
In tegra tive and Comp arativ e Bi ol ogy 

In tegra tive and Comp arativ e Bi ol ogy , volum e 0, pp. 1–11 
ht t ps://do i.o rg/10.1093/icb/icae053 So ci ety f o r Int e grat ive and Comp arativ e Bi ol ogy 

SYMPOSIUM 

Amphibians Exhibit Extremely High Hydric Costs of 
Respirationta 

Eric A. Riddell * ,1 , Isabella J. Burger * , Martha M. Muñoz †, Savannah J. Weaver * and Molly 

C. Womack 

‡ 

∗Dep art ment of Biology, University of North Carolina at Chapel Hi l l, C hapel Hi l l, NC 27599, USA; †Dep art ment of E cology 
and Evol u tio nary Biology, Yale University, New Haven, CT 06511, USA; ‡ Dep art ment of Biology, Utah State University, 
Logan, UT 84322, USA 

From the symposium “Feel the flow: how water movement shapes or ganism s and ecosystems” presented at the annual 
me et ing of the Society for In tegra tive and Com para tiv e B iology, Ja nua ry 3–7, 2024. 

1 E-mai l: riddel l@unc.e du 

Synopsis Ter restr i al env ironments pose m any ch a l len g es to or ganism s, but perhaps one of the greatest is th e n e e d to breathe 
while ma inta ining water b a lance. Bre at hing air r equir es thin, moist r esp irato ry sur faces, and t hus t he co ndi tio ns necessary 
for ga s exch an g e are also respo nsible fo r high rates of water loss that lead to desiccation. Across the diversi ty o f ter restr ial 
life , wat er loss acts as a universal cost of gas ex chan g e and thus imposes limits on respira tion. Am phibia ns a re known f or being 
vulnerable to ra pid desicca tion, in part beca us e the y rely on t hin, per me able skin fo r cu taneous resp iratio n. Yet, w e hav e a limited 

un derstan ding of the relatio nshi p between water loss and gas ex chan g e within and among amphibian species. In this study, we 
eva luate d t he hydr ic cos ts of res p iratio n in amphib ian s usin g the tran sp iratio n ratio, which is defined as the ratio of water loss 
(mol H 2 O d 

−1 ) to gas uptake (mol O 2 d 

−1 ). A high ratio s ugges ts greater hydric costs relative to the amount of gas uptake. We 
comp are d the t ranspirat ion rat io o f amphib i ans w it h t hat of ot her ter restr ial or ganism s t o det ermin e wh eth er amphi bians had 

gre ater hydr ic costs o f gas u pta ke relat i ve to p lants, insects, birds, and m amm al s. We al s o e valuated the effects of tem pera ture, 
humidity, and b o dy m a s s on the trans p iratio n ratio bot h wit hin and among amphibian species. We found t hat hydr ic costs 
o f resp iratio n in amphib ian s w ere tw o t o four order s of magnitude higher t han t he hydr ic costs o f plants, insects, b irds, and 

m amm al s. We al so di scovered th at lar g er a mphibia n s had low er hy dr ic costs t h an sm a l ler a mphibia ns, at both the species- and 

indiv idu al-level. Amphibi ans a lso re duce d the hydric costs o f resp iratio n at warm temp eratures, p otent ia l ly refle ct ing adapt ive 
st rateg ies to av oid dehy drat ion whi le a lso me et ing th e deman ds of high er m etabolic rates. O ur resu lts sug gest t hat cut aneous 
resp iratio n is an inefficient mode of respiration that produces the highest hydric costs of resp iratio n yet to be measured in 

ter restr i al pl a nts a nd a nim al s. Yet, a mphibia ns la r g ely av oid thes e costs by s ele ct ing aquat ic o r mo ist enviro nments, which may 
facili tate mo re in depen dent evol u tio n o f wat er loss and gas exc hange . 
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ntroduction 

he t ransit ion from water to land was a pivotal mo-
 ent in th e histo ry o f verteb ra tes tha t sha ped the evo-

 u tio nary trajecto ry o f ter restr ial life ( Bray et al. 1997 ;
sia et a l. 2013 ; Cupel lo et a l. 2022 ). Lif e on la nd pre-

en ted ma jor new challen g es, which fun dam enta l ly re-
 haped th e p hysio logy, be havior, m orph ology, an d life
isto ry o f ter restr ial t axa ( Gan s 1970 ; G raha m a nd Lee
004 ; Hsia et al. 2013 ). From a p hysio logical p ersp ec-
iv e, or ganism s faced challen g es relat ed t o ion b a lance,
 dvance A ccess publication May 27, 2024 
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itrog en ex cretio n, osmo regu lat io n, b re at hing a ir, a nd
a inta ining water b a lance in a more desiccating envi-

o nment ( Li ttle 1990 ; Cu pel lo et a l. 2022 ). Bre at hing air
hile stayin g hy drated posed pa rticula rl y prob lematic
 bs tacles given the inext ricable lin k betwe en water loss
nd gas ex chan g e. Or ganism s bre at he air across respira-
 ory surfaces, whic h inc l ude the l ungs, g i l ls, and integu-
 ent (e.g., s kin o r cu t icle). To faci litat e gas exc hange ,

esp irato ry surfaces are often thin, highly vascu larize d,
nd sa tura ted with b o dy wat er, whic h a lso resu lts in
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high rates of water loss ( Maina 2002 ; Li l lywhite 2006 ).
Thus, th e con ditions n ecessa ry f or ga s exch ange (both
oxygen uptake and carbon dioxide elimination) are also
respo nsible fo r high rates o f water loss and p rod uce a
fun dam enta l t rade-off betwe en the cap acity to bre at he
an d th e c apacit y t o remain hydrat ed ( Wo o ds and Smith
2010 ). Th e re lations hip between water loss and gas ex-
chan g e is evident across a ran g e of ter restr ial organ-
i sms and persi sts ev en when accountin g for b o dy m a ss
( Wo o ds and Smith 2010 ). How ev er, th e re lations hip be-
tween water loss and gas exchange remains re lative ly
unknown f or a mphibia ns—a clade th at h a s s ucces sfu l ly
colonized mos t terres tri al env iro nments o n Ea rth a nd
h a s a distinct resp irato ry strategy co mp are d to a l l other
tetrap o d clades. 

