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Synopsis  Terrestrial environments pose many challenges to organisms, but perhaps one of the greatest is the need to breathe
while maintaining water balance. Breathing air requires thin, moist respiratory surfaces, and thus the conditions necessary
for gas exchange are also responsible for high rates of water loss that lead to desiccation. Across the diversity of terrestrial
life, water loss acts as a universal cost of gas exchange and thus imposes limits on respiration. Amphibians are known for being
vulnerable to rapid desiccation, in part because they rely on thin, permeable skin for cutaneous respiration. Yet, we have a limited
understanding of the relationship between water loss and gas exchange within and among amphibian species. In this study, we
evaluated the hydric costs of respiration in amphibians using the transpiration ratio, which is defined as the ratio of water loss
(mol H,O d™') to gas uptake (mol O, d™!). A high ratio suggests greater hydric costs relative to the amount of gas uptake. We
compared the transpiration ratio of amphibians with that of other terrestrial organisms to determine whether amphibians had
greater hydric costs of gas uptake relative to plants, insects, birds, and mammals. We also evaluated the effects of temperature,
humidity, and body mass on the transpiration ratio both within and among amphibian species. We found that hydric costs
of respiration in amphibians were two to four orders of magnitude higher than the hydric costs of plants, insects, birds, and
mammals. We also discovered that larger amphibians had lower hydric costs than smaller amphibians, at both the species- and
individual-level. Amphibians also reduced the hydric costs of respiration at warm temperatures, potentially reflecting adaptive
strategies to avoid dehydration while also meeting the demands of higher metabolic rates. Our results suggest that cutaneous
respiration is an inefficient mode of respiration that produces the highest hydric costs of respiration yet to be measured in
terrestrial plants and animals. Yet, amphibians largely avoid these costs by selecting aquatic or moist environments, which may
facilitate more independent evolution of water loss and gas exchange.

Introduction nitrogen excretion, osmoregulation, breathing air, and

The transition from water to land was a pivotal mo-
ment in the history of vertebrates that shaped the evo-
lutionary trajectory of terrestrial life (Bray et al. 1997;
Hsia et al. 2013; Cupello et al. 2022). Life on land pre-
sented major new challenges, which fundamentally re-
shaped the physiology, behavior, morphology, and life
history of terrestrial taxa (Gans 1970; Graham and Lee
2004; Hsia et al. 2013). From a physiological perspec-
tive, organisms faced challenges related to ion balance,
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maintaining water balance in a more desiccating envi-
ronment (Little 1990; Cupello et al. 2022). Breathing air
while staying hydrated posed particularly problematic
obstacles given the inextricable link between water loss
and gas exchange. Organisms breathe air across respira-
tory surfaces, which include the lungs, gills, and integu-
ment (e.g., skin or cuticle). To facilitate gas exchange,
respiratory surfaces are often thin, highly vascularized,
and saturated with body water, which also results in
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high rates of water loss (Maina 2002; Lillywhite 2006).
Thus, the conditions necessary for gas exchange (both
oxygen uptake and carbon dioxide elimination) are also
responsible for high rates of water loss and produce a
fundamental trade-off between the capacity to breathe
and the capacity to remain hydrated (Woods and Smith
2010). The relationship between water loss and gas ex-
change is evident across a range of terrestrial organ-
isms and persists even when accounting for body mass
(Woods and Smith 2010). However, the relationship be-
tween water loss and gas exchange remains relatively
unknown for amphibians—a clade that has successfully
colonized most terrestrial environments on Earth and
has a distinct respiratory strategy compared to all other
tetrapod clades.

