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Abstract

Global climate change is altering patterns of temperature variation, with unpredictable consequences for species
and ecosystems. The Metabolic Theory of Ecology (MTE) provides a powerful framework for predicting climate
change impacts on ectotherm metabolic performance. MTE postulates that physiological and ecological processes
are limited by organism metabolic rates, which scale predictably with body mass and temperature. The purpose of
this study was to determine if different metabolic proxies generate different empirical estimates of key MTE model
parameters for the aquatic frog Xenopus laevis when allowed to exhibit normal diving behavior. We used a novel
methodological approach in combining a flow-through respirometry setup with the open-source Arduino platform
to measure mass and temperature effects on 4 different proxies for whole-body metabolism (total O, consumption,
cutaneous O, consumption, pulmonary O, consumption, and ventilation frequency), following thermal acclima-
tion to one of 3 temperatures (8°C, 17°C, or 26°C). Different metabolic proxies generated different mass-scaling
exponents () and activation energy (£, ) estimates, highlighting the importance of metabolic proxy selection when
parameterizing MTE-derived models. Animals acclimated to 17°C had higher O, consumption across all tempera-
tures, but thermal acclimation did not influence estimates of key MTE parameters Ex and b. Cutaneous respiration
generated lower MTE parameters than pulmonary respiration, consistent with temperature and mass constraints on
dissolved oxygen availability, SA:V ratios, and diffusion distances across skin. Our results show that the choice of

metabolic proxy can have a big impact on empirical estimates for key MTE model parameters.
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INTRODUCTION

Climate change is projected to increase mean temper-
atures and temperature variability, with potentially com-
plex effects on species and the ecosystems they inhabit
(Donelson et al. 2018; Morash et al. 2018; Burggren
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2018). These changes are especially important for ec-
tothermic animals including amphibians, which allow
their core body temperatures to vary with environmental
temperature. Understanding thermal responses is increas-
ingly important for amphibians due to the global spread
of temperature-dependent diseases (Berger et al. 1998;
Stuart et al. 2004; Skerrat et al. 2007). Measuring how
changes in temperature affect an organisms’ physiologi-
cal performance is crucial to identifying at-risk species
and mitigating effects of anthropogenic climate change.
One of the most important tools for describing ec-
totherm thermal responses is the thermal performance
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curve (TPC), which describes some metric of an organ-
ism’s performance across a range of temperatures (Denny
& Dowd 2012). TPCs are typically asymmetric and in-
crease exponentially with temperature up to an organism’s
peak performance temperature (7,), above which per-
formance rapidly declines (Denny & Dowd 2012). Due
to this inherent non-linearity of TPCs, it is important
to quantify performance across a range of temperatures
and to describe the TPC using an appropriate mathe-
matical model. Although a wide variety of models have
been used to describe thermal performance curves, ar-
guably the most mechanistic and potentially generaliz-
able are equations derived from the metabolic theory of
ecology (MTE). Brown (2004) presents central equations,
assumptions, and the theoretical framework in a greater
depth.

One advantage of MTE-derived models is the poten-
tial generalizability of key model parameters such as the
activation energy FEx, which is predicted to have similar
values across taxa and physiological processes (Brown
et al. 2004; Dell et al. 2011). Most MTE-derived models
are parameterized using some proxy for metabolic perfor-
mance (e.g. sprint speed, ventilation frequency, or activity
level), which is assumed to be proportional to the mass-
specific metabolic rate B (Gillooly et al. 2001; Brown
et al. 2004; Savage et al. 2007). However, this common
assumption of a constant £, across metabolic proxies re-
mains to be tested for most ectotherm species. A second
advantage of MTE-derived models is the ability to si-
multaneously describe temperature and mass-scaling ef-
fects on metabolism. Our goal in this study was not to
test fundamental assumptions of MTE. Instead, we used
MTE-derived models to simultaneously describe temper-
ature and mass effects on respiratory performance in the
model amphibian species Xenopus laevis (Daudin, 1802),
and we tested the common empirical assumption of in-
variant £, across multiple metabolic proxies. The first
objective of this study was to estimate the £, for whole-
body metabolism of X. laevis and determine if different
metabolic proxies generate similar £, estimates.

An important aspect of TPCs is their ability to shift
following extended exposure to a given temperature, due
to developmental or reversible plasticity (i.e. thermal
acclimation responses). Classic MTE studies tended
to ignore acclimation effects on thermal performance
curves (e.g. Gillooly et al. 2001), but more recent studies
have suggested thermal acclimation can be incorporated
into MTE by making key parameters into functions of
recently experienced temperatures (Rohr et al. 2013).
Depending on the type of response, acclimation temper-
ature can have positive, negative, or non-linear effects

on the thermal performance curve (Altman et al. 2016;
Padilla et al. 2019). The “beneficial acclimation” hy-
pothesis predicts that acclimation of an organism to a
given temperature will result in increased performance
at that temperature, relative to unacclimated organisms
(i.e. adaptive plasticity; Leroi et al. 1994). This type of
pattern is typical for acclimation effects on ectotherm
thermal limits (e.g. increased critical thermal maxi-
mum following warm-temperature acclimation; Bilyk
& DeVries 2011). Results consistent with beneficial
acclimation were observed for locomotor performance
in X. laevis, where cold-acclimated frogs had higher
maximum sprint speeds at cold temperatures relative to
their warm-acclimated counterparts (Wilson et al. 2000;
Seebacher et al. 2014). However, not all organisms or
performance metrics exhibit beneficial acclimation re-
sponses when measured at temperatures below their Tpy,
instead exhibiting “cooler is better,” “warmer is better,”
or “optimal temperature” responses (Wilson & Franklin
2002). The second objective of this study was to test for
thermal acclimation effects on X. /aevis metabolic per-
formance and to determine if acclimation influence MTE
parameter estimates. Based on the prior study on X. laevis
swimming speed, we hypothesized a “beneficial acclima-
tion” effect on X. laevis respiratory performance, which
should be strongest immediately after a temperature
shift and dissipate through time as each animal becomes
acclimated to its new “performance” temperature.
Previous authors have demonstrated that within-
species metabolic mass scaling relationships exhibit a
wide range of exponents (here defined as parameter “b”
in models), possibly due to differential reliance on spe-
cific physiological systems (reviewed by Glazier 2005,
2014a,b). For example, X. laevis is a diving frog that relies
heavily on cutaneous respiration (gas exchange through
the skin; Hutchison et al. 1968), which is temperature
dependent and may be limited by the organism’s surface
area to volume ratio (SA:V; predicted scaling exponent
of 2/3) or increased skin thickness in larger frogs (Rub-
ner 1883; Greven et al. 1995; VanBuren et al. 2018). A
prior study observed a mass-scaling exponent of 1.08 for
X. laevis whole-body respiration, but frogs were taken out
of their normal aquatic environment for measurements of
oxygen consumption, possibly forcing them to rely more
heavily than normal on pulmonary respiration (Hillman
& Withers 1979). Furthermore, within-species mass scal-
ing exponents have been found to change in response to
temperature and thermal acclimation (Killen et al. 2010;
Ohlberger ef al. 2012). A third objective of this study
was to estimate mass scaling exponents for X. laevis
pulmonary, cutaneous, and whole-body respiration while
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allowing animals to exhibit their normal diving behavior,
and to determine if temperature or thermal acclimation
influences mass scaling relationships in this species. We
hypothesized a scaling exponent for total O, consump-
tion close to 0.75 (Savage et al. 2008), and a higher expo-
nent for pulmonary than for cutaneous respiration due to
constraints imposed by SA:V and skin thickness in larger
frogs.

The focal species of this study was the African clawed
frog Xenopus laevis, an amphibian species commonly
used as a model organism in biomedical research. X. /ae-
vis is a diving frog that poses a unique set of challenges
when studying respiration, due to its heavy reliance on
cutaneous respiration and ability to go extended periods
without surfacing to breathe air (pulmonary respiration;
Boutilier 1984). A common methodological approach has
been closed system respirometry (Hutchison & Miller
1979; Feder 1983; Hastings & Burggren 1995). However,
other authors used pneumotachography, a specialized type
of air flow-through system, to track ventilation frequency
and measure breath volumes for diving animals including
X. laevis (Boutilier 1984; Hedrick ef al. 2011; Withers
et al. 2014). Previous studies also measured whole-body
metabolic rates by placing each frog in a humid air
chamber (i.e. terrestrial environment) to generate a single
value for whole-body oxygen consumption (Seymour
1973; Hillman & Withers 1979) or carbon dioxide pro-
duction (Tsugawa 1982), or took separate measurements
of changing oxygen concentrations in air and water to
estimate relative contributions of pulmonary versus cuta-
neous respiration (Emilio & Shelton 1974, 1980; Hillman
& Withers 1981; Feder & Wassersug 1984). Costs and
limitations of these various respirometry systems for ex-
periments with diving frogs are discussed in more detail
in Supporting Information. A fourth objective of this
study was to develop an inexpensive flow-through system
for simultaneous measurement of total O, consumption,
pulmonary O, consumption, cutaneous O, consumption,
ventilation frequency, and breath volumes while allowing
frogs to exhibit their normal diving behavior.

This study aimed to answer 3 key questions: (1) How
does X. laevis whole-body metabolism scale with body
mass, and does this mass-scaling exponent depend on the
choice of metabolic proxy, temperature, or thermal ac-
climation status? (2) What is the activation energy esti-
mate for X. laevis whole-body metabolism, and does this
estimate depend on choice of metabolic proxy or ther-
mal acclimation? (3) How does thermal acclimation af-
fect the metabolic thermal performance curve of X. laevis,
and do these effects differ for different metabolic prox-

Respiratory performance in a diving frog

ies? Answering these key questions will provide insights
into the temperature dependence of X. laevis whole-body
metabolism in a natural environment and help inform fu-
ture studies of metabolic performance.

MATERIALS AND METHODS

Animal source and maintenance

All experiments were conducted in accordance with
the Oakland University Institutional Animal Care and Use
Committee (IACUC #18011).

