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Synopsis Water plays a notable role in the ecology of most ter restr ial or ganism s due to t he r i sks a ssoci ated w ith water loss. 
Spe cifica l ly, water loss in ter restr ial anim al s h ap pens thro ugh eva pora tion acr oss r esp irato ry tissues o r the epidermi s. A mphib- 
ia ns a re ideal systems f or studying how ab iotic facto rs im pact wa ter loss sin ce th eir b o dies often resp ond quick ly to environmen- 
tal chan g es. While the effect of tem pera ture on wa ter loss is we ll kn own across ma ny taxa, we a re st i l l le ar ning how tem pera ture 
in co mb inatio n wi th humidi ty o r water availab ili ty a ffects wat er loss. Here , we t est ed h ow stan din g water sources (availa b ili ty) 
and tem pera ture (26 an d 36 ◦C) togeth er a ffect water loss in a nura n a mphibia n s usin g a Bay esia n fra m ewor k. We also present a 
con ceptual m ode l for con siderin g how water avai labi lity and tem pera ture may in teract, resu lt ing in b o dy m a ss ch an g es. After 
accounting for phylogenetic and time au toco rrelatio n, we determined how different variables (water loss and uptake rat es, t em- 
p erature, and b o dy size) a ffect b o dy m a s s in three s pe cies of t ropica l fr ogs ( Rhi n ella m arin a , P hyl l ob at es t er r ibilis , a nd Xeno pus 
t ro picalis ). We f ound that a l l variables imp acte d b o dy m a ss ch an g es, wit h gre ater similar ities b etween P. ter r ibilis and X. trop- 
ica lis , b ut tem pera ture only s h owed a notable effect in P. ter r ibilis . Furt her more, we descr ibe how the behavio r o f P. ter r ibilis 
might a ffect its water budget. This study s h ows h ow or ganism s might m an ag e water budg ets acr oss differ ent envir onm ents an d 

is im portan t fo r develop ing m ode ls o f evapo rative water loss and species dist ribut ions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Hydro- and t her moregu lat ion are crit ica l e lem ents of
p hysio log ica l processes in a l l or ganism s ( Potts 1994 ;
Chown et al. 2011 ; Lombardini and Rossi 2019 ; Rozen-
Rech e ls et al . 2019 ). Wat er is necessary for the trans-
port a nd ma intena nce of solute concen tra tions found
in the b o dy, which may b e a ltere d by tem pera ture and
water loss ( Takei and Hwang 2016 ). The importance of
tem pera ture in or ganism s ran g es fro m co nt rol ling the
rates of chemical reactions to the rates of or ganism-lev el
traits, such as metabolic rates ( Rob inso n et al. 1983 ;
Hoc hac hka an d Som ero 2002 ; Clar ke an d Fraser 2004 ;
Ang i l letta 2009 ). Whi le wat er and t em pera tur e ar e dis-
t inct aspe cts of the abiotic environm ent, th eir effects
may be corre lated ( Ridde ll et al. 2019 ), and or ganism s
A dvance A ccess pu blication Jun e 5, 2024 
C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of In t
Access article dist ribute d under the terms of the Creative Co mmo ns Attribu t
per mits unrestr ict ed reuse , dist ribut ion, and r epr oduction in any medium, pr
often have to respond to chan g es in water and temper-
ature in t andem. Ter restr ial or ganism s th at are ch al-
len g e d by relat i vel y hotter and drier co ndi tio ns must
hydro- an d th erm o regulate o r r isk exper iencing let hal
leve ls of de hydratio n o r heat s tres s ( Ke ar ney et al. 2013 ;
D upoué et a l. 2017 ; O’Su l livan et a l. 2017 ; MacMi l lan
2019 ). Mo rtali t y c aused by dehydration or heat s tres s
can have im portan t e colog ica l effe cts, inc luding c han g es
to po p u lat io n sizes o r s pecies dis t ribut ions ( Ke ar ney et
al . 2018 ; Camac ho et al . 2023 ). F or exam ple, species dis-
t ribut ion m ode l s th a t accoun t f or the effects of water
loss on the voluntary thermal limits of lizards outper-
for m t hose t h at do not ( Cam ac ho et al . 2023 ). How-
ev er, relativ e to tem pera ture, w e hav e a limited un-
derst anding of t he role of water loss in acclimation to
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ydrot her mal environments ( We aver et al. 2023 ), shif t-
n g g e og raphica l dist ribut ions ( Ke ar ney et al. 2018 ),
n d vuln erab ili ty t o c limat e c han g e ( Pintor et al. 2016 ;
iddel l et a l. 2023 ). Thus, le ar nin g how or ganism s are

mp acte d by water loss and tem pera ture wi l l h e lp us
u ppo rt co nservatio n effo rts fo r at-risk species. 

Measurements of evaporative water loss (EWL) rates
re co mmo n ly use d t o under sta nd how orga nisms in
er restr i al env ir onments r espond to hydr ot her m al ch al-
en g es. Most EWL happen s through fluid ex chan g e
lo ng mo is t s ur faces in t he resp irato ry, s ens ory, and
n tegumen tary systems like th e lungs, eyes, an d s kin
 Mautz 1980 ; Senzano and Andrade 2018 ; Pirtle et al.
019 ). EWL is determined by various fact or s, inc lud-
ng water vapor pres s ure , t em pera ture ( Riddell et al.
019 ), a nd tra its such as b o dy size, s kin resistan ce, or
etabolic rate ( Eynan an d Dmi’e l 1993 ; Oufiero and
a n Sa nt 2018 ; Senza no a nd Andrade 2018 ; Howard et
l. 2020 ). EWL rates are im portan t for un derstan ding
ow or ganism s m an ag e their water budg ets, or water in-
ux and efflux, across different environments ( Ke ar ney
t a l. 2013 ; Gouveia et a l. 2019 ; Pirtle et a l. 2019 ). Quan-
ifying water loss is k ey f or lea rning how organisms re-
pond t o c han g es in m a ss an d about th e resu lt ing cor-
el ations bet ween m a ss a nd tra its such as b o dy temp er-
ture, m etabolism, an d m ovem ent ab ili ty ( Losos 1990 ;