The simultaneous success and strict habitat require-
ments of amphibians presents a paradox. Modern-day
amphibians (Lissamphibia) evolved approximately 300
to 360 million years ago (San Mauro et al. 2005; Zhang
and Wake 2009) and consist of roughly 8,000 species
with a global distribution that extends across most ter-
restrial ecosystems, spanning the tropics, deserts, and
tundra (Duellman 1999; Wake and Koo 2018). Yet, am-
phibians are also known for their high susceptibility
to desiccation and strict reliance on moisture or fresh-
water aquatic environments (Tracy 1976; Wake and
Vredenburg 2008). How have such sensitive organisms
persisted in so many environments for so long? In part,
amphibians have used behavioral means to avoid dry
environmental conditions (Inger 1957; Bertoluci 1998).
By selecting moist environments, amphibians largely
avoid the risk of desiccation that arises from their per-
meable, wet skin (Spotila and Berman 1976; Lillywhite
2006). These same properties of the skin also facilitate
its use as an important respiratory surface (Tattersall
2007), often acting as the primary respiratory surface at
rest for oxygen uptake and carbon dioxide elimination
(Bentley and Yorio 1979; Burggren and Moallf 1984;
Wygoda 1984; Burggren and Vitalis 2005; Lillywhite
2006). Thus, the physiological requirements and conse-
quences of cutaneous respiration have shaped amphib-
ian ecology for millions of years. Despite the unique
physiology of amphibians, we have yet to understand
how the relationship between water loss and gas uptake
in amphibians compares with that of other terrestrial
organisms. We also do not know whether the relation-
ship between these physiological traits varies with abi-
otic factors, such as temperature and humidity.

Temperature has inescapable effects on rates of both
water loss and gas uptake. As with any ectotherm, tem-
perature directly affects respiration due to thermody-
namic effects on molecular motion and activation en-
ergy (Schulte 2015), leading to higher rates of gas up-
take at warmer temperatures to meet the rising de-
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mands of respiration. The effects of temperature on wa-
ter loss are indirect and determined by the vapor pres-
sure deficit (VPD), defined as the difference between
the ambient vapor pressure and the saturation vapor
pressure (Stull 2000). The VPD determines the rates of
evaporation and thus sets the evaporative demand of
the air (Anderson 1936; Monteith and Campbell 1980).
Because the saturation vapor pressure increases expo-
nentially with temperature, warm air has greater dry-
ing potential than cool air, which explains why warmer
climates tend to have higher VPDs across the planet
(Riddell et al. 2019). From a purely biophysical perspec-
tive, organisms in warmer environments are expected
to experience greater evaporative demand. To counter-
act these effects, some terrestrial organisms (including
amphibians) increase their physiological resistance to
water loss in response to warm temperatures, thereby
limiting evaporative water loss (Maenpaa et al. 2011;
Riddell and Sears 2015; Senzano and Andrade 2018).
These responses potentially act as an adaptive strategy
to minimize water loss in these warmer, drier environ-
ments. Evaluating hydric costs with respect to temper-
ature and humidity might reveal adaptive responses or
constraints in the evolution of gas uptake.

Here, we studied the hydric costs of gas uptake in am-
phibians by examining the relationship between water
loss and gas uptake, which can be expressed as the tran-
spiration ratio (the ratio of water loss rate [mol H,O
d™'] to gas uptake rate [mol O, d™']). Species or in-
dividuals with a high transpiration ratio lose more wa-
ter per unit of gas consumed and thus have high hydric
costs of respiration. Across terrestrial animals, this ratio
tends to be near unity (Woods and Smith 2010). The 1:1
relationship suggests that gas uptake (and thus respira-
tion) might be constrained by water loss because higher
respiration rates would require thinner, more “leaky”
respiratory surfaces. First, we compared transpiration
ratios between amphibians and the other terrestrial or-
ganisms from Woods and Smith (2010), which included
plants, insects, mammals, and birds (and their eggs).
With this comparison, we evaluated whether amphib-
ians exhibited a relationship between water loss and gas
uptake similar to that observed in other terrestrial or-
ganisms. Second, we conducted a phylogenetic analysis
to evaluate variability in the transpiration ratio among
amphibian species. We also evaluated whether the ex-
perimental body mass, temperature, VPD, and flow rate
affected phylogenetic variation in the transpiration ra-
tio. Finally, we evaluated how body mass, tempera-
ture, VPD, and flow rate influenced transpiration ratios
within species. We predicted that transpiration ratios
could either be positively or negatively associated with
temperature, depending on whether water loss rates
generally increased (Tracy et al. 2008; Mokhatla et al.
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2019) or declined (Riddell and Sears 2015; Senzano and
Andrade 2018; Riddell et al. 2019) with temperature
after accounting for VPD. We also predicted that tran-
spiration ratios would increase with VPD due to the po-
tential for higher water loss rates at higher VPDs. In ad-
dition, we predicted that transpiration ratios would not
be related to mass because both water loss rates and gas
uptake rates increase with body mass. These results re-
veal the hydric costs of gas exchange in amphibians and
provide insight into the evolutionary constraints on wa-
ter loss and gas uptake in terrestrial organisms.

