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ARTICLE INFO ABSTRACT

Keywords: The coqui frog (Eleutherodactylus coqui) was introduced to the island of Hawai’i in the 1980s and has spread
Corti?osterone across much of the island. Concern remains that this frog will continue to expand its range and invade higher
Coqu,l frog elevation habitats where much of the island’s endemic species are found. We determined whether coqui thermal
gﬁ; I‘I;lion tolerance and physiology change along Hawai’i’s elevational gradients. We measured physiological responses
Glucose using a short-term experiment to determine baseline tolerance and physiology by elevation, and a long-term

experiment to determine the coqui’s ability to acclimate to different temperatures. We collected frogs from
low, medium, and high elevations. After both the short and long-term experiments, we measured critical thermal
minimum (CTmin), blood glucose, oxidative stress, and corticosterone levels. CTmin was lower in high elevation
frogs than low elevation frogs after the short acclimation experiment, signifying that they acclimate to local
conditions. After the extended acclimation, CTmin was lower in frogs acclimated to cold temperatures compared
to warm-acclimated frogs and no longer varied by elevation. Blood glucose levels were positively correlated with
elevation even after the extended acclimation, suggesting glucose may also be related to lower temperatures.
Oxidative stress was higher in females than males, and corticosterone was not significantly related to any pre-
dictor variables. The extended acclimation experiment showed that coquis can adjust their thermal tolerance to
different temperatures over a 3-week period, suggesting the expansion of coqui into higher elevation habitats
may still be possible, and they may not be as restricted by cold temperatures as previously thought.

Oxidative stress

1. Introduction

Changing climatic conditions along elevational gradients are thought
to contribute to limiting species distributions (von Humboldt, 1849;
Janzen, 1967). For example, thermal environments change significantly
with elevation, with temperatures dropping on average 6.5 °C with
every 1000 m increase in elevation (Briggs et al., 1997). Differing
temperatures across elevations can act as strong selective forces for ec-
totherms in particular due to their sensitivity to thermal environments
(Wang et al., 2022). Previous research supports this idea and shows the
thermal physiology (e.g., critical thermal limits, body temperature) of
ectotherms often differs along elevational gradients and in response to
the elevation at which they are found (Navas, 2006; Navas et al., 2013).

* Corresponding author.
E-mail address: karen.beard@usu.edu (K.H. Beard).

Furthermore, many studies show a strong decline in critical thermal
minimum (CTmin) with elevation suggesting that ectotherms adapt to
deal with temperature barriers (Munoz et al., 2014; Pintanel et al., 2019;
von May et al., 2017).

Thermal tolerance of invasive amphibians is of particular interest
because of their potential negative impacts to native ecosystems and
their potential to spread into undisturbed areas, often beyond hypoth-
esized limits (Cortes et al., 2016). For example, in both Australia
(McCann et al., 2014; Winwood-Smith et al., 2015) and Florida, USA
(Mittan and Zamudio, 2019), the thermal tolerance of non-native cane
toads (Rhinella marina) collected at different latitudes and elevations has
been studied. Cane toads are thought to have evolved a narrow thermal
tolerance in their native tropical region and have a limited ability to

1 Current address: Lindner Center for Conservation and Research of Endangered Wildlife, Cincinnati Zoo & Botanical Garden, Cincinnati, Ohio, 45220, USA.
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function in cold conditions (Angilletta et al., 2003). Yet, the cane toad’s
thermal tolerance in its invasive range has a surprising amount of
plasticity and acclimation potential (McCann et al., 2014; Mittan and
Zamudio, 2019; Winwood-Smith et al., 2015). These types of studies are
important in determining the thermal limits of an invasive species, and
the extent to which they can invade habitats outside their native thermal
environment. Yet critical thermal limits are just one of many traits which
undergo changes as ectotherms are exposed to new climates.

Other physiological metrics, such as those related to energy metab-
olites, are often overlooked when examining an invasive species’
response to novel temperatures. For example, circulating glucose levels
have been shown to be higher in frogs found at high elevation relative to
low elevation congeners (Carvajalino-Fernandez et al., 2021). Here,
glucose is likely acting as a cryoprotectant against extracellular ice
formation from freezing temperatures at high elevations, similar to high
latitudes (Costanzo et al., 2015; Storey, 1987, 1997). Glucose levels
have also been shown to be elevated in autumn months in anurans,
presumably to allow them to remain active during cooler conditions and
in anticipation of freezing winter conditions (Farrar and Frye, 1977;
Rocha and Branco, 1998). Therefore, invasive anurans may similarly
increase glucose levels as they spread into habitats with colder tem-
peratures. Although, some studies show that amphibians acclimated to
colder temperatures have lower blood glucose than the warm treatments
(Hermansen and Jgrgensen 1969; Jungreis 1970; Jungreis and Hooper
1970). Therefore, changes in glucose levels in response to temperature is
not straightforward.

Likewise, physiological metrics related to an individual’s the body
condition and stress response can change as a result of novel tempera-
tures. Some studies have found oxidative stress, a measure of cellular
damage from reactive oxygen metabolites produced during metabolism
(Andersson et al., 2018; Frisard and Ravussin, 2006), and antioxidant
defenses decrease with lower temperatures (Reguera et al., 2014; Souri
and Rastegar-Pouyani, 2018), while another study found it increased
(Bury et al., 2018). Studies of corticosterone, the predominate gluco-
corticoid and energy mobilizing hormone in many ectotherms, and
temperature have also found varying responses. Different studies have
found temperature increases (Hudson et al., 2020a,b; Narayan et al.,
2012), decreases (Dupoué et al., 2013, 2018), and does not influence
corticosterone levels (Jessop et al., 2018). While the relationships be-
tween oxidative status, corticosterone, and temperature are complex,
both are critical to understand because they elucidate whether an
invasive species can effectively manage stress when faced with novel
climatic conditions. Studying these metrics in combination with energy
metabolites such as glucose can highlight the physiological costs asso-
ciated with spreading into new climates.