arsh 1994 ; Iri arte-Díaz 2002 ). 
Ther e ar e two m ajor ch allen g es to le ar ning how wa-

er loss may impact organismal traits across differ-
n t environmen ts. The fir st c ha l len g e is determinin g
h eth er water and tem pera ture have no n-addi tive ef-

ects o n E WL and b o dy m a ss ( Ke ar ney et al. 2013 ;
 ozen-R ech e ls et al. 2019 ; Weaver et al. 2023 ). For in-

tance , wat er may reduce EWL by cov erin g the b o dy
nd limiting b o dy surface area exposed to air. Further-
o re, so me o r ganism s might o ffset E WL by abso rb ing
ater from th e environm en t ( Dain t on 1954 ; Wither s
993 ; Yoder et al. 2007 ). A second challen g e is deter-
inin g how or ganism s behaviora l ly m odify h ow th ey

xper ience t heir abiotic environment to alter dehydra-
ion rates ( Pough et al. 1983 ; Pirtle et al . 2019 ; Dezett er
t al. 2023 ). For exa mple, ma ny a nimals burrow to avoid
ehydratio n o r us e e va pora ti ve coo ling to reduce their
 o dy temp erature ( Ha l l and Root 1930 ; D uel lma n a nd
rueb 1994 ). Le ar ning h ow water an d tem pera ture con-
ribut e t o de hydration in th e co ntext o f water sources
n d be h avior i s n ecessary to un derstan d h ow or ganism s
er for m hydro- and t her moregu lat ion. 

Anura n a mphibia ns a re a n ideal system f or deter-
inin g relation ships betw een wa ter loss, wa ter absorp-

ion, tem pera ture, and b o dy size . Frogs have a ric h
00 + year history of r esear ch describing how they man-
ge their water budgets ( Jørgensen 1997 ). While en-
ot her ms exhib i t b o dy temp eratures ab ove ambient
em pera tures, ectot her ms maint ain tem pera tures a t or
ea r a mbien t levels, rela tive to endot her ms ( Wit hers
992 ; Muño z-Garcia et al . 2014 ). Thi s m akes frogs u se-
ul in qu antify ing the effect of tem pera ture on water
oss. Furt her more, a nura ns exhib i t a variety of integu-

en tary, circula tory, an d be hav ioral ad a pta tio ns fo r de-
 ay ing or slow ing dehydrat ion ( Tole do a nd Ja red 1993 ;
emenager et al. 2022 ). So me examples incl ude li p id se-
retions, in tegumen tary co co ons, in creased s kin textur-
ng, or water conservation postures ( Jør g en sen 1997 ).
otab l y, frogs use vascu larizat ion a long the pelvic skin

th e pe lvic pat c h) t o absorb wat er inst e ad of dr inking
 Pa rsons a nd Mobin 1991 ; Suzuki et al. 2007 ). Frogs
 ay al so m an ag e their water budg et through behav-

or by clim bing, j umping , or burrow ing ( D uel lma n a nd
rueb 1994 ) to reach new microhab i t ats t hat provide
ater or s h e lter from dryin g condition s ( B rusc h et al .
019 ; Gastón and Akmentins 2023 ). Addi tio nally, trai ts
sed in managing water budgets ( Toledo and Jared
993 ), in cluding be havioral an d ph en otyp ic trai ts, are
ften lin ke d to microhab i ta t use. F or exam ple, terres-
 ria l frogs exhib i t so me o f the lowest rates of dehydra-
io n amo ng frogs while aquatic frogs exhib i t so me o f
h e high est ( Young et a l. 2005 ; Tracy et a l. 2014 ; Cruz-
ie dra hita et a l. 2018 ). Learning how frogs m an age their
ater budgets s h ould h e lp us deve lop better pre dict ions
f h ow ectoth ermic or ganism s respond to extreme en-
ironm ents an d c limat e c han g e. 

While w e g en erally un derstan d wat er budgets in t em-
erate frogs, we have a much narrower un derstan ding
f water budgets in t ropica l frogs ( Sc heffer s et al. 2013 ;
eider et al . 2021 ; Womac k et al. 2022 ; Bovo et al. 2023 ).
hi s i s a crit ica l knowle dge gap be cause m ost of th e
orld’s frogs ( > 7000 species) are found in the tropics

 Jen kins et a l. 2013 ). Glob a l ly, 50% of fr ogs ar e clas-
ified as t hre at ened , endan g ered, o r cri tic ally end an-
ered, an d th e wor ld may face catastrophic losses of am-
hib ian b iodiversi ty in the trop ics wi thou t in terven tion
 Stuart et a l. 2004 ; Gonzále z-Del-Pliego et al. 2019 ). In
his study, we chose to le ar n about water loss in three
pe cies: cane to ads ( Rhin ella m arin a ), go lden po iso n
rogs ( P hyl l ob at es t er r ibi lis ), and Wes t ern c lawed frogs
 Xeno pus t ro pi calis ). We ch ose th ese species by select-
ng pr imar ily ter restr i al or aqu atic frogs w ith l ar g e ex-
e cte d differences in EWL. Rhin ella m arin a is a lar g e
 ∼85–225 mm; A mphibiaWe b 2023 ) prim arily terres-
 ria l to ad nat ive to Cent ra l an d South Am erica. Rhinell a
 arin a is also a prevalent invasive species around the
or ld an d h a s high skin resi stan ce to de hydration