Methods
Data acquisition

We searched for studies on Web of Science and Google
Scholar using the search terms “amphibians,” “wa-
ter loss rate,” “metabolic rate,” “temperature,” “VO,,”
“EWL,” and “VCO,.” We collected studies on resting
amphibians with species-level measurements of oxy-
gen consumption, carbon dioxide production, and wa-
ter loss rate. In some cases, studies provided a sin-
gle species-specific average for each trait, and in oth-
ers (generally more recent studies), studies provided
the datasets with measurements on each individual. We
conducted a phylogenetic and intraspecific analysis on
the relationship between gas uptake and water loss rates.
For the intraspecific analysis, we required that studies
measure gas uptake and water loss on the same indi-
viduals. Studies that measured water loss rates on one
population and gas uptake on another population were
not included in the intraspecific analysis because rela-
tionships between traits could not be evaluated at the
level of the individual. We also searched for studies
that measured each trait across a range of temperatures
for the intraspecific analysis. For instance, some stud-
ies recorded their measurements at a single tempera-
ture (Messerman and Leal 2020). These measurements
were included in the phylogenetic analysis but not the
intraspecific analysis. We also required that the studies
report the relative humidity (or VPD) for the experi-
ment. In general, most studies did not control for the
VPD by adjusting ambient vapor pressure across tem-
perature treatments. Thus, temperature and VPD were
confounded in several studies (but see variance infla-
tion factors below). For the studies that only measured
carbon dioxide production, we converted values to oxy-
gen uptake using a respiratory quotient of 0.7 because
individuals were always measured in a post-absorptive,
resting state, similar to Woods and Smith (2010).

For the phylogenetic analysis, we found data on wa-
ter loss and gas uptake measurements for 15 species
of amphibian (4 frogs and 11 salamanders). Among
the salamanders, 2 were lungless and 9 had lungs. For

» <«

the intraspecific analysis, we found 844 measurements
of water loss and gas uptake (1 frog and 8 salaman-
der species). The measurements were conducted on the
same individuals across a range of temperatures (6-
35°C), VPDs (0.5-5.8 kPa), and body masses (0.6-32.2
g). Of the eight salamander species, one was a hybrid
between two parental lineages (Burger et al. 2024), and
another was a unisexual lineage of salamander (Denton
et al. 2017). Hybrids and unisexuals were not included
in the phylogenetic analysis, and excluding these groups
from the intraspecific analysis did not change the in-
terpretation of our results. For the intraspecific analy-
sis, measurements on water loss and gas uptake were
collected at the same time, with the exception of one
species (Aneides aeneus, Newman et al. 2022). All mea-
surements in the intraspecific analysis were conducted
using flow through respirometry. We used a recent con-
sensus tree developed for all amphibians in our phylo-
genetic analysis (see below) (Jetz and Pyron 2018).

In the seminal study on the hydric costs of gas uptake
(Woods and Smith 2010), the analysis included mea-
surements of water loss and gas exchange across the
respiratory surfaces, either lungs (mammals and birds),
cuticle (plants), tracheal system (insects), or egg shell
(bird eggs). Amphibians, however, rely mostly on the
skin for gas uptake at rest and only use the lungs (when
present) to support more energetically demanding ac-
tivities or in response to warmer temperatures (Senzano
and Andrade 2018). By including the whole-organism
water loss and gas uptake rates, our analysis lumps respi-
ratory and cutaneous gas uptake and water loss into the
same trait values. Because these values were measured
at rest and most (if not all) water loss and gas exchange
occurs across the skin at rest (Bentley and Yorio 1979;
Wygoda 1984; Young et al. 2005; Senzano and Andrade
2018), our analysis evaluates the skin as a respiratory
surface. We are, nonetheless, unable to disentangle the
relative costs of each respiratory surface.

