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Abstract

Critical thermal limitsare thought to be correlated with the elevational distribution of species
living in tropicalmontane regiondut with upper limits being relatively invariant compared to
lower limits, To test this hypothesis, we examined the variation of thermal phgsialdraits in

a group oterrestrial breeding frogs (Craugastoriddisyributed along a tropical elevational
gradient. Wermeasured thatical thermal maximum (Cfax n = 22 specigsand critical

thermal minimum (CTin; n = 14 specigof frogscapturedbetweerthe Amazon floodplaif250
m asl)andthe high Andes (3800 asl) After inferring a multilocus species tree, we conducted
a phylogenetically informed test of whether body size, body mass, and elevation canhtobute
the observed variation @Tnax andCT,in along the gradient. We also tested whe@i&.x and
CTnmin exhibit different rates of change given that critical thermal limits (and their plasticity) may
have evolveddifferently in response to different temperature constraints alaygdient.
Variation ofseritical thermal traits was significantly correlatéth species’ elevational midpoint,
their maximum and minimum elevatigres well as the maximum air temperatanelthe
maximum_operative temperatusse measured across this gradi&ath thermal limits showed
substantial variation, b@ T, exhibitedrelatively faster rates of change th@T max, as

observed in.other tax&lonetheless, our findings call for caution in assuming inflexibility of
upper thermallimits, and underscore the value of collecting additomairical data on species’

thermalphysiologyacross elevational gradients
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I ntroduction

In a rapidly changing world, many species are faced with shrinking habitat and novétclima

conditions.As.a result, there has been widespread interest in understanding species responses to

pastand present climatic variation in order to predict how best to conserve speftiese
climatic*conditionge.g., Sinervo et al. 201Moritz & Agudo 2013). While much attention has
been givento'modeling and predictigigvationakrange shifts in montane organisms, especially
in the context of climatehange, most predictions abdwtiure geographicanges are based on
correlativesmedels that ignospecies’ evolutionarfiistory andecophysiology(Colwell et al.
2008,Laurance eal. 2011,VanDerWal et al. 2002 Tropical montane regions are of special
concern because they are centers of biodiversity and endemism (Graham et aM@0a#gin
uplift, climatic fluctuations, and the emergence of new ecological conditions hane be
hypothesized to promote the diversification of organisms at high elevations (M@&it2800,
Hoorn et al=2010). As a resupecies livingat high elevation often exhibit narrowly
overlapping es, parapatric) distributionsanyof which are asume tohave greater tolerance
to cold (Janzen 1967, Navas 2005, Ghalambor et al. 2006). Howevericahtzta orcritical
thermal limitsof most tropical montane taxamainunknown. Furthermoreropical lowland
taxa, especially ectotherneme thought tdive near theithermaloptmum, so increased
temperatures due to changing climates would lead to decreased(f@o&sgsll et al. 2008, Huey
et al. 2009Sundayet al. 2014 As with species living at higher elevatiommpirical data on

speciestcritical'thermal limitsare not available for most tropical lowland taxa.

Several hypotheses have been proposed to expRjmotential causes diversity patterns along
elevational gradientfTerborgh 1970, MacArthur 1972, Hofer et al. 1999, Lomolino 2001,
McCain& Grytnes 2010, McCain & Colwell 2011, Graham et al. 2014, Peters et al. Z0i6).

of thesenypetheseproposes that climatic conditions along the gradient restrict species’
distributions:(von Humboldt 1849anzerl967).Air temperature is the main environmental
factor that predictably decreases with increasing elevation as a result of adiabatic cooling (on
average 5.26.5 °C decrease per 1000 m elevation; Colwell et al. 2008). Critical thermal

