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Synopsis Int raspe cific variat ion can be as great as variation across species, but the role of int raspe cific variat ion in driving 
local and lar g e-sca le p atter ns is of t en overlooked , pa rticula rly in the field of t her mal bio logy. In amp hibians, which depend 
o n enviro nmental co ndi tio ns and behavior to regulate b o dy temp eratur e, r e cog nizing int raspe cific t her ma l t ra it va riation is 
essent ia l to co mp re h en siv e ly un derstan ding h ow glob a l chan g e impacts po p u lat ion s. Here, w e examin e th e drivers of micro- 
and macroge og raphica l int raspe cific t her ma l t ra it va riation in a mphibia ns. At the local sca le, int raspe cific variat ion ca n a rise 
v i a chan g es in ontog eny, b o dy size, and b etw een the sex es, and dev e lopm enta l plast icity, acclimat ion, and materna l effe cts may 
mod ulate p redictio ns o f amphib ian perfo rman ce un der future c limat e scenar ios. At t he macroge og raphic sca le, loca l ada pta tion 
in t her ma l t raits may occur a long lat itudina l and elevat iona l g radients, wit h se a son ality a nd ra n g e-edg e dyna mics lik ely pl ay ing 
im portan t roles in pa tterns tha t may impact future per sist ence . We als o dis cuss t he import ance of con siderin g di sea se a s a factor 
a ffe ct ing int raspe cific variat ion in t her ma l t ra its a nd po p u lat ion resi lience t o c limat e c han g e, giv en the impact of pathog en s 
on t her mal pr efer en ces an d crit ica l therma l limi ts o f hosts. Fina l ly, we ma ke re comm en dations for future work in this area. 
U ltimat ely, our goal is t o demonstrat e why it is important f or resea rc her s t o consider int raspe cific variat ion t o det er mine t he 
resilience of a mphibia ns to glob a l chan g e. 
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Introduction 

Int raspe cific t ra it va riation (ph en otyp ic trai t variatio n
within a species) can be mo re p ro n oun ced than varia-
tion across species ( Albert et al. 2010 ; Des Roches et al.
2018 ). Yet, th e m ech ani sms th a t drive in t raspe cific vari-
ation h ave hi storica l ly re ceive d lit tle at tentio n in co m-
paris on to res earch that exp lores p h en otypic differen ces
b etween sp ecies ( Des Ro c hes et al . 2018 ). Thi s i s notab l y
true for the field of t her mal biology, where t he major-
i ty o f studies focus o n int er spe cific variat ion in t her mal
traits—even though tem pera ture is considered a signifi-
cant abiotic factor dr iving t he bio logy, eco logy, and evo-
l u tio n o f s pecies and determining why a s pecies lives
where it does ( Huey and Stev en son 1979 ; Ov er gaard et
a l. 2014 ; Nowa kowski et a l. 2018 ). In ectot her mic or-
ga nisms lik e a mphibia ns, which r ely on envir onmental
co ndi tio ns and behavio r to regulate b o dy temp erature,
un derstan ding int raspe cific variat ion in t her ma l t raits
A dvance A cces s publication Augus t 13, 2024 
C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
is crucial for gaining a co mp re h ensive un derstan ding of
how glob a l chan g e impacts po p u lat io ns. W hile depend-
ing o n enviro nmen tal tem pera tures for t her moregula-
tion may be energy efficient, it ren ders amphi bians espe-
cia l ly vu lnerable to the effects of climate chan g e, includ-
in g risin g tem pera tures an d in creased tem pera ture vari-
ab ili ty ( Deu tsc h et al . 2008 ; Bodenst einer et al . 2020 ). 
Amphi bians exhi bit a variety of c limat e-relevant

traits t hat rese arc her s examine t o identify t emper-
a tures tha t o p timize o r limi t perfo rma nce a nd ca n
info rm o n the co nsequence o f chan gin g tem pera tures
to a mphibia n p hysio logy ( Hue y and Ste v en son 1979 ;
Llewelyn et a l. 2016 ; se e Table 1 ). Thermal tolerances,
mea sured a s crit ica l t her mal limits, a re a n indication
of the maximum ( CT max ) and minimum tempera-
ture ( CT min ) an organism can surv ive w ithin and
can be a usefu l met ric to un derstan d distri bu tio nal
chan g es an d extin ction ris k ( Ang i l letta et a l. 2002 ;
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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Table 1 Climate-relevant thermal traits and their ecological relevance. 

Thermal 
trait Term Abbreviation 

Alternative terms or 
abbreviations used in 
literature 

Description of term and 
ecological relevance 

Example ref(s). showing 
how thermal trait can 
relate to species’ 
distribution forecasting 

Thermal 
tolerance 

Critical thermal 
maximum 

CT max Upper thermal limit 
( UTL ) 

Maximum temperature an 
individual can survive within. 
Can inform on distributional 
range when examined in 
correlation with 
environmental temperatures. 

Diamond et al. (2012) ; 
Kellermann et al. (2012) ; 
Sunday et al. (2019) 

Critical thermal 
minimum 

CT min Lower thermal limit 
( LTL ) 

Minimum temperature an 
individual can survive within. 
Can inform on distributional 
range when examined in 
correlation with 
environmental temperatures. 

Sunday et al. (2019) 

Warming 
tolerance 

WT The temperature range 
between CT max and current or 
predicted environmental 
temperature. Can inform on 
the amount of warming that 
can occur before lethal 
temperatur es ar e r eached. 

Deutsch et al. (2008) ; Gerick 
et al. (2014) 

Acclimation 
response ratio 

ARR The acclimation capacity of a 
thermal trait, predominantly 
calculated with thermal 
tolerances, and informs on the 
change in thermal tolerance 
detected with a change in 
acclimation temperature. 

Barria and Bacigalupe (2017) ; 
Enriquez-Urzelai et al. (2020) ; 
Ruthsatz et al. (2022) ; 
Cicchinoet al. (2023a) 

Thermal 
performance 

Thermal 
performance 
curve 

TPC Curve describing performance 
over a temperature gradient. 
Performance is ideally 
measured as a fitness trait, but 
often an indirect fitness trait is 
measured as a fitness proxy. 
Informs on how performance 
will change spatially and 
temporally with variable 
environmental temperatures. 

Clusella-Trullas et al. (2011) ; 
Ruiz-Aravena et al. (2014) 

Thermal 
optimum 

T opt T o The temperature at which a 
given trait reaches maximum 

perf ormance ( P max ). Inf orms 
on the environmental 
temperatur e wher e the trait 
measured or fitness is at its 
highest. 

Clusella-Trullas et al. (2011) 

Thermal safety 
margin 

TSM The temperature range 
between T opt and the current 
or predicted environmental 
temperature. Informs on the 
amount of warming that can 
happen until a decrease in 
performance or fitness is seen 
(small TSM’s means a slight 
increase in environmental 
temperature will decrease 
performance, large TSM’s 
mean the species has more 
buffer from warming). It should 

Deutsch et al. (2008) ; Huey et 
al. 2009 ; Gerick et al. (2014) ; 
Sunday et al. (2014) 
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be noted that some studies 
calculate this as T opt - T e . 
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Table 1 Continued 

Thermal 
trait Term Abbreviation 

Alternative terms or 
abbreviations used in 
literature 

Description of term and 
ecological relevance 

Example ref(s). showing 
how thermal trait can 
relate to species’ 
distribution forecasting 

Operative 
temperature 

T e Often used as a proxy to 
body temperature ( T B ) 

The temperature(s) that an 
individual experiences within 
their natural environment. Can 
inform on the actual 
temperature’s species will 
need in their environment 
when microhabitats are 
considered (and not solely 
based on average air 
temperature). 

Camacho et al. (2015) 

Optimal 
temperature 
range 

B 80 T br , P br , P 80 The range of temperatures 
where performance is above 
80% of the maximum 

performance. This range of 
optimal temperatures may be 
used in place of T opt . 

Thermal 
pr efer ence 

Temperature 
pr efer ence 

T pref T p The environmental 
temperature an individual will 
select to reside in. Informs on 
the thermoregulatory 
behavior of species in the wild. 

Ruiz-Aravena et al. (2014) 

Temperature 
selection 

T sel A term to describe the 
temperature range an 
individual will reside in that is 
non-pr efer ential but chosen 
due to experimental design 
(for example, an individual may 
choose to reside on one side 
of a thermal gradient to avoid 
extr eme temperatur es on the 
other side of the gradient, but 
this may not reflect a true 
pr efer ence). May inform on the 
thermoregulatory behavior of 
species in the wild when 
considering experimental 
methodology. 