Statistical analysis

We conducted all analyses in R (v. 4.3.1, R Core Team
2021). For our response variable, we calculated the tran-
spiration ratio using the same approach as Woods and
Smith (2010), which was calculated as the ratio of wa-
ter loss (mol H,O d™') to gas uptake (mol O, d71).
We compared transpiration ratios between amphibians
and the terrestrial taxa from Woods and Smith (2010)
by providing average water loss rates, gas uptake rates,
and transpiration ratios for each group. We also esti-
mated the slope and intercept between log;(-scaled wa-
ter loss and log;o-scaled gas uptake in separate linear
regressions for each taxonomic group. These statistics
help to compare transpiration ratios and evaluate the
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strength of the relationship between these two traits
among groups, which may reflect the degree of con-
straint (i.e., weaker relationships may have less con-
straints).

We also conducted two analyses to understand how
transpiration ratios are related to temperature, humid-
ity, and body mass. In the first analysis (called the phy-
logenetic analysis), we sought to understand the pheno-
typic diversity and evolutionary lability of transpiration
ratios among amphibian species. Thus, we conducted
a phylogenetic generalized least squares analysis using
the RRPP package in R (Collyer and Adams 2018).
In the analysis, we used the log;o-scaled average tran-
spiration ratio as the response variable, and we used
the average temperature (°C), VPD (kPa), log;o-scaled
mass (g), and flow rate (L/s) as covariates. We included
flow rate as a covariate due to its effect on convective
conductance to water vapor (Campbell and Norman
1998). We also analyzed water loss and gas uptake in
separate models using the same approach and covari-
ates. To assess significance, we used a Type-II analysis of
covariance in the RRPP package. For the phylogenetic
analysis, we used our focal species to trim a consensus
tree from a comprehensive phylogenetic tree of am-
phibians (Jetz and Pyron 2018). In addition, we also
estimated phylogenetic signal using Pagel’s lambda ()
in the caper package in R (Orme 2023, https://cran.r-
project.org/web/packages/caper/index.html, last ac-
cessed Jan. 17, 2024), which we calculated using the
same response variable and covariates as the models
above.

The intraspecific analysis was designed to evalu-
ate the effects of temperature, humidity, and body
mass on transpiration ratio within amphibian species.
We logjo-scaled the transpiration ratio and body
mass to meet the assumptions of normality. We
also used a mixed effect modeling approach with
the Ime4 package (Bates et al. 2023, https://cran.r-
project.org/web/packages/lme4/index.html, last ac-
cessed Feb. 12, 2024) with each predictor variable as a
covariate and species as a random effect. We assessed
our model for collinearity using variance inflation
factors from the car package (Fox et al. 2023) and found
that all variance inflation factors were less than 2, indi-
cating a lack of collinearity among predictors (Craney
and Surles 2002). We did not incorporate relatedness
into this analysis because we explored species-level
diversity in the phylogenetic analysis above and were
interested in the relationship between the transpiration
ratio and our predictors within species. Also, phylo-
genetic relationships among Ambystoma were mostly
ambiguous. Given the goals of our study and limita-
tions of the data, we used the mixed effects modeling
approach for the intraspecific analysis.

E. A.Riddell et al.

The ratio between two flexible traits can change for
many reasons. For instance, the ratio might decrease
due to a decrease in the numerator, an increase in the
denominator, or both. Thus, we also analyzed the ef-
fect of each predictor on water loss rate and gas uptake
rate in separate models to understand how changes in
the underlying traits resulted in variation in the transpi-
ration ratio. These analyses were conducted using the
same predictors (temperature, VPD, and log;o-scaled
body mass) and random effects (species) with a mixed
effects model. Because our analysis was a multiple re-
gression, we plotted our results using partial regressions
to illustrate the effects of each variable while accounting
for the other predictors in the model.