Wild-type Xenopus laevis tadpoles (Nieuwkoop-Faber
stages 56—63) were obtained in September of 2017 from a
commercial research supplier (Nasco, Fort Atkinson, WI,
USA) and raised to subadults (about 10 months old). The
research supplier was unable to discern the strain of the
species. All water quality parameters were maintained in
accordance with optimal husbandry conditions presented
by Green (2010). Groups of 15-30 tadpoles were housed
in an opaque 2.4-gallon tank with gray-tinted translucent
lids, to minimize potential distress from disturbance. En-
richment in the form of PVC pipes were used as refuge
for social housing. Tanks were filled with 20°C Kordon
Amquel®-treated water to slow the rate of water fouling.
Animals were maintained on a 12:12 h light:dark cycle.
Tadpoles were fed a crushed mix of “frog brittle” from
the Xenopus supplier and changed daily. Subadults were
housed in groups of 3 to 4 and fed3 times weekly with
post-metamorphic brittle from the Xenopus supplier. All
animals were checked daily for overall health and water
quality.

Rationale for developing a custom flow-through
system for diving-frog respirometry

We designed a new respirometry system to allow
simultaneous measurement of cutaneous and pulmonary
respiration in a diving frog, while allowing frogs to exhibit
normal diving behavior. We based our design on a com-
bination of respirometry strategies used by prior studies
(Hillman & Withers 1979; Boutilier 1984; Fonseca et al.
2012; Tattersall et al. 2013). We considered it important
to allow animals to exhibit normal diving behavior during
respirometry measurements, to ensure that the relative
contributions of cutaneous and pulmonary respiration
(and their subsequent effects on overall MTE parame-
ters) would be reflective of X. laevis in a more natural
environment. We therefore chose not to force animals to
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remain either fully submerged with no access to air or in
a humid terrestrial chamber with no ability to submerge.
Some prior studies used closed-system respirometry, in
which O, concentrations are measured through time with
no external source of oxygen, to track rates of cutaneous
and pulmonary respiration in X. /aevis (e.g. Hutchison
& Miller 1979; Hillman & Withers 1979, 1981; Tatter-
sall et al. 2013). However, we worried that depletion
of atmospheric oxygen through time might influence
X. laevis breathing behavior in our experiments, and we
were concerned about possible toxicity of the mineral oil
used by some prior studies to minimize oxygen diffusion
between the air and water (e.g. Hillman & Withers 1981).
We were also interested in tracking ventilation frequency
and breath volumes as possible alternative metabolic
proxies, which would not have been possible with closed
system respirometry. We therefore sought a way to con-
duct flow-through respirometry for at least the pulmonary
component of our respirometry system.

Some prior studies used pneumotachography to track
breath rates and volumes in diving animals including
X. laevis (Glass et al. 1983; Boutilier 1984; Fonseca
et al. 2012). In these studies, animals were held within
an upside-down funnel that restricted pulmonary respira-
tion to a small “diving bell” (Glass et al. 1983; Boutilier
1984; Fonseca et al. 2012). Air was then pumped through
the diving bell at a constant flow rate, which was mea-
sured using a pneumotachograph sensitive enough to pick
up changes in flow rate caused by the animal’s lung inspi-
ration or expiration (e.g. Boutilier 1984). This setup has
several advantages, in that it: (1) allows animals to ex-
hibit their normal diving behavior, (2) ensures continuous
access to freshly oxygenated air, (3) allows flow-through
measurements of pulmonary O, consumption (e.g. Fon-
seca et al. 2012), and (4) provides opportunities to re-
strict oxygen diffusion between water and air by limiting
the surface area of water where animals breathe. How-
ever, these studies utilized analog flow spirometers that
have become difficult to obtain and would likely not have
been sensitive enough to measure breath volumes of some
of the smaller frogs in the current study. Furthermore,
commercially available flow-through respirometry sys-
tems that measure O, consumption were cost-prohibitive
for our experimental design, which required measur-
ing 12 animals simultaneously in replicate controlled-
temperature chambers. We therefore sought to combine
classic pneumotachography methods with a digital device
capable of simultaneously measuring both the air flow rate
and the oxygen concentration in the flow-through air over
time.

Respirometry setup and quantifying metabolic
proxies

We designed a respirometry system to simultaneously
measure cutaneous and pulmonary respiration in a diving
frog, inside a controlled-temperature incubator (Fig. 1;
Fig. S1, Supporting Information), based on a combina-
tion of respirometry strategies used by prior studies (Hill-
man & Withers 1979; Boutilier 1984; Fonseca et al. 2012;
Tattersall et al. 2013). Each animal was placed intoa 1 L
deli cup within a commercial reptile incubator (Exo Terra,
www.exo-terra.com) set to the target performance tem-
perature. We inserted an upside-down perforated funnel
(top half of a plastic pop bottle) into each deli cup to re-
strict each animal’s air access to a small (7 mL) pocket at
the top of the funnel. Funnels were size matched to the
body length of each frog to ensure they could reach the
surface without needing to swim, thereby reducing back-
ground “noise” generated by frog swimming movements.
However, it is important to recognize that water depth
can influence X. laevis surfacing frequency (Shannon &
Kramer 1988), with unknown effects on mass or temper-
ature scaling of respiratory variables. Thus, it is possible
that deeper water, which requires frogs to swim or float
to reach the surface, might generate different results from
the current study.

We pumped a constant flow of air through this air
pocket during each respirometry measurement, at a rate
of approximately 200 mLemin~!, ensuring the air in the
pocket was fully refreshed every 2—3 s. We connected the
outgoing tube to our custom-built respirometry device to
quantify of changes in air flow and oxygen percentages
through time (Fig. 1). The device was sensitive enough
to detect changes in air flow caused by frog inhalation
and exhalation, each of which respectively decreased or
increased the flow rate across the sensor, allowing us
to count breaths through time and calculate individual
breath volumes (Fig. S2, Supporting Information). Div-
ing frogs like X. laevis typically have extended “gap”
periods with no breaths punctuated by distinct periods
of breathing activity (Boutilier 1984). Using Boutilier’s
(1984) terminology, we refer to these discrete periods
of breathing activity as “breath bouts” and define one
“breath” is a single cycle of inhalation and exhalation. We
used these data to quantify pulmonary oxygen consump-
tion for individual breaths and over the full measurement
period. We also quantified cutaneous oxygen consump-
tion by measuring changes in aqueous dissolved oxygen
from the beginning to end of each measurement period.
Additional details describing the respirometry setup and
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Figure 1 Complete respirometry setup. (a) Diagram of full respirometry setup including: (1) air intake pump, (2) a pair of quart-
sized muffling jars used to minimize variation in flow rate going to the frog, (3) the frog within its pneumotachography setup (shown
in panel “c”), (4) air flow-rate sensor, and (5) oxygen sensor covered by a modified plastic coin holder that channels air over the
sensor. (b) Array of 12 incubators for performance temperature measurements of individual frogs. A black project box containing
flow and O, sensors is visible to the left of each incubator, and muffling jars are visible to the left of each shelf. (c) Close-up photo
of the pneumotachography setup for an individual frog including: (6) intake tubing for air going to frog, (7) outflow tubing from frog,
(8) frog positioned vertically inside funnel (highlighted with dashed lines), (9) floating foam barrier to minimize oxygen diffusion
between the water and air, and (10) sculpting clay to stabilize the funnel.

calculations for quantifying metabolic proxies can be
found in Supporting Information.

Primary controlled-temperature experiment

Our primary experiment was designed to investigate
effects of temperature and thermal acclimation on various
metabolic proxies for X. laevis. A total of 24 subadult
X. laevis were used for this study, though one frog died
during the first acclimation period (i.e. maximum 23
frogs per experiment). We ran this experiment twice
using the same set of frogs, re-randomizing each frog
to a new temperature treatment combination prior to
the second experiment. The mass and total body length
(snout to tip of extended feet) of each frog was taken
at the beginning and end of each 17-day acclimation
period. Sizes varied from 13.13-59.95 g (x = 31.69) for
body mass and from 10.3-15.1 cm (x = 13.10) for total

body length at the start of performance measurements.
We did not determine animal sex because frogs were
too young to exhibit external characteristics of sexual
maturity. Each of the 2 experiments was further divided
into 2 temporal blocks for measurement purposes, since
only a maximum of 12 frogs could be measured simul-
taneously. Experiment 1 (blocks 1 & 2) was conducted
in late June of 2018 and experiment 2 (blocks 3 & 4)
was conducted in late July of 2018. All measurements
were conducted during typical workday hours, ranging
from morning to midafternoon. Animals were randomly
assigned to blocks and temperature treatments. Animal
identifications were maintained throughout the entirety
of this study, allowing us to control for random effects of
individual frogs. Each experiment began with a 17-day
acclimation period in which animals were acclimated
to 8°C, 17°C, or 26°C. Within each temporal block, we
measured frog respiration at 5 time points relative to the
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end of the acclimation period: —1, 0, 1, 4, and 8 days.
At the end of the acclimation period (day 0), each animal
was shifted to one of 8 randomly assigned performance
temperatures for respirometry measurements (8°C, 11°C,
14°C, 17°C, 20°C, 23°C, 26°C, and 29°C). During the
performance period (0—8 day time points), performance
temperatures were re-randomized for each respirometry
measurement, with constraints to not repeat the same
performance temperature for a given frog within each
experiment. This experimental design minimized the
possibility of frogs becoming acclimated to their new
performance temperatures. Further experimental design
details are provided in Supporting Information.

Post-experiment measurements

The primary controlled-temperature experiment in-
cluded a sufficiently broad range of animal masses
to reveal interesting differences in mass scaling co-
efficients among metabolic proxies (13.13-59.95; x =
30.65). However, this mass range is less than the or-
der of magnitude, which might result in inaccurate in-
traspecific estimates of parameter “b” due to the potential
for curvilinear mass-scaling relationships (Savage et al.
2008). To generate more accurate estimates of b for var-
ious metabolic proxies, we collected additional measure-
ments from 8 recently metamorphosed X. laevis frogs in a
smaller size range (1.87-3.18 g, x= 2.66). To obtain com-
parable measurements, we randomly assigned each frog
to one of the performance temperatures from the original
controlled-temperature experiment.