The coqui frog is a nocturnal, terrestrial (i.e., they do not require
bodies of water to breed), direct-developing frog endemic to Puerto
Rico, but is invasive on the island of Hawai’i. First introduced in the late
1980s (Kraus et al., 1999), coqui have been shown to influence native
and non-native species populations in ways that can have detrimental
impacts on native Hawaiian species and habitats. These include
increasing non-native mongoose abundance (Hill et al., 2019), serving
as a food source for non-native birds (Smith et al., 2018), altering
invertebrate communities (Choi and Beard, 2012), and increasing
available nutrients which favors non-native plant growth (Sin et al.,
2008). The coqui has spread across much of the island, although its
distribution was historically limited mainly to low elevation habitats on
the eastern side of the island. It is thought that its distribution was
mainly restricted by temperature, as is seen in other invasive ectotherms
(Lin et al., 2019) because while it occupies the highest peaks in its native
range, which reach 1100 m, the highest peaks in Hawai’i exceed 4000 m
where temperatures regularly drop below freezing (Zhang et al., 2017).
Additionally, coqui introduced to Hawai’i were from the areas around
San Juan, Puerto Rico (Peacock et al., 2009; Velo-Anton et al., 2007),
suggesting their thermal tolerance was adapted to warm, lowland tem-
peratures. Previous research has looked into the thermal tolerance of
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coqui frogs in both their native range (Christian et al., 1988; Delgado--
Suazo and Burrowes, 2022) and in Hawai’i (Haggerty, 2016), but have
not found elevational differences in CTmin. However, Haggerty (2016)
demonstrated flexibility in cold tolerance among populations and
acclimation to cold temperatures. This, along with the coqui frog’s
current presence in high elevation environments (e.g., Hawai’i Vol-
canoes National Park, ~1200 m), suggests temperature may not be as
strong a barrier as previously thought.

The current study tested the effects of an elevational — and resultant
climatic — gradient on the thermal physiology of the invasive coqui, and
whether temperature at higher elevations may act as a barrier to further
expansion. We measured the CTmin of coqui frogs from low, medium,
and high elevations shortly after collection in the field (3-days) to test
for basal differences in CTmin among elevations. We then conducted an
extended acclimation experiment (3-weeks) where we exposed frogs to a
high or low temperature treatment meant to represent ambient tem-
peratures at low and high elevations, respectively, to test whether
CTmin has acclimated to local temperature conditions at each elevation
— evidence of phenotypic change — or if CTmin is plastic in response to
temperature changes over time. We chose to measure CTmin because of
its strong relationship with elevation and its importance for surviving
nocturnal temperatures and high elevational climates (Munoz, 2022;
Munoz et al., 2014). We also measured physiological indicators related
to thermal tolerance and stress — specifically glucose, reactive oxygen
metabolites (AROMs; an indicator of oxidative stress), and corticoste-
rone — to determine whether the different thermal environments across
elevation were causing a physiological response by the coqui. Finally,
because sex can influence physiology (French et al., 2021; Haggerty,
20165 Moore and Jessop, 2003; Webb et al., 2019), we included sex and
body size — which is correlated with sex in coqui frogs (O’Neill et al.,
2018) — in our analyses to test their importance compared to elevation.

Our predictions were based on evidence of other phenotypic changes
to the coqui population in Hawai’i across elevation (Gayle, 2020;
O’Neill et al., 2018; O’Neill and Beard, 2011), and on evidence of nar-
row thermal tolerance breadths and plasticity in lowland tropical spe-
cies (Ghalambor et al., 2006). We predicted that CTmin would be lower
for frogs at higher elevations relative to low elevations, regardless of
acclimation treatment, sex, or body size because of their regular expo-
sure to cold environmental temperatures. Further, we predicted that
glucose levels would be higher in high elevation frogs because it can
serve as a cryoprotectant and as an energy source to cope with low,
non-freezing temperatures. We also predicted glucose would not differ
by sex or body size. We expected relatively low corticosterone and
dROM levels in high elevation and cold-acclimated frogs due to pro-
longed exposure to cold temperatures, which would diminish the stress
severity of acute cold temperatures of CTmin testing. Finally, we pre-
dicted dROMs would be higher in females relative to males due to the
oxidative costs of reproduction (French et al., 2021; Webb et al., 2019).

