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Abstract

Responses to climate change are rooted in thermal physiology, and many studies have focussed on
heat tolerance and plasticity of heat tolerance. Latitudinal patterns in heat tolerance are commonly
considered to reflect latitudinal differences in thermal regimes, but direct tests are few. Here we
show that the extremes and fluctuations in habitat temperature explain variation in heat tolerance
of freshwater and marine fishes. Furthermore, we found that freshwater fish exhibit greater
plasticity in heat tolerance than their marine counterparts. This reflects that, compared to marine
fishes, freshwater fishes are exposed to greater thermal fluctuations. Our findings underscore the
importance of thermal physiology for predicting responses to climate change and highlight that
plasticity in heat tolerance is an important mechanism to cope with thermal extremes, especially for
organisms living in thermally variable habitats such as freshwater fish.



Introduction

Earth’s climate is warming, exposing its biota to increasingly higher and more variable temperatures
(IPCC, 2018). Biological responses to this human-induced warming include range shifts and changes
in phenology to track thermal niches (Lenoir et al., 2020; Sunday et al., 2012). Large-scale syntheses
of how well organisms can tolerate thermal extremes typically yield strong latitudinal clines and
patterns that are different for organisms from aquatic and terrestrial realms (Pinsky et al., 2019).
Contrasts in maximum habitat temperatures and thermal variability between realms and across
latitudes are used to explain such patterns in heat tolerance (Sunday et al., 2019). However, such
comparisons frequently involve aquatic and terrestrial organisms that also differ in other respects,
such as mode of breathing and evolutionary history, which are known to affect heat tolerance
(Bennett et al., 2021; Leiva et al., 2019; Verberk et al., 2016). Furthermore, plasticity in heat
tolerance, i.e. the ability of individuals to modulate their heat tolerance level via acclimation, is also
expected to vary with the thermal regime of their habitat (Stillman, 2003; Verberk et al., 2018).
Organisms in habitats that are thermally variable are expected to exhibit a higher plasticity of heat
tolerance than those from thermally stable habitats(Bozinovic et al., 2011; Gunderson & Stillman,
2015). Latitude is frequently used as a proxy for both heat (highest in tropical regions) and thermal
variability (highest in temperate regions) (Chown et al., 2004). However, at a given latitude thermal
regime can vary considerably longitudinally and few studies explicitly include habitat thermal
maxima let alone thermal variability (Sunday et al., 2019).

The advent of global water temperature models (Barbarossa et al., 2021; Wanders et al., 2019) and
datasets (e.g. NOAA Global Surface Temperature Dataset) offers the opportunity to test whether
and how large-scale patters in heat tolerance and plasticity therein are related to the thermal
regime that organisms are exposed to. Here we explore relationships between upper thermal limits
and thermal regimes for fishes, the most diverse group of vertebrates which occur in both marine
and freshwater habitats across the globe. The advantage of using a single taxonomic group with gill
breathing as the single most important mode of respiration reduces possible confounding factors
that could otherwise drive observed differences in heat tolerance. In addition, including the full
range from freshwater habitats to and marine habitats allows us to test the idea that differences in
thermal exposure in a species’ evolutionary history have acted as a selection pressure for the heat
sensitivity they exhibit today. More specifically, owing to their smaller volume, temperatures in
freshwater bodies (e.g., ponds, lagoons, lakes) have higher diurnal and seasonal fluctuations, and
exhibit more extreme values compared to marine habitats. We test whether (i) thermal regimeis a
better predictor than latitude for basal heat tolerance and plasticity therein and (ii) how heat
tolerance varies between freshwater and marine fishes while accounting for evolutionary history.
We hypothesize that the greater variability in habitat temperature would be expected to manifest as
a greater plasticity in thermal tolerance for freshwater fish.