Navas et al. (2021) ; 
Delgado-Suazo and Bur ro wes 
(2022) 

Temperature 
pr efer ence range 

T set T set(80) A range of environmental 
temperatures an individual will 
select to reside in. Informs on 
the thermoregulatory 
behavior of species in the wild. 

Climate-relevant thermal traits that researchers use to examine species’ thermal niches, common abbreviations found throughout the literature, 
descriptions of terms and their ecological relevance, and examples of studies showing how thermal traits can inform on species responses to climate 
change. 
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Kellermann et al. 2012 ; Khaliq et al. 2023 ). Ther-
mal per for man ce is m easure d by quant ifying a relevant
trait across tem pera tures and creating a thermal per-
f orma nce curve (TPC), and identifies at what tempera-
ture(s) fitness (o r indirect fitness) is o p t ima l ( T opt ) (see
S inc lair et al . 2016 for f urt her di scu ssion). Tem pera ture
pr efer ence ( T pref ) or tem pera ture sele ct ion ( T sel ; Navas
et al . 2021 ), whic h a l low e ctot her ms to control b o dy
tem pera ture b y mo vin g to suita ble microc limat es, is
often quant ifie d to examin e th erm o regulato ry behavio r
a nd ca n inf o rm o n h ow be hav ior w i l l a ffe ct vu lnerabi l-
ity to climate chan g e. Tem pera tur e pr efer ence ca n a id
or buffer natural s election becaus e i t mod ulates how
o ften individ ua ls are expose d to raw environmenta l
co ndi tio ns, and hence sele ct ive pres s ures ( Bogert 1949 ;
Muñoz an d Bodenstein er 2019 ). W hile b road trai t
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Fig. 1 Micro- and macrogeographical drivers of intraspecific thermal trait variation in amphibians. Intraspecific variation in thermal traits 
can be found at ( A ) small, microgeographical scales (within-population) and across ( B ) large, macrogeographical scales (between 
populations) and may be caused by multiple drivers. For example, differences in body size, life stage, and sex can all contribute to variation 
found within a single population. Phenotypic plasticity produced from acclimation, developmental plasticity, or maternal effects may be 
important contributors to both within and between population variation. Adaptation to local environmental conditions, including 
differ ences driv en by elevational and latitudinal clines, ar e important spatial driv ers when considering macrogeographical patterns—as ar e 
large-scale temporal dynamics, including seasonal effects, and disease, which may play an important role in intraspecific thermal trait 
variation. Credits: Frog and tree symbols: Tracey Saxby, Integration and Application Network (ian.umces.edu/media-library); White cattail: 
Jane Hawkey, Integration and Application Network (ian.umces.edu/media-library); Grasses: Dylan Taillie, Integration and Application 
Network (ian.umces.edu/media-library). 
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o mpariso ns are often conducte d betwe en spe cies (e.g.,
offmann et al. 2013 ; May et al. 2019 ; Bennet et al.
021 ; Pott ier et a l. 2022 ; D uBose et a l. 2024 ; Pott ier et
l. 2024 ; Rut hs atz et a l. 2024 ), ig nor ing var i ation w ithin
 species may result in inacc urate predic tio ns o f c limat e
han g e impacts. 
Int raspe cific variat io n is o ften di scu ssed in terms

f macroge og raphica l p att erns, suc h a s latitudin al or
levat iona l g radients t hat dr ive temperature variation
 o whic h lo cal p o p u lat ions are expose d ( Phi l lips et a l.
016 ). These lar g e-sca le sp at ia l and tempora l dynamics
e.g., s eas ona l variat ion) may cause b etween-p o p ulation
ifferen ces in th erma l t raits ( Fig. 1 ). Yet, t her mal condi-
ions found in and across microhab i ta ts a t a sma l ler, lo-
 al sc ale m ay al so drive intra specific t her mal tra it va ri-
tio n wi thin a po p u lat ion ( Fig. 1 ). Microge og raphica l
p at ia l and temporal t her m al effects h ave been s h own
o result in adaptive differences in t her mal per for-
ance within a single po p u lat ion ( B lanc kenhorn 1991 ;
awecki and Ebert 2004 ; Bl anqu art et al . 2013 ; Ric ht er-
o ix et al. 2015 ), bu t receive li t tle at tentio n co mp are d
o lar g e-sca le p atterns ( Phi l lips et a l. 2016 ). Here, we
im to hig hlig ht t he dr ivers of micro- and macrogeo-
 raphica l int raspe cific t her ma l t ra it va riation in am-
hibia ns. We exa mine the drivers of int raspe cific vari-
tion in t her mal t olerance , t her mal per for ma nce, a nd
em pera tur e pr efer en ce because th ese tra its ca n provide
 ey inf o rmatio n o n how tem pera tur e may r estrict an
 mphibia n’s current a nd pre dicte d dist ribut ion, inform-
ng on species vulnerab ili ty, evol u tio nary trajecto ries,
n d resilien ce un der future c limat e c han g e scenarios
e.g ., Sund ay et a l. 2011 , 2019 ; C launch et a l. 2023 ; a lso
ee Table 1 f or inf o rmatio n o n other c limat e-relevant
et rics). Se cond, we ma ke re commendat io ns fo r fu ture
ork in t his are a. U ltimat ely, our goal is to demonstrate
hy it is im portan t for r esear c her s t o holist ica l ly con-
ider int raspe cific variat ion t o det er mine t h e resilien ce
 f amphib ians to glob a l chan g e. 

ethods 
e surv ey ed t he literature by se arc hing Google Sc holar
it h t he f ollowing k e ywords: “int raspe cific variat ion”
 r “wi t hin-species var ia tion” AND “am phibian” AND
it her “t her mal biology,” “t her mal pr efer ence ,” “t em-
eratur e pr efer en ce,” “th erm al perform an ce,” or “th er-
al t olerance .” Fo r a mo re co mp re h en siv e re vie w of

 efer ences on ontogeny, please see Bodensteiner et al.
2020) that may co ntain addi tio nal li terature o n devel-
pmenta l plast icity. For macroge og raphica l driver s (i .e .,
oc al ad a pta tion, eleva tional clines, la tit udinal st udies,
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temporal dyna mics, a nd ra n g e-edg e dynamics), w e only
in cluded studies wh er e it was appar ent t hat t her mal
trai ts fro m mo re than o ne po p u lat io n o f a g iven spe cies
were examined. This me ans t hat some studies may have
focused on int er spe cific variat io n bu t in do ing so, had
included two po p ulatio ns o f a single-species, and thus,
the study was included here. Please note t hat t his was
n ot inten ded to be a co mp re h en siv e re vie w, but to high-
ligh t the im po rtance o f co n siderin g int raspe cific ther-
ma l t ra it va riation in a mphibia ns. 

Micro g eo graphic sources of intraspecific 

variation 

Int raspe cific variat io n wi thin a po p u lat io n o r across a
sma l l ge og raphica l are a is import ant when consider ing
t hat t his is t he scale relevant to gene flow and dispersal
in a mphibia ns. Al though a co mmo n as s um ption is tha t
high rates of gene flow in sma l l areas wi l l prevent loca l
ada pta t ion, fine-sca le p atter ns in t her mal environments
a re importa nt f or g eneratin g ph en ot ypic vari atio n fo r
sele ct ion to act u po n (see Rich ard son et al. 2014 for re-
view and di scu ssio n o n microge og raphica l ada pta tion).

Of th e re lative ly few studies that examine ther-
ma l t ra it va ria tion a t fine spa ti al sc ales, work h a s fo-
cused on intraspecific variation in crit ica l t her mal lim-
its and tem pera tur e pr efer ence in ad ul t herpeto fauna
(e .g., Muño z et al . 2014 ; Bestion et al . 2015 ; Gilbert
and Miles 2017 ; Go o dwin et a l. 2019 ; Herrando-Pére z
et a l. 2019 ; Rivera-Ordone z et a l. 2019 ; von May et a l.
2019 ; Percin o-Danie l et al. 2021 ; O hm er et al. 2023 )
(see Supp lementary Tab le S1 fo r studies o n amphib-
ian s). How ev er, p hysio log ica l differences between life
s ta g es and sex es, varyin g b o dy sizes, or due to ph en o-
t ypic pl asticit y c an drive ph en otypic differen ces that can
co ntribu t e t o resilience t o c han gin g co ndi tio ns. 