Th e simultan eous s ucces s and strict hab i tat r equir e-
ments of a mphibia ns presents a paradox. Modern-day
a mphibia ns (L iss amp hibia) evo l ved a pproxima tely 300
to 360 mi l lion years ago ( San Mauro et al. 2005 ; Zhang
a nd Wak e 2009 ) a nd co nsist o f rough ly 8,000 spe cies
with a glob a l dist ribut ion th at extend s acros s mos t ter-
rest ria l e cosystems, sp anning the t ropics, deserts, and
tun dra ( Due llma n 1999 ; Wak e a nd Koo 2018 ). Yet, a m-
phibia ns a re also known for their high suscept ibi lity
to desiccation and strict re lian ce on m oisture or fresh-
wa ter aqua tic environmen ts ( Tracy 1976 ; Wak e a nd
Vredenburg 2008 ). How have such sensitive organisms
per sist ed in so man y en viro nments fo r so lo ng? In part,
a mphibia n s hav e u sed beh avioral means to avoid dry
enviro nmental co ndi tio n s ( In g er 1957 ; Bertoluci 1998 ).
By sele ct ing mo ist enviro nmen ts, am phibi ans l ar g ely
avoid t he r isk of desicca tion tha t arises from their per-
mea ble, w et skin ( Spot i la and Berman 1976 ; Li l lywhite
2006 ). Th ese sam e properties of th e s kin also facilitate
its use as a n importa nt resp irato ry surface ( Tatt er sa l l
2007 ), often acting as the primary resp irato ry surface at
rest for oxygen uptak e a nd ca rbon dioxide elimination
( Bent ley and Yor io 1979 ; Burg g ren and Mo a l lf 1984 ;
Wyg oda 1984 ; Bur g gren and Vit alis 2005 ; L i l lywhite
2006 ). Thus, the p hysio log ica l re quirem ents an d conse-
quences o f cu taneous resp iratio n h ave sh a ped am phib-
ia n ecology f or mi l lio ns o f ye ars. D esp i te the unique
p hysio logy of a mphibia n s, w e hav e y et t o under stand
h ow th e re lations hip between water loss and gas uptake
in a mphibia ns compa res wit h t hat of ot her ter restr ial
or ganism s. We also do n ot kn ow wh eth er th e re lation-
ship between these p hysio log ica l t ra its va r ies wit h abi-
otic fact or s, suc h as t em pera ture and h umidity. 

Tem pera ture h a s inescap able effe cts on rates of both
water loss and gas uptake. As with any ectot her m, tem-
peratur e dir ectly a ffe cts respirat ion due to t her mody-
na mic effe cts on mole cu lar mot ion and act ivat ion en-
ergy ( Sc hult e 2015 ), leading t o higher rat es o f gas u p-
take at warmer tem pera tures to meet the rising de-
m and s of respiration. The effects of tem pera ture on wa-
ter loss are in direct an d determin ed by th e vapo r p res-
sure deficit (VPD), defined as the difference between
the ambient vapor pres s ure and the sa tura tion va por
pres s ure ( Stu l l 2000 ). Th e VPD determin es th e rates of
eva pora tion and th us s ets the e va pora tive demand of
th e air ( An derso n 1936 ; Mo ntei th a nd Ca mpbell 1980 ).
Because t he s aturatio n vapo r p res s ure increases expo-
nent ia l ly with tem pera ture, wa rm a ir h a s greater dry-
ing potent ia l tha n cool a ir, which expla ins why wa rmer
c limat es t end t o have higher VPD s across th e plan et
( Riddel l et a l. 2019 ). Fr om a pur el y biop hysical p ersp ec-
tiv e, or ganism s in warm er environm ents are expe cte d
to exper ience gre a ter eva pora tive demand. To coun ter-
ac t these effec ts, some ter restr ial or ganism s (includin g
a mphibia ns) incre ase t heir p hysio log ica l resistance to
water loss in response to warm tem pera tur es, ther eby
limi ting evapo rative water loss ( Maenpaa et al. 2011 ;
Ridde ll an d S ears 2015 ; S enza no a n d An drade 2018 ).
Thes e respons es potent ia l ly act as an adapt ive st rategy
to minimize water loss in these warmer, drier environ-
men ts. Evalua tin g hy dric costs with respect to temper-
a ture and h umidity migh t reveal ada ptiv e respon ses or
constraints in the evol u tio n o f gas u ptake. 

Here, we studied the hydric costs of gas uptake in am-
phibia ns by exa mining th e re lations hip between water
loss and gas uptake , whic h can be expressed as the tran-
sp iratio n ratio (the ratio of water loss rate [mol H 2 O
d 