maximum CTmax) andcritical thermalminimum CTnin) are two measures thiaave beemsed
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88 toinfer speciestritical thermal limits Numerous studies have shown that ectotherms exhibit a
89 general trend of decreasing critical thermal limits with elevdtitgatwole et al. 1965, Christian
90 etal. 1988, Gaston & Chown 1999, Navas 2003, Catenazzi et al. 2014). Mpreisvéely
91 that critical thermal limitghangeat different rates in response to different temperature
92  constraints.alonglevationalgradiens (McCain& Grytnes 2010 Specifically,CTmax is thought
93 to be relativelydnflexible across elevati@mg., Hoffman et al. 2013, Mufioz et al. 2014, 2016),
94  with anarrowupper limit and low plasticity (Sunday et al. 2011; Gunderson & Stillman 2015).
95
96 Althoughmany researchers haggaminedhe relationship betweanritical thermal limits and
97 theelevatignaldistributin of speciediving in montane gradient®nly a fewhave combined
98  empirical(CTnha andCTy,n) data andaccoungédfor the efect of phylogenetic relatedness
99 among species)(Mufioz et al. 2014, 2016, Sheldon et al. 2015). Phylogenetic comparative
100 methods are particularly useful fibris purpose because they allow researchezgamine
101 evolutionary transitions in physiological traits awtount for statistical nemdependence of
102  interspecifiesdata whestudying life history evolutiomamong closely related specigtarvey &
103  Pagel 199%, Garland et al. 19%&vel 2008).
104
105 Weinvestigate the role of physiological divergence among closely related spéistebuted
106  along an elevational gradieoft > 3500 min southern PertAlthough 80% of Peruvian Andean
107  frogs (ca. 250 species) occur within relatively narrow elevati@amagles (Aguilar et al. 2010),
108 little is known"about the relationship between their critical thermal limits and their elevational
109  distributionsMe focused on 22 species of terrestrial-breeding frogs, Craugastoridae, the most
110 diverse amphibian family in thEropical AndegHedges et al. 2008, Duellman & Lehr 2009,
111 Padial et al. 2014)hese directleveloping froggFigure 1)are ideal model organisms in which
112 to test hypotheses about divergence across environmental gradients because they have low
113 vagility (resulting in local genetic struce)r small body size (a trait that makes them amenable
114  for physiolegi€al experiments), and limited geographic and elevational rangesstsuggéong
115  potential forlecal adaptation
116
117 Our goal was to examine hd®@T max andCT i Vary in relation to the elevational distribution of
118  species and to testhether life history traits such as body sar&l body mass, and elevational
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119  range midpoinexplain differences ICTmax andCTmin among specieRltogether, ve used four
120  metrics relating to elevation (elevational minimum, maximum, midpoint, argejand two

121  metricsrelating to temperature (maximum air temperaturé maximum operative temperafure
122 as proxy for thermal environmenWe reconstructed a phylogettydetermne the golutionary
123 relatedness.among specesl to evaluate thelationdip between critical thermal limits and

124  elevation using phylogenetic comparative methods. We tested for phylogenetic sighékin al
125 history traits'to'infer the role @fiche conservatism, which is wheglated species resemble each
126  other more than expected under a Brownian motion model of trait evolution (LosQs\2@08
127  also tested wheth@T .« andCT iy are correlated with one another, and determined wifich
128  history traits ean explain the observed variatio@ . andCTn. Furthermore, given that

129  recent studiessfocusing on thermal niche evolution of terrestrial ectotherms showed that tolerance
130 to coldchangesimorthan tolerance to heat (Sunday et al. 2@k&(jo et al. 2013Hoffman et

131 al. 2013, Mufoz et al. 2014)e evaluated wheth&T,.x andCTn,y exhibited different rates of
132 thermal physiological change.

133

134  Material and Methods

135

136  Study arearWe worked in Manu National Park and its surrounding habitat in southern Peru.
137  Key study siteslong the elevational transestludedin this study aré\cjanaco (13°11'56S,

138  71°37'03"W, 3700 m elev.Yvaygecha Biological Station (13°10'29" S, 71°35'14" W, 2900 m
139  elev.),SandPerh Cock of the Rock Biological Station (13°03'16" S, 71°32'45" W, 1400 m elev.),
140  Villa CarmensBiological Station (12°53'4&’ 71°24'14" W, 530 m elevand Los Amigos

141  Biological Station (12°34'07S, 70°05'57" W, 250 m elevA general overvievof the stuly

142  sitesandlocal climatewas provided by Catenazzi et al. (2011) and von May et al. (2009), and
143  Catenazziet.al., (2013) provided an inventory of the herpetofauna in this region.

144

145  Field surveysand critical thermal limits. All species surveyed in this study are distributed
146  within the watershed of the Madre de Dios river almhg a single montane gradienat®

147  collected for this studwere obtained froomultiple surveys conducted along thkevational

148  gradient from Lo#AAmigos Biological Station at 250 m (von May et al. 2009, 2010; von May &
149  Donnelly 2009) to Tres Cruces at 3800 m (Catenazzi & Rodriguez 2001; Catenaz20&ia
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2013, 2014). WeneasuredCTmax andCT i in 22 and 14peciesrespectively, expanding the
taxonomicdiversity,number of individuals sampled per species, and elevational coverage of a
previous study (Catenazzi et al. 2014nimals were captured in the field and transported to a

field laboratory, where they were kept in individual containgth waterad libitum All

individuals were housed at 16—21 °C for 2-3 days prior to measurements. Thus, our measures
relate to thermal limits under field conditions, ardlikely influenced by both plasticity and
adaptation:"We used ndethal experimentto evaluate critical thermal maxim@Tmax) and

minima CTmin)- CTmax andCTmin were measured as the point where frogs lost thggiting

response, defined as the moment when a frog cannot right itself from being placedipdate

a period longerthab sec(Navas 1997, Navas 2003, Catenazzi et al. 2014)pMted each

individual n"a plastic cup with thin layer of water €5 mm)and immesed the cups in a water