Onto g eny 

Thermal p hysio logy ca n va ry across lif e s ta ges and
sexes, an d th er e ar e often str on g pattern s associated
with b o dy size, alt hough t he mech ani sm s drivin g these
re lations hips are st i l l deb ate d ( Bodensteiner et a l. 2020 ;
Verberk et al . 2021 ; Gunder so n 2024 ). W hen co nsid-
erin g ontog eny, ectot her mic or ganism s may experience
“crit ica l windows” of heightene d li keli ho o d to pheno-
typic chan g e that can drive int raspe cific variat ion, in-
cl uding susceptib ili ty to t her mal s tres s during develop-
m ent ( Mue ller 2018 ). Thi s m ay be the result of aero-
bic dem and s a t differen t life s ta ges d ue to mo rp ho log-
ical and/or p hysio logical reo rganizatio n ( Pörtner 2002 ;
Leiva et al. 2019 ; Rut hs atz et al. 2024 ), and/or adapta-
tion to different t her mal environments indiv idu als are
exposed to (as in the transi tio n fro m aquatic tad pole to
ter restr ial juvenile , e .g., t her mal adapt ation hypot hesis;
Huey et al. 1999 ). F or exam ple, in Rut hs atz et al. (2022) ,
t he aut hors found tha t la te-s ta ge larvae had higher
t her mal tolerances t han e arly st age larvae ( CT max in-
cr eased 48%, fr o m ∼25 ̊C to ∼37 ̊C), bu t this de cline d
slightly as a mphibia ns reached metamorphic climax.
This ag re es wit h ot h er wor k th at h a s found th at individ-
uals near metamorphic clim ax h av e low er CT max than
pre ce ding larva l s ta ges ( A gudelo-Canter o and Navas
2019 ; for a re vie w s ee Bodensteiner et al. 2020 ), and
t his per iod is th e m ost en er g et ica l l y expensi ve in terms
of oxygen consumption ( Padi l la et al. 2024 ). Further-
mor e, sessile eggs ar e unable to t her moregulat e , a nd la r-
vae confined to more t her ma l ly homogene ous aquat ic
environments m ay h av e few er o p po rtuni ties to do so,
making them more vulnerable to chan gin g co ndi tio ns
( Tur r iago et al . 2015 ). Int er estingly, a r ecent meta-
an alysi s found th at CT max in amphibi ans signific antly
differs between pre- an d post-m etam orphic life s ta ges,
wi th p re-m etam orphic life s ta ges o ften exhib i ting a
higher CT max (e.g., Rut hs atz et al. 2024 ). Thi s m ay b e b e-
cause it is advantageous for egg and aquatic larvae s ta ges
to exhib i t higher t her mal tolerances becaus e the y expe-
rience limited mob ili ty and o ften have a sma l ler b o dy
size relative to ad ul ts ( Ru t hs atz et al. 2024 ). 

Se x diff erences 

There m ay al s o be s ex differences in t her ma l t raits, in
which males and fem ales h av e div er g ent t her mal op-
tima, pr efer en ces, an d/o r cri t ica l tem pera tures. Both
growth and development rates at different temperatures
( Lambert et al. 2018 ), as well as the c apacit y of larvae to
pl astic ally respond to chan gin g co ndi tio n s ( B rann e lly et
al. 2019 ), ca n va ry betw een the sex es. A recent meta-
an alysi s of sex differences in t her m al acclim ation ca-
paci ty o f ectot her ms found only m argin ally gre ater he at
and co ld to lerance p l asticit y in fem ales th an m ales,
which may be driven by sexual size dimo rphism, bu t the
overa l l p atter n was we a k ( Pott ier et a l. 2021 ). 
Ther e is gr ow ing ev idence that r epr oduct ive t raits

may covary with thermal p hysio logy due to the recip-
r ocal r e lations hip between t her mal ecology and mat-
ing system dynamics ( Leith et al. 2022 ). F or exam ple,
Rogers et al. (2007) found that male striped marsh frogs
( Limn odyn as t es pero ni i ) had gr eat er acc limat ion cap ac-
ity in metabolic enzymes in mu scles a ssoci ated w ith
ca l ling a nd a mplexu s th a n f em ales, which m ay be lin ke d
to r epr oductive s ucces s. Converse ly, oth er studies have
foun d n o sex differen ces in th erma l t ra its in a mphibia ns
( Davies et al. 2015 ; Bókony et al. 2024 ). If sex differences
in t her ma l t raits exi st, thi s m ay m ake on e sex m ore
vuln erable to h eat s tres s t han t he ot her, which could
impact r epr oductive s ucces s an d th e v i ab ili ty o f fu ture

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae132#supplementary-data
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Fig. 2 Studies that examine intraspecific thermal trait variation in amphibians for micro- and macrogeographical drivers. ( A ) The number 
of studies since the year 2000 that examine within-species variation in thermal tolerance, thermal performance, and temperature 
pr efer ence for each driver discussed here. If a study examined more than one driver and/or thermal trait, it was included as an occurrence 
in each. (B) Global map showing where studies on intraspecific thermal trait variation have been performed since the year 2000. The 
location r epr esents wher e the study species originates and was collected. The size of the pie chart corr elates to the number of studies 
conducted on individual species in each geographic area, with the number of studies for each thermal trait also shown. This is species-level 
data and includes studies multiple times if they examined a thermal trait on multiple species in that geographical area. Studies included in 
these figures are found in Supplementary Table S1 . 
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o p u lat io ns ( Lei th et al. 2022 ). In a re cent meta-ana lysis
n invert ebrat es, sexual dimorp hism in p h en ot ypic pl as-
ici ty o f t her ma l t rai ts was widesp read, bu t there was a
ack of clear systematic patterns (with the exception of
em ale-bia sed pla sticity in cold resista nce; Ha nga rtner
t al. 2022 ). Overall, there is a paucity of studies on sex
ifferences in t her mal p hysio logy in a mphibia ns (see
ott ier et a l. 2021 ; se e Fig. 2 A), and w e encourag e fu-
ure work in this area. 

ody size 

ody size is in trica tely lin ke d wit h t her mal p hysio logy
n wet-s kinn e d e ctot her ms such as a mphibia ns, which
ay be due to p hysio log ica l const raints governing the
e lations hip between surface a rea a nd b o dy m a ss and
o rrespo nding impacts o n bot h he a ting and wa ter loss
ates ( Tracy 1976 ), or life-history o p t imizat ion ( White
 nd Ma rsha l l 2023 ). Body size can be a strong driver
f intra- and int er specific differences in critical t her mal
imits and t her mal per for mance ( von May et al. 2019 ;
ut hs atz et a l. 2022 ; Vida l et a l. 2024 ). Thi s m ay be the
esul t o f inherent p hysio logical differences in oxygen
o nsumptio n and metabolism between lar g e and sma l l
r ganism s (i .e ., p hysio log ica l differences), or that la r g er
r ganism s warm or cool at a slower rate than sma l ler or-
a nisms, which ca n imp act measure d crit ica l tempera-
ures (i .e ., physical differen ces; Gun derson 2024 ). Typ-
ca l ly, within spe cies, lar g er in dividuals dem onstrate
ower t her mal tolerances, but exper iment al met hods
a n conf ound la r g e-sca le t rend s, with sm a l ler individ-
als often being more sen sitiv e to the duration of ther-
 al a ss ays t h at are u sed to mea sure tolerances ( Peralta-
a raver a n d Rezen de 2021 ). How ev er, in a mphibia ns,

he o p posite trend h a s al so been found , in whic h lar g er
ndiv idu als exhib i t higher t her mal limits, bot h wit hin
 Bar r ia and Bacigal u pe 2017 ) and across species ( von
ay et al. 2019 ). Furt her more, t her ma l ly sensit ive t raits

ike metabolic rate t ypic ally sc ale hypoallometric ally
ith b o dy size ( W hi te a nd Ma rsha l l 2023 ), and this
eta bolic scalin g can be difficult to disentangle from
 o dy size effects given t hat t he rate of p hysio log ica l pro-
ess es increas es with tem pera ture, which can im pact de-
e lopm ent an d growth rat e . 
Tem pera ture also directly a ffects b o dy size, an d th ere

s mounting evidence of or ganism s decreasin g in size
n response to climate warming ( Sheridan and Bickford
011 ; Verberk et al. 2021 ). In ectot her ms, t hi s m ay be
 resul t o f the tem pera ture-size rule (TSR), in which
r ganism s dev e lop quicker an d at sma l ler sizes under
arm er con dition s ( Atkin son 1994 ), but the p hysio log-
cal and evol u tio n ary mech ani sm s drivin g this rule are
t i l l deb ate d ( Verberk et al. 2021 ). In deed, th er e ar e ex-
mples of po p u lat ion-level re duct ions in average b o dy
ize in response to a warming c limat e in a mphibia ns
 Reading 2007 ; Caruso et al . 2014 ; Gunder son 2024 ),
ut this pattern m ay al so be p reci p i tatio n-dependent,
iven the importance of water for amphibian life his-
ory and p hysio logy ( Sheridan et al. 2022 ). W hen co n-
ider ing t hat m orph olog ica l t raits genera l ly have higher
er it abi lit ies (i .e ., the pot ent ia l for a t rait to be p asse d
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on between generations and hence, the greater response
to sele ct ion) th an beh avioral, p hysio logical, o r fitness
traits ( Fis h er 1930 ; Mousseau and Roff 1987 ), intraspe-
cific variation in b o dy size and its correlation to t her mal
tolerance h a s potent ia l to cont ribut e t o long-t erm pop-
u lat ion resi lience t o c limat e c han g e. 