Methods
Thermal tolerance data collection

We compiled thermal tolerance data from three existing databases: GlobTherm, a global database of
experimentally derived thermal tolerance values across various species groups (Bennett et al. 2018),
and the databases from two other thermal tolerance studies (Comte and Olden 2017a; Leiva et al.
2019). From these databases, we selected records concerning fish species, and we supplemented
these data through an additional literature search for more recent studies (from 2015 onwards),
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using the Web of Science search engine and the following search terms: “fish” and “ctmax”, “critical
thermal maximum?”, “thermal limit”, or “thermal tolerance”. From the search result, we selected
papers that report on the thermal tolerance of fish species expressed as the critical thermal
maximum (CT) or lethal thermal maximum (LT), obtained in dynamic and static assays, respectively.
In addition to the thermal thresholds, we also extracted relevant information on the experimental
set-up, namely the ramping rate, trial duration, starting temperature, acclimation temperature, and
acclimation duration. The latitude at which the fish tested were collected was also extracted. The
three existing databases supplemented with the results of the literature search yielded 3,257 upper
thermal tolerance records from 565 species (Verberk et al., 2024). We classified each species into
one of three groups based on information on realm (freshwater, brackish, marine) and migration
obtained from FishBase and targeted internet searches: 1) fish predominantly using freshwater; this
includes catadromic fish which grow up in freshwater habitats, such as eel 2) fish predominantly
using marine waters; this includes anadromic fish which grow up in the ocean, such as salmonids and
3) brackish fish, which includes amphidromic fish. This classification resulted in 399 freshwater
species, 219 marine species, and 48 brackish water species.

Thermal tolerance data harmonisation

Upper thermal limits of fish are quantified with different protocols. Static or LT assays expose fish to
a constant temperature and note mortality after a set amount of time. The lethal temperature
expresses the temperature at which the animals succumb to heat stress after the set amount of time
(typically 50% mortality, but sometimes 100%). In dynamic or CT assays, the temperature that fish
are exposed to is gradually ramped up and the temperature at which animals succumb is noted.
However, tolerance to heat stress, like any other stressor, depends on both the stress intensity and
its duration (Rezende et al., 2014). As the duration of dynamic assays varies depending on starting
temperature and ramping rate, thermal thresholds recorded in CT trails are not directly comparable,
and differences in duration need to be corrected for if thermal thresholds are to be compared across
studies and species (Leiva et al., 2019). Therefore, we bootstrapped the data for dynamic trials 50
times, taking only a single CT value for a given species and study. Next, we combined the subset with
the data from static trials and fitted a model that included the duration of the assay (in hours; log-
transformed) as a fixed variable. This revealed that heat tolerance is negatively related to exposure
duration (Fig S1), confirming previous work (Rezende et al., 2014; Verberk et al., 2023). We then
used the fitted slope estimate (-1.26 + 0.0135 (SD)) to standardize all the reported heat tolerances to
a duration of 1 hour. Interestingly, after this standardization we no longer find a significant
difference in the reported heat tolerance values between static and dynamic trials across all data (P
=0.509), suggesting that differences in heat tolerance between both types of trials are largely driven
by differences in duration of exposure.

Thermal exposure

For each fish species, we determined the thermal regime it is exposed in its habitat as described by
two key characteristics: the maximum temperature and the variability in temperature within its
geographic range. To that end, we obtained geographic range maps of the species from the
International Union for the Conservation of Nature (IUCN), and we overlaid these with water
temperature data. For freshwater fishes, we used weekly water temperature data obtained from
FutureStreams (Bosmans et al., 2022), which provides weekly water temperature data at 5 arcmin
spatial resolution. Similar to Barbarossa et al. (2021), we used weekly mean values averaged over a
30-year climatology period (1976-2005), and we selected, per species, the maximum value across



the range as the maximum habitat temperature. To determine the thermal variability, we quantified
the coefficient of variation across the long-term weekly mean values averages across the range. For
marine and brackish fish species, we took a similar approach using data on sea surface temperature
from Bio-Oracle (Assis et al., 2018).

Next, we tested for differences in thermal exposure between marine, brackish and freshwater fishes
based on the 511 fish species for which we had data on latitude, maximum habitat temperature and
habitat thermal variability. Since we had only a single value for maximum habitat temperature and
thermal variability per species, we also subsetted the data so that we had a single value for latitude,
selecting the record with median latitude when we had data spanning different latitudes. Next, we
used Phylogenetic Generalized Least Squares (PGLS) to account for potential phylogenetic non-
independence. We constructed separate models for maximum habitat temperature and habitat
thermal variability and in each model, we also included absolute latitude as a 2" order polynomial to
account for non-linear relationships.