2. Material and methods
2.1. Study site

We collected frogs from 12 sites across the eastern side of the island
of Hawai’i, USA (Fig. 1). Our sites were visited twice; first between 25
June and July 8, 2021 to collect frogs for the short acclimation experi-
ment, then between 13 and July 27, 2021 to collect frogs for the
extended acclimation experiment. Although we collected different in-
dividuals for our two acclimation groups, we collected all frogs within
five weeks of each other. Therefore, we assumed the thermal physiology
of frogs collected for both acclimation groups would be similar because
not enough time passed for seasonal changes in physiology to occur
(Schroeder, 1993). We had four field sites located at low elevation
(<150 m), four at medium elevation (350-550 m), and four at high
elevation (>750 m). At each site, we employed three temperature log-
gers (Thermochron iButtons; Embedded Data Systems) by attaching
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Fig. 1. Twelve coqui sampling sites in the present study on the island of
Hawai’i. Site abbreviations are Glenwood (GWD); Hilo Drag Strip (HDS); Ha-
waiian Paradise Park (HPP); Mountain View Post Office (MPO); Mountain View
Park (MVP); Nanawale Natural Area Reserve (NAN); Saddle Road High (SRH);
Saddle Road Mid (SRM); Stainback Hwy High (STH); Stainback Hwy Mid
(STM); Volcano (VCO); Wailuku River State Park (WLR). Low elevation sites are
in red, mid-elevation are in blue, and high elevation sites are in black. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

them to trees at different heights off the forest floor (0, 1, 2 m) and
shading them from direct sunlight via opaque plastic coverings. We left
them in the field for eight weeks where they recorded ambient tem-
perature every 15 min and showed mean temperature at low, medium,
and high elevations to be 23 °C, 20 °C, and 18 °C, respectively, during
the study. Annual mean temperatures at low, medium, and high eleva-
tion are 22.8 °C, 19.4 °C, and 15.6 °C, respectively (Giambelluca et al.,
2014). Our temperature loggers recorded significantly different daily
minimum temperatures among elevations (Appendix A), indicating
nocturnal temperatures were consistently different among elevations.
All of our sites were forested habitats, with dominant species varying by
site. Dominant canopy species included Bambusa vulgaris, Metrosideros
polymorpha, Psidium cattleianum, and dominant understory species
included Dicranopteris linearis, Hedychium sp., and Melastoma malaba-
thricum (Choi and Beard, 2012). Across our sites, mean annual precipi-
tation ranges from 1000-6000 mm/year (Price, 1983).

2.2. Animal collection

Both times we visited each site, we collected frogs between 1900 h
and 0100 h, until 30 frogs were captured. We searched for frogs visually
and captured them by hand within a 1 km radius of a central GPS point.
We only captured frogs >25 mm to exclude juveniles from our study
(Woolbright, 2005). Because we did not determine the sex until after
euthanasia (see below), the sex ratio for both experiments was not
balanced. Our sampling was male biased because calling males are
easier to collect, and reflects the male-biased sex ratio of the species in
Hawai’i (Woolbright et al., 2006). We received approval for all handling
and procedures from Utah State University Institutional Animal Care
and Use Committee, protocol #10250 and by the USDA NWRC Institu-
tional Animal Care and Use Committee, protocol #QA-3350.

2.3. Short acclimation conditions

After collection, we placed frogs in plastic terrariums and trans-
ported them to the USDA-APHIS National Wildlife Research Center
(NWRC) Field Station in Hilo, Hawai’i. We housed each frog we brought
to the field station individually in 0.5 L plastic containers with a moist

Journal of Thermal Biology 114 (2023) 103590

sponge and we provided vitamin-dusted crickets and water ad libitum.
We kept the frogs in a room with a 12L:12D light cycle and at a mean
temperature of 23.6 °C (+0.9 SD). In Puerto Rico, high elevation coqui
have been shown to prefer lower temperatures relative to low elevation
frogs in thermal selection trials (Delgado-Suazo and Burrowes, 2022);
however, due to logistical constraints we could only house frogs at ca.
23 °C, but all animals were housed and treated consistently. We kept all
frogs in these conditions for 72 h prior to testing thermal tolerance. We
used 3 days for the short acclimation period because anuran CTmin can
change in response to temperatures experienced within the previous 12
h (McCann et al., 2014). Therefore, uniform conditions prior to CTmin
testing were critical for assessing basal differences among populations.
We fasted frogs 12 h prior to testing to reduce the impacts of food and
digestion on metabolism, thermal tolerance, and other related physio-
logical metrics (e.g., blood glucose). If fasting introduced stress to the
frogs, the effect would have been similar for all animals.

2.4. Extended acclimation conditions

After we collected an additional 30 frogs from the same 12 field sites
between 1900 h and 0100 h (as previously described), we shipped these
coqui frogs overnight to a laboratory at Utah State University where they
were randomly assigned to one of two acclimation temperature groups:
16 °C or 23 °C. These temperatures correspond to mean ambient tem-
peratures at high and low elevation habitats in Hawai’i. We housed frogs
in incubators (Percival Scientific Incubator Model DR-36VL, Perry,
Iowa, USA) set to 16 °C or 23 °C (0.1 SD) according to their assigned
acclimation treatment for 3 weeks, after which their CTmin was tested.
We assumed a 3-week acclimation was adequate because 1-week accli-
mation periods have been sufficient to induce changes in thermal
tolerance in other anurans (Mittan and Zamudio, 2019). Our incubators
were set to maintain 80% humidity and 12L:12D light cycle for the
entire acclimation period. We housed each frog individually in 0.5 L
plastic containers with a moist sponge and a small plastic cup as a retreat
site. Our frogs were misted with water daily and given crickets ad libi-
tum, and were fasted 12 h prior to CTmin testing. Frogs acclimated to
lower temperatures may have had slower specific dynamic actions, and
therefore 12 h may not have been long enough for these frogs to be
fasted.