 Kosma la et a l. 2020 ). P hyl l ob at es t er r ibilis is a sma l l
 ∼46 mm; A mphibiaWe b 2021 ) ter restr ial frog native
o Colo mb ia. To our kn owledge, de hydra tion ra tes have
ot been measured in P. ter r ibilis but we expect it

o experience rapid dehydration due to its sma l l size



356 B. H. J uar ez et al .

Fig. 1 A conceptual model of how body mass may change due to 
interactions between water availability and temperature. These 
examples are not exhaustive. We assume mass gain is only possible 
in water and r elativ ely higher temperatures always result in greater 
mass loss. Outcomes (O) 1–5 show treatment effects (solid blue 
lines) for water at 26 ◦C. For simplicity, we only show two 36 ◦C 

(dashed red) lines near the lower slope = 0 limit for each potential 
outcome, corresponding to the lack of an interaction with 
temperature for O1 and O4. 36 ◦C treatments may also yield 
results as shown in O1–5, r epr esenting an interaction (if statistically 
distinct from the 26 ◦C effect). O1 and O4 show no temperature 
interaction and only a small effect of water availability, resulting in 
mass gain or mass loss. O2 shows no marginal effect of water. O3 
and O5 show stronger possible temperature interactions (relative 
to 36 ◦C). Relative to O5, O3 shows more body mass is lost 
without water, and only a small body mass increase when in 
water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Tracy et al. 2010 ). Xeno pus t ro picalis is a sma l l ( ∼28–40
mm; A mphibiaWe b 2024 ) aquatic frog native to West-
ern and Cent ra l Afric a w ith low skin resistance to de-
hydra tion ( Mokha tla et al. 2019 ). 

The go a l of this study is to determin e h ow fr ogs r e-
spond to the dual effects of water availab ili ty and tem-
p erature. We use R. mar ina , P. ter r ibilis , a nd X. t ro pi-
calis to test the hypothesis that water can buffer a gains t
E WL by limi ting b o dy sur face are a exposed to air. Al-
ternati vel y, water sources may not a ffect EWL if the an-
im al s do not use water sources, as this wo uld no t alter
the b o dy sur face are a expose d to air. We demonst rate
in Fig. 1 how water avai labi lity may buffer or overcome
E WL d ue t o t em pera tur e, r esu lt ing in m a s s los s or m a ss
gain. Wh eth er m a ss i s lost o r gained in each enviro n-
m ent depen ds on th e re la tive ra tes of wa ter uptak e a nd
eva pora t ion. Addit iona l ly, we hypot hesize t hat lar g er
b o dies ar e mor e r esista nt to EWL since la r g er or gan-
i sms h ave a re lative ly lower surface area-to-volume ra-
t io. Lower rat ios limit t he sur face are a over which evap-
o ratio n might happen, relative to volume ( Gouveia et
a l. 2019 ; Cast ro et al. 2021 ). We also expect t hat t he ex-
t ent t o whic h hydrot her mal environments a ffect b o dy
m a s s varies acros s s pe cies. We pre dict that R. m arin a
is the most resistant to EWL, fol lowe d by P. ter r ibilis ,
an d th en X. tropi calis b ase d on our expe ctat ion that ter-
rest ria l frogs s h ould experien ce less EWL than aquatic
frogs. Overa l l, this study advances our understanding of
e cology in e ctot her ms by deter mining how water bud-
gets a re ma naged in differ ent envir onm ents an d is im-
porta nt f or dev elopin g our m ode ls of EWL an d species
dist ribut ions. 

Methods 

Specimen collection and housing 

Wild R. m arin a ( N = 32) were obtained from Oahu,
Hawaii, USA (HI Permit No. EX-23-04). We ca ugh t
these toads by hand and placed them in containers with
mo ist so il and a water source p rio r to and d uring shi p-
ping to Sta nf ord, CA. P hyl l ob at es t er r ibilis ( N = 31) were
purch a sed from Indoor Ecosystems (White h ouse, O hio,
USA). Xeno pus t ro picalis ( N = 32) were purch a sed from
Xeno p us 1, Corp. (Dext er, Mic higan, USA). All animal
p roced ures were co nd ucted in compliance with Stan-
fo rd Universi ty’s rese arch et hics re vie w b oard (APL AC
34069). 

Each anim al wa s place d in spe cies-spe cific housing.
These tanks wer e appr oximately 101.0 cm L x 54.6 cm
W x 45.5 cm H for the R. m arin a and 76.2 cm L ×
45.7 cm W × 45.7 cm H for the other s pecies. Rhinel la
m arin a and P. t errib il is wer e housed socia l l y in p las-
t ic tan ks in pho to p erio d-, temp erature-, and humidity-
cont rol le d rooms with a 12 h light-dark cycle (night
from 3 pm to 3 am) at an av erag e of 26 

◦C and 100% hu-
midity. The a nimal ta nks conta in ed m o ist so il, s pha g-
num m oss, an d wat er sources for eac h species (e .g., wa-
ter in petri dis h es or glass bowls). We a lso include d shel-
t er for eac h s pecies consis ting of P hi l o d en dron p lants
and/o r coco nu t en docarp. Rhinell a marina an d P. ter-
ribil is wer e miste d dai ly and fe d every other day. We
provided each to ad thre e crickets and each po iso n frog
roughly 60 flies on each feeding day. We provided ap-
proximately 60 flies per frog to make up for the fact that
a lar g e po rtio n o f flies escape o r a re not eaten, a nd there-
fore the real number of flies eaten is likely far less. Xeno-
pus t ro pical is wer e hous ed s oci ally in aqu ari a at 28 