bath. ForCTax the bath temperature was progressively increased from 18°C to up to ~35°C at a
rate of ~1°C/minute by adding warm wateéor CT i, the temperature was progressively
decreased.from 18°C to ~0°C by adding ice to the water bath (Christian et al.\¥888)ced

animals tosapventaup position; whenever animals were unable to right themselves for 5 sec, we
used a quickeading thermometer to measure temperature against the body of the frog immersed
in the thinsdlayer of water. Given the small size of these frogs, we assumed that this temperature is
equivalent-to the core temperature of frogs (Navas et al. 2007). The righting respeleaig

for considering selection on thermal physiologgcause a frog that is unable to displasir
automatiarighting reflex will likely be unable to escape predatd&e measure@Tmaxin 768
individuals«(22:species) ar@il i in 196 individuals (14 of the 22 species). Even though there

are fewerdataspoints foCT i, our sampling covedthe entire gradient for bottritical thermal

traits.

L abor atory.methods. We collected DNA sequenadata fortwo mitochondrial and two nuclear
genes in order.to determine the phylogenetic relationships afocalgpeciesThe
mitochondrial'genes were a fragment of the 16S rRNA gene amuateincoding gene
cytochromes¢,oxidase subunit | (COIl). The nuclear protein-coding genes were the
recombination-activating protein 1 (RAG1) and Tyrosinase precursor (Tyr) ckatra
amplification, and sequencing of DNA followed protocols previously used for tertestria
breeding frogs (Lehr et al. 2005, Hedg¢sl. 2008). Primers used are listed in T&lend we
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181  employed the following thermocycling conditions to amplify DNA from each gene using the
182  polymerase chain reaction (PCR). For 16S, we used: 1 cycle of 96°C/3 min; 35 cycles of
183  95°C/30 s, 55°C/45 s, 72°C/1.5 min; 1 cycle 72°C/7 mor.RAG, we usedt cycle of 96°C/2
184  min; 40 cycles of 94°C/30 s, 52°C/30 s, 72°C/1.5 min; 1 cycle 72°C/7 min. For Tyr, we used: 1
185  cycle of 94°€/5 min; 40 cycles of 94°C/30 s, 54°C/30 s, 72°C/1 min; 1 cycle 72°C/Yain.

186  performed the.cycle sequencing reactions using BigDye Terminator 3.1 (Applied Bmosyst
187  and ran‘the purified reaction products on an ABI 3730 Sequence Analyzer (Applied Biokystems
188  Newly obtained sequences generated in this study were deposited in GEndarks?2).

189

190  Phylogenetic analysis. We used Geneious R6, version 6.1.8 (Biomatters 2013;

191  http://www.geneious.com/) to align the sequences using the built-in multigieraint program.
192  For 16S, we visualized the alignment, trimmed the ends, and removed the highly variable non-
193  coding loop regions (to avoid alignment artifacts). Prior to conducting phylogeneticisnalys
194  used PartitionFinder, version 1.1.1 (Lanfear 2012) to select the appropriate modelsatdricl
195 evolution Wewsed thdBayesian infomation criterion (BIC) to determine the best partitioning
196  scheme andubstitution model for each gene. The best fitting substitution model for 16S was
197 GTR+I+Gulhe best partitioning scheme 1601 andboth nuclear geneascluded specific sets
198  accordingsto codon positions. For COI, thest partitioning scheme included three sets of sites
199  (substitution models in parentheses): the firsistt 1° codon position (K80+G), theecond set
200  with 2" codon position (HKY), anche third set with the"3codon position (TrN+G)For RAG,
201 thebest partitioning scheme included two sets of sites: the firstigel™ and 2¢ codon

202 positions together (HKY+1) and the second set with only fhed®bn position (K80+G).

203 Likewise, or Tyr, thebest partitioning scheme included two sets of sites: the firstite1® and
204 2" codon positions together (K80+1) and the second set with only%aed®n position

205 (K80+G). We.inferred nuclear haplotypes from genotype dataguRBHASE versior?.1

206 (Stephens.et.al. 2001; Stephens & Scheet 2005) and processed the input and owttit files
207 SEQPHASE((Flo2010).

208

209  We used a multispecies coalescapproach implemented iBBEASTv1.6.2 (Drummond &

210 Rambaut 2007p infer aBayesiammultilocustimetree of the 22ocal taxa. The primary goal of
211 the analysis was to obtaam ultrametric treéo be used fophylogenetic comparative analyses
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(see below)Our analyses only depend on the relative branch lengths of the tree, but we preferred
toillustrateour tree inrough units of time. Thereforeje used a uncorrelatedelaxed molecular

clock with the rate of nucleotide substitutifor 16Swas set at 1% per million yeatdowever,

we note that the dates associated with the tree should only be viewed as veryregiprard

that there can,be multiple sources of error when calibrating phylogenies (Arbbgh002).
Theanalysis it BEAST included twoindependent runs, each with 100 million generations and
sample“every"10000 generations. Following the completion of the analysis, we used Tracer v1.5
(Rambaut"&Drummond 2007) examine effective sample size®rify convergence of the

runs, andto ensure the runs had reasci&tibnarity Observed effective sample sizes were

sufficient fermaest parameters (ESS >200) exdeptsubstitution ratefor a few partitionsWe
discarded the first 10% of samplesm each run as burin: Subsequently, we used