Thermal sensitivity

To evaluate how thermal exposure affects fish heat tolerance, we modelled heat tolerance
(corrected for trial duration, see above) as a function of habitat thermal regime (habitat thermal
maxima and thermal variability) or latitude (a proxy for thermal regime). To do this and account for
multiple records per species, we used a Bayesian phylogenetic multilevel modelling framework,
which can include both random effects due to phylogeny and due to species identity (Burkner,
2017). We also included acclimation temperature and the interaction between thermal regime and
acclimation temperature to test whether plasticity in heat tolerance is shaped by thermal conditions.
We used a 2" order polynomial for acclimation temperature to account for increasingly smaller
increases in heat tolerance with increasing acclimation temperatures. Correlation plots (Fig S2)
revealed that acclimation temperature was strongly correlated with maximum habitat temperature
(tropical fishes are typically acclimated to higher temperatures than polar fishes). We therefore
standardized acclimation temperature in two ways: relative to the maximum habitat temperature
and relative to the mean acclimation temperatures for a given species. Acclimation temperature
standardized relative to a species’ mean acclimation temperature showed no correlation with either
latitude, maximum habitat temperature or habitat thermal variability (Pearson R, P > 0.102) and we
therefore used this standardization in further analyses.

We compared both models (model 1 based on latitude vs model 2 based on thermal regime) by
calculating the marginal R? values and using the Pareto-smoothed importance sampling leave-one-
out (PSIS-LOO) cross-validation. To test whether fishes from different realms exhibit differences in
their heat tolerance and plasticity of heat tolerance, we constructed a third model based on
maximum habitat temperature and thermal variability, which also included realm.

Results

Thermal exposure

Freshwater fish species experience both higher maximum temperatures and higher thermal
variability in their geographic range than marine species (Fig. 1; PGLS: t1,490 < 6.69, P<0.001). Brackish
species also inhabit warmer habitats than marine fishes (PGLS: t1,490=3.75; P<0.001), but the thermal
variability in their geographic range does not exceed that of marine fishes (PGLS: t1,433=1.04;
P=0.298). At the median latitude, maximum habitat temperatures of freshwater fish were 3.87 °C



higher than those of marine fish (Fig. 1A), while the thermal variability was 0.0053 higher (Fig. 1C),
representing a 38% increase. Thermal niches were strongly phylogenetically structured for both
maximum habitat temperatures and thermal variability (lambda values of 0.820 and 0.934
respectively). Both thermal exposure metrics were strongly correlated with absolute latitude:
thermal maxima where highest in the tropics (Fig. 1B), while thermal variability peaked at temperate
latitudes (Fig. 1D).
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Fig 1. Partial residual plots for maximum habitat temperature (A,B), and thermal variability (C,D) for
the 511 species of fishes for which we had data on habitat, latitude and thermal conditions in their
distribution range. A and C show differences between fishes from marine, brackish and freshwater
habitats, wile B and D show the latitudinal relationships.

Thermal sensitivity

Heat tolerance of fishes varied strongly with both latitude (Fig. 2A) and thermal conditions
experienced by fish in their habitat (Fig. 2B,C). In line with previous work, heat tolerance was highest
in tropical fishes and declined away from the equator. However, the effect of latitude differed
between the northern and southern hemispheres, which could reflect asymmetry between the two
hemispheres in latitudinal variation in temperature and its variability (Chown et al., 2004). In
addition, for temperate regions on the northern hemisphere (35-66.5 N) there was a large variation
in heat tolerance despite a limited latitudinal range. Patterns in heat tolerance were better captured
by a model based on the thermal conditions that fishes were exposed to in their habitat (partial R; of
55.2%), compared to models based on latitude (Partial R? of 36.6%). The random factors phylogeny



and species identity also explained a large part of the variation (Fig S3), resulting in total explained
variation of around 90% for both models. As expected, fishes from warm habitats exhibited higher
heat tolerance (Fig 1B). In addition, fishes from thermally variable habitats exhibited greater
plasticity in heat tolerance (Fig. 1C), with acclimation response ratios increasing from 0.18 (when
thermal variability was 0) to 0.30 (when thermal variability was 0.02).
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Fig 2. Heat tolerance in relation to A) latitude, for different acclimation temperatures (Table S1), B)
maximum habitat temperature (Table S2), and C) acclimation temperature, for different levels of
thermal variability (Table S2). The grey polygon in panel B highlights when observed heat tolerance
falls below maximum habitat temperatures.