◦C
and a 12 h (night from 9 pm to 9 am) pho to p erio d.
The aqu ari a incl uded shel t er s made of PVC. Xenopus
t ro picalis ta n ks re ceive d a dai ly 20% wat er c han g e, and
each frog was fed a pproxima tel y five aquat ic frog pel lets
every other day. A nim al s were kept in these sta nda rd
h ousing con ditions for at least one week before data col-
le ct ion. 
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ata collection 

e exposed each frog to a starvation p erio d of at least 3
ays p rio r t o acc lima tion and a pplica tio n o f t reat ments
nd did not fe e d any anim al s af ter t he first day of
xper iment atio n. This p roced ure let us sta nda rdize f or
otent ia l metabolic effects on body m a ss, in depen dent
f b o dy size differences b etween sp e cies. We assig ne d
rogs randomly to exper iment a l t reat m ents an d ex-
osed them to an acclimation p erio d of 24 h prior

o app l ying e ach tre a tmen t. F ollowing t he st arvation
 erio d, w e tran sfer red e ac h frog t o indiv idu al pl astic
er rar ia for 24 h (at 26 

◦C) to acclimate them to their
xper iment al cont a iners. We used la r g er containers
29.8 cm L × 19.7 cm W × 20.3 cm H) for R. m arin a
nd sma l ler containers (23.5 cm L × 15.2 cm W ×
7.8 cm H) for the other species. To prevent stress and
o rtali ty d uring this p erio d, we provided the frogs with

 h e lter an d a water sour ce ( R. mari na and P. ter r ibilis ) or
nough wat er t o cover their b o dies an d th e s h e lter ( X.
 ro pical is ). We r emoved the shelter and water sources
nd dried the indiv idu a l tan ks with a p aper t owel , as
e e de d, imme diately p rio r to applying eac h wat er and

em pera tur e tr ea tmen t. We measured four frogs per day
one per t reat ment) for 8 days (4 frogs/day × 8 days =
2 frogs). 

We exposed each species to four trea tmen ts, includ-
ng a l l co mb inatio ns o f water p res ence/abs ence and in-
ub at ion at 26 or 36 

◦C, resu lt ing in an average of N = 8
 amples per tre atment (32 frogs/4 t reat ments) for each
pe cies. Fol lowing Shib ata et al. (2014) , we filled each
o ntainer wi th 1 cm of water for the water presence
 reat m ent an d provided a 1 cm L × 1 cm W × 0.5 cm H

ois t s pon g e to frogs in the water absence t reat ment to
inimize potent ia l disco mfo rt bu t limi t potent ia l water

bso rptio n. We used a Fis h erbran d™ Isotemp™ BOD Re-
rigerated In cu bat or t o con trol experimen tal tem pera-
ures. We weighed each frog p rio r t o eac h t reat m ent an d
 pproxima tely every 20 min for an h our, sin ce pre lim-
nary experim ents in dicated high m o rtali ty fo r P. ter r i-
ilis for lon g er p erio ds. We gen tly pa tt ed eac h frog with
 paper towel to remove excess water p rio r to weigh-
ng. We eut hanized e ac h frog by administ ering intra-
oelomic inj e ct ions of 1% MS-222 fol lowe d by de cap-
 tatio n at the co ncl usio n o f t he exper iment af ter 1 h, or
fter indiv idu als: (1) lost > 20% b o dy m a ss, or (2) did
 ot exhi b i t a righting respo nse. We reco rded b o dy size
snout-v ent len gt h) for e ac h frog immediat ely aft er ad-

inistering MS-222 but before deca pita tion. 

ata analysis 

l l ana lyses were done in R 4.3.2 ( R Core Team 2024 ).
e im plemen ted so me co rre ct ions to account for uri-

at ion, defe cat ion, and missing va lues. In tota l, on ly six

. m arin a and two P. t errib ilis urinated and/or defe cate d 
0.5–3% b o dy m a ss) thro ugho ut t he exper im ent. Sin ce
 a ss ch an g es associ ated w it h ur ination a nd def e cat ion

re not due to eva pora t ion, we corre cte d the raw b o dy
 a sses by adding the weight of the urin e an d stool to

rev ent ov erest imat io n o f the E WL. Furt her more, we
emoved N = 9 indiv idu als from the study due to lack
 f righting respo nse o r > 20% m a s s los s. R emov ing the
 = 9 indiv idu a ls resu lte d in ten total missing values for
 o dy m a ss at variou s t imes. We est imate d these missing
al ues by p redicting b o dy m a ss at e ach cor responding
ime point using a linear r egr essio n o f b o dy m a ss and
ime with all available dat a. Last ly, we could not measure
he m a ss o f an addi tio nal N = 8 frogs for one time point
er frog since t he me asurement per iod overl apped w ith
nd po ints fo r ot her frogs. In t hes e cas es, we est imate d
he missing values as the av erag e mass of the previous
n d n ext m easurem en ts. F or th e wh o le stud y, we had
 = 18 mi ssing m a ss values of a possible 380 measure-
ents (4.74%). 
We ana lyze d t he dat a in a Bayesia n fra m ewor k by

ttin g a phylog enetic lon gitudinal g eneralized lin-
a r mixed-effects m ode l using a Hamil to nian Mo nte
arlo algo ri thm im plemen ted using Stan 2.26.1 ( Stan
eve lopm ent Team 2024 ), which we accessed using the
 li brary cm dstanr ( Gabry et al. 2024 ). We used four
a rk ov Cha ins wit h e ac h c h ain h aving 30,000 burn-in