W hile most wo rk h a s focu sed on t her mal limits, t here
a re compa rati vel y fewer studies that have invest igate d
how ontogeny, sex differences, a nd b o dy size impact
ot her t her ma l t rai ts. Fo r example, p revious wo rk has
found t hat t her mal pr efer ence incr e ases wit h devel-
opment al st age in mu lt ip le amp hibian sp ecies, p eak-
ing befo re o r n ear m etam orphic climax an d th en de-
clining rapidly ( Floyd 1984 ; Du p ré and Petranka 1985 ;
Wollmuth et al. 1987 ; Wollmuth and Cra wsha w 1988 ).
Simi lar resu lts were found in newts, with late-s ta ge lar-
vae sele ct ing higher tem pera tures t han e arly st age lar-
vae ( Sm olins k´y an d G v oždík 2009 ). In addit ion, b o dy
size can impact t her mal pr efer ence , in whic h lar g er
a mphibia ns select higher tem pera tures ( Ohmer et al.
2023 ; Kir sc h et al. 2021 ; Percin o-Danie l et al. 2021 ), or
t her mo regulate mo re p recisel y ( M it c hell and Bergmann
2015 ). Fina l ly, ther e ar e only a f ew studies that we a re
aware of that have invest igate d sex differences in ther-
mo regulato ry behavio r. In newts, g ravid fema les ther-
m oregulate m ore accurate ly, but this did not impact egg
size ( Toufarová and G v oždík 2016 ), whi le ma le midwife
toads c arry ing eggs prefer higher tem pera tures than
males not c arry in g eggs ( Lan g e et al. 2022 ). Overall,
ontogeny, sex differences, and b o dy size vari ation c an
a l l lead to widespread int raspe cific variat ion in thermal
p hysio log ica l t raits, which may imp act a po p u lat ion’s re-
sponses to chan gin g co ndi tio ns. 

Phenotypic plasticity 

Ph en ot ypic pl asticit y may enable species with complex
lif e cycles, lik e a mphibia n s, to surviv e under fluctuat-
ing environments ( Pottier et al. 2022 ; Rut hs atz et al.
2022 ). F or exam p le, p l asticit y in t her mal tolerance—
where an indiv idu al’s t her m al hi story can alter ther-
m al limits—h a s been s ugges ted as a s trat egy t o miti-
gate the effects of extreme hea t even ts ( Ruthsa tz et al.
2022 ; Rohr et al. 2018 ). Yet, it may be insufficient to
buffer orga nisms from the effects of c limat e c han g e on
its o wn ( G un derson an d St i l lman 2015 ; Morley et a l.
2019 ; Pottier et al. 2024 ). 

Wh eth er variation driven by pl asticit y is examined
across a micro- or macroge og raphica l sca le, we con-
tend that it is im portan t to consider th e tim escale of
t her m al hi story. A n indiv idu al may exhib i t a t her mal
ph en otype th at h a s the potent ia l to fluctuate over a
s h ort tim e fram e an d is reversi ble (i .e ., acc limation),
is a ffe cte d by th eir deve lopm ental environm ent an d
is genera l ly n on-reversi ble (i .e ., deve lopm enta l plast ic-
i ty), o r is determined by their pa rents a nd gra ndpa r-
ents and is a tran sg enerat iona l effe ct (i .e ., mat ernal ef-
fects). Wh eth er s h ort- an d/or long-ter m t her m al hi s-
to ry is co nsidere d wi l l deter mine t he pro cess b e hin d
pl asticit y an d, h en ce, th e potent ia l for the plastic trait
to adapt and co ntribu t e t o long-t erm spe cies resi lience
( Bodensteiner et al. 2020 ). Here, we di scu ss ph en o-
t ypic pl asticit y at fine sp at ia l sca les but want to em-
ph a size th at pla st icity (p art icu larly acclimat ion; se e the
tempora l dynamics se ct ion) can also drive intraspe-
cific variation more bro ad ly and these processes are
u lt imately occur r ing across a l l sp at ia l and tempora l
scales. 

Acclimation on the microgeographic scale 
Rever sible acc limatio n in respo nse t o t em pera ture
chan g es is co mmo n in ectot her mic or ganism s, in-
cl uding amphib ians ( Gunderso n and St i l lman 2015 ;
Se eb acher et a l. 2015 ). Acclimat ion ca n buffer orga n-
isms from tem pera ture variab ili ty o n a s h ort tim escale,
and greater pl asticit y in t her mal traits may be adaptive
under a chan gin g clim ate. Acclim atio n respo nses in am-
phibian s hav e been demon st rate d f or ma ny tra its, in-
cl uding cri t ica l therma l limits ( Fan et a l. 2021 ; Cari lo
Fi l ho et a l. 2022 ), t her mal pr efer ences ( Hadamová
and G v oždík 2011 ; but see Fan et al. 2021 for ex-
ample of no effect on t her mal pr efer en ce), an d th e
t her ma l sensit iv it y of water loss rates ( Riddell et al.
2018 ), loco moto r perfo rmance ( Padi l la et a l. 2019 ), and
m etabolism ( Gom es et al . 2004 ; Roger s et al . 2007 ;
Messerma n a nd Lea l 2020 ). In addit ion, plast icity in
t her ma l t ra its ca n va ry b oth b et ween and w ithin species
(for a re vie w and meta-an alysi s, see See bacher et al.
2015 ). Acc limation t o one s tres sor m ay al so impact
resista nce to a nother; a mphibia ns acc limat ed t o high
salinit y env ironm ents have s h own a de crease d CT max ,
indicating a possible trade-off between tolerance of
high tem pera tures a nd tolera nce of s tres sful environ-
men ts ( Ch uang et al. 2022 ). This bea rs significa nce
when as ses sing the impact of anthropogenic pollu-
ta nts, lik e road salts an d h eavy m etals, on amphi b-
ians as glob a l av erag e air tem pera tures con tin ue to
increase. 
On e m ea sure of pla sticity, the acclim atio n respo nse

ratio (ARR), h a s been u sed exten siv ely to compare ther-
m al pla sticit y bet ween species ( Gun derson an d Stillman
2015 ; Se eb acher et a l. 2015 ; Morley et a l. 2019 ), but
s h ou ld be considere d a usefu l m easure for un derstan d-
ing the level of int raspe cific variat ion in t her m al pla s-
t icity as wel l ( Bar r ia and Bacigal u pe 2017 ; Enriquez-
Urzelai et al. 2020 ; Rut hs atz et al. 2022 ). For example,
a study on the European co mmo n frog found that late-
s ta ge larvae exhib i t ed a higher acc lima tion ca pacity in
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T max t han e arly st age larvae (ARR of CT max increased
lmost two-fold, from 0.333 to 0.635; Rut hs atz et al.
022 ). 