Statistical analyses

All statistical analyses were based on linear mixed-
effects regression (/mer function from the /me4 pack-
age) and conducted using R statistical software v. 3.5.1
(R Core Team 2018), allowing us to incorporate random
effects of Acclimation incubator, Performance incubator,
and Frog identity into statistical models. The random ef-
fect of Frog identity was nested within the effect of Accli-
mation incubator. We natural log-transformed all response
variables (i.e. our 4 metabolic proxies) and used the in-
verse of performance-temperatures (in degrees Kelvin)
as a primary explanatory variable, to allow estimation
of Eo from linear-model outputs both in the overall
controlled-temperature experiment and for each individ-
ual time point. We also included natural log-transformed
body mass as a covariate in each model, to account for
mass-scaling effects and to allow estimation of the mass-
scaling exponent (b) for each metabolic proxy. For analy-

sis of the primary controlled-temperature experiment, we
also tested for curvilinear and interactive effects of accli-
mation temperature and time since the temperature shift.
Further details about model structure are provided in Sup-
porting Information Supplementary Methods.

To determine if MTE parameter estimates depended
on the size range of animals included in the analysis,
we re-ran linear mixed effects models with and without
inclusion of post-experiment measurements collected
from frogs in a smaller size range. These models were
simplified to remove fixed effects of acclimation temper-
ature or time because all of the smaller frogs used for
post-experiment measurements had been acclimated to
the same temperature (19°C). However, we retained the
random-effects structure from the original mixed-effects
models. The new frogs were all assigned to the same
“acclimation incubator” for the purpose of accounting
for this random effect, since they were maintained on
the same shelf in our animal room prior to conducting
measurements.

RESULTS

Acclimation effects on thermal performance

To test for potential linear or curvilinear effects of ac-
climation temperature on each metabolic proxy, we fo-
cused on data from time points following the acclimation
period. We began by testing for time by temperature inter-
actions using the full time series (days 0-8; Table 1; Fig.
S3, Supporting Information). We detected a statistically
significant positive 3-way interaction for effects of inverse
performance temperature x time x quadratic acclimation
temperature on total O, consumption. We also detected
a significant quadratic acclimation temperature x time
interaction for total O, consumption, revealing negative
curvilinear effects of acclimation at a large time scale.
Cutaneous respiration also generated a significant posi-
tive quadratic acclimation x time interaction (Table 1). A
main effect of time on ventilation frequency was statisti-
cally significant, revealing that ventilation frequency in-
creased through time post-acclimation (Table 1). We next
conducted a series of focused models examining each in-
dividual time point (days 0, 1, 4, and 8), to determine if
acclimation effects were stronger at time points immedi-
ately following the temperature shift (Table S1 and Fig.
S4, Supporting Information). Immediately following the
temperature shift, there was a trend towards a quadratic
effect of acclimation on total oxygen consumption (P =
0.088; Table S1, Supporting Information; Fig. 2a). These
patterns were supported by highly significant interactions
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Table 1 Linear mixed-effects models testing for effects of acclimation through time (days 0-8), in the primary

controlled-temperature experiment

Response Predictor Coef + SE F df P
Total O, PerfTemp ™! 0.458 £+ 0.029 260.2 1, 157.0 <0.001
AccTemp 0.003 £ 0.006 0.1 1,7.6 0.783
AccTemp? —3.55 x 10™* £ 0.001 0.1 1,7.0 0.751
In Mass 0.430 £+ 0.124 10.6 1,37.6 0.002
Time 0.006 £+ 0.007 0.8 1, 137.0 0.381
PerfTemp~! x AccTemp 19.1 £ 44.2 0.3 1,161.8 0.610
PerfTemp~! x AccTemp? 6.25 + 8.61 0.6 1, 158.7 0.458
PerfTemp ! x Time 0.732 £ 115.0 0.0 1, 151.5 0.953
AccTemp x Time 8.36 x 10™* & 0.001 0.7 1, 145.1 0.405
AccTemp? x Time 6.67 x 107* £ 2.01 x 107* 10.8 1, 147.5 0.001
PerfTemp™' x AccTemp x Time —0.101 + 15.32 0.0 1,171.2 0.976
PerfTemp~' x AccTemp? x Time 7.37 £ 3.50 3.9 1,107.8 0.049
Cutaneous O, Perfl"emp*1 0.278 £ 0.020 196.1 1, 181.0 <0.001
AccTemp 0.006 £+ 0.004 2.0 1, 8.6 0.193
AccTemp? —4.48 x 107* £ 8.16 x 1074 0.3 1,75 0.610
In Mass 0.270 £+ 0.085 8.9 1,372 0.005
Time 0.012 £+ 0.005 4.9 1, 155.7 0.029
AccTemp x Time 1.04 x 107 £ 7.20 x 10~* 0.1 1,98.6 0.739
AccTemp? x Time 427 x 107* £ 1.40 x 10~* 9.0 1,160.8 0.003
Pulmonary O, PerfTemp ™! 0.794 = 0.066 119.2 1, 168.6 <0.001
AccTemp —0.004 £ 0.012 0.1 1,9.5 0.760
In Mass 0.768 £+ 0.238 9.3 1,393 0.004
Time 0.004 £+ 0.017 0.1 1,138.2 0.803
Ventilation frequency PerfTemp ™! 0.365 + 0.062 26.0 1,215.8 <0.001
AccTemp —0.018 £ 0.012 2.0 1,9.7 0.188
In Mass 0.098 £+ 0.247 0.1 1,39.8 0.709
Time 0.042 £+ 0.016 6.9 1, 1404 0.010

Statistical tests are based on linear mixed effects regression, using F-tests with type II sums of squares and Kenward-Rogers df.
All models included random effects of performance incubator, acclimation incubator, and frog identity. Final models were selected
using backwards selection, with non-significant interaction terms removed (P > 0.05). Time was measured from the day each frog
was moved to its final performance temperature (0, 1, 4, and 8 days). Predictor coefficients were taken from models with only
marginal terms removed, to ensure they could be used to interpret main effect directionalities. PerfTemp~' , estimates in other tables.

Coefficients were multiplied by —k for comparison with Ey4.

between time and the quadratic effect of acclimation tem-
perature for total oxygen consumption and cutaneous res-
piration, consistent with an “optimum temperature”-type
acclimation pattern.

No other metabolic proxies revealed significant accli-
mation effects on day 0. A statistically significant positive
effect of acclimation was detected on day 1 for cutaneous
respiration (Table S1, Supporting Information). Cold-

acclimated animals had the lowest levels of cutaneous
respiration across performance temperatures, which likely
drive this pattern (Fig. 2b).

We detected a strong negative trend of acclimation ef-
fects on ventilation frequency at 1 day into the perfor-
mance period (Table S1, Supporting Information), with
warm-acclimated animals having lower ventilation fre-
quency levels across all performance temperatures. No
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Figure 2 Thermal performance curves for all metabolic proxies on day zero of the primary controlled-temperature experiment (i.e.
immediately following the shift from acclimation temperatures). (a) Total respiration (N = 75). (b) Cutaneous respiration (N = 81).
(c) Pulmonary respiration (N = 72). (d) Ventilation frequency (N = 72). All response variables were natural log transformed and
scaled according to the observed mass scaling effects. Note that the lines for cold- and warm-acclimated animals overlap in panel (a).
Error bars represent the standard error of each treatment group containing N > 1 replicates.

significant effects of acclimation were detected for any
metabolic proxy at 4 or 8 days following the temperature
shift (Table S1, Supporting Information).

MTE parameter estimates: Mass scaling
exponents (b) and activation energies (E,)

To maximize the number of measurements used to gen-
erate estimates of key MTE parameter estimates (overall
b and E 4 values), we used data collected at all time points
post-acclimation, including measurements from the pri-
mary controlled-temperature experiment and additional
measurements of 8 smaller frogs. Parameter estimates are

provided as mean followed by 95% confidence intervals.
All 4 metabolic proxies increased with body mass, re-
sulting in positive mass scaling exponents (Fig. 3; Table
S2, Supporting Information). Pulmonary respiration had
a higher mass-scaling exponent (b = 1.565; 95% CI
1.311-1.819) than cutaneous respiration (b = 0.472;
0.372-0.571), resulting in an intermediate value for total
O, consumption (b = 0.690; 0.576—0.803). Ventilation
frequency generated the lowest mass-scaling exponent
(b = 0.225; 0.004-0.445). We detected no statistically
significant interactions of mass with either acclimation or
performance temperature. Final estimates of mass-scaling
exponents for pulmonary, cutaneous, and total respira-
tion all increased with addition of the 8 smaller frogs,

8 © 2021 International Society of Zoological Sciences, Institute of Zoology/
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Figure 3 Plots of all 4 metabolic proxies as a function of frog mass on a log-log scale for all measurements, including 8 smaller
frogs that were not part of the original controlled-temperature experiment. (a) Total O, consumption (N = 236), (b) cutaneous O,
consumption (N = 257), (c) pulmonary O, consumption (N = 236), and (d) ventilation frequency (N = 237). Data are grouped
according to performance temperature (<18°C: blue circles; >18°C: red crosses). Note that best-fit lines were generated using simple
linear regression to illustrate trends and do not account for random effects, unlike the statistical models we used to estimate MTE
parameters. Solid lines were generated based on the original dataset from the primary controlled-temperature experiment. Dashed

lines were generated using the full dataset.

relative to estimates based only on data from the primary
controlled-temperature experiment (Table S2, Supporting
Information).