LogCombiner v1.6.2 to merge all remaining trees from both runs and used TreeAnnotator v1.6.2
(Drummond & Rambaut 20079 summarize trees and obtain a Maximum Clade Credibility tree
(available'at the Dryad Digital Repositodoi:10.5061/dryad.84bpA)Ve visualized the MCC

tree and thessociated nodsupport values FigTree (http://tredio.ed.ac.uk/software/figtree/).

Phylogenetic signal. For a given quantitative trait, phylogenetic signal is present when related
species tend to resemble one anofRiarvey & Pagel 1991Blomberg et al. 2003)/Ve tested

for phylogenetic signal by calculatinige K (Blomberg et al. 2003) andstatistics (Pagel 1999)

in the R package ‘phytools’ (Revell 2012). Both methods are commonly used to account for non-
independencewof interspecific data resulting from shared ancAshtp 2004 Revell 2008,

Corl et al. 2020)For K, values smaller than 1 indicate that related species are less similar than
expected uner a Brownian motion model of trait evolution whilst values greater than 1 indicate
that related species resemble each other more than expected under a Browaramuous| of

trait evolution Blomberg et al. 2003 The value of A typically ranges between 0, indicating no
phylogenetic signal, and 1, indicating strong phylogenetic signal (i.e., islatad species
resemble each other more than expected under a Brownian motion model of ev(iaiimh)et

al. 1999) For€TI nax andCTmin, phylogenetic signal tests were done hmihsidering and not
considering intraspecific measurement error in ei@iBgax or CThin Values. Given that
considering measurement error did not affect the results, only results from tests with no

measurement error are included in the Results section.
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Rates of thermal physiological change. Prior to comparing the rates of physiological cleang

for CTmax andCTnmin, We searched for a model of evolution that best explains the variation in the
observed data. We used the fitContinuous function in GEIGER (Harmon et al. 2€08)ree
models of evelution: Brownian Motion (BM), Ornstein-Uhlenbeck (OU), and Early Burst (EB
The Brownian.motion model assumes a constant rate of change, such that the differences
between species will (on average) be proportional to the time sieicalivergence. The
OrnsteinrUhlenbeck model assumes a stationary distribution, such that the differeneesrbet
species will not'necessarily relate to their time since divergence. Finally, the Early Burst model
assumes an exponential decline in ratesuph time. This means that specigth recent
divergencestimewill be very similar, while species with deeper divergences will be relatively
independent ofione anothéfter determining the best fitting model of evolution for each trait,
we used th&® package APE (Paradis et al. 2004) and code developed by Adams (2013) to
estimate the rates @hange.

Correlatesof €T max and CT min. We explored the relationship betwesitical thermal traits
andotherilife historycharacteristics (body size abhddy massas well agour metrics relating to
elevation=minimum, maximum, midpoint, and rangecollected from22 species of
craugastorid frogdVe also considered maximum air temperaturgy &hidmaximumoperative
temperatures (JJ, both of which were previously estimated for agne montangradient
(Catenazzietal. 2014). The dlata were inferred by regressing daily average temperatures vs.
elevation fream*four weather statiooperated by Peru’s national weather ser¢8€eNAMHI =
ServicioNacionalde Meteorologia e Hidrologia ddPerd) from 520 to 3485 niThe T, data were
inferred from field measurementaken with 21 iButtons (Maxim Integrated Products,
Sunnyvale;.California, U.S.Aplacedin forestmicrohabitats used by frogsfate sites between
1525 and3500.m For two species that are primarily distited in the Andean grassland
(BryophrynetcophiteandPsychrophrynella usurpatprT. data were inferred from
measuremds:taken with 12 iButtonsl@ced in this microhabitdtom 2800 to 3450 m
Furthermoreasin Catenazzi et al. (2014)e calculated operative warming tolerances (OWTS)
by subtracting the average maximumfiom CTax. We also considered the thermal range,

defined as the difference betwe@M,.x andCTin. We examined a correlograaisplaying the
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274  relationships between pairs of variables (Figure Stletermine which predictor variables were
275  highly correlated with eacbther. We used the R package ‘phyloim’ (Ho & Anné 21 4o fit

276  phylogenetic generalized linear regression models. This package implemegtsgenetic

277  regression under various models for thedhesi error including Brownian Motion (BM) and

278  OrnsteinUhlenbeck (OUthesemodelswere implemented with a constant selection stireng
279  and variance rate®). We used the AIC value to identify the model thastexplains the

280 variation of‘observedata(Ho & Anné 2014b).