evelopmental plasticity 
h e th ermal environm ent experien ced durin g dev elop-
en t can im pact t he t her ma l t rai ts o f amphib ians d ur-

ng subsequent life stages. In a mphibia ns, there is ev-
dence that pl asticit y in response to tem pera ture dur-
n g dev e lopm ent can lead to s hif ts in cr it ica l tempera-
ures ( Mueller et al. 2019 ; Pottier et al. 2022 ; Rut hs atz
t al. 2022 ; O hm er et al. 2023 ; but see Enriquez-Urzelai
t al. 2019 ), t her mal pr efer en ces ( O hm er et al. 2023 ),
n d th e th erma l-sensit iv it y of per for mance a t la ter life
 ta ges ( Dra ku li ́c et a l. 2016 ; O hm er et al. 2023 ). Deve l-
pmenta l plast icity in response to a chan gin g larval en-
 ironment c an result in better fitness in the resu lt ing
 etam o rphic enviro nment ( Bea ma n et al. 2016 ). Thus,
le vated le vel s of pla sticity m ay be adapt ive, p art icu-
arly if tha t environmen t chan g es rapid ly (e.g., a long an
levat iona l g radient), or may be mal ad aptive, depend-
ng on wh eth er ear ly life environments are pre dict ive of
 ater-life env ironments ( Bea ma n et al. 2016 ; Zha ng et
 l. 2023 ). In a re cent meta-ana lysis across ectot her ms,
h e eviden ce fo r stro ng effects o f th e deve lopm ental en-
iro nment o n cri t ica l tem pera t ures in subseq uent life
 ta ges was wea k ( Pott ier et al. 2022 ). However, we ne e d
ddi tio n al studies th a t investiga t e long-t erm impacts
beyon d th e recen tly ha t c h ed/m etam orph osed), as we ll
s addi tio nal t her ma l t rait met r ics (e.g., t her mal prefer-
nce; see Fig. 2 A). 

aternal effects 
aterna l effe cts refle ct a type of ph en otyp ic plastici ty
etermined by ancest or s—where the o ffsp ring’s ph en o-
ype is determined by the phenotype and environment
xperienced by the parent (o r grand parent; Falco ner
nd Mackay 1996 ). The effects of tran sg enerational
l asticit y on t her mal p hysio logy in amp hibian s hav e sel-
om be en examine d, an d th er e r emain lar g e gaps in this
 esear ch ar ea (Fig. 2 A). 
Wh at studies h ave found i s th at t he t her m al hi story

f parents can have a significant effect on offspring fit-
ess. F or exam ple, in th e fire-be l lie d to ad ( Bo mb ina
 rient a lis ), mo t hers t hat exper ience d g r eater envir on-
en tal tem pera ture variab ili ty red uced m atern al in-
estmen t tha t de crease d o ffsp ring fitn ess an d th ermal
er for mance o f sp rint spe e d ( Kapla n a nd Phi l lips 2006 ).
n rept i les, t he t her mal environment t h e m oth er expe-
 ienced dur ing preg nancy sig nificant ly shif t ed t emper-
tur e pr efer ences by ± 1 ◦C ( Pa ra njpe et al. 2013 ) a nd
e duce d ant i-pre d atory behav ior ( Lorioux et al. 2013 ).
ven th e pregnan cy s ta ge at which var ious t her mal
nvir onments ar e exper ienced (e.g., e arly or late em-
 ryo nic growth, etc.) can different ia l ly affe ct o ffsp ring
ehav ior—w it h offspr in g exhibitin g less exploratory be-
avior wh en th eir m oth er was exposed to cold condi-
io ns d ur ing e ar ly deve lopm en t com p are d t o lat e de-
e lopm ent ( Lorioux et al. 2013 ). Interestingly, t her mal
 atern a l effe cts may even influen ce th e resilien ce of
 ffsp ring to di sea se. In Daph n ia , r esear ch h a s s h own
 hat mot hers t hat exper ience war mer tem pera tur es pr o-
 uce o ffsp ring mo r e r esista nt to inf e ct ion and this
a s consi s tent acros s two po p u lat io ns ( Garbu tt et al.
2014 ). 
The litt le rese arch t h at h a s been co nd ucted in am-
hibia ns, a nd the co rrespo nding r esear ch in other ec-
ot her ms, points to evidence that materna l effe cts can
ave a significant influence on progeny t her mal pheno-
 ypes. Cruci a l ly, t ran sg enerat iona l plast icity can int ro-
 uce diversi ty in t her ma l t rai ts wi thin a po p u lat ion and
ffer a n a lternat ive in h eritan ce m ech ani sm for sele ct ion
o act u po n ( P f ennig a nd Ma rtin 2009 ). Thu s, thi s type
 f plastici ty may notab l y facilitate rapid adaptive evolu-
 ion be cau se m atern a l effe cts ca n be conf erre d betwe en
 eneration s ( Agrawal et al. 1999 ; P lais tow et al. 2006 ;
l len et a l. 2008 ). When thinkin g a bout resilience to
 limat e c han g e and other glob a l st ressors (li ke di sea se),
n derstan ding th e role of tran sg eneration al pla sticity in
etermining int raspe cific therma l t ra it va riation is fun-
a mental, a nd yet rema ins a la rge ly un explo red top ic in
 mphibia ns (Fig. 2 A). 

acro g eo graphic sources of intraspecific 

ariation 

it hin-species t her m al biology hi storica l ly re ceive d at-
en tion a t the macroge og raphica l sca le in inse ct and
ept i le spe cies a nd f ocused o n cri t ica l t her mal limits
se e C hown 2001 ; Hoffmann et a l. 2003 ; and Ang i l letta
009 for re vie ws). Yet, studies examining if lar g e-scale
p at ia l variat ion can lead to differences between am-
hibian po p u lat ion s hav e becom e m o re co mmo n (fo r
xample, se e Pott ier et a l. 2022 and D uBose et a l. 2024
or pu blis h e d datab ases o n amphib ian t her mal limits;
upp lementary Tab le S1 ). 

ocal adaptation 

 o c al ad a pta tion occurs if con tem porary sele ct ive pres-
ur es ar e str ong enough to overcom e th e rate of gene
ow and results in indiv idu als w ith higher fitness in
he loc al env ironment when comp are d to indiv idu als
rom other popu lat ions ( Rich ard son et al. 2014 ). Pre-
iminary work in amphibians h a s indicated that lo-
 al ad a pta tion in t her mal traits m ay exi st. For ex-
mp le, a stud y on tem pera tur e pr efer ence in wo o d
rog tadpo les ( Ran a sylv ati ca ) foun d eviden ce for

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae132#supplementary-data
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coun ter-gradien t varia tio n, where tad poles fro m cooler
environments (closed canopy p o ols) pr eferr ed warmer
tem pera tur es ( Fr eidenburg and Skelly 2004 ). Con-
versel y, a stud y o n two trop ical species found that tad-
p oles from p o p u lat ions that experien ced warm er en-
viro nments p referred hott er t em pera tures and exhib-
ited a higher CT max ( Sanabria et al. 2021 ). Land-use
chan g es may also drive int raspe cific t her ma l t ra it va ri-
ation in a mphibia ns (see No wako wski et al. 2018 for
wo rk o n how hab i ta t modifica t ion drives inter spe cific
variation in CT max in am phibians). F or exam ple, pop-
u lat ions in converted open-forest habitats exhibited a
high er th ermal toleran ce ( CT max th at wa s 1.8 ◦C higher;
Frishkoff et al. 2015 ), t her mal per for mance of jumping
spe e d ( T opt that was 2.3 ◦C high er; Fris h koff et a l. 2015 ),
and tem pera tur e pr efer ence ( T pref that was 2.0 ◦C higher;
Rivera-Ordonez et al. 2019 ) than those in closed forests.
Yet, thi s i s not always consi s tent acros s t her ma l t raits—
Rivera-Ordonez et al. (2019) also found that a shift in
t her mal pr efer ence did not indicate a cor related shif t in
t her mal t olerance . 

Im portan tly, while the studies di scu ssed h ere an d
in the se ct ions below use methods that s ugges t that
loc al ad a pta tion most likely occurred (for example,
Freidenburg a nd Sk elly 2004 col le cte d eggs from differ-
ent ponds a nd rea red in a co mmo n enviro nment to re-
move acclimation and developmental pl asticit y effects),
w e w ere not a ble to find s tudies on intras pecific t her mal
tra it va riation in a mphibia ns that clearly t est ed whether
differ ences wer e due to local ada pta tio n o r plastici ty. Al-
t hough we re alize t he difficul ty o f s uch s tudies for rel-
ati vel y long-li ve d organisms li k e a mphibia ns, f or local
ada pta tion to be confirmed across po p ulatio ns, reci p ro-
ca l t ra nspla nt studies (an experiment where indiv idu als
from two or mor e envir onments ar e swapped and fit-
ness is measured to as ses s relat ive fit ness of each pop-
u lat ion in their local versus foreign environment) or
co mmo n garden exper iments wit h mater na l effe cts re-
m oved (an experim ent wh ere amphi bian s w ould be col-
le cte d from the wild, r ear ed in a co mmo n enviro nment
for at least tw o g eneration s to remov e tran sg enerat iona l
effects, a n d th en th erma l t ra its a r e measur ed) must be
per for me d. Addit iona l ly, it wou ld be an oversight to
not hig hlig h t tha t r esear c her s shou ld a lso consider the
growing field of bioinform atics a s a tool to detect ge-
nomic chan g es lin ke d to loc al env ironm ents ( Mee k et al.
2023 ). How ev er, g en omic differen ces det ect ed between
po p u lat ions may be due to non-adaptive or neut ra l evo-
l u tio n, and we urge that genet ic te chniques s h ould be
co mb ined wi t h exper iment a l appro ac hes t o conc lude
if loc al ad a pta tion h a s occurred . Hence , we cont end
that reci p roca l t ra nspla nt o r co mmo n garden studies in-
vest igat ing int raspe cific t her mal adapt ation in amphib-
ians s h ould be a r esear ch p rio ri ty. This r esear ch would
h e lp to disentangle th e re la tive con tribu tio ns o f evol u-
tion ary ch an g e and pl asticit y on t her ma l t ra it va riation,
u lt imately en hancing our understanding of the mech-
ani sms th a t can con tribut e t o resilience under glob a l
chan g e. 