−1 ] to gas uptake rate [mol O 2 d 

−1 ]). Species or in-
div idu als w ith a high t ranspirat ion rat io lose more wa-
ter per unit of gas consum ed an d thu s h av e high hy dric
costs of resp iratio n. Acr oss terr est ria l anima ls, this rat io
t ends t o be near unity ( Wo o ds and Smith 2010 ). The 1:1
re lations hip s ugges ts th at ga s uptak e (a nd thus respira-
tion) might be const raine d by water loss because higher
resp iratio n rates would r equir e thinn er, m ore “leaky”
resp irato ry surfaces. First, we comp are d t ranspirat ion
rat ios betwe en a mphibia ns a nd t he ot her ter restr ial or-
ganisms from Wo o ds and S mith (2010) , whic h inc luded
plants, insects, m amm al s, and bird s (an d th eir eggs).
Wit h t his compar is on, we e va luate d wh eth er amphi b-
ians exhib i te d a relat io nshi p between water loss and gas
upta ke simi lar to that observed in other terrest ria l or-
ganism s. Second, w e conducted a phylogenetic an alysi s
t o evaluat e variab ili ty in the t ranspirat ion rat io among
a mphibia n spe cies. We a ls o e va luate d wh eth er th e ex-
per iment al body m a ss, tem pera ture, VPD, and flow rate
a ffe cte d phylogenet ic variat ion in the t ranspirat ion ra-
t io. Fina l ly, we eva luate d how b o dy m a ss, tempera-
ture, VPD, and flow rate influenced transp iratio n ratios
wi thin species. We p redicted that transp iratio n ratios
could either be positi vel y or n egative ly associ ated w ith
tem pera ture, depending on whether water loss rates
genera l ly increase d ( Tracy et al. 2008 ; Mokhatla et al.
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019 ) or de cline d ( Riddel l and Sears 2015 ; Senzano and
n drade 2018 ; Ridde l l et a l . 2019 ) with t em pera ture

fter accounting for VPD. We also pre dicte d that tran-
p iratio n ratios would increase with VPD due to the po-
ent ia l for higher water loss rates at higher VPDs. In ad-
i tio n, we p redicted that transp iratio n ratios would not
e relat ed t o m a ss becau se both wa ter loss ra tes and gas
pt ake rates incre ase wit h b o dy m a s s. These res ults re-
e al t he hydr ic costs of ga s exch a nge in a mphibia ns a nd
rovide insigh t in to the evol u tio nary co nstraints o n wa-
er loss and gas uptake in ter restr ial or ganism s. 

ethods 

ata acquisition 

e sea rched f o r studies o n Web o f Scien ce an d Google
cholar using the searc h t erms “a mphibia ns,” “wa-
er loss rate,” “metabolic ra te,” “tem pera ture,” “VO 2 ,”
EWL,” a nd “VCO 2 .” We col le cte d s tudies on res ting
 mphibia ns with species-leve l m easurem ents of oxy-
 en con sumption, carb on dioxide pro duction, and wa-
 er loss rat e . In s ome cas es, studies provided a sin-
le s pecies-s pecific avera ge for each trait, and in oth-
rs (genera l ly mor e r ecent s tudies), s tudies provided
 he dat asets wit h me asurements on each indiv idu al. We
o nd uc ted a phy logenet ic and int raspe cific ana lysis on
h e re lations hip between gas uptak e a nd wa ter loss ra tes.
 or the in t raspe cific ana lysis, we re quire d that studies
ea sure ga s uptak e a n d water loss on th e sam e in di-

 idu al s. Studies th at mea s ured water los s rates o n o ne
o p u lat ion and gas uptake on an oth er popu lat ion were
 ot in cluded in th e int raspe cific ana lysis be c ause rel a-

io nshi ps betwe en t raits cou ld not be eva luate d at the
eve l of th e in div idu a l. We a ls o s ea rched f or studies
 hat me asured e ach tra it across a ra n g e of tem pera tures
or the int raspe cific ana lysis. Fo r instance, so me stud-
es r ecor ded th eir m easurem en ts a t a single tem pera-
ure ( Messerma n a n d Leal 2020 ). Th ese m easurem ents
ere included in the phylogenetic an alysi s but not the

nt raspe cific ana lysis. We a lso re quire d that the studies
eport the relative humidi ty (o r VPD) fo r t he exper i-
 ent. In gen eral, m os t s tudies did not control for the
P D by adjus ting ambien t va po r p res s ure acros s tem-
eratur e tr eatments. Thus, temperatur e and VPD were
onfounded in s e veral studies (but see va ria nce infla-
io n facto rs below). Fo r the studies that only measured
arbo n dioxide p rod uctio n, we co nverte d va lues to oxy-
 en uptake usin g a resp irato ry quotient o f 0.7 because
ndiv idu als were always measured in a post-a bsorptiv e,
es ting s tat e , similar t o Wo o ds and Smith (2010) . 

For the phylogenetic an alysi s, we found data on wa-
er loss and gas uptake m easurem ents for 15 species
 f amphib ian (4 frogs and 11 salam anders). A mong
 he s ala ma nders, 2 w ere lun gless and 9 had lun gs. For
he int raspe cific ana lysis, we found 844 measurements
f water loss and gas uptake (1 frog and 8 sala ma n-
er species). Th e m easurem ents were co nd ucted o n the
am e in div idu als across a ran g e of tem pera tures (6–
5 

◦C), VPDs (0.5–5.8 kPa), and b o dy m a sses (0.6–32.2
). Of the eight sala ma n der species, on e was a hybrid
et ween t wo p arenta l lineag es ( Bur g er et al. 2024 ), and
n oth er was a unisexual lineage of sala ma nder ( Denton
t al. 2017 ). Hybrids and unisexuals were not included
n the phylogenetic an alysi s, and ex cludin g these groups
rom the int raspe cific ana lysis did not chan g e the in-
erp retatio n o f our resul ts. Fo r the int raspe cific ana ly-
i s, mea suremen ts on wa ter loss a nd gas uptak e were
ol le cte d at the sam e tim e, with th e exception of one
pecies ( Anei d es aeneus , Newman et al. 2022 ). All mea-
urements in the int raspe cific ana lysis were co nd ucted
sing flow through resp iro met ry. We use d a re cent con-
ensus t re e develope d for a l l a mphibia ns in our phylo-
enet ic ana lysis (se e be low) ( Jetz an d Pyron 2018 ). 