281

282  Results

283

284  Phylogeneticr elatedness and elevational distribution. We recovered a welupported

285  phylogenetic tre€Figure2 and Figure S2; node support values shown in Figuréh&8vas

286  generally congruent with previotrees(Padial et al. 2014). Seventeen out of 21 nodes had
287  Bayesian posterior probabilities greater than OBR§ure S2. We mapped elevational data on to
288 the speciefreeabtained with *BEASTto visually assess the patterns of elevational distribution
289 and phylogenetic relatedness (Figuye 2

290

291  We observed that closely related, congensgpicies exhibit generally parapatric distributions
292  with respect to elevation; an exception to this pattern was seen in some spBcigtinedntis

293 (e.g.,P. platydactylusndP. salaputiumthat exhibit broader elevational overlap (FigRyeA

294  congruentangimilarly well-supported phylogeny was obtained with a concatenated partitioned
295 dataset analyzedith MrBayes Ronquist & Huelsenbeck 2008ee Supplementary Information
296 and Figure S3).

297

298  Critical thermal traits. We observed substantiifferences irCTmax values(from 24.8 T to

299  34.8 C) among both closely- and distantiglated species (FiguB Table S3). In five cases,
300 close relatives had newverlappingCTmax Values and non-overlappimevational distributions.
301  The highes€T,ax was found irDreobates cruralisanexclusively lowlandspeciesand the

302 lowestCTmax Was found irBryophryne hanssauera species distributéd highland forests just
303 below the treelineCTni, also variedsubstantiallyacross the gradieffrom 1.6 T to15.2 °G

304 Table S3. In three caseslose relatves exhibited non-overlappinGTmin Values(Figure S4).
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334

Phylogenetic signal. No phylogenetic signal was detected @¥rmax, in tests bottconsidering

and not considerinoptraspecific measurement eriarCTnax Values(Table 1 only results from
tests with no measurement error are showhis resultinfersthat, forCTmax, closely related
speciesare less similar thaexpected from a Brownian motion model of evolution along the tree.
Likewise no phylogenetic signavas detectetbr CTr,in, based on a test using the reduced
dataset’(4'species)In contrast, a strong phylogenetic sigwals detectetbr both SVL and

body mass,"and a moderate phylogenetic signal for minimum elevation, maxieuaticgl,
elevational midpoint, and elevational range (Table 1). The only discrepancy obsdweebe
thetwo phylogenetic signal statistics was observed for maximum elevatimnignificant)

and elevational rang (narginally non-significant).

Rates of thermal physiological change. Results of fitting testfor the three modelsf trait

evolution showed th&M was the best model ftwoth CTmax andCTin (Table S4). The method

used for estimating the rates of evolution (Adams 2013) assumes a constant rate of change (BM),
and we performed this test assuming BM for both teaits using the reducethtaset (14

species)We found thaCTmax exhibitsa slower rateof change tha T, (6° = 0.686and 6°=

1.353 respectivelylikelihood ratio test, LRT = 4.44RICc =128.319, P = 0.035).

Correlatesof CT max and CT nmin. Phylogenetic linear regression models indicatedCT max
andCTmin, weresignificantly correlated withall proxies of thermal environmeaiminimum
elevation maximumelevation elevational midpoint, maximum air temperature, and maximum
operative temperatu(@able 2, Table B In all cases, increasing elevation led to decreasing
CTmax and,CTmin (Figure 4Table 2 Table 3). Body size, body mass, and elevational range did
not explain.the.variation i€ Tnax andCT i (Table 2, Table 3Models withtwo or more
variablesdid.not providea better fit compared tanivariate modelsgi.e., AIC values of models
with two orsmore variables were greater than AIC values of univariate mdadle S9.
Further,CTmax@ndCTnin were significantly correlated with one another (A#353.46, Log
likelihood = -23.73, P = 0.0008educed dataset ofi Epecies
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335 OQurdata also showed that operative warming toler&@®&T) increased with elevatio\(C =

336 86.90, Log likelihood =-40.45, P < 0.001; Figure 5). Theretheedistance betwedlil ,,.x and

337  maximum operative temperatufgs) of high-elevation species is greater that that of species

338 distributed at lower elevationg/e also observed@nsequent increase in thermal range (

339  CTmax— CTmin) at higher elevations, although this relationship was marginally non-significant
340 (AIC =59.87, kog. likelihood = -26.94, P < 0.08Figure 5).

341

342 Discussion

343

344  Ourfindings suggest that thermal physioldgyelevanin determining wherspeciedive, and

345  providefurtherevidencehatlocal adjustment to the thermal environment, whether by plasticity
346  or adaptation, IS an important process in tropical mountains (Cadena et al. 2012}, Oterall

347  thermal limitsdecrease with elevationas well asvith decreasingir (T,) and operative (d)

348 temperaturg, a pattern exhibited by other terrestrial ectotherms living along montanenggadie
349 (Christiangetal: 1988, Gaston & Chown 1999, Navas 2003, Muiioz et al. 2014).