2.5. Critical thermal minimum testing

We used a custom-built Temperature Regulated Chamber System
(TReCS) to test CTmin (Appendix A). The TReCS is a device in which five
aluminum cradles sit on top of an aluminum heatsink. Each cradle is
shaped to hold a clear plastic tube. The cradle temperature is controlled
by two peltier devices (CUI Devices, Lake Oswego, Oregon, USA)
beneath each cradle that can reach temperatures from —3 to 50 °C. Fans
built into the heatsink are crucial to the TReCS’s ability to reach low
temperatures. The temperature of each cradle is monitored on a liquid-
crystal display. We began CTmin testing at 2000h after the 3 day and 3
week acclimation periods for the short and extended acclimation frogs,
respectfully. Each trial consisted of testing the CTmin of five frogs in the
TReCS. Because we collected and tested 30 frogs per night, we ran 6
trials per night after collections. At the beginning of each trial, we placed
frogs in the plastic tubes and the TReCS began cooling the cradles
starting at 20-23 °C. Each plastic tube was sealed to prevent air from
flowing through them and subsequent evaporative water loss by frogs.
The TReCS cradles cooled at a mean rate of 0.97 + 0.32 °C min ™! (SD),
varying slightly by cradle number (range = 2.07 °C). Once a cradle
temperature reached 15 °C, we periodically spun each tube on the cra-
dles to flip the frog on its back and elicit a righting response. If the frog
did not right itself after 30 s, we recorded the TReCS cradle temperature
(righting loss temperature; hereafter RL-temp), then removed the frog
from its tube and recorded its body temperature using a thermocouple
sensor inserted into the cloaca (Model TP870, Extech Instruments,
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Nashua, New Hampshire, USA). While cradle temperature differed
slightly from the frog’s internal body temperature, the latter being a true
measure of CTmin, we chose this measurement because previous work
has shown handling small frogs for even a few seconds can alter body
temperature (Navas and Araujo, 2000). Therefore RL-temp served as a
close and consistent approximation of CTmin, but not an exact mea-
surement. We also recorded the elapsed time from the start of the trial to
the time of righting loss (righting-loss time; hereafter RL-time). This was
also important for approximating the coqui frog’s CTmin, assuming
frogs with lower CTmin will be able to tolerate colder temperatures for
longer periods of time before losing their righting response. After losing
righting response, we anesthetized frogs by submersion in a
room-temperature benzocaine-water bath (>250 mg/L). Previous work
did not find effects of benzocaine on blood metrics (Haggerty, 2016; von
May et al., 2019). Moreover, all animals in this study are treated
consistently for anesthesia, euthanasia and blood sampling so any effects
would be consistent across all animals. Once unresponsive, snout-vent
length (SVL; +£0.1 mm) was measured. We then euthanized coqui via
rapid decapitation and a blood sample was collected using a heparinized
capillary tube, to measure physiological responses to thermal testing
(glucose, dROMs, corticosterone). Then, we determined sex by the
presence of testes and/or eggs.

We spun collected blood samples for 10 min using a field centrifuge.
We separated plasma from red blood cells and measured it using a
Hamilton syringe (£+1 pL), and then placed plasma in a separate tube.
We stored blood and plasma samples collected in Hawai’i in a 0 °C
freezer until we overnight shipped them to Utah State University. We
stored all blood and plasma samples in a —80 °C freezer at Utah State
University until we conducted assays.

2.6. Assays

We conducted several assays to assess the physiology of the coqui
frogs in both acclimation groups after testing their thermal tolerance.
Using an Accu-Chek Active blood-glucose meter (Roche Diagnostics,
Indiana, USA), we measured circulating glucose concentration (mg/dL)
with a drop of blood collected immediately after euthanasia. We
measured reactive oxygen metabolites (lAROMs; mg H20,/dL).) using an
assay kit (MC435, Diacron International, Italy), which detects levels of
hydroperoxides that oxidize an alkyl-substituted aromatic amine (A-
NH2) to assess chronic oxidative stress. Using the manufacturers in-
structions for ‘endpoint’ mode and an established protocol outlined by
(French et al., 2017), we diluted each sample in the buffer solution
provided (5 pl:100 pl) and we ran samples in duplicate on a 96-well
microplate. This resulted in a color change that was measured with a
spectrophotometer at 505 nm (xMark; Bio-Rad, Hercules, California,
USA). We calculated values as absorbance change relative to the stan-
dard. The intra-assay coefficient of variation (CV) was 1.6%. Finally, we
measured plasma corticosterone (ng/mL) as a proxy of the frog’s acute
stress response after exposure to extreme cold temperatures in the
TReCS. We used an enzyme-linked immunosorbent assay (ELISA) kit
(ADI-900-097, Enzo Life Sciences, Farmingdale, NY) following a vali-
dation protocol described by Hudson et al. (2020a,b) for blood plasma
(8 pl). The corticosterone ELISA is based on competitive binding be-
tween the sample hormone and a corticosterone conjugate to sheep
polyclonal antibodies and a microplate coated with donkey anti-sheep
immunoglobulin. The intra-assay CV was 9.69% (short acclimation
group) and 2.48% (extended acclimation group), and the interassay CV
was 7.07%.