Paradoxically, several fishes were exposed to maximum habitat temperatures that exceeded their
reported heat tolerance, resulting in a negative warming tolerance (i.e. heat tolerance minus
maximum habitat temperature, points in the grey triangle in panel 2B). However, when we used the
model based on the thermal conditions that fishes were exposed to in their habitat (Table S2) to
predict the heat tolerance under the assumption that species were acclimated to this maximum
habitat temperature, we no longer observed negative values for warming tolerance (Fig. 3).
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Fig 3. Frequency distribution of warming tolerance values, calculated either as (A) the reported heat
tolerance minus the maximum habitat temperature, or (B) as the difference between maximum
habitat temperature and the predicted heat tolerance when assuming the species is acclimated to
the maximum habitat temperature.

Heat tolerance values reported for freshwater fish were higher than those for marine fish, but this
reflected higher maximum habitat temperatures (Fig. 4A); after these were accounted for in the
model, there was no significant difference across realms; Table S3). Plasticity in heat tolerance
differs between marine and freshwater fishes (Fig. 4B,C), even when accounting for the greater
thermal variability experienced by freshwater fish (Table S3), with freshwater fish being more
plastic. For each degree of warm acclimation, freshwater fish initially gained on average 0.30 °C
(0.299-0.332 Credible Interval) of heat tolerance, whereas marine fish gained only 0.22 °C (0.218-
0.264 Credible Interval), but note that the effect of acclimation diminished according to our model
because of a negative effect of the quadratic term of acclimation temperature. Fishes from brackish
waters had a lower heat tolerance, and their plasticity in heat tolerance resembled that of
freshwater fish.
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Fig 4. Reported heat tolerance values for fishes from marine, freshwater, or brackish habitats (A),
with differences mainly due to differences in maximum habitat temperature (see Fig 2B, color coded
from cool/blue to warm/red). Plasticity in heat tolerance is smaller in marine fishes (B) than in
freshwater fishes (C).

Discussion

To effectively use ecophysiological metrics in predicting vulnerability to climate warming, these
metrics must accurately represent the thermal conditions that species encountered throughout their
evolutionary history. Our study demonstrates that latitudinal patterns in heat tolerance can be
linked directly to geographic differences in maximum habitat temperature and thermal variability
(Fig 2). We also observed a strong phylogenetic structuring, both in terms of their exposure, i.e. the
thermal regime fishes experience in their habitat, and in their sensitivity, i.e. the experimentally
derived tolerance values, mirroring previous work showing a strong phylogenetic structuring of heat
tolerance (Bennett et al., 2021; Leiva et al., 2019).

Interestingly, in multiple instances the maximum habitat temperature exceeded the heat tolerance
level of fishes. This is even more puzzling when considering that the maximum habitat temperature
is based on a weekly interval, whereas the heat tolerance is corrected for a duration of 1 hour,
suggesting that either that the heat tolerance reported is an underestimation, or that the habitat
temperature calculated overestimates the thermal exposure experienced by species, or both.
Thermal refuges such as deeper parts of a lake, or cooler sections of a stream may create refuges
during heat waves. Moreover, thermal tolerance can vary seasonally, and geographically across
populations so, local populations during summer may exhibit higher heat tolerance levels than



reported. This latter possibility is at least partially confirmed by our predicted heat tolerance under
the assumption that all species are acclimated to their maximum habitat temperature (Fig 3).

Aquatic species are frequently juxtaposed against terrestrial species, but even within aquatic species
such as fishes there is much variation in heat tolerance. Our results show that this variation is not
only related to differences in habitat temperatures and variability, but we also observed greater
levels of plasticity in heat tolerance in freshwater fishes than in their marine counterparts (Fig 4).
This matches the observation that, compared to marine fishes, freshwater fishes are also exposed to
greater thermal fluctuations (Fig 1). Previous studies have attempted to explain variation in the
plasticity of heat tolerance from differences in thermal variability (Comte & Olden, 2017; Gunderson
& Stillman, 2015; Seebacher et al., 2015). Our study differs in several respects. First, we used habitat
thermal variability directly rather than latitude as a proxy. Second, we incorporated a large number
of species that together span a large range in thermal variability experienced by drawing on
freshwater and marine species. Finally, we focussed on fishes resulting in a somewhat comparable
body plan across different species. Although fish as a group have a rich evolutionary history, all the
species incorporated are aquatic and rely at least partly on gills to extract oxygen from the water, so
variation across species is unlikely to be confounded by major differences in breathing mode.