350

351  Importantlys.the high variability observed in b&f max andCTin among closely related species
352  (Figures3-andS4) supportgheideathat thermal traits in ectotherman adjusthrough

353  evolutionary time.n contrast tastudies focusing othermal physiologycrosdistantly related

354 taxa (i.e.different families)andor larger geographic scal¢s.g.,Kellermam et al. 2012a,b,

355  Araugjo et al2013, Sunday et al. 2014k investigated species within a sindgenily distributed
356 along asteepelevational gradieniWe believethis approacttan be used to refine predaris and
357 to test further hypotheses regarding physiological divergence among montarespecaally if

358  suchstudies incorporate knowledge of phylogenegiatednesamong species. Synthesizing this
359 information.is.essential for understanding historical patterns and processes determining species’
360 elevational.distributionand for predicting species’ responseslimate changéMoritz &

361  Agudo 2013).

362

363  Our tests of phylogenetic signal focusing@hnax indicatedthat closely related species are less
364  similar than expected under a Brownian motion model of evolution, supporting the idea that eve

365 upperthermal limitscan change rapidly ithis diverse amphibian clad€his finding, along with
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366 those from Neotropical plethodontid salamanders (Kozak & Wiens 2007), suthgestEhe

367 divergence iriolerance to heahay be common among montane amphibians (e.g., Navas 1997,
368  Navas2003). Ourtestsof phylogenetic signal focusing @i, based ora reducediataset (4

369 speciesplsosuggestdthatclosely related specig@end todiffer in theirtolerance to coldThe

370 reduced dataset f@T i, spans the full elevational range, Imaid few speciedistributed at high
371  elevation €g.,.0nly one species &ryophryneand only ond’>sychrophrynelly so an expanded
372 datasets required to examine thpmatternmore thoroughly. Given th&Tax andCT i are

373  significantly"correlated with one another, and #math of these traits is significantly correlated
374  with elevational midpoint, maximum elevation, and minimum elevation, we predictrthat a
375 expandeddataset fQTmi, will supportthe hypothesighattolerance to coldhas changethpidly
376  in this clade’Given that the Andes have experienced multiple uplidints since the Miocene

377  (Hoorn et al. 2010Xhe emergence ablder environmentalong the montane gradient might

378 have promote rapid divergence in species’ thermal physiological traitese observations for
379 amphibians contrast with experimental studieBrfsophilg were there appears to be strong
380 phylogenetiereonstraint on both cold and heat tolerance (Kellermann et al. 2012a,b).

381

382  Nevertheless, observing strong correlations doesauessarilymply thateither thdower or

383  upper bound of the elevational range of montane dp&giess constrained byheir critical

384 thermallimits (Navas 1997, Catenazzi 2011). In addition to species’ thermal physitdogys
385 such asavailability of breeding sites, competition, predation, and other biotic int@maahay

386 play an impertant role in restricting speciekevational distribution (Hutchinson 1957, Terborgh
387 & Weske 1975Wake& Lynch 1976).Likewise, dher climatic factors such as rainfall, relative
388  humidity, and availability of microrefugia in the dry season @agplay arole in determining
389 theupper and lower elevational range linitssome specie@Vake& Lynch 1976,McCain&

390 Grytnes 2010, Grahast al.2014).

391

392 Our findingthatCT i, hasfasterrates ofchange thalCTrax is consistent with results from

393  phylogenetiec comparisors sets of related lizards distributed across elevational gradients in the
394 tropics (e.g., Mufioz et al. 2014, 2018gvertheless, differences $pecies distributions and in
395 species’ thermoregulation strategies between frogs and lizagtisreflectcontrasting patrais

396  of physiological evolutionwWhilst lizards tend to occur in warm places where they can actively
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thermoregulate, frogs occur in greater numbers in cold environments and most species a
considered to be thermoconformers (Navas 2003)—uwith the notable exceptions of some high-
elevationfrog species that thermoregulaipportunistically (Navas 1997). For example, the
mountaintop at our study site- 3500 m elevation) is inhabited by eight frog species of three
families but.enly one lizard speciesherefore, the selective pressures on thermal limits are
likely to differ largely between frogsnd lizards.

Severaktudiesfocusing orterrestrialectothermsave suggested thaliasticity maynot play an
importantirolan’shaping intesspecific variaion in critical thermal limitsFor examplea recent
metaanalysisby, Gunderson & Stillman (2015) found thetrestrialectotherms exhibit low
acclimation‘potential (i.e., low plasticitjgr heat resistancéiowever, this hypothesis requires
further testing and the group of tropical frogs studied repeesert asuitable study system to
examinethe contribution oplasticity vs. genetic effectfuture studies should examine variation
in the acclimation potential of montane and high-elevation tropical frogs, coraplig

previous studies that found no such capacity, or very low acclimation potential, in frogs
(Brattstrom®1968, Christian et al. 1988, Gunderson & Stillman 2015).