 nd 50,000 sa m ples. We verified a p pro priate m ode l
t using sta nda rd dia gnos tics for multi-level lo ngi tu-
inal m ode ls ( Fitzmaurice et a l. 2004 ). We reg resse d
 o dy m a ss (n atura l log g rams) onto t ime (minutes),
ater avai labi lity, tem pera ture, an d sn out-v ent len gth

natural log mm). We included interactions between
ater and tem pera ture to test our hypothesis that EWL
epends on water avai labi lity and a se cond interact ion
etween water and time to model separately the time
ffe cts associate d with wa ter loss and wa t er uptake . We
 lso include d ra ndom effects f o r individ ual s, hou sing
roup, dat e , and species. To account for phylogenetic
n d tim e au toco rrelatio n, we used a co mposi te co-
a ria nce matrix obtained from the error va ria nce a nd
o rrelatio n matr ix. We obt ained t h e phylogen etic cor-
ela tion ma tr ix af ter est imat ing mea n bra nch len gth s
rom 1000 t re es drawn from the pseudo-posterior
ist ribut ion of Jetz and Pyron (2018) . Since we did
 ot m easure b o dy m a ss at exact 20 min intervals, we
 ode le d tempora l a utocorrela tion using a Gaussian

 unction t hat inco rpo rates th e tim e differen ce between
 easurem ents ( Diggle et al. 2013 ). 
We m ode le d a l l p a ra met er s of int erest an d th e cor-

espo nding p rio rs using no rmal o r inverse gamm a di s-
 ribut ions, wher e appr opriate ( Gelman et al. 1995 ). We
esig ne d p rio rs wi th mea n effe cts est imate d fro m p re-

iminary experiments on P. t errib ilis o r p rio r li terature
 Mokh atla et al. 2019 ; Kosm ala et al. 2020 ) an d en ough
a ria nce f or the effects t o inc l ude zero o n the raw scale.
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Fig. 2 Raw body mass data w er e collected over 1 h for each water availability and temperature treatment. Each panel is a different species. 
Red hues correspond to 36 ◦C, and blue hues correspond to 26 ◦C. Circles show water presence and triangles show water absence 
treatments. We assumed even sampling at 20 min intervals for plotting purposes, but we analyzed the real times at which measurements 
w er e taken (see the “Methods” section). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We a l lowe d water upta ke rat es t o be up t o dou ble th e
dehydra tion ra tes based on prior evidence that water
uptak e ca n happ en very quick ly ( Jør g en sen 1997 ). The
p rio r fo r the wat er-t emperature int eraction as s umed
that on av erag e, half t he sur face are a of X. t ro picalis a nd
o ne-quarter o f t he sur face are a of P. ter r ibilis and R. ma-
ri na wer e cover ed wit h water in t hose tre a tmen ts (based
on our observations). The priors for b o dy size were set
at the mid po ints o f th e minimum an d maximum b o dy
sizes for each species. The variance p rio rs were modeled
with an inverse-gamma dist ribut ion wit h er ror var iance
m ode led with a narrow ran g e an d th e ran dom effects
va ria n ces m ode led w ith a w ide ran g e. Th e corre lation
pa ra m eter was m ode led as unifor m distr ibu tio n. We list
an d descri be a l l p rio r distribu tio ns in the Supplemen-
t ary Mater ials ( Table S1 ). 

Results 

Genera l ly, our raw data show that most instances of
water loss occur in the t reat m ents with out water ( Fig.
2 ). We also plotted indiv idu al stepw i se ch an g es in m a ss
through time in th e Supplem en tary Ma teri als ( Fig . S1 ).
Co mpariso n o f t he poster io r and p rio r distribu tio ns
of each m ode l effect s h ows h ow our data updated our
p rio r expe ctat ion s, g enera l ly resu lt ing in better esti-
mates of mean effects with higher p recisio n ( Fig. 3 ).
Summary plots fo r eval uating m ode l fit a re f oun d in th e
Supplemen tary Ma terials . 

We found lar g er b o dy sizes a nd water ava i labi lity re-
d uce E WL an d th ese effe cts, li ke the EWL rat e , dif-
fer b etween sp ecies ( Table 1 ). For instance, we found
lar g er b o dies prev ented dehy dra tion a t an av erag e rate
of 14.83% b o dy m a ss per 2.72 mm increa se in snout-
v ent len gt h ( = 0.1383 log g/log mm) af ter 30 min
in Xenopus . We found water avai labi lity re duces net
EWL by a l lowing for water uptake. This effect was
simila r f or X. t ro picalis a nd P. ter r ibilis at an aver-
age rate of 0.23% b o dy m a ss per minute ( = 0.0023 log
g/min), wher eas R. mari na did not absorb any wa-
ter. We also f ound X. t ro picalis a nd P. ter r ibilis s h owed

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae057#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae057#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae057#supplementary-data


Evaporative water loss in tropical frogs 359 

Fig. 3 Prior and posterior distributions of model effects. Posterior distributions (left) are shown in blue, and prior distributions (right) are 
shown in y ellow. Snout-v ent length is a measure of body size in amphibians. All prior distributions shown here were normally distributed. 
Please see text for how we chose to specify the mean and variance for each prior. 
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imilar EWL rates of 0.2% b o dy m a ss per minute
 = 0.0019 log g/min), whereas R. m arin a los t les s m a ss
ver time at a rate of 0.02% b o dy m a ss per minute
 = 0.0002 log g/min). Each of these effects had 95%
re dible interva l s th at excluded 0. Furt her more, we
ound frog ID, housing, and exper iment al date did not
xpla in much va riation in b o dy m a s ses, es pecially com-
 are d t o int er specific differences. We f ound int er spe-
ific differences accounted for 20, 40, and 65 times
ore va ria nce tha n housing , d at e , and frog ID, respec-