Elevational and latitudinal clines 
Macroge og raphica l variat io n in enviro nmen tal tem per-
ature can be caused by c limat e patt er ns t h at ch an g e
wi th elevatio n o r lati tudinal gradients. Much of the cur-
rent work at this scale tends to focus on investigat-
ing if t ropica l or tem pera te species exhib i t gre ater t her-
mal b read th (i .e ., the t em pera ture ran g e they can sur-
v ive w i thin). This li terature o ften r efer ences Janzen’s hy-
p othesis, which p osits tha t tem pera te species tha t expe-
r ience gre ater se a son a l fluctuat ions s h ould have broader
t her mal tolerances than t ropica l spe cies that are ex-
posed to less environment al var iab ili ty ( Janzen 1967 ).
Al though ini t ia l ly propose d to expla in differences in
t her mal bre adt h between species, Janzen’s hypothesis
h a s be en extende d to examine int raspe cific variat ion
a long elevat iona l clines in t ropica l a mphibia ns that ex-
hib i t b ro ad dist ribut iona l ran g es (i .e ., P inta n e l et al.
2019 ; Bovo et al. 2023 ). Im portan tly, t ropica l spe cies
may exhib i t similar, if not more, int raspe cific t her mal
tra it va r iation t han tem pera te sp ecies b eca use spa tial
co mplexi ty in trop ica l e cosystems may be more mu lt i-
facet ed than t em poral varia tio n o f tem pera te clima tes
( Janzen 1967 ; Llewelyn et al. 2016 ). 
Elevat iona l cline studies in a mphibia n s hav e lar g ely

focuse d on int raspe cific variat ion in t her mal tolerances
an d th ermal b read th, ca lcu late d as the ran g e betw een
CT max an d CT min (e.g., De lgado-Suazo an d Burrowes
2022 ; Bovo et al . 2023 ; Cicc hino et al . 2023a ; Cicc hino
et al. 2023b ; re vie wed in Carilo Filho et al. 2022 ). Gen-
era l t r ends ar e co nsistent wi t h Brett’s he at-invar iant hy-
pothesis ( Brett 1956 ), which posits that CT max s h ould be
mo re co n serv ed than CT min ov er e levation an d across
t her mal environments (e.g., P inta n e l et al. 2019 ; Bovo
et al. 2023 ). F or exam ple, r esear ch on five t ropica l
frog species in Brazil and five tropical frog species in
Ecuador found that CT max was mo re co n serv ed than
CT min a long an elevat iona l g radien t ( Pin tan e l et al. 2019 ;
Bovo et a l. 2023 ; Páe z-Vacas and Fun k 2024 ). Yet, evi-
dence also exists for the o p posit e patt ern (where CT max
is more variable across elevat iona l c lines; e .g., Percino-
D aniel et al. 2021 ; D elgado-Suazo and Bur rowes 2022 ).
Research on two differ ent tr opical fr ogs found that
CT min was more con serv ed ( Percin o-Danie l et al. 2021 ;
De lgado-Suazo an d Burrowes 2022 ), as did a study on
tad poles o f two tem pera te frog species ( Cicchino et al.
2023b ). Potent ia l ly be ca use varia tion in t her mal tol-
erances seems to b e context-dep en dent an d species-
specific (as do plastic chan g es on CT max at different
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le vations; s ee Cicchino et al. 2023a ), most of the re-
earch on int raspe cific variat ion in therma l b read th is
ot able to co ncl ude if environmenta l p atterns associ-
 ted with eleva tio n directio nally al ter t her mal bre adt h.
he studies that are available on vari ation w ithin species
 rovide impo rt ant dat a when examining the mu lt itude
 f hypotheses o n t her mal tolera nce va riab ili ty across el-
vation (i .e ., Ja nzen’s hypothesis a nd the c limat e vari-
b ili ty hypoth esis, Brett’s h e at-invar iant hypot hesis, t he
old-variab ili ty hypothesis; see P inta n e l et al. 2019 and
ovo et al. 2023 for descriptions and context). 
Recen t litera ture h a s al so explored if elevational

han g es can drive int raspe cific variat ion in tempera-
ur e pr efer en ce an d th erm al perform ance ( Enriquez-
rzelai et al . 2018 ; Troc het et al . 2018 ; Percino-
 aniel et al. 2021 ; D elgado-Suazo and Bur rowes 2022 ).
oun ter-gradien t varia tion in tem pera tur e pr efer ences
wh en in div idu als from cooler env iro nments p refer
armer tem pera tures com p are d to indiv idu a ls orig i-
ating from warmer environments) was found in trop-
cal frogs ( Percin o-Danie l et al. 2021 ; De lgado-Suazo
nd Burrowes 2022 ), and in o ne o f the few studies
n int raspe cific t her ma l t ra it va riation in a sala ma n-
er species ( Trochet et a l. 2018 ). Overa l l t rends s ugges t
h at m aximum t her mal per for m ance (such a s jumping
istance o r loco moto r perfo rm ance) m ay s h ow a s light
ncre ase wit h elevation ( Navas 1996 ; Enr iquez-Urzelai
t al. 2018 ; De lgado-Suazo an d Burro wes 2022 ). Ho w-
ver, the o p t ima l tem pera ture ( T opt ) for t her mal per for-
a nce appea r s t o be co mmo nly co n serv e d a long ele-
at iona l g radients (e.g., loco moto r perfo rm ance; Nava s
996 ; Enriquez-Urzelai et al. 2018 ; and jumping perfor-
an ce; De lgado-Suazo an d Burrowes 2022 ). 
Lat itudina l studies on int raspe cific t her ma l t ra it va ri-

tion are less common in a mphibia ns (Fig. 2 A), but also
 ugges t s pecies-s pecific res ul ts. Opposi t e patt ern s w ere
 ound f or CT max in tem pera te ( Kim et al. 2022 ) and
 ropica l frog species (Sanabria et al. 2014; Bar r ia and
acigal u pe 2017 ). Thermal p r efer ence, CT min , and T opt 
ave been s h own to in crease in po p u lat ions locate d at
armer lat itudes ( T opt : Wi lson 2001, T pref and CT min :
ar r ia and Bacigal u pe 2017 ), and while there is some
vidence that t ropica l spe cies demonst rate low er lev els
f t her ma l t rait plast icity than tem pera te species ( Feder
978 ; Feder 1982 ; G h alambor et al. 2006 ), there is also
viden ce in dicating a lack of variation in t her mal trait
l asticit y across l at itudina l c lines (e .g., Gunder son and
t i l lman 2015 ; Rique lm e et al . 2016 ; S imon et al . 2015 ;
orley et al. 2019 ). 