Total O, consumption (pulmonary plus cutaneous)
and ventilation frequency yielded intermediate FEp
estimates of 0.444 eV (0.389-0.499) and 0.373 eV
(0.250-0.496), respectively (Table S2, Supporting In-
formation). Pulmonary respiration yielded the highest
overall E5 estimate (0.770 eV; 0.640-900) relative to
other metabolic proxies, whereas cutaneous respiration
alone yielded the lowest estimate (0.270 eV; 0.213—

0.309). Ventilation frequency revealed a trend towards a
curvilinear performance temperature x quadratic effect
of acclimation temperature interaction (£;s55 = 3.0;
P =0.088; Table 1), driven by an apparently lower £, for
17°C-acclimated frogs (0.102 eV; —0.144—0.348) relative
to cool-acclimated (8°C: 0.488 eV; 0.306-0.669) or
warm-acclimated frogs (26°C: 0.444 eV; 0.231-0.657).
Unlike with the mass-scaling exponents, additional mea-
surements from frogs in a smaller size range had little
effect on the estimated E5 for any of the 4 metabolic
proxies (Table S2, Supporting Information).
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Figure 4 Mass- and volume-scaling relationships on a per-breath log-log scale, for breath bout data from the primary controlled-
temperature experiment. Performance temperatures are grouped (“Cool” temperatures [8°C, 11°C, 14°C, and 17°C]; “Warm” tem-
peratures [20°C, 23°C, 26°C, and 29°C]) for ease of data visualization. Panels show relationships between: (a) Breath volume and
oxygen consumption (N = 65.7); (b) mass and oxygen consumption (N = 38.7). (c) Mass and breath volume (N = 38.6); (d) mass

and ventilation frequency (breaths per minute; N = 38.6).

Mass- and volume-scaling relationships for
individual breaths

To examine scaling relationships between breath vol-
ume, pulmonary O, consumption, and body mass in the
original controlled-temperature experiment, we generated
a separate dataset to focus on individual breath bouts for
a given frog. We used this dataset to analyze scaling pat-
terns for individual breath, providing an indirect way to
assess how well breath volume might have worked as a
fifth metabolic proxy. We first examined the scaling rela-
tionship between individual breath volume and O, uptake
per breath to determine whether these variables were di-
rectly correlated with each other. However, this analysis

revealed a strong interaction between breath volume and
performance temperature, indicating that the scaling re-
lationship between these 2 parameters was temperature-
dependent (Table S3, Supporting Information). Oxygen
uptake per breath increased faster with breath volume at
cooler temperatures than at warmer temperatures (Fig. 4a;
Table S4, Supporting Information). Given the absence of
a temperature effect on the scaling exponent for over-
all pulmonary respiration through time (Table 1), this re-
sult initially seemed to suggest that using breath volume
through time as a metabolic proxy might have generated
a temperature-dependent mass scaling relationship.

We followed up on this result by examining relation-
ships between log-transformed body mass (M), O, uptake
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per breath, individual breath volume, and ventilation
frequency within the breath bout dataset. Temperature
interacted with In(M) to affect O, uptake per breath
(Fig. 4b; Table S3, Supporting Information), paralleling
the interactive effects of temperature and breath volume
on O, uptake per breath (Fig. 4a; Table S3, Supporting
Information). In both cases, the interaction was driven
by smaller frogs (or smaller breaths) absorbing more
O, per breath at warmer than at cooler temperatures. In
contrast, temperature did not significantly interact with
the In(M) effect on individual breath volume (Table S3,
Supporting Information), although we detected a trend
toward a In(M) x performance temperature interaction
(P = 0.081). Furthermore, In breath volume was almost
directly proportional to In(M) with a scaling coefficient
statistically indistinguishable from 1.0 (Table S3, Sup-
porting Information). These results indicate that the
temperature x breath volume interaction was driven by
increased O, uptake at warmer temperatures for smaller
frogs, rather than a temperature effect on individual breath
volumes.

We also examined potential effects of acclimation and
performance temperature on relationships between indi-
vidual breath volume, oxygen uptake per breath, body
mass (M), and ventilation frequency in the breath bout
dataset (Table S3, Supporting Information; Fig. 4). The
only statistically significant effect of acclimation tem-
perature in the individual-breath analyses was a posi-
tive main effect on ventilation frequency (P = 0.040)
after accounting for the effect of mass and perfor-
mance temperature. Performance temperature decreased
the scaling exponents for effects of both individual
breath volume (Fig. 4a) and body mass (Fig. 4b) on
oxygen uptake per breath, as indicated by significantly
negative interactive effects between In(M) or In(Vpearn)
and performance temperature (Table S3, Supporting
Information).

There was no significant interactive effect of In(M) and
performance temperature on individual breath volume
(Fig. 4c; Table S3, Supporting Information). In contrast,
performance temperature increased the scaling exponent
for the effect of body mass on ventilation frequency
(Fig. 4d), as indicated by a significantly positive inter-
active effect of In(M) and performance temperature on
ventilation frequency in the breath bout dataset (Table S3,
Supporting Information). Note that this same interactive
effect of In(M) and performance temperature was not sig-
nificant in a separate mass-scaling analysis of individual
breaths with the full dataset (discussed above; Table 1),
though there was a trend towards a similar interactive
effect in the same direction.

Respiratory performance in a diving frog

Observations of breathing behavior

Frogs exhibited patterns of breathing behavior similar
to those observed in previously published experiments.
Individual ventilations typically started with an exhala-
tion followed by an immediate inhalation, as described by
Brett and Shelton (1979; Fig. S2¢, Supporting Informa-
tion). As described by Boutilier (1984), frogs tended to
ventilate their lungs multiple times each time they sur-
faced for air, with some frogs remaining near the surface
and breathing in regular bouts (“bout breathing” behav-
ior; Fig. S5a, Supporting Information) and others surfac-
ing for a rapid succession of many ventilations following
long periods without breathing (“burst breathing” behav-
ior; Fig. S5b, Supporting Information). In general, frog
breath rates tended to be faster at warmer temperatures
and for larger frogs, across a range of breath rates con-
sistent with those observed by Boutilier (1984; Table S5,
Supporting Information).

DISCUSSION

Mass scaling exponents

Metabolic mass-scaling relationships varied depending
on the metabolic proxy examined (Table 1) and the mass
range of the frogs examined (Table S2, Supporting Infor-
mation). The most direct measurement for whole-body
metabolism in this study was total oxygen consumption,
for which the full dataset generated a mass scaling expo-
nent (b) similar to the MTE-predicted M*7> power law
(Brown et al. 2004; b = 0.690; 95% CI 0.576-0.803).
This estimate approximates the mean scaling coefficient
observed in other empirical studies of intraspecific mass
scaling (Hutcison et al. 1968). This scaling exponent for
total respiration was intermediate between the estimates
for cutaneous (b = 0.472; 0.372-0.571) and pulmonary
(b = 1.565; 1.311-1.819) respiration. All 3 of these
estimates were substantially increased when we added
measurements from smaller frogs that were not part of
the original controlled-temperature experiment (Table
S1, Supporting Information), consistent with prior obser-
vations of convex curvature for intraspecific mass-scaling
relationships and emphasizing the importance of includ-
ing at least an order of magnitude range of masses when
estimating intraspecific mass scaling parameters (Table
S2, Supporting Information; Fig. 3; Savage et al. 2008).

We observed the largest mass-scaling exponent (b) for
pulmonary oxygen consumption, which also exhibited
the greatest increase in b with addition of the smaller
frogs (Table S2, Supporting Information). This is appar-
ently because larger frogs relied much more heavily on
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pulmonary respiration than smaller frogs (Fig. S6, Sup-
porting Information). This makes biological sense, be-
cause larger frogs have a lower surface-area to volume
(SA:V) ratio than smaller frogs and should be less able
to meet their oxygen demands via cutaneous respira-
tion alone. As frogs get larger and rely more heavily on
pulmonary respiration, you would expect the pulmonary
scaling coefficient to begin converging on the overall b
for total oxygen consumption. This is essentially what we
saw when we focused on the larger frogs from the original
experiment: a scaling coefficient for pulmonary respira-
tion only slightly higher than 0.75 (Table S2, Supporting
Information).

Cutaneous-only respiration generated a mass-scaling
exponent that was lower than total or pulmonary res-
piration, and somewhat lower that the M?? exponent
predicted by a classic surface-area to volume (SA:V)
scaling relationship (Rubner 1883; White & Seymour
2003; Table 1). A combination of biological factors likely
influenced this depression in the mass-scaling exponent
relative to other metabolic proxies. Gillooly et al. (2016)
showed that mass scaling exponents for respiration are
generally limited by how the respiratory surface area
(i.e. skin surface area) and diffusion distance (i.e. skin
thickness) scale with mass, with b equaling the difference
between these 2 exponents. To our knowledge, there is
no published work that simultaneously measured body
mass, skin surface area, and skin thickness (or any com-
bination of these 2 variables) in X. laevis, so we were
unable to directly compare the mass scaling exponent
for cutaneous respiration to exponents for surface area
or skin thickness. However, X. laevis has a body shape
similar to other anurans rather than possessing specific
adaptations to increase skin surface area, and Hutchi-
son et al. (1968) found that the average mass-scaling
exponent for surface area across several anuran species
was M®38 This is lower than the theoretical surface
area to volume b of 0.67 for a spherical object (Rubner
1883), and only slightly outside the 95% c.i. for the
cutaneous-respiration scaling coefficient observed in this
study. Furthermore, X. laevis skin thickness appears to
increase with body size, based on prior studies showing
that females have both larger body mass and thicker skin
than males (Greven et al. 1995; VanBuren et al. 2018).
Based on these findings, a combination of SA:V and
skin-thickness scaling relationships can likely account
for the lower-than-expected mass-scaling exponent for
cutaneous respiration observed in this study.