For each model, we conducted a Type-II anal-
ysis of covariance with Satterthwaite’s method
of degrees of freedom from the ImerTest pack-
age (Kuznetsova et al. 2017). To assess model fit,
we reported marginal and conditional R* from
the MuMIn package (Barton 2023, https://cran.r-
project.org/web/packages/MuMIn/index.html, last
accessed Feb. 2, 2024) to report the goodness-of-fit for
fixed effects and fixed plus random effects in the model,
respectively. We also reported an effect size (w?) to
estimate the magnitude of the effect for each predictor
in the model. We estimated the effect size using the
effectsize package, which calculates the statistic using:

2 Sstreutment - dftreatment X MSerror

W = ’
SStozal + MSermr

where S$Sireatment is the sum of squares for a given param-
eter, dfireatment 1S the degrees of freedom for that param-
eter, MSe;ror is the mean square error, and SSio is the
total sum of squares (Olejnik and Algina 2003).

Results
Comparison among terrestrial taxa

Based on the transpiration ratio, hydric costs of res-
piration were two to four orders of magnitude greater
for amphibians than for birds, bird eggs, insects, and
mammals (Table 1). Specifically, hydric costs are over
67,000-fold greater in amphibians relative to mammals,
which had the lowest hydric costs, and 144-fold greater
relative to plants, which had the second highest hydric
costs behind amphibians. The extremely high transpi-
ration ratio of amphibians is due to both high water loss
rates and low gas uptake relative to other terrestrial taxa
(Fig. 1, Table 1). In general, the relationship between
water loss and gas uptake was near or below unity for
each taxonomic group, with amphibians exhibiting the
shallowest relationship among terrestrial taxa (Table 1).
Within amphibians, the species with the lowest hydric
costs was the barred tiger salamander (Ambystoma ma-
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Table I.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 24| 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,O d~'; Gas uptake = mol Oy d";Transpiration ratio = mol H,O mol~! O,

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.

log1o (Water loss rate [mol day™'])

T
-6 -4 -2 0 2 %
logo (Gas uptake rate [mol day™'])

Fig. I. 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.

vortium), which had costs 82.4% lower than the aver-
age hydric costs for amphibians. The amphibian species
with the highest hydric costs was the canyon tree frog
(Hyla arenicolor), which had costs 150% higher than the
average hydric costs for amphibians. On average, hy-
dric costs were similar between salamanders and frogs
(1.9% lower for salamanders), and hydric costs for lung-
less salamanders were 27.3% higher compared to lunged
salamanders.

Phylogenetic analysis

In the phylogenetic analysis, we found a significant neg-
ative relationship between the transpiration ratio and
body mass (Table 2). In other words, larger species have
lower hydric costs of gas uptake compared to smaller

Table 2. Results for the Type-ll 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) | 0.0069517  0.2274 12.46 0.006
Temperature | 0.0000069 0.0002 0.01 0.908
VPD | 0.0000002  0.0000 0.00 0.983
Flow rate | 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.

species. Temperature, VPD, and flow rate were not asso-
ciated with the transpiration ratio. In the separate anal-
yses on water loss and gas uptake, we found that mass
and temperature had significantly positive effects on gas
uptake (mass: P = 0.001; temperature: P = 0.019), but
VPD and flow rate did not affect gas uptake (P > 0.717).
Mass, temperature, and flow rate had significant posi-
tive effects on water loss (mass: P = 0.001; temperature:
P = 0.004; flow rate: P = 0.049), but VPD did not af-
fect water loss (P = 0.573). Our analysis suggested that
the transpiration ratio is phylogenetically labile (Fig. 2;
A = 0.0), with A being significantly different from 1
(P = 0.04) but not 0 (P = 1.0). After accounting for
mass and relatedness, our phylogenetic analysis identi-
fied substantial unexplained variation in the transpira-
tion ratio (Fig. 2).