emporal dynamics 
isentan glin g tempora l p attern s across lar g e-scale ele-
at iona l and lat itudina l clines is difficult and remains
e lative ly un explored in th ermal b iology ( Giaco metti
t al. 2024 ). Thi s i s p art icu larly t rue when examining
 eas o nali ty as a driver of int raspe cific variat ion in am-
hib ians. Seaso nali ty may be more intense at higher el-
vations and latitudes, and this may drive variation in
 limat e-releva nt tra its across this s cale. High ele vations
nd lat itudes resu lt in s h orter s eas ona l act iv it y w indows
i .e ., the annual tim efram e a species is active for r epr o-
 uctio n and growt h; D ahl et al. 2012 ; M iko lajewski et
 l. 2015 ; Giacomett i et al. 2024 ). Indiv idu al s m ay op-
imize p hysio logy an d be hav ior w it hin t heir se a son al
ctiv it y w in dow to in crease f oraging a nd r epr oduction,
otent ia l ly resu lt ing in high er-ris k be hav iors w ith fit-
ess trade-o ffs ( Giaco metti et al. 2024 ). Such ph en o-
og ica l shifts are co mmo n ly documente d in a mphibia ns
 Todd et al. 2011 ), and chan g es hav e exhib i te d a st rength
wo to four times greater than responses in other taxo-
o mic grou ps ( Par mes a n 2006 ; Pa r mes a n 2007 ; Urba n
t al. 2014 ). Thi s sea son ality m ay ex ert stron g plastic
esponses and sele ct ive pres s ures on po p u lat ions, re-
u lt ing in ada pta tion in t her mal per for ma nce a nd tem-
eratur e pr efer en ce ( Enriquez-Urze lai et al. 2018 ). Ad-
i tio nall y, in amp hibians t hat exper ience mu lt iple sea-
ons across their lives, t her ma l t ra its may va ry a nnua l ly
hen con siderin g pl asticit y effects a n d may contri bute

 o long-t erm r esilience differ ent ia l ly depending on sea-
 onal s elective pres s ures. Inves t igat ing this wi l l be cru-
ia l for en hancing our co mp rehensio n o f how amphib-
 ans w i l l respond to clim ate ch an g e ( G iacomett i et a l.
024 ), an d th ese t emporal c han g es ne e d to be consid-
red when pre dict ing spe cies resi lience. 

ange-edge dynamics 
ndiv idu al s th a t reside a t the e dge of a spe cies ran g e—
r when thinking at a microge og raphica l sca le, at the
dge of a po p ula tion—may experience differen t envi-
o nmental co ndi tio ns and co nstra ints tha n those f ound
t the center of a species ran g e. Alth ough in dividual
tn ess is gen erally th ought to be lower at ran g e edg es
 K awecki 2008 ), enviro nmental co ndi tio ns that drive
ar iation in t her mal traits at mar gin s can be just as
dvantageo us, if no t m ore ( Granado-Ye la et al. 2013 ;
a l l ad ares et al. 2014 ). Th us, in traspecific varia tion
or med in per ipheral po p ul ations c an co ntribu t e t o re-
ilience to climate chan g e, p art icu larly if co ndi tio ns in-
rea se pla sticity in t her ma l t rai ts o r co ntribu t e t o direc-
 iona l sele ct ion in t her ma l t raits th at i s fav ora ble under
uctuating co ndi tio n s and risin g tem pera tures ( Rehm
t al. 2015 ). F or exam p le, perip heral po p u lat ions lo-
a ted a t lower eleva t ions may experience g reater envi-
onm ental h eterogen eity an d warm er con ditions than
hose at higher elevation s, g eneratin g higher within-
pecies t her mal tolerances (as found in some a mphibia n
o p u lat ions: Percin o-Danie l et al. 2021 ; De lgado-Suazo
nd Burrowes 2022 ; Cicchino et al. 2023b ). 
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Inde e d, marg ina l po p u lat ions can play an im portan t
role in species per sist en ce un der c limat e c han g e by har-
bor ing advant ageous ph en ot ypic pl asticit y ( Chev in and
La nde 2011 ) a nd t her ma l a l leles, and may indicate at
what ran g e-edg e (trailin g v ersus leadin g edg e) future
dist ribut iona l chan g es and/or ada pta tion may occur
( Va l l ad a res et al. 2014 ). Differen ces in th ermal prefer-
en ces between in dividua ls at t rai lin g and leadin g edg es
can also be an indicato r o f dispersal responses to glob a l
chan g e. F or exam p le, a stud y in rept i les found that in-
div idu al s th at pr eferr ed co oler temp eratures disp ersed
f urt her in warming c limat es than those that pr eferr ed
warmer tem pera tures (most likely t o “c h a se” their o p ti-
ma l environment; Best ion et a l. 2015 ). Hence, r ecor d-
ing t her ma l t ra it va ria tion a t ran g e edg es (and at pe-
ripheral po p ula tions) in am phibia ns a n d in co rpo rating
these in to spa tial distribu tio n an d m ech ani stic niche
m ode ls ca n inf o rm o n how po p u lat ions may t rack fu-
ture c limat e c han g e. 

Considering other abiotic and biotic 

drivers 
It would be unrea son able to ignore the influence that
ab iotic facto rs other than tem pera ture can have on
driving int raspe cific t her ma l t ra it va riation in amphib-
ia ns. For exa mple, as wet-s kinn ed orga nisms, va riation
in water avai labi lity a nd cha n g es to relativ e humid-
ity acros s s p at ia l and temporal scales wi l l influence lo-
cal ph en otyp es ( Greenb erg and Palen 2021 ; Delgado-
Suazo and Burrowes 2022 ). Addi tio nally, recent stud-
ies have found that anthropogenic impacts can be detri-
mental to int raspe cific variat ion ( St oc kwel l et a l. 2003 ;
Mira ldo et a l. 2016 ). F or exam ple, hab i ta t degrada tion
a nd la ndscape conne ct iv it y c an influence available mi-
crohab i tats and affect gene flow that may alter t her mal
t raits ( Nowa kowski et a l. 2018 ). Art ificia l sele ct ion and
human-induce d reg iona l ext inct ions can cause declines
in g enetic div ersit y ( Des R oc hes et al . 2018 ). Humans
also tend to chan g e environments in ways that make
th em m o re unifo rm, which may lead to strong direc-
t iona l sele ct ion that depletes ph en otypic an d gen etic
variation. 

Biotic fact or s will most certainl y p lay a ro le in shap-
ing the thermal biology of po p u lat ions. Po p u lat ion dy-
namics, co mmuni ty co mposi tio n that a ffe ct spe cies in-
teractions a nd f o o d avai labi lity, invasive spe cies, and
fact or s like di sea se can a l l potent ia l l y dri ve variation in
t her ma l t raits. Notab l y, int roduct ion of invasive species
m ay deplete intra specific varia tion sim p l y by a ffe ct ing
po p u lat ion dynamics and potent ia l ly re ducin g a bun-
da nce. Importa ntly, becau se di sea se i s a significant
t hre a t to am phib ians ( Lued tke et al. 2023 ), we di scu ss
its im plica tions on in t raspe cific t her ma l t ra it va riation
below. 

Disease 

In addi tio n to g eneratin g po p u lat ion-spe cific p atterns,
s pecies-s pecific t her m al biology m ay m oderate th e sus-
cept ibi lity of or ganism s to other glob a l chan g e s tres sors,
li ke p athogenic infe ct io ns ( Deu tsc h et al . 2008 ; Ke ar ney
et al. 2009 ; Rohr and Raffel 2010 ; Huey et al. 2012 ; Navas
et al. 2013 ; Sunday et al. 2014 ; No wako wski et al. 2018 ).
In a mphibia ns, t he f unga l p a thogen Batr a ch ochytri u m
dend ro batid is (Bd) h a s cau se d hundre ds of po p u lat ion
declin es an d extin ction s w orldwide ( Skerratt et al. 2007 ;
Sch ee le et al. 2019 ), an d as both h ost an d path ogen are
ectot her mic, tem pera ture is a key factor driving sus-
cept ibi lity to di sea se ( Wo o dhams et al. 2008 ; Sauer et
al. 2020 ; Cohen et al. 2017 ). While Bd grows o p timally
between 15 and 25 ̊C ( Piotrowski et al. 2004 ), there
i s increa sing evidence th at Bd can mor e r eadily over-
com e h ost defenses at co oler temp eratur es. Ther e ar e
patterns of a mphibia n s declinin g an d path ogen preva-
len ce in cre asing at t h e cold en d of s pecies dis t ribut ions,
at high er e levations, an d at closed canopy sites ( Muths
et a l. 2008 ; Be cker et a l. 2012 ; Sonn et a l. 2019 ; for a
re vie w s e e Haver et a l. 2022 ), a nd ma ny documented
cases of sea son a l infe ct ion preva lence, with infe ct ions
pe aking dur ing win ter/cooler mon t hs ( Kr iger and Hero
2007 ; Phi l lot et a l. 2013 ; Wi lber et a l. 2022 ). In addi tio n,
rea list ic heat pulses ( G reen span et al. 2017b ), access to
war m ref ug ia ( Wadd le et a l. 2024 ), and re duce d canopy
cover ( Roznik et al. 2015 ) can in crease amphi bian sur-
v ival w i th Bd, bu t thi s m ay only be the ca se in warm-
adapte d spe cies. 
Ju st a s pressing, and wh at h a s re ceive d lit tle at ten-