In the seminal study on the hydric costs of gas uptake
 Wo o ds and Smith 2010 ), the an alysi s included mea-
uremen ts of wa t er loss and gas exc han g e across the
esp irato ry surfaces, ei ther l ungs (m amm al s and bird s),
ut icle (plants), t rachea l system (inse cts), or egg s h e ll
b ird eggs). Amphib ian s, how ev er, rel y mostl y on the
kin for gas uptake at rest and only use the lungs (when
resent) to support more ener g et ica l ly demanding ac-
 ivit ies or in response to warmer tem pera tures ( Senzano
n d An drade 2018 ). By in cluding th e wh ole-organism
ater loss and gas uptake rates, our an alysi s lumps respi-

ato ry and cu taneou s ga s uptak e a nd water loss into the
a me tra i t val ues. Becaus e thes e values were measured
t rest an d m ost (if not a l l) water loss and gas ex chan g e
ccurs across th e s kin at rest ( Bentley and Yorio 1979 ;
yg oda 1984 ; Youn g et al. 2005 ; Senzano an d An drade

018 ), our an alysi s evaluates th e s kin as a resp irato ry
urface . We are , n on eth e less, unable to disentangle the
elative costs of each resp irato ry surface. 

tatistical analysis 

e co nd ucte d a l l ana lyses in R (v. 4.3.1, R Core Team
021 ). Fo r our respo n se varia ble, w e ca lcu late d the t ran-
p iratio n ratio using the same approach as Wo o ds and
 mith (2010) , whic h was ca lcu late d as the ratio of wa-
er loss (mol H 2 O d 

−1 ) to gas uptake (mol O 2 d 

−1 ).
e comp are d t ranspirat ion rat ios betwe en a mphibia ns

n d th e ter restr ial t axa from Wo o ds and Smith (2010)
 y pro vidin g av erag e wa ter loss ra tes, gas uptake ra tes,
 nd tra nsp iratio n ratios for each group. We also esti-
ated th e s lope an d intercept bet ween log 10 -sc aled wa-

er loss and log 10 -sca le d gas uptake in separate linear
 egr essio ns fo r e ach t axo no mic grou p. These s tatis tics
 e l p to co mp are t ranspirat ion rat ios and eva luate the
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strengt h of t h e re lations hip between th ese two traits
amo ng grou ps, w hich may reflec t the deg re e o f co n-
straint (i .e ., w eaker relation ships may have less con-
straints). 

We also co nd ucted two analyses to un derstan d h ow
t ranspirat ion rat ios ar e r elat ed t o t em pera ture, h umid-
ity, and b o dy m a s s. In the firs t an alysi s (called the phy-
logenet ic ana lysis), we sought to un derstan d th e ph en o-
typ ic diversi ty and evol u tio nary lab ili ty o f transp iratio n
ratios among amphibian species. Thus, we co nd ucted
a phylog enetic g enera lize d least squa res a nalysis using
the RRP P packa ge in R ( Co ll yer a nd Ada ms 2018 ).
In the an alysi s, we u s ed the log 10 -s ca le d av erag e tran-
sp iratio n ratio as the response va riable, a nd we used
the av erag e tem pera ture ( ◦C), VPD (kPa), log 10 -sca le d
m a ss (g), and flow rate (L/s) as covariates. We included
flow rate as a covariate due to its effect on conve ct ive
co nd uctance to water vapor ( Campbell and Norman
1998 ). We also ana lyze d water loss and gas uptake in
separate m ode l s u sing t he s a me approach a nd cova ri-
ates. To as ses s sig nificance, we use d a Type-II ana lysis of
cova ria nce in the RRP P packa ge. For the phylogenetic
an alysi s, we u sed our focal species to trim a con sen sus
t re e from a compre h en siv e phylog enet ic t re e of am-
phibians ( Jetz and Pyron 2018 ). In addition, we also
est imate d phylogenet ic sig na l using Pagel’s l ambd a ( λ)
in th e cap er package in R ( Orm e 2023 , ht t ps://cran.r-
proj e ct.or g/w eb/packag es/ca per/index.h tml, last ac-
cessed Jan. 17, 2024), w hich we calc ulated using the
sa me response va riable a nd cova riates as the models
a bov e. 

The int raspe cific ana lysis was desig ne d to eva lu-
ate the effects of tem pera ture, h umidity, and b o dy
m a s s on trans pira tion ra tio within am phibian species.
We log 10 -sca le d the t ranspirat ion rat io and b o dy
m a ss to meet the as s umptio ns o f no rmali ty. We
al so u se d a mixe d effe ct m ode ling app roach wi th
the lme4 package ( Bates et al. 2023 , ht t ps://cran.r-
proj e ct.or g/w eb/packag es/lm e4/in dex.html, last ac-
cessed Feb. 12, 2024) with eac h predict or variable as a
cova riate a nd species as a ra ndom effect. We as ses sed
our m ode l for collin e ar ity using var i ance inflation
fact or s from the car package ( Fox et al. 2023 ) and found
that a l l va ria nce inflatio n facto rs were less than 2, indi-
cating a lack of colline ar ity among predict or s ( Craney
an d Sur les 2002 ). We did not inco rpo ra te rela tedness
into thi s an alysi s becau se we explored species-level
diversity in the phylogenetic an alysi s a bov e and w ere
int erest ed in the re lations hip between th e t ranspirat ion
ratio and our p redicto rs wi thin species. Also, phylo-
gen etic re lations hips am ong Ambys t o m a were mostl y
ambiguous. G iv en the go a ls of our study and limita-
tio ns o f t he dat a, we used t he mixe d effe cts m ode ling
app roach fo r the int raspe cific ana lysis. 
The ratio between two flexible traits can chan g e for
m any rea so ns. Fo r inst ance, t he ratio might decrease
due to a decrease in the n umera tor, an increase in the
deno minato r, o r both. Thus, we also ana lyze d the ef-
fect of each predictor on water loss rate and gas uptake
rate in separate m ode ls to un derstan d h ow chan g es in
th e un der lying t raits resu lte d in variat ion in the t ranspi-
ra tion ra tio. Thes e analys es were co nd ucted using the
same p redicto rs (tem pera ture, VPD, and log 10 -sca le d
b o dy m a ss) a nd ra ndom effe cts (spe cies) with a mixe d
effects m ode l. Becau se our an alysi s wa s a mu lt iple re-
g ression, we plotte d our resu lts using p art ia l reg ressions
to i l lust rate the effects of each variable while accounting
for the other p redicto rs in the model. 