2.7. Statistical analyses

All analyses were run in R version 4.1 (R Core Team, 2019). To test
our first hypothesis, generalized linear mixed models were built using
the lme4 package (Bates et al., 2015) to test the effects of several pre-
dictor variables (see below) on CTmin, glucose, dROMs, and
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corticosterone in both our short and extended acclimation groups.
Because both RL-temp and RL-time described a coqui frog’s ability to
withstand cold TReCS cradle temperatures and were therefore impor-
tant components of thermal tolerance assessment, we conducted a
principal component analysis (PCA) using these two variables and the
first principal component (PC1) was used as a proxy for CTmin (here-
after CTmin index). In our models built for the short acclimation group,
‘elevation’ (categorical; low, med, or high), ‘SVL’ (continuous), and ‘sex’
(categorical; male, female) served as fixed effects, and the TReCS cradle
number (categorical; 1-5) and field sites within elevation served as
random effects. We ran six models for each response variable: a null
model, three models each containing one fixed effect, and two models
with an additive combination of elevation and SVL, or elevation and sex.
We did not run SVL and sex in the same model as they were found to be
highly correlated (short acclimation: Spearman’s p = —0.44; extended
acclimation: Spearman’s p = —0.5). For the extended acclimation group,
we used the same fixed effects as above, and added acclimation tem-
perature (categorical; 16 or 23 °C) and an interaction between elevation
and acclimation temperature. We used the same random effects as
above. We ran nine models for each response variable: a null model, five
models each containing one fixed effect, and three models with an ad-
ditive effect between elevation and acclimation temperature, elevation,
acclimation temperature and SVL, and elevation, acclimation tempera-
ture, and sex.

We used a model selection analysis using the AICcmodavg package
(Mazerolle, 2020) for both acclimation groups, which ranks models
based on Akaike information criterion (AIC.), delta AIC. (A AIC.) and
Akaike weight (W;). We considered models with the lowest AIC, and A
AIC, < 2 to be top models that best fit the data (Burnham and Anderson,
2004). We conducted a Shapiro-Wilk normality test on the residuals of
our top model, as well as visual inspection of model residuals to check
the validity of model assumptions using the DHARMa package (Hartig,
2021). We ran a Type II marginal Sum of Square test on top models to
obtain F ratios and determine predictor variable significance using the
car package (Fox and Weisberg, 2019). Finally, we ran pairwise com-
parisons to examine differences in response variable between categori-
cal predictor variables on top model using the emmeans package (Lenth,
2021).

3. Results
3.1. Short acclimation group

After removing tests where the TReCS did not cool, we included a
total of 306 individuals (n = 30 females, n = 276 males; Table A.1) in the
analyses. The proportion of variance held by the first principal compo-
nent (PC1) between RL-temp and RL-time was 0.505. PC1 eigen values
were 0.707 (RL-temp) and —0.707 (RL-time), meaning a lower PC1 is
indicative of a lower CTmin. Females were evenly distributed across
elevations, and results were consistent with and without females
included in the analyses.

The first of our top models for the CTmin index (PC1) contained
elevation as the only fixed effect (Table 1; Fo9 = 8.49, P = 0.0086).
Pairwise comparisons showed frogs from high elevations had signifi-
cantly lower CTmin index than low elevation frogs (Fig. 2A; tj4 = —4.1,
P = 0.0029). Sum of square analyses showed that elevation was also
significant in other top models (Table 1; second model: Fy g = 8.59, P =
0.0082; third model: F5 g = 8.59, P = 0.0084). Mean RL-temp (+SE) was
4.06°C(+£0.21), 3.74°C(£+0.19), and 3.08 °C (£0.11) for frogs collected
from low, mid-, and high elevation, respectively (Table 2).

Our top model for glucose contained sex as a fixed effect (Table 1;
F1,2095 = 26.8, P < 0.0001), while pairwise comparisons showed glucose
was significantly higher in females than males (Fig. 3A; tagg = 5.17, P <
0.0001). We confirmed this difference in glucose was driven by sex and
not body size by removing females from our dataset and running a linear
regression between glucose and SVL, which yielded insignificant results
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Table 1

Model selection of linear mixed models analyzing the effects of multiple vari-
ables on CTmin index, glucose, dROMs and corticosterone in both acclimation
groups. Only the top four models are shown here. Bold font indicates that the
predictor variable is significant in subsequent sum of squares analyses (i.e., p <
0.05). Abbreviations: AIC., Akaike information criterion; AAIC,, difference be-
tween model of interest AIC. and lowest AIC, in the model set; W;, Akaike model
weight; K, number of parameters.

Short Acclimation Group

Response Variable Model AIC, AAIC, W; K
CTmin Index (PC1) (n = Elevation 811.66 0.00 0.55 6
306) Elevation + 813.47 1.81 022 7
Sex
Elevation + 813.50 1.84 022 7
SVL
Null 819.91 8.25 0.01 4
Glucose (n = 300) Sex 2277.69 0.00 0.79 5
Elevation + Sex 2280.39 2.70 0.21 7
SVL 2298.42  20.73 0.00 5
Elevation + SVL ~ 2301.37  23.68 0.00 7
dROM (n = 107) Sex 573.20 0.00 0.82 5
Elevation + Sex 576.55 3.35 015 7
SVL 580.50 7.30 0.02 5
Elevation + SVL 584.89 11.69 0.00 7
Corticosterone (n = 198) Null 3215.47  0.00 043 4
Sex 3217.05 1.58 019 5
SVL 3217.29 1.82 017 5
Elevation 3218.16 2.70 0.11 6
Extended Acclimation Group
Response Variable Model AIC, A W; K