i vel y. 
While tem pera ture se eme d unim portan t a t first,

e found higher tem pera tur es incr eased EWL in X.
 ro picalis a nd P. ter r ibi lis . We es t imate d t he poster ior
 argin al effects of tem pera ture for each species across
a ter trea tmen ts and plotted them ( Table 2 ; Fig. 4 ).
e found P. ter r ibilis exp erience d g rea ter wa ter loss a t

igher tem pera tures (wh en n ot in wa ter) a t a ra te of 1.02
/ ◦C (0.0185 log g/ ◦C). The 95% credible interval for the
r evious r esu lt exclude d 0. Interest in gly, the mar g ina l
ffect of tem pera ture for P. ter r ibilis in water is v isu a l ly
imilar to that of P. ter r ibilis not in water (with similar
uant i les an d m e an). While t h e 95% credi ble intervals
o rrespo nding to P. t errib ilis in water and X. tropicalis
n both water t reat m ents in cluded 0, we also found very
igh p robab ili ties (91.14–97.32%) that higher tempera-
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Table 1 Summary of posterior distributions of factors affecting dehydration 

Model term Mean Q2.5 Q97.5 

Intercept (ln g) 0 .0887 − 0 .3665 0 .5457 

Time (ln g/min, not in water) − 0 .0019 − 0 .0028 − 0 .0010 

Water (ln g, not in water) 0 .0373 − 0 .3286 0 .4024 

Temp. (ln g/ ◦C, not in water) − 0 .0092 − 0 .0208 0 .0023 

SVL (ln g/ln mm) 0 .1383 0 .0633 0 .2137 

R. marina 3 .1515 0 .5209 5 .6464 

P. terribilis − 1 .9741 − 2 .4284 − 1 .5218 

R. marina -Temp. − 0 .0057 − 0 .0186 0 .0070 

P. terribilis -Temp. − 0 .0092 − 0 .0272 0 .0086 

Water-Temp. (ln g/ ◦C, in water) 0 .0028 − 0 .0130 0 .0186 

P. terribilis -Water 0 .0139 − 0 .3864 0 .4134 

R. marina -Water − 0 .2219 − 0 .6034 0 .1616 

P. terribilis -Water-Temp. 0 .0051 − 0 .0098 0 .0201 

R. marina -Water-Temp. 0 .0074 − 0 .0063 0 .0211 

P. terribilis -Time − 0 .0002 − 0 .0014 0 .0011 

R. marina -Time 0 .0017 0 .0005 0 .0030 

Water-Time (ln g/min, in water) 0 .0023 0 .0011 0 .0035 

P. terribilis -Water-Time 0 .0001 − 0 .0016 0 .0018 

R. marina -Water-Time − 0 .0023 − 0 .0040 − 0 .0005 

Frog ID variance 0 .0787 0 .0535 0 .1146 

Housing variance 0 .2555 0 .1163 0 .5413 

Date variance 0 .1280 0 .0688 0 .2340 

Species variance 5 .1479 0 .9350 19 .6249 

Error variance 0 .0174 0 .0135 0 .0224 

We obtained these results using a phylogenetic time series generalized linear mixed model implemented in a Bay esian framew ork. Mean is the mean 
of the effect. Q2.5 and Q97.5 are the quantiles corresponding to the two-tailed 95% credible interval. Rows corresponding to main effects in bold 
exclude 0 from the 95% credible interval. SVL is snout-vent length.R. is Rhinella .P. is Phyllobates .Housing is a grouping factor indicating the experimental 
housing. Date is the date of measurement. We provide units for each effect on the baseline of X. tropicalis . ln is natural log. Temp. is temperature. 

Table 2 Summary of the posterior distributions of the marginal effects of temperature across species and water treatments 

Model term (ln g/ ◦C) Mean Q2.5 Q97.5 

R. marina in water − 0 .0047 − 0 .0252 0 .0153 

R. marina not in water − 0 .0064 − 0 .0235 0 .0104 

P. terribilis in water − 0 .0191 − 0 .0393 0 .0010 

P. terribilis not in water − 0 .0185 − 0 .0365 − 0 .0004 

X. tropicalis in water − 0 .0150 − 0 .0304 0 .0002 

X. tropicalis not in water − 0 .0092 − 0 .0208 0 .0023 

Mean is the mean of the effect. Q2.5 and Q97.5 are the quantiles for the two-tailed 95% credible interval. Rows corresponding to effects in bold 
exclude 0 from the 95% credible interval. ln is the natural log. 

 

 

 

 

 

 

 

 

 

 

 

 

 

tures co ntribu t e t o great er dehydra tion in X. tr opicalis
and P. ter r ibil is , r egar dless of water t reat ment. 

Discussion 

To our knowledge, this is one of the first studies to ex-
amin e th e dua l effe cts of water sources and tempera-
ture o n E WL. Overa l l, we found b o dy m a sses ch an g e
in predictable ways due to EWL, water uptake , size ,
and tem pera ture. While we did not find an interac-
t ion betwe en wat er and t em pera ture, we did find in ter-
specific differences in how tem pera ture a ffe cte d EWL.
O ur resu l ts su ppo rt o ur hypo t heses t ha t wa ter sources
dam pen ra tes o f E WL and t hat t h e precise m ech ani sms
a ffe ct ing EWL vary by spe cies. Cont rary to our ex-
pe ctat io n, rates o f water u ptak e a n d EWL were m ost
simil ar bet ween the aqu a tic X. tr opi calis an d ter restr ial
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Fig. 4 Posterior distributions of the marginal effect of temperature by species and water treatment. These effects correspond to body 
mass. The height of each distribution corresponds to the probability density. The vertical line denotes an effect of 0. 
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. ter r ibilis , rat her t han b etween b oth sp ecies with ter-
est ria l lifest yles. The l atter resul t su ppo r ts asser tions
hat s pecies-s pe cific t raits may con trol wa ter budgets
e .g., Pirtle et al . 2019 ), but f urt her rese arch is ne e de d
 o det ermin e h ow b o d y size and eco logy ar e r elat ed t o
at er uptake . 
Comp are d to prior r esear ch, we found differ ences in