For each m ode l, we con ducte d a Type-II ana l-
ysis of cova ria nce wit h Sattert hwaite’s met hod
of deg re es of fre e dom from the lmerTest pack-
age ( Kuznetsova et al. 2017 ). To as ses s m ode l fit,
w e reported mar ginal and co ndi tio nal R 

2 fro m
the MuMIn package ( Barton 2023 , ht t ps://cran.r-
proj e ct.or g/w eb/packag es/MuMIn/index.html, last
accessed Feb. 2, 2024) to report the goodness-o f-fit fo r
fixe d effe cts and fixe d pl us rando m effects in th e m ode l,
respe ct i vel y. We a lso reporte d a n effect size ( ω 

2 ) to
estim ate the m agni tude o f the effect for each predictor
in the model. We est imate d the effe ct size using the
effects ize package, which ca lcu lates the s tatis tic using: 

ω 

2 = 

S S t reat ment − d f t reat ment × M S error 

S S t ot al + M S error 
, 

wh ere SS t reat ment is th e sum of squa res f or a g iven p a ra m-
eter, df t reat ment is the deg re es of fre e dom for that pa ra m-
eter, MS error is the mean squar e err or, and SS total is the
total sum of squares ( Olejnik and Algina 2003 ). 

Results 

Comparison among terrestrial taxa 

Based on the transp iratio n ratio, hydric costs of res-
p iratio n were two to four orders of magnitude greater
f or a mphibia ns tha n f o r b irds, b ird eggs, insects, and
m amm al s ( Table 1 ). Specifically, hydric costs are over
67,000-fold greater in amphibians relative to m amm al s,
which had the lowest hydric costs, and 144-fold greater
relative to plants, which had the second highest hydric
costs be hin d amphi bians. Th e extrem e ly high transpi-
ra tion ra tio of am phibians is due to both high water loss
rates and low gas uptake relative to ot her ter restr ial t axa
( Fig. 1 , Table 1 ). In gen eral, th e re lations hip between
water loss and gas uptake was near or below unity for
e ach t axo no mic grou p, wi th amphib ians exhib i ting the
sha l lowest relat io nshi p amo ng ter restr ial t axa ( Table 1 ).
Wi thin amphib i ans, the species w ith the lowest hydric
costs was the b arre d t iger sa la ma nder ( Ambys t o m a m a-
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Table 1. Summary of physiological values, transpiration ratios, and the relationship between physiological values for terrestrial organisms 

Taxa Water loss Gas uptake Transpiration ratio Slope Intercept 

Mammals 9.78 43.0 0.805 0.79 ± 0.06 −0.18 ± 0.08 

Birds 3.04 2.41 0.815 1.17 ± 0.13 −0.20 ± 0.11 

Bird eggs 0.0405 0.0302 1.23 1.09 ± 0.03 −0.24 ± 0.06 

Insects 0.000233 0.000102 4.98 0.79 ± 0.08 −0.42 ± 0.40 

Plants 412.0 1.13 374.0 1.07 ± 0.11 −2.50 ± 0.03 

Amphibians 51.4 0.00211 54,112.0 0.59 ± 0.08 −3.34 ± 0.27 

Units: Water loss = mol H 2 O d −1 ; Gas uptake = mol O 2 d −1 ; Transpiration ratio = mol H 2 O mol −1 O 2 

Taxa are organized based on the value of the transpiration ratio, from lowest to highest. Amphibians demonstrate a remarkably high transpiration ratio due to a combination of low gas uptake and 

high water loss. 

Fig. 1. Amphibians experience substantially higher hydric costs 
compared to other terrestrial species. The relationship between 
water loss rate and gas uptake rate for insects, eggs, birds, 
mammals, plants, and amphibians. The figure is modified from 

Woods and Smith (2010) to illustrate how amphibians compare to 
other terrestrial taxa. 
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Table 2. Results for the Type-II ANCOVA from the phylogenetic 
generalized least-squares for the effect of mass, temperature, VPD, 
and flow rate on amphibian transpiration ratio 

Variable df SS Rsq F P 

log(Mass) 1 0.0069517 0.2274 12.46 0.006 

Temperature 1 0.0000069 0.0002 0.01 0.908 

VPD 1 0.0000002 0.0000 0.00 0.983 

Flow rate 1 0.0012234 0.0400 2.19 0.191 

Residuals 10 0.0055775 0.1825 

Total 14 0.0305593 

The analysis indicates that the transpiration ratio was significantly asso- 
ciated with body mass but not temperature or VPD. 
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orti u m ), which had costs 82.4% lower t han t he aver-
g e hy dric costs for amphi bians. Th e amphi bian species
it h t h e high es t hydric cos ts was the canyon t re e frog

 Hyl a areni col or ), which had costs 150% higher than the
v erag e hy dric costs f or a mphibia n s. On av erag e, hy-
ric costs were similar between sala ma nders a nd frogs
1.9% lower for salaman ders), an d hydric costs for lung-
ess sala ma n ders were 27.3% high er comp are d to lun g ed
ala ma nders. 

hylo g enetic analysis 

n the phylogenetic an alysi s, we found a significant neg-
 tive rela tio nshi p between the transp iratio n ratio and
 o dy m a ss ( Ta ble 2 ). In other w ords, lar g er species hav e

ow er hy dric costs of gas u ptake co mp are d to sma l ler
p ecies. Temp erature, VPD, and flow rate were not asso-
i ated w it h t he t ranspirat ion rat io. In the sep a rate a nal-
ses on water loss and gas uptake, we found that mass
nd tem pera ture had significan tl y positi ve effects on gas
ptake (m a ss: P = 0.001; tem pera ture: P = 0.019), but
PD and flow rate did not a ffe ct gas upta ke ( P > 0.717).
ass, tem pera ture, and flow ra te had significan t posi-

 ive effe cts on water loss (m a ss: P = 0.001; tem pera ture:
 = 0.004; flow rate: P = 0.049), but VPD did not af-

ect water loss ( P = 0.573). Our an alysi s s ugges ted that
he t ranspirat ion rat io is phylogenet ica l ly labi le ( Fig. 2 ;
= 0.0), with λ being significa ntly differ ent fr om 1