AIC,

CTmin Index (PC1) Elevation + Acclimation 702.87 0.00 0.81 8
(n=317) + SVL

Elevation*Acclimation 706.21 3.34 015 9

Elevation + Acclimation 710.69 7.82 0.02 8
+ Sex
Acclimation 711.36 8.49 0.01 5
Glucose (n = 314) Elevation + Acclimation 2232.56  0.00 038 7
Elevation 2233.82  1.26 020 6
Elevation + Acclimation 2233.86 1.30 020 8
+ Sex
Elevation + Acclimation 2234.32 1.76 016 8
+ SVL
dROM (n = 27) Null 159.45 0.00 0.47 4
Elevation 161.60 2.15 016 6
Acclimation 162.10 2.65 012 5
SVL 162.36 2.90 011 5
Corticosterone (n =  Null 1576.62  0.00 032 4
99) SVL 1577.42  0.81 021 5
Acclimation 1577.51 0.89 0.21 5
Sex 1578.24  1.62 014 5

(F1,268 < 0.001, P = 0.98).
The top model for dROMs also had sex as a fixed effect (Table 1;
F1,104 = 20.4, P < 0.0001), with females having higher dROMs than
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males (Fig. 3B; tj03 = 4.52, P < 0.0001). Top models for corticosterone
contained sex and SVL as fixed effects but sum of square analyses
showed no significance (Table 1; sex: F1 192 = 0.53, P = 0.47; SVL: Fy 183
=0.23, P = 0.63).

3.2. Extended acclimation group

We tested CTmin on 317 frogs (n = 43 females, n = 274 males,
Table A.1). The proportion of variance held by PC1 between RL-temp
and RL-time was 0.506. PC1 eigen values were 0.707 (RL-temp) and
—0.707 (RL-time), again indicating a lower PC1 represented a lower
CTmin.

The top model for CTmin index contained acclimation temperature,
SVL, and elevation as fixed effects, with both acclimation temperature
and SVL as significant (Table 1; acclimation: F; 301 = 17.8, P < 0.0001;
SVL: Fy,168 = 10.9, P = 0.0011; elevation: Fo 9 = 0.94, P = 0.42). The
CTmin index was significantly lower for frogs acclimated to 16 °C
compared to 23 °C (Fig. 2B; t3g9 = —4.21, P < 0.0001) and declined as
SVL increased (Appendix A). Mean RL-temp (+SE) was 4.87 °C (+£0.37)
and 4.47 °C (40.36) for frogs acclimated to 16 °C and 23 °C, respectively
(Table 2).

The first of our top models for glucose contained elevation and
acclimation temperature (Table 1; elevation: F3 9 = 20.1, P = 0.00048;
acclimation: F; 301 = 3.32, P = 0.07). Glucose increased significantly
with elevation (Fig. 4B; low-mid: tjg = —3.48, P = 0.0081; high-mid: t;¢
= 2.81, P = 0.032; high-low: t;5 = 6.35, P < 0.0001). Glucose was also
higher in frogs acclimated to 16 °C (25.3 mg/dL + 0.81; mean + SE)
than 23 °C (23.6 mg/dL + 0.8); this difference was marginally signifi-
cant (Fig. 4B; t3po = 1.83, P = 0.067). Sum of square analyses showed
elevation was significant in all top models (Table 1; second: Fo 9 = 20.2,

Table 2

Mean (+SE) righting-loss temperature (RL-temp), time to righting loss (RL-
time), and body temperature (cloacal temperature) of frogs from low, mid-, and
high elevations in both acclimation experiments.

Elevation  RL-temp (°C) RL-time (minutes) Cloacal (°C)

Short Acclimation

Low 4.06 (0.21) 26.0 (0.40) 10.5 (0.15)
Mid 3.74 (0.19) 28.2 (0.53) 10.3 (0.19)
High 3.08 (0.11) 30.3 (0.45) 10.2 (0.21)
Extended Acclimation
16 °C 23°C 16 °C 23°C 16 °C 23°C
Low 4.85 4.56 18.8 16.0 12.3 13.0
(0.64) (0.62) (0.52) (0.44) (0.48) (0.36)
Mid 5.47 4.77 17.9 18.4 12.5 12.5
(0.69) (0.62) (0.48) (0.60) (0.34) (0.31)
High 4.38 4.09 17.7 15.5 111 11.6

(0.60) (0.61) (0.63) (0.44) (0.31) (0.33)

Note: CTmin index values are taken from the first principal component (PC1)

between RL-temp and RL-time of coqui frogs.

Fig. 2. Mean CTmin index (+SE) of coqui frogs

collected at sites from low, medium, and high eleva-

tions in (a) the short acclimation group (low: n = 108;

medium: n = 96; high: n = 102) and (b) the extended

. acclimation group (16 °C — low: n = 53; medium: n =

Tempereiure (€) 47; high: n = 56; 23 °C - low: n = 54; medium: n =
: ;g 53; high: n = 54) divided by acclimation temperature.
CTmin index values are taken from the first principal

component (PC1) between RL-temp and RL-time of

coqui frogs from the short and extended acclimation

Acclimation

Low  Med _ High "~ Low  Med  High

Elevation Elevation

group. RL-temp refers to the TReCS cradle tempera-
ture at the time when a frog lost its righting response,
and RL-time refers to the elapsed time from the
beginning of the CTmin test to the moment of righting
response loss. Different letters represent significance
differences (i.e., p < 0.05) between groups.
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Fig. 3. Mean (+SE) (a) blood glucose (female: n = 30; male: n = 270) and (b) plasma reactive oxygen metabolite (AROM) levels (female: n = 16; male: n = 91) of
female and male frogs from the short acclimation group collected and housed in Hawai’i. Different letters represent significance differences (i.e., p < 0.05) be-