tion thus far, is un derstan ding th e impact of di sea se
on int raspe cific variat ion in c limat e-re levant th ermal
t raits. Re cent work h a s found that infe ct ion can chan g e
t her mo regulato ry behavio r ( Sherman 2008 ; Bar r ile et
a l. 2021 ) and rest r ict t her mal tolera nces in a mphibia ns
( G reen span et al . 2017a ; S iddons and Searle 2021 )—
potent ia l ly increasing risk of dis eas ed po p ulations to
c limat e c han g e by reducing the host’s ab ili ty to with-
st and t her ma l st ress. Furt her mo re, amphib ians that pre-
f er wa rmer tem pera tures harbor lower Bd infe ct ion
lo ads, which can re duce t heir r isk of chytr idiomyco-
sis ( Sauer et al . 2018 ). These c han g es may also result
in different evol u tio nary t raj e cto ries o f po p u lat ions im-
p acte d by di sea se if environmental pres s ures drive se-
le ct io n o n di sea se-determin ed ph en ot ypic al chan g es to
t her ma l t raits. 
In som e amphi bian spe cies, conservat ion efforts

are underway to pro tect bo th naive po p u lat ions and
t hose t h at are persi sting with Bd infe ct ions. These
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o p u lat ions may also r epr esent the gr eat est c hance of
esilience to climate chan g e if they harbor increased
 her mal tolerances and greater int raspe cific t her mal
ra it va riation, a nd pa rticula rly if captive breeding pro-
 rams reint roduce genet ica l l y di verse indi v idu als w ith
hardy” t her mal g enotypes. Ev en wit h t h ese en deavors,
t is crit ica l that we better un derstan d po p u lat ion-level
ffects of di sea se on t her mal b iology and, co nversely,
ow int raspe cific variat ion in t her ma l t raits may imp act
i sea se resilience. We encourage r esear c her s t o consider
 he import ance o f el ucida ting how differen t genotypes
n d/or path og en strain s interact wit h var io us po p ula-
io ns o f a given species. Until we can f urt her clar ify how
i sea se and t her mal biology interact with po p u lat ion-
pe cific t ra its, we ca nnot fu l ly co mp re h en d th e extent of
ow di sea se and clim ate ch an g e wi l l interact and affect
pe cies resi lience in a chang ing world. 

xpanding intraspecific thermal trait 
tudies to assess resilience 

mphibia ns a r e consider ed one of th e m ost threat-
ned vert ebrat e g roups ( Lue dtke et a l. 2023 ) and un-
erst anding t he fact or s underlying int raspe cific t her mal
ra it va riation in a mphibia ns a n d th eir role in enhan c-
ng spe cies resi lience t o c limat e c han g e is pa ra mount
or the conservation of these vulnerable taxa. By better
n derstan ding th e drivers be hin d va riation a nd collec-
i vel y including them in pre dict ion s, w e can more accu-
atel y p la n a n d implem ent co nservatio n measures. Fo r
xa mple, exa mining loc al ad aptat ion across elevat iona l
nd lat itudina l clines can help to i solate region al tar-
ets of sele ct ion that can h e lp r esear c her s identify the
otent ia l of a species to establish in new environments
 C ampb el l-Staton et a l. 2018 ), as wel l as the potent ia l for
vol u tio n in the trait of interest. 
A usef ul met hod to as ses s a mphibia n perf orma nce

ver space and time under different c limat e scen arios i s
ech ani stic nich e m ode ling ( Ke ar n ey an d Porter 2009 ;
riscoe et a l. 2022 ; Riddel l et al. 2023 ). We contend
 hat rese arc her s should use these models to include in-
 raspe cific t her ma l t ra it va r iation (since t hey are pa-
ameterized using p hysio logical traits) across micro-
nd macroge og raphica l sca les to as ses s resilience un-
er glob a l chan g e. F or exam ple, inco rpo rating acclima-
io n respo nses int o mec h ani stic nich e m ode ls results in
ore o p t imist ic pre dict ions of a mphibia n perf orma nce
nder c limat e c han g e ( Riddel l et a l . 2018 ; S inervo et al .
024 ). We hig hlig ht the fol lowing spe cific area s a s topics
o r fu ture wo rk to co ntribu t e t o this go a l: 

� Future invest igat ions s h ould examin e th e potent ia l
im plica tio ns o f sex o n amphib ian t her mal p hysio l-
ogy and how it a ffects s ex-bias e d morta lity and pop-
u lat io n viab ili ty. 
� Researc her s int erest ed in deve lopm ental plas-
ticity s h ould p rio ri t ize invest igat ing the long-
term impacts (beyon d th e recently hat c hed/
m etam orph osed life s ta ge) of different develop-
m ental environm ents on t her ma l t rait expression. 

� Fu ture wo r k s h ou ld focus on ident ifying how t rans-
generat iona l plast icity a ffects progeny t her mal phe-
notypes. 

� W hen co n siderin g ev ol u tio nary potent ia l and res-
cue as a means of resilience in a mphibia ns, in-
vest igat ions into t her ma l t rai t heri tab ili ty need
to be co nd ucted. Impo rt ant ly, rese arc her s should
also consider how fluctu ating env ir onments acr oss
micro- and macroge og raphica l sca les chan g e her-
i tab ili ty o f t her ma l t raits be cause her it abilit y c an
be influenced by non-genetic environmental fact or s
th at m a ke comp arisons across po p u lat ions, envi-
ronm ents, an d th erma l t raits inva lid ( Hou le 1992 ). 

� Reci p roca l t ra nspla nt or common garden stud-
ies invest igat ing loca l ada pta tion in t her ma l t raits
s h ould be a r esear ch p rio ri t y and c an h e lp t o c lar-
ify the respe ct i ve ro les of evo l u tio n ary ch an g e and
pl asticit y on int raspe cific t her ma l t ra it va riation. 

� Whi le plast icity and evolut ionary potent ia l have
been increasingly inco rpo ra ted in to niche models
( Va l l ad ares et a l. 2014 ; D u pu tié et al. 2015 ; Riddell
et a l. 2018 ; Riddel l et a l . 2023 ; S inervo et al . 2024 ),
there is a ne e d t o bett er under sta nd a nd include the
effects of s eas onality a nd ra n g e-edg e dynamics on
wit hin-species t her mal tra it va riatio n in p redictive
m ode ls. 

� Researc her s should consider the importance of the
interact ion betwe en a po p u lat ion and a p art icu lar
genotype or strain of pathogen to fu l ly co mp re h en d
how di sea se m ay im pact in t raspe cific t her ma l t rait
va riation a n d, su bsequently, in clude th e variab ili ty
of these effects into resilience p redictio ns. 

� Lastly, we re cog nize th at it i s of ten unfe asible or
impract ica l to measure a l l sources of int raspe-
cific t her ma l t ra it va riation f or one spe cies. Whi le
striving to gather such data remains a p rio ri ty,
in cases where it is unattaina ble, w e con tend tha t
r esear c her s should con sider usin g data impu tatio n
t o estimat e t her ma l t raits b ase d on kn own re lation-
shi ps (fo r example, se e Pott ier et a l. 2024 ) rather
than o mi tt ing mu lt ivariate sources of int raspe cific
t her ma l t ra it va riation. 

onclusion 

nvironmen tal tem pera t ures fluct ua te both spa tially
nd tempora l ly, and discerning p atterns within a species
midst these chan g es is crucial for pre dict ing dist ribu-
 iona l chan g es and ev ol u tio nary capab ili ties o f o rgan-
sm s respondin g t o c han gin g c limat es ( Wi l liams et a l.
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2008 ; Viol le et a l . 2012 ; Ric ht er-Boix et al . 2015 ). In-
de e d, int raspe cific t her ma l t ra it va r iation may be t he
key to determining a spe cies’ cap aci ty fo r resilience to
c limat e c han g e ( Llew elyn et al . 2016 ). Here , we aim t o
hig hlig ht the small- and lar g e-scale driv ers of intraspe-
cific t her ma l t ra it va riation in a mphibia n s. In doin g so,
our go a l is t o under score th e significan ce of th oroughly
rea lizing sp at ia l and tempora l variat ions in the thermal
b iology o f a species, and to emph a size t he import ance
of in tegra tin g these in sigh ts in t o mec h ani stic niche or
s pecies dis tribu tio n m ode ls for a m o re co mp re h en siv e
un derstan ding of species resilience to global chan g e. 
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