Our findings do not support a broad assumption of niche conservatissearctaimed at
examiningspecies’ responses émvironmental chang®lany researchefsave usedpecies
distributionmodeling approaches to predidhether species will experience range shifts or
extinction inthe face of climate warming (Chen et al. 2011, Laurance et al. 2011, VanDerWal et
al. 2012)./The assumption underlying manyhafse studies is that climatic niches/e not
changed along the history of species, within and amonglosely related speci€gviens et al.
2010. However, our results call for caution in assuminftexibility of thermal limits, especially
CTmax in montane anurans, and underscore the value of collectdigonalempirical dataon
species’ thermal physiology (Perez et al. 2016). It is worth noting that whilesaulisrsuggest
that thermaklimits may change rapidly on the time scale of the formation of new species, it is
still an open question about whether thermal physiology will be able to keep padetwi¢h
global climate change that may be more rapid than in the recent past (Gurg&tdbman

2015). Our data on operative warmingetance(Figure 5) support the idea thabpical lowland
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species might be more sensitivarioreased temperatursnhigh-elevation species, because
they live at ambient conditions that are closer to their critical thermal l{@aisvell et al. 2008,
Huey et al. 2009, Sunday et al. 2014). In tiropical amphibiansving at high elevation might
be more buffered frorimcreased temperatw@s theirCT .« values are farther away from the
maximum temperatures that they regularly experience in the(@gitbnazzi et al. 2014Ylore
studies onpopulations/species that have recently diverged along montane geadieeieded to

help estimate'maximal rates d@fangeof thermal limits
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Figurelegends

Figure 1. (A) FemaleBryophryne cophiteattendinga clutch of directdeveloping embryoat

high elevation (above 3200 m a.s.These frogs tolerate nefieezing temperatures (which they
experience. during the dry season) as well as moderately high temperaturésiiepimay
experience=during sunny days). @)ophryne hanssaueindividuals have bright orange
coloration ventrally, including the throat. These frogs live under mosses andtégan lthe
high-elevation cloud forestetweer3195 and 3436, just below the treelindike other
Bryophrynespecies, females attenlditiches ofdirectdeveloping embryos until they hatch into
tiny froglets. Photographs by A. Catenazzi.

Figure 2. Elevational divergence in terrestrial breeding frogs along a tropical montiergr
Species trees(obtained with *BEAST) depicting the relationship among the 28sspetuded
in this study (top) and their elevational distribution along the study transen®oT he

elevational midpoint is denoted by a black bar. Species arecmdied according to genus.

Figure 3. Divergence irCTmax in terregrial breeding frogs along a tropical montane gradient.

Species treer(obtained with *BEAST) depicting the relationship among the 28spetuded

in this studys(top) and box plots depicting theiFmax values (bottom). The box plots show the

median (black bar), interquartile range (box), and 1.5 times thequoggtiie range (bars); circles

represent outliers. Species are caloded according to genus.
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Figure 4. Correlation betweef T andelevational midpoint (left) and betwe@T i, and
elevational midpoint (right). Species are catoded according to genus (see Figures 2 and 3).

The slopes of the regression lines reflect the phylogenetic corrections in each model.

Figure 5. Correlationbetweeroperative warming toleran@ndelevational midpoinfleft) and
correlationibetween thermal rangeGFmax— CTmin) and elevational midpoint (rightppecies

are colorcoded according to genus and the regressiondefkest the phylogenetic correction.

Tables

Table 1. Results from the tests for phylogenetic signal based on two stafistiad,A. Log
likelihood values included correspond to the A estimates. Phylogenetic signal tests were done
with thefull dataset (22 specief)r all traits except for Cfin. Phylogenetic signal testgere

conductedor CTnn and repeated faZ Tmax With the reduced dataset4(&pecies).

Trait K P-value A P-value g, InL
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Analyses with full dataset

(22 species)

CTmax 0.3955 0.1572 0.0626 0.8202 -49.22
SVL 0.9548 0.0010 1.0352 0.0003 -64.71
Mass 0.7589 0.0030 1.0560 0.0031 -24.61
Minimum elevation 0.7011 0.0020 0.7291 0.0055 -179.52
Maximum elevation 0.5233 0.0140 0.3854 0.1559 -181.17
Elevational midpoint 0.6115 0.0060 0.5903 0.0307 -180.03
Elevationalrange 0.4944 0.0280 0.4999 0.0635 -160.54

Analyses with reduced datasel

(14 species)

CTmin 0.7019 0.0631 1.1339 0.0681 -3568
CTmax 0.5279 0.2302 0.0001 1.000 -30.25
858
859
860
861
862