As expected, ventilation frequency generated the low-
est b for all 4 metabolic proxies (Table 1; Table S2, Sup-
porting Information). Because ventilation frequency is a

mass-specific metabolic process, MTE predicts that the
mass-scaling exponent should be 1.0 less than that for
whole-body metabolic rate. In the present study, we pre-
dicted that the ventilation frequency mass-scaling expo-
nent would be 1.0 less than the pulmonary mass-scaling
exponent because these 2 metabolic proxies are inherently
interrelated (i.e. 1.57 — 1.0 = 0.57). The estimate of the
X. laevis ventilation frequency exponent was somewhat
smaller than this predicted value, though with overlap-
ping confidence intervals (0.311-0.819 vs 0.004-0.445;
Table S2, Supporting Information). One potential reason
for discrepancies between the pulmonary and ventilation
frequency mass-scaling exponents is that there was a sub-
stantial amount of noise in the flow rate time-series data,
usually caused by sudden animal movements within the
respirometry setup. These fluctuations generally lacked
the distinguishing characteristics of real breaths, but they
also frequently obscured real breaths, making it difficult
to obtain accurate breath counts from the full time series
of many frogs. As a result, this was an important source
of measurement error in the “breath bout” dataset derived
from the full time series for each frog. This noise also
prevented us from obtaining accurate measurements of to-
tal ventilation volume through time, which we originally
planned to analyze as a fifth metabolic proxy. We there-
fore explored the potential use of ventilation volume as
an alternative metabolic proxy by examining mass-scaling
relationships for the volume of individual breaths using
the breath bout dataset, as described below.

All 4 metabolic proxies here analyzed generated
different estimates of b for X. laevis, emphasizing the
importance of selecting an appropriate metabolic proxy
when investigating mass-scaling relationships for whole-
body metabolism. However, these differences were
qualitatively consistent with MTE predicted mass scaling
relationships, and they might have been possible to
predict quantitatively given sufficient information about
how X. laevis skin surface area and thickness change
with body mass (Gillooly ef al. 2016). Importantly, there
were no significant effects of temperature or thermal
acclimation on mass-scaling exponents derived from any
of the 4 metabolic proxies.

Mass- and volume-scaling relationships for
individual breaths

If temperature influences the mass-scaling relationship
for O, uptake per breath (Fig. 4a,b), then why did we not
see a similar temperature-dependence for the mass scal-
ing of pulmonary respiration in our full analysis (Fig. 3¢)?
The answer seems to have been that temperature had the
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opposite interactive effect on the mass-scaling relation-
ship for ventilation frequency, at least within the breath
bout dataset (Table S4, Supporting Information; Fig. 4d).
Indeed, reexamination of the ventilation frequency analy-
sis from the full dataset revealed a similar trend towards
temperature-dependent mass scaling (Fig. 3d), though this
effect was non-significant (Table 1). These effects of tem-
perature on b for O, per breath and ventilation frequency
appear to have canceled each other out, with smaller frogs
absorbing more O, per breath at warmer temperatures but
breathing less frequently (Fig. 4b,d), ultimately resulting
in a temperature-independent » for pulmonary O, con-
sumption through time (Fig. 3c).

Activation energy estimates

As expected, activation energy estimates for all
metabolic proxies fell within the reported range of 0.1—
1.0 across taxa (Gillooly et al. 2001; Brown et al. 2004),
with no statistical evidence for thermal acclimation
effects on E4. This finding corroborates current promi-
nent MTE literature (Dell ef al. 2011). Importantly, Ex
estimates remained similar whether or not our analysis
included the smaller frogs whose measurements were
obtained after the primary controlled-temperature ex-
periment (Table S2, Supporting Information). However,
we found that estimates of the key metabolic parame-
ter Eo varied considerably for X. laevis depending on
which metabolic proxy we focused on. Most prior studies
have generated £ estimates based on only one metabolic
proxy at a time (Nagano & Ode 2014). Obtaining different
activation energies for the same species based different
performance metrics might be interpreted to reflect
fundamental differences in the temperature-dependence
of different physiological processes, perhaps due to the
involvement of different rate-limiting enzymes. However,
results from the current study suggest that even direct
measures of oxygen consumption can generate divergent
estimates for the same organism’s metabolic activation
energy, particularly if one fails to account for all sources
of oxygen (e.g. cutaneous versus pulmonary respiration).
Based on this and prior studies for X. laevis and other
amphibians (Whitford 1973; Hutchison & Miller 1979),
reliance on pulmonary respiration increases at warmer
temperatures, likely due in part to decreased dissolved
oxygen availability in water at warmer temperatures (Fig.
S7, Supporting Information; Keeling & Garcia 2002).
This resulted in pulmonary oxygen uptake increasing
with temperature more rapidly than cutaneous oxygen
uptake, leading to a subsequently higher £, estimate for
pulmonary respiration.

Respiratory performance in a diving frog

Ventilation frequency also generated an intermediate
E estimate, similar to total O, consumption. This was
contrary to our a priori prediction that ventilation fre-
quency would generate an £, estimate similar to that of
pulmonary oxygen uptake because of close biological re-
lationship between these 2 metabolic proxies. This dis-
crepancy is at least partly explained by our finding that
frogs absorbed more oxygen per breath at warmer tem-
peratures than at cooler temperatures, as revealed by posi-
tive main effect of temperature in the breath bout analysis.
This effect might somewhat decrease the need for faster
ventilation frequencies at warmer temperatures, relative
to the need for increased pulmonary oxygen resulting in a
lower E estimate for this proxy.

Acclimation effects on thermal performance

We found evidence of an optimal temperature-type
thermal acclimation effect on the X. laevis whole-body
metabolic rate, based on an analysis of total O, consump-
tion (Table 1). This acclimation effect could be modeled
in an MTE framework by allowing the normalization con-
stant to be a function of acclimation temperature, as sug-
gested by Gillooly ef al. (2006). Overall, frogs acclimated
to 17°C had higher O, consumption on day 0 than those
acclimated to 8°C or 26°C (Fig. 2a), and this effect de-
creased through time following the temperature shift as
indicated by a significant interaction between time and the
quadratic effect of acclimation temperature (Fig. S4, Sup-
porting Information; Table 1). However, the magnitude of
this acclimation effect was weak and not statistically sig-
nificant for individual time points, despite a strong trend
towards a quadratic effect of acclimation temperature on
day 0 (Table S1, Supporting Information). Analysis of
other metabolic proxies revealed similar evidence of ac-
climation responses for cutaneous but not pulmonary O,
consumption, suggesting that any effects of thermal accli-
mation on total O, consumption were driven by changes
in cutaneous respiration.

This evidence for an optimal temperature-type accli-
mation response contrasts with results of prior studies,
which measured acclimation effects on swimming speed
and muscle power in X. laevis (Wilson et al. 2000;
Seebacher et al. 2014). Both studies found evidence of
higher performance by cold-acclimated animals when
measured at cooler temperatures, consistent with either a
beneficial acclimation or a cooler-is-better type response.
Neither study included a third acclimation temperature,
leaving open the possibility that either study might have
detected decreased performance at even colder temper-
atures (i.e. an optimal temperature response). However,
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“cold acclimation” occurred at 10°C in Wilson et al.
(2000) and 15°C in Seebacher et al. (2014), and in
both cases, cold-acclimated frogs outperformed warm-
acclimated (25°C) frogs at cooler performance tempera-
tures. In contrast, frogs acclimated to 8°C and 25°C in the
current study appear to have had similarly low metabolic
performance compared to 17°C acclimated frogs. These
different results suggest that thermal acclimation has
different effects on specific physiological processes (e.g.
muscle performance) than on whole-body metabolic
performance.

CONCLUSIONS

The results of this study show that the choice of
metabolic proxy can influence estimates of key MTE
parameters, and that X. laevis metabolic performance
is influenced by thermal acclimation. All observed Ep
estimates fell within the reported range for most animal
taxa (Gillooly ef al. 2001; Brown et al. 2004) but varied
depending on the metabolic proxy examined, with pul-
monary respiration generating a higher £, value than
cutaneous respiration due to a shift from cutaneous to
pulmonary respiration at warmer temperatures. We also
found evidence of an optimal-temperature type acclima-
tion effect on the X. laevis whole-body metabolic rate,
with higher total and cutaneous O, consumption in frogs
acclimated to an intermediate temperature. This study
also emphasizes the importance of allowing animals to
exhibit normal respiratory behavior when studying mass
and temperature effects on metabolic rates.

The observed mass-scaling exponent for total O, con-
sumption of X. laevis was statistically indistinguishable
from the MTE-predicted value of 0.75 (Gillooly et al.
2006), and the observed mass-scaling exponent for cu-
taneous respiration was only slightly less than the mean
SA:V scaling exponent observed in a prior studies of frog
morphology (0.58; Hutchison et al. 1968). This finding
suggests that X. laevis cutaneous respiration is limited by
skin surface area and SA:V ratios, and that larger frogs
compensate for reduced SA:V by relying more on pul-
monary respiration. Most prior studies of allometric scal-
ing in diving animals focused on amniote vertebrates,
which rely exclusively on pulmonary respiration (Schreer
& Kovacs 1997; Halsey et al. 2006), though a prior study
of bullfrogs also showed that increased temperatures led
to greater reliance on pulmonary O, uptake and CO,
elimination (Gottlieb & Jackson 1976). It would be inter-
esting to examine b in other air-breathing diving species
with significant cutaneous respiration (e.g. other aquatic
frogs and salamanders) to determine if this is a common

adaptation to a diving lifestyle. All of our estimated mass
scaling exponents increased after incorporating additional
measurements of smaller frogs. This result highlights the
importance of including a wide range of masses for es-
timating intraspecific mass-scaling coefficients (Glazier
2005, 2010), preferably more than 1 order of magnitude
as recommended by Savage et al. (2008). Had we stuck
with the original mass range (13—60 g; about fivefold), we
would have substantially underestimated the mass scal-
ing estimates for all of our metabolic proxies. Including
the additional measurements of smaller frogs makes these
findings more robust and generalizable, for potential com-
parison with other diving species that exhibit significant
amounts of cutaneous oxygen consumption.