Intraspecific analysis on transpiration ratio

In the intraspecific analysis, temperature, VPD, and
body mass had significant effects on the transpi-
ration ratio. Our model also indicated a relatively
high goodness of fit for those fixed effects (marginal
R?> = 0.47) and the random effect of species (condi-
tional R*> = 0.73). Temperature had a negative effect on
the transpiration ratio (Fig. 3A, P < 0.001, w? = 0.45),
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Chiromantis xerampelina '—l
ﬁ Hyperolius marmoratus

Phyllomedusa sauvagii

Plethodon metcalfi
{ Aneides aeneus Z}:

Ambystoma talpoideum

Ambystoma maculatum

Ambystoma mavortium

Ambystoma opacum

Ambystoma texanum
Ambystoma annulatum
Ambystoma californiense

Ambystoma laterale

Ambystoma jeffersonianum
4 46 52 -0.47 0 0.47

log(Transpiration ratio) Transpiration ratio residuals

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
relatedness. The residuals figure demonstrates that our analysis leaves much variation to explain beyond body size, temperature, VPD, and
flow rate. The phylogeny was generated by trimming the consensus tree from Jetz and Pyron (2018).

-(A)
0'5_,

(C)

Transpiration ratio residuals
o
1

Transpiration ratio residuals
Transpiration ratio residuals

log(Mass) residuals Temperature residuals VPD residuals

Fig. 3. Amphibians experience lower hydric costs with larger body size, at high temperatures, and low vapor pressure 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. Partial regressions are shown for each plot.

indicating that hydric costs of respiration declined as  Thus, the negative effect of body mass on the tran-
temperatures warmed. VPD had a positive effect on the

transpiration ratio (Fig. 3B, P < 0.001, w? =0.10), indi-

cating that hydric costs increased as air became drier. In

addition, body mass had a negative effect on the transpi-

ration ratio (Fig. 3C, P < 0.001, w? = 0.17), with larger

individuals exhibiting lower hydric costs of respiration.

Flow rate was not associated with the transpiration ratio

(P=0.122, »* =0.18).

Intraspecific analysis on water loss and gas
uptake

The separate analyses on water loss and gas uptake re-
vealed the underlying patterns that shaped variation in
the transpiration ratio. Body mass had a positive ef-
fect on both response variables (Fig. 4A, B, water loss:
P <0.001, w* = 0.07; gas uptake: P=0.001, »* = 0.26).
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Gas uptake rate residuals
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Temperature residuals
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Water loss rate residuals
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(F)
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Fig. 4. Intraspecific analysis on water loss rate and gas uptake rate. (A) A positive relationship between 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 weak, negative relationship between gas uptake rate and VPD. Partial regressions are shown for each plot.

spiration ratio was due to the slope between gas up-
take and body mass being much steeper (and rela-
tively less variable) than the slope between water loss
and body mass (water loss = 0.066 % 0.008; gas up-
take = 0.278 £ 0.017). Therefore, larger individuals
have lower hydric costs than smaller individuals be-
cause gas uptake is more sensitive to body mass than wa-
ter loss. Temperature had a negative effect on water loss
(Fig. 4C, P < 0.001, @® = 0.27), whereas temperature
had a positive effect on gas uptake (Fig. 4D, P < 0.001,
? =0.31). VPD had a positive effect on water loss (Fig.
4E, P < 0.001, »* = 0.25) and very small (though signif-
icant) negative effect on gas uptake (Fig. 4F, P = 0.035,
@* < 0.01). Flow rate had a positive effect on water loss

(P < 0.001, @* = 0.86) but did not affect gas uptake
(P=0.137, @*> = 0.16).

Discussion

Our study revealed that the hydric costs of respira-
tion in amphibians are two to four orders of magni-
tude greater than the hydric costs in other terrestrial
organisms. The extremely high transpiration ratios are
the result of both relatively high water loss and low
gas uptake (Table 1), revealing a striking mismatch be-
tween gas uptake and water loss in amphibians not
found in birds, mammals, or insects. Gas uptake and
water loss are likely decoupled due to the consequences
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of cutaneous respiration (or skin breathing). Though
oxygen uptake is less effective across the skin com-
pared to lungs, skin breathing provides an energetically
cheap strategy for oxygen uptake that avoids the cost
of ventilation. Accordingly, amphibians exhibit some of
the lowest metabolic rates among terrestrial vertebrates
(White et al. 2005; Uyeda et al. 2017), which likely re-
flects an adaptive strategy for cheap (albeit ineffective)
gas uptake (Pough 1980). Having permeable skin for
gas uptake has substantial costs from a hydration per-
spective, but by selecting aquatic or saturated environ-
mental conditions, amphibians appear to avoid these
costs and often experience little to no water loss de-
spite having leaky skin (Lertzman-Lepofsky et al. 2020;
Hoffmann et al. 2021). Amphibians are thus largely
buffered from selective pressure on water loss, which
explains the highly conserved and low physiological re-
sistance to water loss among amphibians (Lillywhite
2006). Selecting moist environments may also allow
metabolic rates to evolve more independently to other
environmental variables, such as temperature or food
availability (Feder 1978; Navas 1996; Podhajsky and
Gvozdik 2016; Enriquez-Urzelai et al. 2022). Therefore,
the combination of skin breathing and habitat selec-
tion has produced an unexpected combination of wa-
ter loss and gas uptake in amphibians relative to other
animals.