863 Table 2. Results fronphylogenetic generalized linear regression moftel€T yax, fitted
864  assuming the Brownian Motion (BM) model of evolution. Model fitting was done with the full
865 dataset (22 species). Similar results were obtained with the Ortisnbeck (OU)model

866  (results notsshewn)l ; = maximum air temperaturd . = maximum gerative temperature

Model Evol. model  Coefficient P-value AlC InL
CTmax ~ min_elev BM -0.0023 <0.001 90.02 -42.01
CTmax ~ max_elev BM -0.0020 <0.001 93.24 -43.62
CTmax ~ €lev_midpoint BM -0.0022 <0.001 90.21 -42.10
CTmax ~ €lev_range BM -0.0002 0.881 110.27 -52.13
CTmax~ Ta BM 0.3542 <0.001 89.09 -41.55
CTrmax ¥ Te BM 0.4782 <0.001 69.28 -31.64
CTmax ~ svl BM -0.1844 0.136 107.78 -50.89
CTmax ~ mass BM -1.191 0.115 107.49 -50.75

867

868
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869

870

871

872

873

874

875

876

877

878  Table 3. Results fronphylogenetic generalized linegggression modekor CT,,, fitted

879  assuming the Brownian Motion (BM) model of evolution. Model fitting was done with the
880 reduced dataset4kpecies)Similar results were obtained with the Ornstgimenbeck (OU)
881 model (results not shown),F maximumair temperaturel e = maximum operative

882 temperature

Model Evol. model  Coefficient P-value AlC InL

CTmin ~ min_elev BM -0.0031 <0.001 58.99 -26.50
CTmin ~max_elev BM -0.0026 <0.001 56.39 -25.20
CTmin ~ elevamidpoint BM -0.0029 <0.001 56.14 -25.07
CTmin ~ €lev_range BM 0.0041 0.081 75.17 -34.59
CTmin ~ Ta BM 0.4728 <0.001 51.74 -22.87
CTmin~ Te BM 0.5998 <0.001 58.26 -26.13
CTmin ~ sV BM -0.2730 0.138 76.19 -35.10
CTmin ~ Mass BM -1.2024 0.358 77.83 -35.92

883

This article is protected by copyright. All rights reserved






: ece3_2929_f2.pdf |

= R mn

o H =
8 _|
~
E ™ I I
N —]
c
S 4 H
T 9
S O |
Lo w
m i
o
S - H
Lo =
5 X T o R LEC 2 L2 & © © .2 2 2 < & 2 Q 9
<@ NS P AP NN > S 9 S W .
TP F P T F T S FELFS S 8
RN O &) O O . < .
T I L N &S S ¥ @ O X p
@@(\OAQ\\Q Q‘QQ@@\Q?@-Q(\\'\\%‘QO(‘\&Q’Q\ A
& AR RS S NN AN P .0 &L 2 &S > . NP
N L T © F FLEFFELEEE FR &
< L & &P W PP RGN DS RL S
NN QL O S S @ X NN @O QTN QSR
FLELHEL ¥ L O U NS @SS
R R I A C S SOREIPAIE Ny
\\c\‘\ '?hlS%I‘thle is proﬁcted by copyr.*\gﬁ. All rights resef¥ed Q Q& R
Q° Q



£
,11

e
D

9
-2
ces-
e

ﬁ%:‘ltlﬁ
I

0
e
s

@@x@o@%@@o\
@@o@%&%@&o\
3@&%@%@&&
&&o&oo@%@@o‘ w
4
e&@&%@,&o‘ m
\@%@0@%@%@@0\ Lauo
.@v@%@%«@&\o\ =
| <
%0&@%&.\&&0\ mu
e@@&%@&y =
e@@ooo«v&@%&%@&om,
@\&0\%@@8@@ 2
3%\00@%@@@00@@ M
z\@@eo,@@@ooed m
&e@@@@& o
@&@@o& hm
w%@o«@@e\ooe .m
a\&o@z«\\,\\wxowkv,&,w,o‘ ..m
Q&@eo\mvo@«o\m,o\ a
«o\%&%o@eoévo%u\m,o\
e%@@oec&%&&@
\«e%%%v%@v&é@
@v&%&v&



CTmax (°C)

ece3_2929_f4.pdf

34

CTmin (°C)

500

14 ~

12 A

Thiscarticle dsprotectggdoy copyright. All riggiuts reseryeal 2500

Elev. midpoint (m)

Elev. midpoint (m)

3500



Operative warming tolerance (°C)

ece3_2929_f5.pdf

26 ~
25 A
24
23

22 A

21 -

Thermal breadth (°C)

20 A

T T T T T T T 19 - T T T T T T T
500 Thiscarticle psprotectgddoy copyright. All rigguts reseryeal 2500 3500

Elev. midpoint (m) Elev. midpoint (m)