The Arduino-based respirometry device developed
in this study provides a powerful new experimental
tool that may facilitate future experimental work. In
the current study, this device made it possible to con-
duct flow-through respirometry with up to 12 animals
simultaneously, facilitating quantification of metabolic
thermal performance curves and acclimation effects.
Furthermore, we were able to quantify breath volumes
and oxygen uptake for individual breaths, allowing exam-
ination of allometric relationships at an individual breath
level. Importantly, all measurements were collected
while allowing animals to exhibit their normal diving
behavior, generating more ecologically relevant estimates
for b and E4 than would otherwise have been possible.
Future researchers may find new ways to apply these
tools to answer questions that might otherwise have been
experimentally intractable.
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Supplementary Information — Methods

Constructing an Arduino-based digital device for flow-through respirometry

We developed a low-cost, microcontroller-driven system to measure oxygen concentration and
airflow rate for use in a setup described by Boutilier (1984). Using available parts and sensors, we were
able to keep the cost for a single unit under $200 with a footprint smaller than a mousepad, with
components housed inside a rectangular project box (12.5 x 9 x 4 cm). This allowed us to set up an
individual flow-through sensor unit for each of the twelve incubators used in the performance-
temperature measurements. Devices were designed to record and save measurements to an external
memory card at an average of 82 readings per second over the time frame of each respirometry
measurement. Each unit was attached to a respiratory chamber setup that allowed the frog to choose
between breathing air or diving (Fig. 1; described below), based on the classic funnel-based design

described by Boutilier (1984).

We designed the unit to use a microcontroller based on the Arduino open-source prototyping
platform, due to its relative ease-of-use for people with little programming and electronics experience

(www.arduino.cc). Since its original release, an enormous knowledge base has accumulated for hardware

schematics, code examples, and software applications. Due to its open-source nature, other companies
have taken the original Arduino microcontroller board and tailored it to their particular needs.
Specifically, the Adafruit Pro Trinket product line (Adafruit Industries, New York, New York, USA) has
a reduced number of input and output pins, dramatically reducing its footprint and cost. Our system

required fast processing and 5V sensors, so we used the Pro Trinket 5v 16MHz model.
Electronic components

To measure air flow rate, we used the Zephyr™ analog gas flow sensor package (Honeywell,
Charlotte, North Carolina, USA). These sensors directly measure the change in resistance of temperature-
sensitive resistors influenced by the air flow rate. The Zephyr™ line was designed for medical and
industrial use and has a fast response time, customizable packages, and linear output for easier integration
into the user’s application. Oxygen concentration was measured as a volumetric percentage using the
Seeed Grove O, sensor package designed for the Arduino platform (Seeed Studio, Shenzhen, China). This
module uses the ME2 oxygen gas sensor, designed for oxygen detection in enclosed areas (i.e., mines).
The ME2 sensor detects gas concentration by measuring the change in current based on the
electrochemical reaction of the gas on a heated electrode. Because the sensor was designed for open

applications, we custom-built a flow-through air chamber by modifying and sealing a plastic coin case,
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which fit over the interface surface to ensure that air flowing through the system was the only air accessed

by the sensor.
Device operation

This system was designed to be battery-powered or powered via an appropriate DC power supply.
Once the user supplies power to the device, it enters a ‘standby’ phase waiting for the user to flip the
switch. Once the switch is detected, it enters a ‘warm-up’ phase where voltage is provided to the ME2
oxygen sensor for an equilibration period of 20 minutes. The device then enters the ‘data collection’
phase, during which it records the initial time of data collection and starts logging flow rate, oxygen
concentration, and the time (in milliseconds) since power was supplied. After the data collection period,
the user flips the switch to enter ‘standby’ and stops supplying voltage to the sensors, ending data
collection and writing the datafile to a microSD memory card. Additional data collection periods can be
obtained by continuously flipping the switch as needed until the device is powered off. A complete

pictorial schematic of the respirometer is depicted in the main text as Figure S1.
Operating code

Full code and schematics are available at

www.github.com/jasonsckrabulis/mcwhinnie_etal respirometry.

Respirometry setup — detailed methods

Each frog was given a bottle height between 9—12 c¢m, based on the frogs’ ability to easily surface
for breathing. All total water volumes ranged between 559 and 824 mL for 9 and 12 cm bottles,
respectively. A total of 175 holes (approximately one millimeter in diameter) were punctured throughout
the funnel to allow for a standardized amount of oxygen diffusion between water inside and outside the
funnel. These holes are necessary for water displacement when each animal breathes air in and expands,
otherwise changes in flow rate will not be detectable due to equal volumes of water and air changing
simultaneously within the funnel. Sculpting clay was used to form a ring around the perimeter inside the
bottom of the cup to hold the bottle in place for constant height and to reduce unwanted background noise
from jostling of the bottle from animal movement. Deli cups were filled to a fixed location on the bottle
for each bottle height to ensure consistently accurate water volumes for all setups. Custom foam sheets
were designed to act as oxygen diffusion blockers and cover all water surface area to effectively prohibit
diffusion between atmospheric and aquatic dissolved oxygen. Figure 1 depicts the complete respiration
setup for each frog, including the incubator array and individual deli cup setup for each frog. An air pump

supplied a constant air flow rate for up to four frogs simultaneously for each row of incubators, for a total
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of three rows, or a total of 12 incubators. Air flow traveled from the pump through a series of two quart-
sized mason jars to reduce unwanted variations in flow rate deemed ‘noise’ in flow rate measurements.
Air flow then travelled into the incubator and to the air chamber for the frog to respire. Once the air
passes through the incubator, flow rate and % O, measurements are taken by the respirometry device

before being released back into the experimental room.
Quantifying cutaneous oxygen consumption

Cutaneous oxygen uptake (COU) was quantified by measuring changes in dissolved oxygen
(DOppm) concentrations (mg O, L") during the animal’s respirometry trial, using a ProOBOD Optical
BOD Probe (YSI, Yellow Springs, Ohio, USA). For each measurement, the mass of oxygen available at
the start of the performance measurement (SDO) for a given volume of water (V) was calculated by
multiplying each DOppm measurement by water volume. For example, the starting value for oxygen mass

in water was calculated according to Equation 1.

SDO = DOy * Viy (1)

A single initial dissolved oxygen measurement for each animal was obtained, taking the measurement
just prior to adding the animal to the container. However, due to the complexity of the respirometry
apparatus with each animal held within a perforated funnel, it was necessary to obtain separate endpoint
measurements (DO,pn and Vi) from both inside the funnel (FDOy,) and outside the funnel (FDOg.) for
each animal. Once all three measurements were transformed to volume-corrected units of mg O, using
Equation 1, total oxygen consumption and rate (I¢) for each trial length in hours (7L ') was then

calculated according to Equations 2 and 3.

COU = SDO — (FDOypy + FDOgyt) (2)
I = COU - TLp, " (3)

Quantifying pulmonary oxygen consumption

The first step in data processing was to establish a baseline level for a flow rate and percent O,
(%602), as defined by the values for each of these parameters when frogs were not breathing. When
plotted as a time series, these breath bouts are visually distinguishable from the gaps between breaths,
making it possible to select representative baseline data points between breath bouts and use it to establish
a continuous running baseline through the entire time series. We used the fhs function from the gatepoints
package to freehand select representative data points for each baseline, excluding data points more than 5

mL min"or 0.1 % away from the visually apparent baseline for each flow or O, dataset, respectively
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(Fig. S2A, C). Once this was done, the na.fill function from the zoo package was used to fill “NA”s from
the selected baseline dataset based on the surrounding data. To finalize baseline correction, a cubic
smoothing spline was fit to each baseline dataset to generate a continuous baseline function
(smooth.spline from the base package). The spline fit was then subtracted from the original (raw) dataset
to generate a baseline-corrected (e.g., BCO; and FlowBC;) data series through time (At;) centered around
zero (POM,; e.g., Fig. S2B, D). Following baseline correction, breath bout volumes and total oxygen
consumption were calculated by multiplying the change in flow rate or percent oxygen from the baseline
against the time frame for each specific measurement. A pre-established approach was used for the
exclusion of all non-negative oxygen values (above baseline) from analysis. These values yield the
volume of flow or percent oxygen for each reading with sums being added for both positive and negative
values to determine respective values for the entire measurement. Standard values for volumetric percent
of oxygen in air (O2STPy "), mass percentages of oxygen in air (O2STPy), and corrected flow rate (F))
were used and local air density (LAD) were calculated using temperature (7,») and elevation (in
atmospheres; AP) of measurement location relative to standard temperature and pressure conditions
(FlowSTP; and Tsrp). Trial lengths were also calculated in minutes (7Lix) or seconds (7Lse.). The
pulmonary oxygen consumption rate (POU) over the measurement period was then calculated for each
respirometry trial (or individual breath bout; see below) and metabolic rates for pulmonary (/) and total

(Ir) oxygen consumption were calculated, using the following series of stoichiometric equations (4-8).

F = R (4)

POM = %(BCO; - At)) = X (%0, - == At;) (5)

POU = POM - F;+ LAD - 02STPy, - 02STP,* - % : TTLLﬂ (6)
Ip = POU - TLy, ! (7)

Iy = (COU + POU) - TLy, * (8)

Pulmonary measurements (i.e., ventilation frequency and pulmonary O consumption) were
omitted from analyses when a frog breathed fewer than three times during a full session. We omitted eight

datapoints for frogs with zero breaths, and two for frogs with 1-2 breaths.
Quantifying oxygen consumption and breath volumes for individual breaths

To quantify the relationship between breath volume and oxygen consumption, data were collected for
isolated breath bouts within each zero-day measurement and calculated corresponding breath volumes and

oxygen consumption. A ‘breath bout’ is here defined as a distinct period of breathing activity,
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encompassing one or more individual breaths, that is sufficiently separated from other breaths so that both
flow rate and percent oxygen could completely return to baseline levels in between measurements. Only
pulmonary metabolic proxies were examined for the breath bout dataset, because cutaneous respiration
was unable to be calculated for abbreviated time periods within the respirometry trial. Sudden animal
movements sometimes led to signal noise in the flow rate data, which could reduce the accuracy of breath
volume measurements, so for this analysis we purposefully selected “clean” breath bouts without excess
signal noise (e.g., Fig. S2; Fig. S5) from respirometry sessions at the zero-day time point. Fewer than
three breath bouts were quantified for eleven sessions due to absence of pulmonary respiration (three
frogs), lack of ‘clean’ windows containing isolated breath bouts (seven frogs), or technical problems
leading to flow rates too low to detect individual breath bouts (one frog). Total breath volume for each
breath bout was calculated from the baseline-corrected flow rate data, and then divided by number of

breaths to generate the average breath volume (Vean) as shown in Equation 9.