 P = 0.04) but not 0 ( P = 1.0). After accounting for
 a ss an d re latedn ess, our phylogen et ic ana lysis ident i-

ed s ubs tanti al unexpl a ined va r iation in t he transpira-
 ion rat io ( Fig. 2 ). 

ntraspecific analysis on transpiration ratio 

n the int raspe cific ana lysis, tem pera ture, VPD, and
 o dy m a ss h ad significa nt effects on the transpi-
a tion ra tio. Our m ode l also in dicated a re lative ly
igh go o dness o f fit fo r those fixe d effe cts (marg ina l
 

2 = 0.47) and the random effect of species (condi-
 iona l R 

2 = 0.73). Tem pera ture had a negat ive effe ct on
he t ranspirat ion rat io ( Fig. 3 A, P < 0.001, ω 

2 = 0.45),
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Fig. 2. The transpiration ratio (left) and the residuals of the transpiration ratio from the phylogenetic analysis (right). The figure 
demonstrates a high degree of variation in the transpiration ratio and the residuals of the ratio, which account for body mass and 
r elatedness. The r esiduals figur e demonstrates that our analysis leav es much variation to explain bey ond body size, temperatur e, VPD, and 
flow rate. The phylogeny was generated by trimming the consensus tree from Jetz and Pyron (2018) . 

Fig. 3. Amphibians experience lower hydric costs with larger body size, at high temperatures, and low vapor pr essur e deficits (VPDs). The 
effects of (A) log-scaled mass on transpiration ratio, (B) temperature, and (C) VPD. These results were generated from a mixed effects 
model that include each variable as a covariate and species as a random effect. The results highlight the importance of temperature, 
humidity, and body size in driving the relationship between water loss and gas uptake . Par tial regressions are shown for each plot. 
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indica ting tha t hydric costs of resp iratio n declined as
tem pera tures warmed. VPD had a positive effect on the
t ranspirat ion rat io ( Fig. 3 B, P < 0.001, ω 

2 = 0.10), indi-
ca ting tha t hydr ic costs incre a sed a s a ir beca me drier. In
addi tio n, b o dy m a ss h ad a negat ive effe ct on the t ranspi-
ra tion ra tio ( Fig. 3 C, P < 0.001, ω 

2 = 0.17), with lar g er
indiv idu als exhib i tin g low er hy dric cos ts of res p iratio n.
Flow rate was not associated with the t ranspirat ion rat io
( P = 0.122, ω 

2 = 0.18). 

Intraspecific analysis on water loss and gas 
uptake 

The sepa rate a nalyses on water loss and gas uptake re-
vea le d th e un der lyin g pattern s th at sh ape d variat ion in
the t ranspirat ion rat io. Body m a ss h ad a positive ef-
fect on both respon se varia bles ( Fig. 4 A, B, water loss:
P < 0.001, ω 

2 = 0.07; gas uptake: P = 0.001, ω 

2 = 0.26).
Thus, th e n egat ive effe ct of b o dy m a ss on the tran-
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Fig. 4. Intraspecific analysis on water loss rate and gas uptake rate. (A) A positiv e r elationship betw een water loss rate and log-scaled body 
mass. (B) A positive relationship between gas uptake rate and logscaled body mass. (C) A negative relationship between water loss rate 
and temperature. (D) A positive relationship between gas uptake and temperature. (E) A positive relationship between water loss and 
VPD. (F) A w eak, negativ e r elationship betw een gas uptake rate and VPD. Partial r egr essions ar e sho wn f or each plot. 
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p iratio n ratio was due to the slop e b etween gas up-
ak e a nd b o dy m a s s being much s teeper (an d re la-
i vel y less variab le) t han t h e s lop e b etween water loss
nd b o dy m a s s (water los s = 0.066 ± 0.008; gas up-
ake = 0.278 ± 0.017). Ther efor e, lar g er indiv idu als
av e low er hy dr ic costs t h an sm a l ler indiv idu als be-
au se ga s uptake i s mo re sensi tive to b o dy m a ss th an wa-
er loss. Tem pera ture had a nega t ive effe ct on water loss
 Fig. 4 C, P < 0.001, ω 

2 = 0.27), whereas tem pera ture
ad a positive effect on gas uptake ( Fig. 4 D, P < 0.001,
 

2 = 0.31). VPD had a positive effect on water loss ( Fig.
 E, P < 0.001, ω 

2 = 0.25) and very sma l l (though signif-
can t) nega t ive effe ct on gas uptake ( Fig. 4 F, P = 0.035,
 

2 < 0.01). Flow rate had a positive effect on water loss
 P < 0.001, ω 

2 = 0.86) but did not a ffect gas uptake
 P = 0.137, ω 

2 = 0.16). 