Our phylogenetic analysis revealed a high degree of
variation in the transpiration ratio among amphibians.
Body mass is one of the most important factors driving
variation in the transpiration ratio. Specifically, larger
species (and individuals) exhibited lower hydric costs of
respiration relative to smaller ones. Both water loss and
gas uptake increased with body mass, which are com-
monly observed phenomena due to larger individuals
having more surface area over which evaporation oc-
curs and higher rates of respiration, respectively (White
et al. 2019). The relationship between body mass and
the transpiration ratio suggests that gas uptake increases
with body mass at a higher rate compared to water loss
(a pattern we also observed in the intraspecific anal-
ysis). The relationship could be explained by allomet-
ric scaling of surface area-to-volume ratios, which re-
sult in larger organisms having a lower surface area-to-
volume ratio relative to smaller organisms (Lindstedt
and Hoppeler 2023). This allometric scaling of surface
area-to-volume ratios is potentially sufficient to explain
the lower hydric costs of larger amphibians because the
volume of cells consuming oxygen should increase at a
faster rate with body mass compared to the surface area
over which evaporation occurs. In a post-hoc analysis,
we estimated the relationship between body mass and
the ratio between surface area and metabolic rate from
allometric relationships for amphibians in the literature

E. A.Riddell et al.

(surface area scaling coefficient = 0.6-0.77 [Klein et
al. 2016]; metabolic rate scaling coefficient = 0.78-1.0
[White 2011]). The slope between mass and the esti-
mated ratio varied between —0.01 and —0.4, which en-
compassed our observed slope of —0.21 £ 0.02 (+ stan-
dard error). However, alternative mechanisms (such as
processes related to convection and oxygen diffusion)
may also play a role (Weibel 1987). Nevertheless, even
after accounting for body mass, our analysis revealed a
high degree of unexplained variance in the transpira-
tion ratio (Fig. 2B), which may be driven by responses
to extrinsic factors, such as responses to environmental
conditions, or factors not explored in our analysis, such
as microhabitat selection.