he rates of water loss a nd uptak e in R. m arin a , but these
ay be explained by differences in b o dy size , t empera-

ure, or exper iment a l desig n. We foun d th e R. m arin a
xperienced lower rates o f E WL tha n X. t ro picalis a nd
. ter r ibilis at ∼33 mg/min, co rrespo nding to a median
tarting m a ss of 165 g and mean experimental temper-
ture of 31 

◦C. This rate is almost four times previous
stimates of 8.8 mg/min at 26 

◦C ( Kosmala et al. 2020 )
or frogs w eighin g 110 g. Since lar g er b o dies and hotter
em pera tur es ar e associ ated w i th higher rates o f evapo-
a tion ( Ma utz 1980 ), m uch of th e differen ce can be ex-
lained by b o dy m a ss and tem pera ture a lone. Kosma la
t al. (2020) also report a water uptake rate of 0.5 g/min,
her eas R. mari na in this study did not absorb any

p preciable amo unt of water. This major difference is
ikely due to Kosmala et al. (2020) me asur ing water up-
ake in toads that had lost 30% b o dy mass, whereas we
 l lowe d our to ads to hydr or egula te a t wi l l p rio r to ex-
er iment at ion. Base d on our findings for R. m arin a , it
 s evident th at spending 1 h in drying co ndi tio ns (wi th
 r wi thou t water) had li ttle impact o n this sp ecies’ b o dy
 a ss ( Fig. 2 ). Since R. m arin a did not absorb much wa-

er even after spending 1 h at 36 

◦C, this s ugges ts these
o ndi tio n s w ere eith er n ot s tres sful to this species or did
ot last long enough to provoke the frogs to absorb wa-

er. This result s h ows h ow un derstan din g respon ses of
rogs to specific enviro nmental co ndi tio ns might ben-
fit fro m f urt her rese arch o n ho rmo nes lik e a rginine
asot ocin, whic h is lin ke d to de hydration an d re hydra-
ion in fr ogs ( Mor e l an d Ja rd 1963 ; Ca rtle dge et a l. 2008 ;
chiyama et al. 2014 ). 
We also found differences in our est imate d rates of

WL an d th ose in oth er studies f or X. t ro picalis . We
 ound X. t ro picalis (av erag e b o dy m a ss = ∼13.5 g) de-
ydra ted a t a ra te of 12% b o dy m a ss/h, which i s higher
h an previou s findings of 1.6% b o dy m a ss/h ( Mokh atla
t al. 2019 ) in Xen opus la evis (av erag e b o dy m a ss =
57 g). Since lar g er frogs dehy dra te a t a slower ra t e ,
 o dy m a ss alone explains much of this difference, but
he report ed rat e of 1.6% m a ss/h seems to be an av erag e
cross tem pera tures ran gin g fro m 0 to 35 

◦C, co m plica t-
ng direct co mpariso ns. Furth erm ore , our estimat es of
ater uptake ( ∼0.0322 g/min) were similar to previous
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fin dings in an esth et ize d X. lae vi s who wer e r oughly
t w ice as lar g e as our a nimals a n d wh ose ra te of wa ter
uptake was 0.012 g/min ( Ire lan d 1973 ), given anim al s
wit h a me an b o dy m a ss of 27.5 g . The l at ter st udy did
not report an exper iment al t emperature . Comparing
rates of water tra nsf er depends on sta nda rdizing a
variety of variables and while we explain how b o dy size,
tem pera ture, an d experim enta l desig n migh t accoun t
for our observed differences, h umidity migh t be an ad-
di tio nal co nfounding facto r that s h ou ld be invest igate d
in future research. 

While P. ter r ibilis and R. m arin a share a ter restr ial
lifestyle, P. ter r ibilis seems to m an age its water bud-
get more similarly to the aquatic X. t ro pica lis . In o ther
word s, while sh are d e cology is somet imes informat ive
o f E WL ( Wygoda 1984 ), i t ma y not alwa ys be a reli-
able indicator of EWL. Addit iona l ly, un li ke the other
two species, there is li ttle li terature o n how P. ter r ibilis
m an ages its water budget. While P. ter r ibilis a nd X. t ro p-
icalis had similar water loss a nd uptak e rates, P. ter-
ribilis s h owe d g rea ter dehydra tion a t higher tem pera-
tures wh en n ot in wat er. S in ce th ey had similar water
loss a nd uptak e rates, t his me ans t he two species differ
in some other factor related to rates of water tra nsf er.
We s us p ect P. ter r ibilis h a s a higher skin resistance rel-
ative to X. t ro picali s , mak ing water tra nsf er rates sim-
ilar desp i t e t em pera tur e having a gr ea ter im pact on P.
ter r ibili s . To our k n owledge, h ow ev er, no studies hav e
m easured s kin resistan ce in P. ter r ibilis . We also s h owed
h ow th e m argin al effects of tem pera ture on P. ter r ibilis
were quite similar across water t reat m ents. An e cdota l ly,
w e believ e thi s i s d ue to ∼25–50% o f individ ual s refu s-
ing to remain in the water during th e experim ent an d
c hoosing t o c limb up t o t he cor ner of t he t ank inste ad.
There might be two reasons why we observed this be-
havior. Fir st, c limbing might be a s tres s res ponse where
th e frogs ch os e to s ee k s h e lter at th e expense of water
loss. Seco nd, i t is possible the animal was not s tres sed
but c hose t o use t he cor ner as a r efuge to r educe the
sur face are a direct ly exposed to t he air, resu lt ing in less
E WL. Ei t her way, t hi s climbing beh avior an d th e roles
of s tres s h orm on es in hydro- and t her moregu lat ion of
po iso n frogs, o r ot her frogs t hat ca n climb, a re impor-
ta nt a reas of future study. 