iscussion 

 ur study revea le d t hat t he hydr ic cos ts of res pira-
io n in amphib ians are two to four o rders o f magni-
ude greater than the hydric costs in other terrest ria l
r ganism s. Th e extrem e ly high transp iratio n ratios are
he resul t o f both re lative ly high water loss and low
as uptake ( Table 1 ), revealing a st ri king mi sm at c h be-
ween gas uptake and water loss in amphibians not
ound in bird s, m amm al s, or insects. Ga s uptake and
ater loss are likely de couple d due to the consequences
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o f cu taneous resp iratio n (o r skin b re at hing). Though
oxygen uptake is less effe ct ive across th e s kin com-
p are d to lungs, skin bre at hing provides an ener g et ica l ly
chea p stra tegy for oxygen upt ake t h at avoid s the cost
of vent i lat io n. Acco rdingl y, amp hi bians exhi bit som e of
th e lowest m etabolic rates am ong ter restr ial vert ebrat es
( W hi t e et al . 2005 ; Uyeda et al . 2017 ), whic h likely re-
flects an adaptive strategy for cheap (albeit ineffe ct ive)
gas up take ( Po ugh 1980 ). Having per me able skin for
gas uptake has s ubs tant ia l costs from a hydration per-
spe ct ive, but by sele ct ing aquat ic or sa tura ted environ-
m ental con ditions, amphi bia ns appea r to avoid these
costs and often experience little to no water loss de-
sp i te having leaky skin ( L ertzman-L ep ofsky et al. 2020 ;
Hoffmann et al. 2021 ). Amphibia ns a re thus lar g ely
buffer ed fr o m selective p res s ure on water loss, which
explains the highly con serv ed and low physiolog ica l re-
sistance to water loss among amphibians ( Li l lywhite
2006 ). Sele ct ing moist environments may also a l low
metabolic rat es t o evo l ve more independently to other
environment al var iables, such as tem pera ture or food
avai labi lity ( Fe der 1978 ; Navas 1996 ; Podhajs ký an d
G v oždík 2016 ; Enrique z-Urzelai et a l. 2022 ). Ther efor e,
the co mb inatio n o f skin b re at hin g and ha b i tat selec-
tion h a s p rod uce d an unexpe cte d co mb inatio n o f wa-
ter loss and gas uptake in amphi bians re lative to other
anim al s. 

O ur phylogenet ic ana lysis revea le d a high deg re e of
var iation in t he t ranspirat ion rat io a mong a mphibia ns.
Body m a ss i s o ne o f th e m ost im portan t fact or s driving
var iation in t he t ranspirat ion rat io. Spe cifica l ly, lar g er
species (and indiv idu als) exhib i ted lower hydric costs of
resp iratio n relative to smaller ones. Both water loss and
gas upt ake incre ased wit h b o dy m a ss, which are com-
mon ly observe d ph en om ena due to lar g er indiv idu als
having more surface area over which eva pora tion oc-
c urs and hig her rates of r espiration, r espe ct i vel y ( White
et al. 2019 ). The relatio nshi p b etween b o dy m a ss and
the t ranspirat ion rat io s ugges ts th at ga s upt ake incre ases
with b o dy m a ss a t a higher ra te com p are d t o wat er loss
(a pattern we als o obs erved in the intraspecific anal-
ysis). Th e re lations hip could be explained by allomet-
ric scaling of surface area-to-volume ratios, which re-
sult in lar g er or ganism s havin g a low er sur face are a-to-
volum e ratio re lat ive to sma l ler or ganism s ( Lindstedt
and Ho p peler 2023 ). This a l lomet ric sca ling of surface
area-to-volume ratios is potent ia l ly sufficient to explain
the lower hydric costs of larger a mphibia ns because the
vol ume o f cells co n sumin g oxyg en s h ould in crease at a
fast er rat e with b o dy m a ss comp are d to t he sur face are a
over which eva pora tion occurs. In a post-hoc an alysi s,
we est imate d th e re lations hip between body m a ss and
the ratio between surface area and metabolic rate from
a l lomet ric relat io nshi ps fo r amphib ians in the literature
(sur face are a s caling coefficient = 0.6–0.77 [ K lein et
al . 2016 ]; metabolic rat e scaling coefficient = 0.78–1.0
[ W hi te 2011 ]). The slop e b etween m a ss an d th e esti-
ma ted ra tio varied between −0.01 and −0.4, which en-
comp asse d our observed slope of −0.21 ± 0.02 ( ± stan-
dar d err or). How ev er, a lternat ive me ch ani sms (such a s
pr ocesses r elat ed t o conve ct ion and oxygen diffusion)
m ay al so play a role ( Wei be l 1987 ). Neverth e less, even
after accounting for b o dy m a ss, our an alysi s revealed a
high deg re e of un explain ed varian ce in th e transpira-
t ion rat io ( Fig. 2 B), which may b e driven by resp onses
to extrinsic factors, such as responses to environmental
co ndi tio ns, o r facto rs not explored in our an alysi s, such
a s microh ab i tat sele ct ion. 

Both tem pera tur e and VPD wer e associ ated w it h t he
t ranspirat ion rat io in the int raspe cific ana lysis b ut no t
in the phylogenet ic ana l ysis. These variab les likel y fai le d
to explain any variation in the phylogenetic an alysi s be-
cause of the low sample size ( n = 15) and av eragin g
over exper iment al tem pera tures an d VPDs. In th e in-
t raspe cific ana lysis, how ev er, tem pera ture and VPD had
lar g e, cont rast ing effe cts on the t ranspirat ion rat io. The
posit ive effe ct of VPD on the t ranspirat ion rat io was
driven by a positive effect on water loss and very sma l l
effect on gas uptak e. Theref ore, as a ir becomes drier,
the costs of resp iratio n increa se a s water loss increa ses
and gas upt ake st ays t he s ame. Tem pera ture had a neg-
at ive effe ct on the t ranspirat ion rat io due to the nega-
t ive effe ct of tem pera ture on wa ter loss and positive ef-
fect on gas uptake. Thu s, a s tem pera tures warmed, wa-
t er loss dec lin ed an d gas uptake in creased, th er eby r e-
ducing the hydric costs of resp iratio n. Th e in crease in
gas uptake is un surprisin g giv en the effects of tempera-
tur e on r espiration in ectot her m s; how ev er, the reduc-
tion in water loss is more surprising . Typic a l ly, water
loss is expe cte d to increase with tem pera ture ( Verberk
et al. 2016 ), though this effect is an indirect p rod uct o f
th e expon ent ia l incre ase in s a tura tion va po r p res s ure
t hat le ad to high VP Ds. In mos t s tudies on t he t her mal
sensi tivi ty o f wat er loss, t em pera ture a nd VPD a re con-
fo unded. In o ur an alysi s, vari ance inflatio n facto rs were
lo w, pro viding the o p portunity to tease apart the effects
of VPD and tem pera ture separa tely. O ur resu lts sug-
gest that some a mphibia ns physiolog ica l ly re duce water
loss in response to warming tem pera tur es, which r epr e-
sen ts an ada pti ve p hysio log ica l r esponse to r educe des-
iccation risk in warm env ironments. Bec ause warmer
tem pera tur es ar e corr el ated w it h dr ier air across t he
globe ( Riddell et al. 2019 ), p hysio logicall y reducing wa-
ter loss in response to warm tem pera tures may buffer
a mphibia ns from the drier co ndi tio ns that frequently
accompa ny wa rmer a ir. Some sala ma nders a nd frogs
have been found to pl astic ally incre ase t heir p hysio logi-
cal resistance to water loss in response to warm temper-
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tures ( Riddell a nd Sea rs 2015 ; Senza no a nd Andrade
018 ), though frogs also exhib i t the o p p osite resp onse
 Tracy et al. 2008 ) or do not chan g e at a l l ( Davies et a l.
015 ). Mo re o ften, how ev er, tem pera ture a nd VPD a re
onf ounded a nd p recl ude an in depen dent as ses sment
f these two va riables. Theref o re, mo re co m para tive ex-
eriments are ne e de d to understa nd va riation in the ef-