Full thermal acclimation likely carries significant costs and constraints. If not for these costs and
constraints, one would expect the evolution of perfect acclimation, i.e. an acclimatory response ratio
of 1. Constraints are also reflected in the curved relationship found in our models where increases in
heat tolerance are diminishing with increasing acclimation temperature. The greater plasticity of
heat tolerance exhibited by freshwater fish, which live in thermally fluctuating habitat, suggests that
here it is more beneficial to be plastic, rather than evolve a high basal heat tolerance.

Our findings underscore the importance of thermal physiology for predicting responses to climate
change and highlight that plasticity in heat tolerance is an important mechanism to cope with
thermal extremes, especially for organisms living in thermally variable habitats such as freshwater
fish.

References

Assis, J., Tyberghein, L., Bosch, S., Verbruggen, H., Serrao, E. A., & De Clerck, O. (2018). Bio-ORACLE
v2. 0: Extending marine data layers for bioclimatic modelling. Global Ecology and
Biogeography, 27(3), 277-284.

Barbarossa, V., Bosmans, J., Wanders, N., King, H., Bierkens, M. F., Huijbregts, M. A., & Schipper, A.
M. (2021). Threats of global warming to the world’s freshwater fishes. Nature
Communications, 12(1), 1-10.

Bennett, J. M., Sunday, J., Calosi, P., Villalobos, F., Martinez, B., Molina-Venegas, R., Aradjo, M. B.,
Algar, A. C,, Clusella-Trullas, S., Hawkins, B. A., Keith, S. A., Kiihn, I., Rahbek, C., Rodriguez, L.,

Singer, A., Morales-Castilla, I., & Olalla-Tarraga, M. A. (2021). The evolution of critical



thermal limits of life on Earth. Nature Communications, 12(1), Article 1.
https://doi.org/10.1038/s41467-021-21263-8

Bosmans, J., Wanders, N., Bierkens, M. F. P., Huijbregts, M. A. J., Schipper, A. M., & Barbarossa, V.
(2022). FutureStreams, a global dataset of future streamflow and water temperature.
Scientific Data, 9(1), 307. https://doi.org/10.1038/s41597-022-01410-6

Bozinovic, F., Calosi, P., & Spicer, J. I. (2011). Physiological correlates of geographic range in animals.
Annual Review of Ecology, Evolution, and Systematics, 42, 155-179.

Burkner, P.-C. (2017). brms: An R package for Bayesian multilevel models using Stan. Journal of
Statistical Software, 80(1), 1-28.

Chown, S. L., Sinclair, B. J., Leinaas, H. P., & Gaston, K. J. (2004). Hemispheric Asymmetries in
Biodiversity—A Serious Matter for Ecology. PLOS Biology, 2(11), e406.
https://doi.org/10.1371/journal.pbio.0020406

Comte, L., & Olden, J. D. (2017). Evolutionary and environmental determinants of freshwater fish
thermal tolerance and plasticity. Global Change Biology.
http://onlinelibrary.wiley.com/doi/10.1111/gcb.13427/full

Gunderson, A. R., & Stillman, J. H. (2015). Plasticity in thermal tolerance has limited potential to
buffer ectotherms from global warming. Proceedings of the Royal Society B: Biological
Sciences, 282(1808), 20150401. https://doi.org/10.1098/rspb.2015.0401

IPCC. (2018). Global Warming of 1.5° C: An IPCC Special Report on the Impacts of Global Warming of
1.5° C Above Pre-industrial Levels and Related Global Greenhouse Gas Emission Pathways, in
the Context of Strengthening the Global Response to the Threat of Climate Change,
Sustainable Development, and Efforts to Eradicate Poverty. Intergovernmental Panel on
Climate Change.

Leiva, F. P., Calosi, P., & Verberk, W. C. E. P. (2019). Scaling of thermal tolerance with body mass and

genome size in ectotherms: A comparison between water-and air-breathers. Philosophical



Transactions of the Royal Society B: Biological Sciences, 374(1778), 20190035.
https://doi.org/10.1098/rstb.2019.0035

Lenoir, J., Bertrand, R., Comte, L., Bourgeaud, L., Hattab, T., Murienne, J., & Grenouillet, G. (2020).
Species better track climate warming in the oceans than on land. Nature Ecology &
Evolution, 4, 1-16. https://doi.org/10.1038/s41559-020-1198-2

Pinsky, M. L., Eikeset, A. M., McCauley, D. J., Payne, J. L., & Sunday, J. M. (2019). Greater
vulnerability to warming of marine versus terrestrial ectotherms. Nature, 569(7754), 108—
111. https://doi.org/10.1038/s41586-019-1132-4

Rezende, E. L., Castafieda, L. E., & Santos, M. (2014). Tolerance landscapes in thermal ecology.
Functional Ecology, 28(4), 799-809. https://doi.org/10.1111/1365-2435.12268

Seebacher, F., White, C. R., & Franklin, C. E. (2015). Physiological plasticity increases resilience of
ectothermic animals to climate change. Nature Climate Change, 5(1), 61-66.