TLmin

TLsec

1
Voreatn = “Breaths X ZlFlOWBCl X Atil X

(9)

We also divided total oxygen uptake per breath bout by the number of breaths taken, and then averaged
these values from up to three breath bouts per trial to generate mean pulmonary oxygen uptake and Virean

for each measurement period.
Experimental design — supporting details

During the acclimation period, frogs were housed in custom-built temperature-controlled incubators
constructed according to Raffel et al. (2013) but modified to increase the internal dimensions (38 ¢cm long
x 24 cm wide % 13 cm height) and place heating elements on the walls instead of the floor. Each
acclimation incubator contained up to two frogs in a total of 12 incubators, singly housed in individual 1
L deli cups. Frogs were assigned to individual incubators, constrained to ensure animals in the same
acclimation incubator would be tested at different performance temperatures. Animals were checked and
rotated daily to minimize potential effects of within-incubator temperature variation. All animals were fed
California blackworms (Lumbriculus variegatus; Miiller, 1774) ad libitum and a full water change was
performed at least twice weekly, depending on water quality. Animals were not intentionally fasted prior
to respirometry measurements, but we waited till after measurements were taken before feeding them on

respirometry days.

We obtained one respiratory measurement per frog per day, except for the zero-day time point. To
maximize the likelihood of detecting thermal acclimation effects on day zero, we measured respiratory

performance for each animal at two different temperatures on this day, completing both measurements
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within a six-hour time frame. Following each respirometry measurement, each animal was maintained at
their most recently measured performance temperature until the next respirometry measurement, using a
separate array of performance-period incubators (same construction as the acclimation-period incubators).
HOBO loggers (Onset, Bourne, MA) were placed within incubators to ensure proper temperature was
maintained throughout acclimation and performance periods. The average temperature of all acclimation
and performance incubators throughout the experiment was within 0.6 °C of the target temperature, so the

target temperature was used for all subsequent analyses.

Detailed statistical methods

We incorporated random effects into all linear mixed-effects models, to ensure we tested for
statistical significance and calculated 95% confidence intervals using the proper level of replication for
each explanatory variable. We used the function confint from the base package to generate 95% Wald
confidence intervals for parameters of interest (£4 and b estimates). To ensure that temperature treatments
were properly replicated at the incubator level (see Raffel et al., 2013), we tracked which incubator was
used during each acclimation period or respirometry measurement and included random effects of
acclimation and performance incubator in each statistical model. We also accounted for the potential
effect of having multiple measurements of a given frog by including frog identification as a random
effect, which was nested within acclimation incubator for each experiment. The resulting error structure
for each model was coded as: (1|AccInc/FrogID) + (1|PerfInc). Effective sample sizes reported in the
figure legends indicate the number of replication units for each predictor variable, each of which was
assessed at a different level of nested random effects. Mass effects had about twice the number of
replication units as the number of individual frogs, because the mass of each frog changed between
experiment 1 and experiment 2. The function Anova from the car package was used to calculate type-11
sums of squares with F-values, using Kenward-Rogers degrees of freedom (which can generate non-

integer values).

Predictor coefficients and standard errors were taken from models with marginal terms and
interactions removed, to ensure they could validly be used to interpret main effect directionalities and to
estimate scaling exponents. All final models were chosen using backwards selection, removing terms with
P-values > 0.1, unless otherwise noted. We also tested for quadratic effects of acclimation and
performance temperature to detect possible curvilinear effects on performance for overall, through-time,
and breath bout models. However, all four respiratory proxies of metabolic rate increased linearly with
inverse temperature (no significant quadratic effects of inverse performance temperature for any

metabolic proxy at any time point), so quadratic effects of performance temperature were removed from



187  all final models. The acclimation temperature variable was centered around zero (i.e., subtracting the
188  mean acclimation temperature) to ensure linear effects of acclimation temperature would remain

189  interpretable in a polynomial regression context.



SUPPLEMENTARY MATERIALS

Table S1 Thermal performance models testing the effects of acclimation temperature (AccTemp) and
inverse performance temperature (PerfTemp~') for the primary controlled-temperature experiment at
individual time points. Statistical tests are based on linear mixed effects regression with the same random-
effects structure as the Table 1 models, using F-tests with type II sums of squares and Kenward- Rogers
d.f. All models initially included a quadratic effect of acclimation temperature and both linear (AccTemp
x PerfTemp) and non-linear (AccTemp? x PerfTemp™!) interactions for comparison with the models
presented in Table 1, but were simplified by backward selection to remove non-significant interactions (P
> 0.05). Quadratic effects of acclimation temperature (AccTemp?) were retained in models for total and
cutaneous O, consumption, to explore changes in this effect through time that might have driven the
significant AccTemp? x Time interactions reported in Table 1. PerfTemp~! exponents were multiplied by
—k to generate E4 exponents for comparison with other analyses.

Response Day Predictor Coef + SE F Df. P
Total O, +0  PerfTemp™! 0.475 £ 0.053 66.5 1,56.5 <0.001
AccTemp 0.001 = 0.008 0.0 1,8.5 0.883
AccTemp? -0.003 + 0.001 3.8 1,7.9 0.088
In Mass 0.456 £ 0.152 7.7 1,335 0.009
+1  PerfTemp™ 0.545 + 0.075 38.8 1,24.0 <0.001
AccTemp 0.001 = 0.009 0.0 1,119 0.865
AccTemp? 4.403 x 107 £ 0.002 0.1 1,6.3 0.816
In Mass 0.534 £0.178 7.9 1,24.7 0.009
+4  PerfTemp™ 0.428 £ 0.070 28.1 1,222 <0.001
AccTemp 0.001 = 0.007 0.0 1,4.0 0.839
AccTemp? 6.757 x 107 £ 0.002 0.1 1,7.1 0.712
In Mass 0.203 +0.138 1.6 1,21.1 0.216
+8  PerfTemp™ 0.478 £0.076 319 1,146  <0.001
AccTemp 0.013 +0.009 1.9 1,6.4 0.213
AccTemp? 0.002 + 0.002 1.4 1,6.8 0.270
In Mass 0.646 £ 0.179 104 1,319 0.003
Cutaneous O, +0 PerfTemp 0.313 +£0.039 53.3 1,619 <0.001
AccTemp 0.007 + 0.006 1.0 1,8.2 0.335
AccTemp? —0.002 + 0.001 2.2 1,7.4 0.182
In Mass 0.300 £0.123 5.2 1,355 0.028
+1  PerfTemp™ 0.423 £ 0.045 67.0 1,286 <0.001
AccTemp 0.014 + 0.005 5.1 1,114 0.045
AccTemp? -9.699 x 107 £9.350 x 10 0.9 1,7.2 0.369
In Mass 0.350 £ 0.102 10.5 1,304 0.003
+4  PerfTemp™ 0.173 £0.035 184 1,223 <0.001
AccTemp 0.003 +0.004 0.8 1,5.5 0.422
AccTemp? 3.382x 10#+ 8.280 x 10~ 0.2 1,7.5 0.685
In Mass 0.175 £0.073 4.6 1,274 0.040
+8  PerfTemp™ 0.236 £ 0.048 199 1,176 <0.001
AccTemp 0.007 % 0.006 1.5 1,7.3 0.265

AccTemp? 0.001 £ 0.001 1.4 1,6.8 0.275



In Mass 0.283 +0.119 4.7 1,33.0 0.037

Pulmonary O» +0  PerfTemp™! 0.720 £ 0.127 294 1,721 <0.001

AccTemp —-0.009 £ 0.016 0.2 1,9.5 0.693

In Mass 0.802 £ 0.308 5.6 1,328 0.022

+1  PerfTemp™ 0.953 £0.224 15.3 1,22.1 <0.001

AccTemp —0.009 + 0.029 0.1 1,135 0.772

In Mass 0.825 £ 0.523 2.2 1,242 0.148

+4  PerfTemp™ 0.895+£0.141 356 1,362 <0.001

AccTemp -2.545 x 104+ 0.014 0.0 1,4.7 0.987

In Mass 0.436 + 0.294 1.7 1,214 0.209

+8  PerfTemp™ 0.930 £ 0.167 283 1,358 <0.001

AccTemp 0.004 = 0.020 0.0 1,94 0.842

In Mass 0.915+0.377 4.9 1,30.7 0.034

Ventilation +0 PerfTemp! 0.210 +£0.108 3.4 1,72.8 0.068
frequency

AccTemp -0.016 £0.015 1.0 1, 8.4 0.356

In Mass 0.073 £ 0.305 0.0 1,36.3 0.825

+1  PerfTemp™ 0.278 £0.218 1.4 1,29.6 0.245

AccTemp -0.064 + 0.029 4.7 1,11.3 0.053

In Mass —-0.170 £ 0.423 0.1 1,26.7 0.716

+4  PerfTemp™ 0.677 £0.133 225 1,227 <0.001

AccTemp -0.002 £ 0.016 0.0 1,84 0.887

In Mass —-0.058 +0.336 0.0 1,29.9 0.876

+8  PerfTemp™ 0.030 £ 0.144 0.0 1,36.0 0.845

AccTemp -0.016 £ 0.024 0.4 1,9.1 0.523

In Mass —-0.187 £ 0.347 0.2 1,31.5 0.625




Table S2 Comparison of estimates for key MTE parameters with and without additional measurements
from smaller post-experiment frogs. We re-ran linear mixed effects models with and without inclusion of
these new measurements, to see how the expanded dataset influenced estimates of key MTE parameters.
Models were simplified to remove fixed effects of acclimation temperature or time since acclimation,
neither of which applied to the new measurements from smaller frogs. However, we retained the random-
effects structure from the original mixed-effects models presented in Table 1. Regression coefficients for
the effects of In Mass provide direct estimates of mass-scaling coefficients (parameter “b”); PerfTemp™!
coefficients were multiplied by —k for comparison with E4 estimates in other tables. Statistical tests were
conducted using the Anova() function from the “car” package, which uses Kenward-Rogers degrees of
freedom to compute F-statistics and p-values.