tween groups.
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P = 0.00048; third: Fo9 = 21, P = 0.00041; fourth: Fog = 19, P =
0.00062). Acclimation temperature in the other top models was
marginally significant (P = 0.067 and P = 0.072) whereas sex and SVL
were not (sex: Fq 305 = 0.66, P = 0.42; SVL: F1 254 = 0.44, P = 0.51).
The top model for dROMs was the null model, but we did not perform
subsequent analyses because other models had AAIC, > 2 (Table 1). Top
models for corticosterone did not contain significant fixed effects ac-
cording to sum of square analyses (Table 1; SVL: Fj g6 = 1.24, P = 0.27;
acclimation: Fy g4 = 1.16, P = 0.29; sex: F1,94 = 0.53, P = 0.47).

4. Discussion

To better understand the ability of coqui frogs to acclimate to high
elevation conditions, we tested basal thermal tolerance and physiology
at different elevations, and their ability to acclimate to lower tempera-
tures. We found thermal tolerance differed among elevations after the
short acclimation in directions that suggest coqui are already acclimated
to local temperatures. We also found that after only a few weeks thermal
tolerance can increase to lower temperatures regardless of the elevation
frogs were collected from. We also found evidence that glucose levels
were higher in high elevation frogs and higher in cold-acclimated frogs
suggesting that this is a physiological response that coqui have to lower
temperatures. We did not find that coqui frogs had oxidative stress re-
sponses to with lower temperatures. In summary, our study shows that
coqui frogs appear to be modifying physiology to deal with lower tem-
peratures and these responses seem to occur relatively quickly which

may allow them to invade higher elevations than they currently occupy.

Similar to previous studies on other terrestrial anuran species, we
found elevational differences in critical thermal minimum (Pintanel
et al., 2019, 2022; von May et al., 2017). However, our results differ
from other studies on coqui frogs that have not found CTmin differences
with elevations (Christian et al., 1988; Delgado-Suazo and Burrowes,
2022; Haggerty, 2016). There are several potential reasons for this,
including methodological differences that were used between studies.
For example, because elevational range used here was larger than that
used by Haggerty (2016) (26-1131 m vs. 19-688 m, respectively), the
range in Haggerty (2016) may not have been a large enough to reveal
CTmin differences. Moreover, lack of elevational differences in CTmin in
Puerto Rico (Christian et al., 1988; Delgado-Suazo and Burrowes, 2022)
may be the result of the different abiotic conditions between the ranges.
Puerto Rico is on average warmer than Hawai’i at comparable eleva-
tions (O’Neill and Beard, 2011). In addition, coqui are experiencing
colder temperatures in Hawai’i which may produce an acclimation
response that is not needed in Puerto Rico.

Results from these two experiments taken together suggest that high
elevation frogs are more resilient to cold temperatures than low eleva-
tion frogs due to adaptive plasticity. First, there was a basal elevational
difference seen in the short acclimation group that was not present after
the extended acclimation, which suggests that CTmin in the coqui is not
locally adapted, but rather reflects a plastic response to temperatures
where they are collected. Second, we found that coqui frogs can readily
acclimate to cooler temperatures by lowering CTmin when exposed to
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low temperature conditions for an extended period, regardless of the
elevation at which they were collected. This acclimation of CTmin is
likely important for remaining active in cold nocturnal conditions,
especially in new habitats that may be colder than what frogs have
previously experienced. Acclimation may also be an important factor in
explaining how coqui have been such a successful invasive species in
Hawai’i and has enormous implications for their ability to invade high
elevation habitats.

We chose ecologically-relevant acclimation temperatures that were
within the range encountered by coqui in Hawai’i which allowed us to
elucidate how the temperature conditions of the coqui’s current range
influence its thermal tolerance. However, it is possible that more
extreme thermal acclimation would yield different results and provide
more insight into the invasion potential of the coqui in Hawai’i. A more
extreme thermal acclimation might also be informative in assessing the
limits of the coqui’s acclimation ability, which could provide insight into
the coldest possible environmental temperatures the coqui could
tolerate. Relating these limits to the daily and annual minimum
nocturnal temperatures across the island would be informative as to the
potential spatial distribution of the coqui in Hawai’i (Bisrat et al., 2012).

While we predicted CTmin would not differ according to body size,
we found that in the extended acclimation group, CTmin index
decreased with increasing SVL. The significant inverse relationship in
CTmin with SVL in the extended acclimation frogs supports past studies
that have shown CTmin is lower in larger animals (Percino-Daniel et al.,
2021; von May et al., 2019), and can result from thermal inertia in larger
individuals. Haggerty (2016) found female coqui in Hawai’i had lower
basal CTmin than males, possibly because females are larger than males
(O'Neill et al., 2018), or because females have more lipid-rich organs (e.
g., egg masses) which may help individuals retain heat.