Both temperature and VPD were associated with the
transpiration ratio in the intraspecific analysis but not
in the phylogenetic analysis. These variables likely failed
to explain any variation in the phylogenetic analysis be-
cause of the low sample size (n = 15) and averaging
over experimental temperatures and VPDs. In the in-
traspecific analysis, however, temperature and VPD had
large, contrasting effects on the transpiration ratio. The
positive effect of VPD on the transpiration ratio was
driven by a positive effect on water loss and very small
effect on gas uptake. Therefore, as air becomes drier,
the costs of respiration increase as water loss increases
and gas uptake stays the same. Temperature had a neg-
ative effect on the transpiration ratio due to the nega-
tive effect of temperature on water loss and positive ef-
fect on gas uptake. Thus, as temperatures warmed, wa-
ter loss declined and gas uptake increased, thereby re-
ducing the hydric costs of respiration. The increase in
gas uptake is unsurprising given the effects of tempera-
ture on respiration in ectotherms; however, the reduc-
tion in water loss is more surprising. Typically, water
loss is expected to increase with temperature (Verberk
et al. 2016), though this effect is an indirect product of
the exponential increase in saturation vapor pressure
that lead to high VPDs. In most studies on the thermal
sensitivity of water loss, temperature and VPD are con-
founded. In our analysis, variance inflation factors were
low, providing the opportunity to tease apart the effects
of VPD and temperature separately. Our results sug-
gest that some amphibians physiologically reduce water
loss in response to warming temperatures, which repre-
sents an adaptive physiological response to reduce des-
iccation risk in warm environments. Because warmer
temperatures are correlated with drier air across the
globe (Riddell et al. 2019), physiologically reducing wa-
ter loss in response to warm temperatures may buffer
amphibians from the drier conditions that frequently
accompany warmer air. Some salamanders and frogs
have been found to plastically increase their physiologi-
cal resistance to water loss in response to warm temper-
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atures (Riddell and Sears 2015; Senzano and Andrade
2018), though frogs also exhibit the opposite response
(Tracy et al. 2008) or do not change at all (Davies et al.
2015). More often, however, temperature and VPD are
confounded and preclude an independent assessment
of these two variables. Therefore, more comparative ex-
periments are needed to understand variation in the ef-
fects of temperature on water loss physiology. Similarly,
the mechanisms driving these responses within organ-
isms and between species will help to understand the
relationship between water loss and gas uptake.
Whether an organism breathes across the lungs, in-
tegument, or both, there are several strategies and traits
that have arisen within tetrapods to decouple gas uptake
from water loss. Nasal turbinates in birds and mammals
are known to conserve respiratory water loss and pro-
vide a means to decouple gas uptake from water loss
(Hillenius 1992; Geist 2000). Across the integument, or-
ganisms (especially amphibians) often regulate gas ex-
change and water loss via perfusion of the underly-
ing vasculature in the skin (Burggren and Moallf 1984;
Burggren 1988), which provides a clear mechanistic ba-
sis for the trade-off between gas exchange and water
loss. Properties of the capillary beds in the skin, such
as density and degree of regulation, may provide insight
into the ability of organisms to decouple water loss from
gas uptake (Feder and Burggren 1985). However, there
are alternative means of regulating water loss that likely
have little to no effect on gas uptake. For instance, many
organisms, including amphibians, regulate the compo-
sition of lipids in the skin to reduce the permeability
of water (Mc Clanahan et al. 1978; Withers et al. 1984;
Toledo and Jared 1993; Lillywhite et al. 1997; Lillywhite
2004, 2006). Similarly, melanin also lowers the perme-
ability of the integument to water loss, potentially via
pH-induced changes in lipids (Man et al. 2014). Explor-
ing these mechanisms will help to predict the relative
strength of the trade-off between species and the extent
to which they can decouple gas uptake from water loss.
In this study, we compared the relationship between
water loss and gas uptake between amphibians and sev-
eral other terrestrial taxa that were previously presented
in Woods and Smith (2010). Amphibians exhibited the
highest hydric costs of gas uptake among any other ter-
restrial organisms examined and provide further evi-
dence that more organisms (in addition to plants) de-
viate from the proposed 1:1 ratio of water loss to gas
uptake (Woods and Smith 2010). The high hydric costs
in plants might be related to the build-up of water va-
por pressure within intercellular spaces that forces va-
por out of the stomata (Leuning 1983; Woods and Smith
2010). The mechanisms driving high hydric costs in
amphibians are different from plants, given the absence
of evaporation within tissue and stomata. Rather, the

high costs in amphibians are likely due to the evolu-
tion of extremely thin skin to promote oxygen uptake
and carbon dioxide elimination (Burggren and Vitalis
2005). Our analysis suggests that there are conditions by
which gas exchange and water loss can evolve indepen-
dently, at least toward high rates of water loss and low
rates of gas exchange. Evolutionary responses in the op-
posite (and potentially adaptive) direction toward low
water loss and high gas exchange appears to be more
seriously constrained. Though beneficial from a gas up-
take perspective, such a phenotypic combination would
be likely have significant costs, such as production costs
associated with water-proofing or greater demands for
energy intake to support a high metabolism. Neverthe-
less, by maintaining exceptionally “leaky” skin, amphib-
ians may have minimized the trade-off between water
loss and gas exchange, possibly allowing gas exchange to
evolve more freely. More observations and experiments
that test this hypothesis could reveal the ecological and
evolutionary importance of using a unique mode of res-
piration for decoupling a fundamental trade-off in ter-
restrial organisms.
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