This study s h ows th e importan ce of water sources
when con siderin g how EWL occurs in nature. Humid-
ity ( van Dyk et al. 2019 ) and hydration states ( Senzano
an d An drade 2018 ) are un dou bte d ly im portan t fact or s
that can interact with tem pera ture to a ffect E WL. W hile
we did not observe an interaction between water avail-
ab ili ty and tem pera ture, this migh t be due to th e s h ort
tim e an d tem pera ture ran g e w e used. Fo r co mpariso n,
Senza no a nd Andrade (2018) ran their experiment for
2 h and over a 20 

◦C ran g e. Future w or k might s h ow
tha t wa ter avai labi lity inde e d interacts with tempera-
tur e, since our pr e dict ion was founded on the the oret i-
cal premise tha t EWL ra tes depend on the animal’s sur-
face area ( Gouveia et al. 2019 ). In na ture, wa ter may
chan g e the exposed body surface area on frogs while
they are in water or flo at ing on it, after they rub a gains t
wet s ubs trat e (e .g ., wet pl ants), o r as i t is rainin g. Tw o
of the latter examples inv olv e be haviors wh ose role in
EWL is understudied ( Tracy et al. 2014 ). As we might
hav e observ ed with P. ter r ibilis , or ganism s may seek
hydr ic ref ugia ( Ke ar n ey et al. 2013 ) an d th e types of
avai lable refug ia depend on the envir onment. Pr evious
studies have found that R. m arin a depends on water
avai labi lity an d n ot h eat toleran ce for m oving across
dry enviro nments, al thoug h hig h h eat toleran ce en-
ab led Rhin e lla gra nulo sa t o retain high jumping per-
f orma nce even at high temperatures ( Prates et al. 2013 ;
Brusc h et al . 2019 ). Thus, we may genera l ly expe ct that
behaviors (like wa ter conserva tion postures or jump-
in g), tog et her wit h t h e environm ent, determin e h ow we
s h ould interpret th e importan ce of de hydration ( Davis
a nd DeNa rdo 2010 ; P int or et al . 2016 ; Pirtle et al . 2019 ;
Dezetter et al. 2023 ). 

Mit igat ing future a mphibia n declin es depen ds on
our ab ili ty to p r edict how differ ent gr oups ar e a ffe cte d
by chan gin g hy drot her mal env ironments ( R oznik et
a l. 2018 ; Gre enberg and Palen 2021 ). Some have con-
sidere d how acclimat ion to differ ent envir onments
might a l low or ganism s to surviv e cha l leng ing condi-
tion s ( Weav er et al. 2023 ). In this study, we exposed
f rogs to shar p environmental chan g es with no acclima-
tion p erio d. Eval uating how o rganisms respo nd to var-
ious enviro nmental co ndi tio ns, wi th and wi thou t ac-
climation, s h ould allow us t o det ermine whic h species
might survive g radua l versus extreme chan g es in cli-
mat e , refle ct ing the sp at ia l h eterogen ei ty o f c limat e
chan g e ( Kaufmann et al. 2017 ). Furt her more , if c limat e
chan g e proce e ds slowly in so me regio n s, w e may expect
or ganism s to adapt. This implies an eco-evol u tio nary
fram ewor k for thinking about glob a l c limat e impacts
on ectot her m diversity is ne e de d. In the co ntext o f geo-
g raphica l ran g es, water and tem pera t ure have uniq ue ef-
fects on behavior and species dist ribut ions ( Ke ar ney et
al. 2018 ; De lgado-Suazo an d Burrowes 2022 ; Camach o
et al. 2023 ). How ev er, potent ia l t rade-offs betwe en t raits
li ke water b a lan ce an d jumping per for m ance are al so
im portan t fo r p re dict ing how organisms wi l l move
thro ugho ut th e lan dscape in response t o c limat e c han g e
( Moore and Gatten 1989 ; Titon and Gomes 2015 ;
Mit c h e ll an d Bergmann 2016 ). Sin ce m etabolic rates in-
cr ease EWL by incr easing r esp irato ry rates ( Pre est et a l.
1992 ; To mlinso n and Philli ps 2012 ), co n siderin g a biotic
effects on m ovem ent, be havior, an d p hysio logy seems
crucial . In this cont ext, we hope this study wi l l be use d
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o improve our m ode ls of EWL an d e coge og raphica l
radients ( Gouveia et al. 2019 ; Rubalcaba et al. 2019 ),
nd s pecies dis tribu tio ns ( Riddell et al. 2023 ). In sum-
ary, t he f u ture o f amphib ian co nservatio n depends o n

n derstan ding th e complex re lations hips am ong many
biotic and biotic variables ( Kearney et al . 2013 ; Sc hult e
015 ; Gouveia et a l. 2019 ; Rub a lcab a et al. 2019 ). Fu-
 ure st udies s h ou ld se e k to unrave l h ow trade-o ffs o r
las tic res po nses o f b iotic var iables, such as t hos e ass o-
i ated w ith water b a lan ce or m ovem ent, are distri buted
oth ge og raphica l ly an d phylogen et ica l ly ( Ga rla nd et al.
022 ; Te lem e co et a l. 2022 ). 
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