As we predicted, we found differences in glucose according to
elevation in our extended acclimation experiment, where glucose was
higher in high elevation frogs. An increase in glucose with elevation has
been observed in other anurans (Carvajalino-Fernandez et al., 2021),
and suggests coqui frogs may use glucose as a cryoprotectant (Storey,
1997) or to provide energy to cope with higher energy demands when
experiencing colder temperatures at higher elevations (Farrar and Frye,
1977; Rocha and Branco, 1998). Our temperature loggers did not detect
freezing conditions at our field sites, suggesting glucose more likely
serves as an energy store for frogs at high elevation rather than a
cryoprotectant. However, temperatures do drop below freezing on the
island (Giambelluca et al., 2014), and so investigating the coqui’s freeze
tolerance should be considered for investigating their potential to sur-
vive such conditions. Cold-acclimated frogs also had marginally higher
glucose levels than warm-acclimated frogs, indicating a trend towards
increasing glucose when exposed to colder temperatures. This, and our
CTmin data, reflects the coqui’s ability to acclimate to cold temperatures
by mounting a physiological response. While CTmin acclimation occurs
within a few weeks, glucose acclimation appears to occur more slowly
which suggests changes in glucose may not be a mechanism of accli-
mation to cold temperatures but rather a result of it.

Interestingly, we did not find an elevational difference in glucose in
the short acclimation group. Because glucose levels change rapidly in
response to stressors in other species (French et al., 2022; Gangloff et al.,
2017; Kelley et al., 2021; Romero and Beattie, 2022), the stress of
capture and novel housing in the short acclimation group could have
overshadowed baseline differences in glucose by increasing glucocorti-
coid levels. In support of this idea, a study by Narayan et al. (2012)
showed baseline urinary corticosterone levels in cane toads were highest
after 4 days in captivity, while corticosterone levels at 14 days were
similar to day 0. We found a similar effect on corticosterone, with lower
corticosterone levels in the extended acclimation group (day 21) frogs
relative to the short acclimation group (day 3) (Fig. 4C; t138 = —4.4,P <
0.0001). Had we kept frogs from this group for 3 weeks under uniform
conditions (not possible because the experiment and blood samples were
taken after 3 days), we likely would have observed the same relationship
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between glucose and elevation found in the extended acclimation group.
We suggest future studies measure blood glucose immediately and
consider the length of time in captivity in determining when to measure
blood glucose levels.

As expected, we also found sex differences in glucose, where females
had higher levels of glucose than males in the short acclimation group
but this conflicts with past work showing glucose levels in anurans do
not differ with sex (Rocha and Branco, 1998) or body mass (Carvajali-
no-Fernandez et al., 2021), which is correlated with sex in coqui and in
other anuran species. However, sex-dependent differences in glucose are
apparent in other species of ectotherms, especially during reproduction
(Allender et al., 2006; Arguedas et al., 2018; Knafo et al., 2016; Oliveira
et al., 2018). Furthermore, responses to stress are also sex-dependent
(Bale and Epperson, 2015) which might explain why glucose differ-
ences between males and females remained after a stressful event such
as thermal tolerance testing.

We also expected low reactive oxygen metabolite (AROMs) levels in
cold-acclimated frogs. Elevation had no effect on dROMs in either
acclimation group, suggesting elevational temperature differences do
not have a significant influence on oxidative stress. dAROMs were higher
in females compared to males in the short-acclimated frogs, which
supported our prediction that dROMs might be higher in females than
males due to the high cost of reproductive investments, such as vitel-
logenesis (French et al., 2021; Webb et al., 2019). dROMs were not,
however, significantly explained by sex (or any predictor variables) in
the extended acclimation frogs. It is possible females may have stopped
investing in reproduction during the extended acclimation period due to
the prolonged exposure to unnatural conditions (Husak et al., 2016;
Santana et al.,, 2015), resulting in no differences between sexes in
oxidative stress.

While we expected relatively low corticosterone levels in high
elevation and cold acclimated frogs due to prolonged exposure to cold
temperatures, which would diminish the stressfulness of acute cold
temperatures during CTmin testing, our prediction was not supported.
Instead, our results align with previous research showing no differences
in glucocorticoid expression in amphibians acclimated to different
temperatures (Xia and Li, 2010). Past research has also suggested high or
low levels of glucocorticoids may not be a simple or a direct indication of
high or low stress levels because corticosterone is often highly variable
for numerous reasons (Romero and Beattie, 2022). For example, Moore
and Jessop (2003) found that male anurans had higher levels of corti-
costerone than females, likely due to the energetic demands of calling.
While many of the males collected for this study were calling, no calling
was observed in captivity. Similar to glucose, the laboratory conditions
may have overshadowed any potential effects of our predictor variables
on corticosterone levels.

5. Conclusions

In summary, our results suggest that coqui in Hawai’i differ in their
thermal tolerance according to elevation in such a way as to help them
cope with local temperatures, and that they can acclimate to new tem-
peratures over an extended (i.e., 3 weeks) period of time. This could
mean that lower temperatures are not as great a barrier against future
invasion as previously thought (Beard and Pitt, 2005). We found that
glucose increased significantly with elevation and with lower acclima-
tion temperatures (albeit with p-values of 0.07), suggesting glucose
might be important in the coqui’s physiological response to cold tem-
peratures by providing energy to meet higher energy demands under
lower temperatures. Because stress metrics, such as oxidative status and
corticosterone, did not appear to be influenced by elevation, this sug-
gests the coqui’s physiological status may not be negatively affected by
further invasion into higher elevations. Altogether, further invasion by
the coqui into high elevations seems probable, likely through known
dispersal methods such as vehicular transport (Peacock et al., 2009) or
intentional introductions (Kraus et al., 1999), which poses a threat to
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endemic Hawaiian flora and fauna (Beard et al., 2009). Invasion of
higher elevations by the coqui seems inevitable unless more effective
control strategies are developed.
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