Response Mass range Predictor Coef 95% CI F D.f. P
13.1-60.0 g In Mass 0.444  0.219-0.668 13.5 1,39.5 <0.001
Total O, PerfTemp™! 0.457 0.401-0.512 2509 1,167.8 <0.001
1.9-60.0 g In Mass 0.690 0.576-0.803 131.3 1,134 <0.001
PerfTemp™! 0444 0389-0499 2420 1,1740 <0.001
13.1-60.0 g In Mass 0.232  0.070-0.394 7.2 1,39.2 0.011
Cutaneous O» PerfTemp™! 0.277 0.238-0.316 1834 1,185.8 <0.001
1.9-60.0 g In Mass 0.472  0.372-0.571 77.9 1,16.5 <0.001
PerfTemp™! 0.270 0.213-0.309 176.8 1,189.6  <0.001
13.1-60.0 g In Mass 0.791  0.349-1.233 11.1 1,39.5 0.002
Pulmonary O PerfTemp™! 0.795 0.666-0.924 1422 1,161.5 <0.001
1.9-60.0 g In Mass 1.565 1.311-1.819 134.5 1, 16.1 <0.001
PerfTemp™! 0.770  0.640-0.900 1319 11,1643 <0.001
13.1-60.0 g In Mass 0.214 -0.249-0.677 0.7 1,39.8 0.395
Ventilation PerfTemp™! 0.367 0.243-0492 322 1,1654  <0.001
frequency 1.9-60.0 g In Mass 0.225  0.004 — 0.445 3.7 1,134 0.077

PerfTemp~! 0.373  0.250-0.496 343 1,173.3 <0.001




Table S3 Breath bout mass- and volume-scaling coefficients (“b”) for the primary controlled-temperature
experiment. Statistical tests are based on linear mixed effects regression, using F-tests with type II sums
of squares and Kenward-Rogers d.f. Predictor coefficients were taken from models with marginal terms
removed, to ensure they could be used to interpret main effect directionalities and to estimate b. Non-
significant interaction terms were removed from models via backward selection (P > 0.05). Predictor
coefficients were taken from models with marginal terms removed, to ensure they could be used to

interpret main effect directionalities.

Response Predictor Coef £ SE F D.f. P
In O uptake In Vgreath 0.755+0.131 272 1,56.8 <0.001
AccTemp -0.011 +£0.011 0.8 1,8.3 0.397
PerfTemp 0.028 =0.012 55 1,522 0.023
In Vprean® PerfTemp —-0.046 £ 0.018 5.7 1,57.3 0.020
In O, uptake In Mass 0.771 £ 0.262 84 1,38.0 0.006
AccTemp -0.018+0.014 14 1,9.2 0.259
PerfTemp 0.041 £0.014 74 1,582 0.008
In Mass * PerfTemp —0.090+0.037 5.0 1,63.3 0.028
In VBrean In Mass 0946+0.159 316 1,37.8 <0.001
AccTemp -0.011+0.008 14 1,10.0 0.261
PerfTemp 0.014 +0.091 1.9 1,57.0 0.173
In Ventilation frequency In Mass 0.265 £0.205 1.6 1,375 0.213
AccTemp 0.024 = 0.009 5.8 1, 8.7 0.040
PerfTemp -0.015+0.012 1.6 1,56.3 0.213
In Mass * PerfTemp  0.120+0.029 14.8 1,60.5 <0.001




Table S4 Grouped performance temperatures (“Cool” temperatures [8, 11, 14, & 17 °C]; “Warm”
temperatures [20, 23, 26, & 29 °C]) for comparison of mass- and volume-scaling exponents in the breath
bout dataset from the primary controlled-temperature experiment. Coefficients + SE represent both
volume- and mass-scaling exponents, the latter of which is referred to as b in the main text.

Response Temp range  Predictor Coef + SE F D.f. P
O- uptake Cool In Vrean ~ 1.089£0.150 363 1,241 <0.001
Warm In VBrean ~ 0.460+0.195 42 1,323 0.050
O, uptake Cool In Mass 1.435 +0.400 11.8 1,24.6 0.002
Warm InMass  0.381+0.307 1.2 1,23.1 0.280
VBreath Cool In Mass 1.123+0.243 184 1,239 <0.001
Warm InMass  0.862+0.209 135 1,23.1 0.001
Ventilation frequency Cool InMass -0.695+0.393 29 1,251 0.099

Warm In Mass 0.710 = 0.204 9.5 1,21.2 0.006




Table SS Average breaths per minute (bpm) in the primary controlled-temperature experiment for frogs
in different mass groups and performance temperatures, for comparison with previously published data by
Boutilier (1984). In general, frogs had faster breath rates when they had higher body masses and were
measured at higher temperatures. The range of breath rates observed in this study were consistent with

breath rates observed by Boutilier (1984) at 25 °C (0.77 £ 0.17 bpm). Boutilier’s measurement represents
mean + SE.

Performance temperature

Mass range 8 11 14 17 20 23 26 29

13.1-224 ¢ 0049 0796  0.566 0.753 0561 0395  0.793  0.522
22.6-29.6 g 0.361 0.724  0.573 0.651 0.858 0919  0.879 1.292
31.3-36.7 g 0592 0341 0319 0.539 0.582  0.449 1.009  0.904

37.5-60.0 g 0.513 0.290 0.525 0.608 0.928 1.119 1.023 1.424
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Figure S1 Respirometry device schematic and photos. A. Schematic of Adafruit Pro Trinket
microcontroller and electronic components. Wire colors are based on standard electronics coding.
Numbers indicate components: (1) Pro Trinket, (2) Power jack and indicator LEDs, (3) input switch, (4)
Seeed Grove oxygen sensor, (5) Zephyr™ flow sensor, (6) Real-time clock module, and (7) microSD card
module. (4) and (5) are depicted as generic connectors, but the right-most pin is “pin 17 of each module.
Schematic generated in Fritzing (v0.9.3; www fritzing.org) with Adafruit, Seeed Studio, and Sparkfun
parts libraries. B. Front of a respirometry device, which has a clear cover to allow visualization of LED
lights inside the box during measurements. C. Back of a respirometry device, showing (8) oxygen sensor
covered by a modified plastic coin holder that channels air over the sensor and (9) airflow sensor ports.
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Figure S2 Process of baseline-correcting time series data for oxygen percentage (A, B) and air flow rate
(C, D) for a single representative breath bout. The baseline itself (red curve in panels A & C) was
generated by fitting a smoothing spline to the selected baseline data, and this baseline was then subtracted
from the raw data to generate a baseline-corrected dataset. The smoothing spline fit (red line),
representing the baseline, is superimposed over the raw data (black lines) in panels A & B. Data selected
to represent the “baseline” (red lines) are superimposed over the raw data (black lines) in panels C & D.
There is approximately a 3—5s delay between changes in flow rate and changes in oxygen percentage
because of the time it takes the air from the frog to react with the oxygen sensor, whereas the change in
air flow rate is instantaneously measured. In panels C and D, peaks in flow rate reflect exhalations and
valleys reflect inhalations.
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Figure S3 Thermal performance curves across all time points in the primary controlled-temperature
experiment. (A) Total respiration (N=64.9). (B) Cutaneous respiration (N=62.6). (C) Pulmonary
respiration (N=44.6). (D) Ventilation frequency (mass-scaled breaths per hour; N=52.8). All response
variables were natural log transformed and scaled according to the observed mass scaling effects. Here, N
indicates replication units for testing performance temperature effects in mixed-effects regression, which
may be non-integer due to missing data points for some frogs. Error bars represent the standard error of
each treatment group containing N > 1 replicates, and points were jittered using the “jitter” function in R
to reduce visual overlap.
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Figure S4 Thermal performance curves for all metabolic proxies for one, four, and eight days post-
acclimation in the primary controlled-temperature experiment. Total O consumption rate (N=33, 38, &
37 for days 1, 4, & 8, respectively), Cutaneous O» consumption rate (N=38, 39, & 39), Pulmonary O,
consumption rate (N=31, 37 & 35), and Ventilation frequency (N=31, 37, & 35) are plotted as functions
of inverse performance temperature (in Kelvin). All response variables were natural log transformed and
scaled according to the observed mass scaling effects.
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Figure S5 Characteristic breathing patterns of X. laevis observed in this study. (A) ‘Burst’ breathing
pattern, in which frogs alternated between long periods without pulmonary respiration and shorter periods
with many breaths in quick succession. (B) ‘Bout’ breathing pattern, in which frogs took regular or
intermittent breaths throughout the measurement period. These patterns and more are described in greater
detail by Boutilier (1984) and Brett and Shelton (1978).
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Figure S6 Proportion cutaneous respiration as a function of log-transformed frog mass, showing all
measurements including the eight smaller frogs measured after the primary controlled-temperature
experiment was completed. The eight smaller frogs exhibited an average of 96.2% cutaneous respiration,
compared with an average of 63.7% cutaneous respiration for the larger frogs in the primary experiment.
The color gradient shifts from coldest (8 °C; light blue) to warmest (29 °C; bright red) performance
temperatures.
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Figure S7 Dissolved oxygen availability and proportion of respiration performed cutaneously as
functions of temperature in the primary controlled-temperature experiment. (A) Initial dissolved oxygen
availability in water for each performance temperature across all time points. (B) Proportion of cutaneous
respiration at each performance temperature across all data. Values are presented as mean + SE (N=228).