Stillman, J. H. (2003). Acclimation Capacity Underlies Susceptibility to Climate Change. Science,
301(5629), 65-65. https://doi.org/10.1126/science.1083073

Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2012). Thermal tolerance and the global redistribution of
animals. Nature Climate Change, 2(9), Article 9. https://doi.org/10.1038/nclimate1539

Sunday, J. M., Bennett, J. M., Calosi, P., Clusella-Trullas, S., Gravel, S., Hargreaves, A. L., Leiva, F. P.,
Olalla-Tarraga, M., Verberk, W., & Morales-Castilla, I. (2019). Thermal tolerance patterns
across latitude and elevation. Philosophical Transactions of the Royal Society B: Biological
Sciences, 374. https://doi.org/10.1098/rstb.2019.0036

Verberk, W. C. E. P., Calosi, P., Spicer, J. |., Kehl, S., & Bilton, D. T. (2018). Does plasticity in thermal
tolerance trade off with inherent tolerance? The influence of setal tracheal gills on thermal
tolerance and its plasticity in a group of European diving beetles. Journal of Insect

Physiology, 106, 163—171. https://doi.org/10.1016/j.jinsphys.2017.12.005



Verberk, W. C. E. P., Henry, E., Leiva, F. P., Barbarossa, V., & Schipper, A. M. (2024). Data and code
for: Heat tolerance and its plasticity in freshwater and marine fishes are linked to their
thermal regimes (v0.1). [dataset]. Zenodo. https://doi.org/10.5281/zenodo.11877096

Verberk, W. C. E. P., Hoefnagel, K. N., Peralta-Maraver, I., Floury, M., & Rezende, E. L. (2023). Long-
term forecast of thermal mortality with climate warming in riverine amphipods. Global
Change Biology, 29(17), 5033-5043. https://doi.org/10.1111/gcb.16834

Verberk, W. C. E. P., Overgaard, J., Ern, R., Bayley, M., Wang, T., Boardman, L., & Terblanche, J. S.
(2016). Does oxygen limit thermal tolerance in arthropods? A critical review of current
evidence. Comparative Biochemistry and Physiology Part A: Molecular & Integrative
Physiology, 192, 64—78. https://doi.org/10.1016/j.cbpa.2015.10.020

Wanders, N., van Vliet, M. T. H., Wada, Y., Bierkens, M. F. P., & van Beek, L. P. H. (Rens). (2019).
High-Resolution Global Water Temperature Modeling. Water Resources Research, 55(4),

2760-2778. https://doi.org/10.1029/2018 WR023250



Supplementary materials:

Table S1; Summary table of the model based on latitude

Group-Level Effects:
~species_name (Number of levels: 499)

Estimate Est.Error 1-95% CI u-95% CI Rhat Bulk_ESS Tail_ESS
sd(Intercept) 2.19 0.12 1.96 2.43 1.00 5484 10644

~treename (Number of levels: 499)
Estimate Est.Error 1-95% CI u-95% CI Rhat Bulk_ESS Tail_ESS
sd(Intercept) 7.98 1.06 6.07 10.18 1.00 2899 5590

Population-Level Effects:

Estimate Est.Error 1-95% CI u-95% CI Rhat Bulk_ESS Tail_ESS
Intercept 34.75 3.19 28.44 41.08 1.00 4770 8286
polyaccT.sp2l 0.07 10.07 -19.56 19.67 1.00 29605 17112
polyaccT.sp22 -16.03 2.04 -20.03 -12.06 1.00 49006 16421
accT.sp 0.29 0.03 0.23 0.36 1.00 29746 16882
polylat_collection3l -14.44 5.32 -24.92 -3.99 1.00 25396 18116
polylat_collection32 -56.49 5.37 -67.07 -45_97 1.00 13652 15800
polylat_collection33 24_97 5.05 14.98 34.83 1.00 13347 16475
accT.sp:polylat_collection3l -0.89 0.43 -1.73 -0.05 1.00 41642 17049
accT.sp:polylat_collection32 -0.07 0.47 -0.98 0.85 1.00 32891 18687
accT.sp:polylat_collection33 -3.07 0.44 -3.93 -2.19 1.00 38474 18539

el el il e

Family Specific Parameters:
Estimate Est.Error 1-95% CI u-95% CI Rhat Bulk_ESS Tail_ESS
sigma 1.75 0.03 1.70 1.80 1.00 29686 17014