ects of tem pera ture on wa ter loss p hysio logy. Similarl y,
h e m ech ani sm s drivin g these respon ses within organ-
sms and b etween sp ecies will h e lp to un derstan d th e
e lations hip between water loss and gas uptake. 

Wh eth er an organism bre at hes across the lungs, in-
egument, or both, ther e ar e s e vera l st rateg ies and t raits
h at h ave ari sen within tetrap o d s to decouple ga s uptake
rom water loss. Nasal turbinates in birds and mammals
re known to con serv e resp irato ry water loss and pro-
ide a means to decouple gas uptake from water loss
 Hi l leniu s 1992 ; Gei s t 2000 ). Acros s th e integum ent, or-
anisms (espe cia l l y amp hib ians) o ft en regulat e gas ex-
han g e and water loss v i a per f usio n o f th e un der ly-
ng vasculature in the skin ( Burggren and Mo a l lf 1984 ;
urggren 1988 ), which provides a c lear mec h ani stic ba-
is for the trade-off between gas excha nge a nd water
oss. Properties of the capi l lary be ds in the skin, such
s density and deg re e of regu lat ion, may provide insight
nto the ab ili ty o f o r ganism s t o decouple wat er loss from
as uptake ( Feder and Burggren 1985 ). How ev er, there
re a lternat iv e mean s of regu lat ing wa ter loss tha t likely
ave little to no effect on gas uptake. For insta nce, ma ny
r ganism s, includin g a mphibia ns, regulate the compo-
i tio n o f li p ids in th e s kin to reduce th e perm eab ili ty
f water ( Mc C lana han et a l . 1978 ; Wither s et al . 1984 ;
oledo a nd Ja red 1993 ; Lillywhite et al . 1997 ; Lillywhit e
004 , 2006 ). Similarly, melanin also lowers the perme-
b ili ty o f th e integum ent t o wat er loss, pot ent ia l ly via
H-induced chan g es in li p ids ( Man et al. 2014 ). Explor-

ng these mech ani sms will h e lp to predict the relative
trengt h of t he t rade-off betwe en spe cies an d th e extent
 o whic h they can decou ple gas u ptake fro m water loss.

In this study, we comp are d th e re lations hip between
ater loss and gas uptake between amphibians and s e v-

ral ot her ter restr ial t axa t hat wer e pr eviously pr esented
n Wo o d s and Smith (2010) . A mphi bians exhi bited th e
ighes t hydric cos ts o f gas u ptak e a mong a ny other ter-
est ria l or ganism s exa mined a nd provide f urt her evi-
en ce that m o re o r ganism s (in addi tio n to plants) de-
 i ate from the proposed 1:1 ratio of water loss to gas
ptake ( Wo o ds an d Smith 2010 ). Th e high hydric costs

n plants might be related to the build-up of water va-
o r p res s ure wi thin intercell ular spaces that forces va-
o r ou t o f the sto mata ( Leuning 1983 ; Woods and Smith
010 ). Th e m ech ani sm s drivin g high hy dric costs in
 mphibia ns a re differ ent fr om p lants, gi v en the a bsence
 f evapo ratio n wi thin tis s ue and s toma ta. Ra th er, th e
igh costs in a mphibia ns a re lik e ly due to th e evolu-
io n o f extrem e ly thin skin to p ro mote oxygen uptake
 nd ca rbo n dioxide eliminatio n ( Burggren and Vitalis
005 ). O ur ana lysis s ugges ts that there are co ndi tio ns by
hic h gas exc han g e and water loss can evo l ve indepen-
en tly, a t least toward high rates of water loss and low
ates of ga s exch an g e. Ev ol u tio nary respo nses in the op-
osite (and potent ia l ly adapt ive) dire ct ion to ward lo w
ater loss and high ga s exch an g e appears to be more

erious ly constrain ed. Th ough ben eficial from a gas up-
ake p ersp ective , suc h a ph en otyp ic co mb inatio n would
e likely have significant cos ts, s uch as p rod uctio n costs
ssoci ated w i th water-p roo fing o r greater dem and s for
nergy intake to su ppo rt a high meta bolism. Nev erthe-
ess, by ma inta inin g ex cept iona l ly “lea ky” s kin, amphi b-
ans may have minimized the trade-off between water
oss and gas ex chan g e, possib l y a l lowin g gas ex chan g e to
vo l ve mor e fr eely. Mor e observations and experiments
hat test this hypothesis could reveal the e colog ica l and
vol u tio nary impo rtance o f using a unique mode of res-
 iratio n fo r decou pling a fun dam enta l t rade-off in ter-
est ria l or ganism s. 
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