the world’s largest bird. Evolution Letters, 8,200-211. https:
//doi.org/10.1093/evlett/qrad049

Szafraniska, P. A., Andreasson, F, Nord, A., & Nilsson, J.-A. (2020).
Deep body and surface temperature responses to hot and cold
environments in the zebra finch. Journal of Thermal Biology, 94,
102776. https://doi.org/10.1016/j jtherbio.2020.102776

Tattersall, G. ], Andrade, D. V., & Abe, A. S. (2009). Heat exchange
from the Toucan bill reveals a controllable vascular thermal
radiator. Science, 325, 468-470. https://doi.org/10.1126/science.11
75553

Tsubaki, Y., Samejima, Y., & Siva-Jothy, M. T. (2010). Damselfly fe-
males prefer hot males: higher courtship success in males in

sunspots. Behavioral Ecology and Sociobiology, 64, 1547-1554. https:
//doi.org/10.1007/s00265-010-0968- 2

Veldhuis, M. P, Hofmeester, T. R, Balme, G., Druce, D. ], Pitman, R.
T., & Cromsigt, J. P. G. M. (2020). Predation risk constrains herbi-
vores’ adaptive capacity to warming. Nature Ecology & Evolution,
4,1069-1074.

Weissenbock, N. M., Weiss, C. M., Schwammer, H. M., & Kratochvil,
H. (2010). Thermal windows on the body surface of African ele-
phants (Loxodonta africana) studied by infrared thermography.
Journal of Thermal Biology, 35, 182-188. https://doi.org/10.1016/j.jt
herbio.2010.03.002

Williams, G. C. (1992). Natural selection: domains, levels and challenges.
Oxford University Press. https://doi.org/10.1093/0s0/9780195069
327.001.0001

Received April 17, 2025; revisions received August 27, 2025; accepted August 28, 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of The Society for the Study of Evolution (SSE) and European Society for Evolutionary Biology (ESEB).
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is
properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our
RightsLink service via the Permissions link on the article page on our site-for further information please contact journals.permissions@oup.com

G202 1990100 61 U0 1836 Aq 60YEIZS/ZE0NEIDMBIAS/EB0L 0 L/I0P/S[dILE-9OUBADPE/IBIAS/WO0"dNO"0jWapEedk//:SdNy WOy papeojumoq


https://doi.org/10.1093/evlett/qrad049
https://doi.org/10.1016/j.jtherbio.2020.102776
https://doi.org/10.1126/science.1175553
https://doi.org/10.1007/s00265-010-0968-2
https://doi.org/10.1016/j.jtherbio.2010.03.002
https://doi.org/10.1093/oso/9780195069327.001.0001
https://creativecommons.org/licenses/by-nc/4.0/
mailto:reprints@oup.com
mailto:journals.permissions@oup.com

	Phenotypic and genetic variances and covariances of surface temperatures
	The value of fitness data
	Comparing surface temperatures across body parts
	Thermal exposure and behavior
	The ostrich as a case study
	Conclusion
	Data and code availability
	Author contributions
	Funding
	Conflict of interest
	References