Table S2; Summary table of the model based on habitat thermal regime

Group-Level Effects:
~species_name (Number of levels: 499)

Estimate Est.Error 1-95% CI u-95% CI Rhat Bulk_ESS Tail_ESS
sd(Intercept) 2.13 0.12 1.91 2.36 1.00 5204 10383

~treename (Number of levels: 499)
Estimate Est.Error 1-95% CI u-95% CI Rhat Bulk_ESS Tail_ESS
sd(Intercept) 6.32 0.90 4_66 8.19 1.00 2723 5409

Population-Level Effects:

Estimate Est.Error 1-95% CI u-95% CI Rhat Bulk_ESS Tail_ESS
Intercept 22.43 .70 17.18 27.83 1.00 5445 8722
polyaccT.sp2l 0.01 .80 -19.32 19.31 1.00 22393 16304
polyaccT.sp22 -15.67 .07 -19.70 -11.60 1.00 37910 16281
accT.sp 0.18 .04 0.11 .26 1.00 20522 15585
Thab_cv -16.61 .28 -34.50 .50 1.00 26437 17000
Thab_max 0.41 .03 0.36 47 1.00 8200 12560
accT.sp:Thab_cv 5.82 .98 3.91 .76 1.00 33405 17120

Family Specific Parameters:
Estimate Est.Error 1-95% CI u-95% CI Rhat Bulk_ESS Tail_ESS
sigma 1.77 0.03 1.71 1.82 1.00 23808 16900

Table S3; Summary table of the model based on habitat thermal regime and realm



Group-Level Effects:
~species_name (Number of Tevels: 514)

Estimate Est.Error 1-95% CTI u-95% CI Rhat Bulk_FSs Tail_ESS
sd(Intercept) 2.15 0.11 1.93 2.37 1.00 5757 10856

~treename (Number of levels: 514)
Estimate Est.Error 1-95% CI u-95% CI Rhat Bulk_ESS Tail_ESS
sd(Intercept) 6.33 0.89 4.69 §.16 1.00 3097 5483

Population-Level Effects:

Estimate Est.Error 1-95% CI u-95% Rhat Bulk_ESS Tail_ESS
Intercept 22.35 .69 17.18 .00 5988 9394
accT.sp 0.18 .05 0.08 .00 16608 16764
polyaccT.sp21 -0.03 -19. .00 32212 16446
polyaccT.sp22 -17.39 -21. .00 41534 16388
Thab_max .42 0. 00 9692 13732
realm_migrationBrackPamphi .63 -1. .00 14895 15813
realm_migrationFwPcataPpota .29 -1. .00 10843 13626
accT.sp:realm_migrationBrackPamphi .02 -0. .00 20086 16942
accT.sp:realm_migrationFWPcataPpota .10 0. .00 15961 16525
accT.sp:Thab_cv .26 -0. 00 15273 15440
accT.sp:realm_migrationBrackPamphi:Thab_cv 7.16 0. .00 19205 16717
accT.sp:realm_migrationFwPcataPpota:Thab_cv .94 -5. .00 15326 15757
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Family Specific Parameters:
Estimate Est.Error 1-95% CT u-95% CI Rhat Bulk_F5S Tail_ESs
sigma 1.74 0.02 1.69 1.79 1.00 24705 16466
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Figure S1: Effect of the duration of experimental trials to measure heat tolerance on the observed
critical thermal maxima. Static trials (LT) typically have a longer duration than dynamic trials (CT).
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Figure S2: Correlation plot between the methodological parameter acclimation temperature (raw
values and standardized by habitat temperature or species), environmental parameters (maximum
habitat temperatures and thermal variability), latitude (presumed to be a proxy for these
environmental parameters) and the heat tolerance observed in experimental trials.

Fig S3: Phylogeny of the species used in this study, branches and names are color coded by their

observed heat tolerance.
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