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Abstract

The climate variability hypothesis posits that an organism’s exposure to tem-

perature variability determines the breadth of its thermal tolerance and has

become an important framework for understanding variation in species’ sus-
ceptibilities to climate change. For example, ectotherms from more thermally

stable environments tend to have narrower thermal tolerances and greater

sensitivity to projected climate warming. Among endotherms, however, the

relationship between climate variability and thermal physiology is less clear,

particularly with regard to microclimate variation—small-scale differences

within or between habitats. To address this gap, we explored associations

between two sources of temperature variation (habitat type and vertical forest

stratum) and (1) thermal physiological traits and (2) temperature sensitivity

metrics within a diverse assemblage of Neotropical birds (n = 89 species). We

used long-term temperature data to establish that daily temperature regimes

in open habitats and forest canopy were both hotter and more variable than

those in the forest interior and forest understory, respectively. Despite these

differences in temperature regime, however, we found little evidence that spe-

cies’ thermal physiological traits or temperature sensitivity varied in associa-

tion with either habitat type or vertical stratum. Our findings provide two

novel and important insights. First, and in contrast to the supporting empirical

evidence from ectotherms, the thermal physiology of birds at our study site

appears to be largely decoupled from local temperature variation, providing

equivocal support for the climate variability hypothesis in endotherms.

Second, we found no evidence that the thermal physiology of understory forest

birds differed from that of canopy or open-habitat species—an oft-invoked, yet

previously untested, mechanism for why these species are so vulnerable to

environmental change.
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INTRODUCTION

An organism’s thermal physiology is a critical component
of its response to variation in environmental temperature.
An influential framework for understanding geographic
variation in thermal physiology is the climate variability
hypothesis, which predicts that organisms experiencing
less temperature variability will have narrower thermal
tolerances (Addo-Bediako et al., 2000). According to this
hypothesis, tropical species that experience relatively less
temperature variability are predicted to have narrower
thermal tolerances than their temperate-zone counterparts
(Janzen, 1967). Consistent with this prediction, macrophy-
siological studies of ectotherms (Addo-Bediako et al., 2000;
Deutsch et al., 2008; Shah et al., 2017; Sunday et al., 2011,
2019) and, to a lesser extent, endotherms (Araújo et al.,
2013; Pollock et al., 2019; Sunday et al., 2019) have collec-
tively demonstrated that species in the tropics have
narrower thermal tolerances than their temperate counter-
parts. An important implication of the climate variability
hypothesis is that tropical species will likely be more sus-
ceptible to climate warming. Tropical ectotherms, in
particular, which often live close to their optimal tempera-
tures, are thus predicted to be especially sensitive to even
small increases in temperature (Deutsch et al., 2008;
Sunday et al., 2011, 2019).

To date, tests of the climate variability hypothesis
have focused on latitudinal patterns of variation in tem-
perature tolerances, yet the same principles should also
apply at smaller spatial scales. Within a given locality,
temperature regimes can vary markedly within and
among habitats (De Frenne et al., 2021; Scheffers et al.,
2014). For example, temperatures differ among habitats
and among vertical strata within forests, generally
becoming hotter and more variable in open habitats and
with increasing forest height (De Frenne et al., 2019;
Scheffers et al., 2013, 2014). Correspondingly, a wide
range of ectothermic taxa that inhabit more exposed hab-
itats and forest canopy exhibit broader thermal tolerances
and higher heat tolerances than their counterparts in the
forest understory (Baudier et al., 2018; Huey et al., 2009;
Kaspari et al., 2015; Leahy et al., 2021; Marshall et al.,
2015; Muñoz et al., 2014; Pintanel et al., 2019; Tracy
et al., 2010). Ultimately, these microclimate-driven differ-
ences in thermal physiology can impact fitness and
underlie variation in susceptibility to climate change
(Duffy et al., 2015; Huey, 1991; Huey et al., 2009, 2012;

Pincebourde & Woods, 2020). Therefore, understanding
the links between microclimate, thermal physiology, and
fitness will be a critical step toward predicting and miti-
gating the impacts of climate change.

Although evidence in endotherms is comparatively
sparse, several recent studies have revealed associations
between microclimate and thermal physiology in both
birds and mammals. Desert rodents occupying drier, hot-
ter, and more variable microclimates tended to have
broader thermoneutral zones (TNZs) and higher heat toler-
ances than closely related species inhabiting cooler, less
variable microclimates (van Jaarsveld et al., 2021; Wallace
et al., 2021). Cave-roosting bats that rest in cooler, more
stable microclimates had lower heat tolerances and evapo-
rative cooling capacities than those from more thermally
variable, open environments (Czenze et al., 2022). Finally,
an open-country songbird, the horned lark (Eremophila
alpestris), exhibited greater seasonal flexibility in metabolic
rates than the house sparrow (Passer domesticus), a simi-
larly sized species that occupies less thermally variable hab-
itats (Oboikovitz & Swanson, 2022). Taken together, these
studies suggest a link between microclimate variation and
thermal physiology in endotherms as well. However, most
of these studies involve species pairs inhabiting environ-
mental extremes such as deserts and caves, where differ-
ences in thermal physiology are likely to be maximized.
Furthermore, all studies are focused on environmental
temperature, which is only one of many aspects of the
microclimates that organisms experience and that can
influence thermoregulation (Maclean et al., 2021). Thus,
the generality of these conclusions as they pertain to less
extreme climate differences, other aspects of microclimate
such as humidity and solar radiation, and a greater diver-
sity of species remains unclear. Understanding the relation-
ships between microclimate and thermal physiology is of
particular importance in the tropics, where the majority of
biodiversity resides (Pillay et al., 2022) and vulnerability to
environmental change is highest (Deutsch et al., 2008;
Sunday et al., 2011).

Questions about how microclimate impacts thermal
physiology are particularly relevant for tropical forest
birds, which inhabit some of the most thermally buffered
terrestrial climates on Earth (De Frenne et al., 2019).
Evolution in such thermally stable environments is
thought to select for narrow physiological tolerances
(reviewed in Sherry, 2021), and this putative physiological
sensitivity has been invoked for explaining the declines of
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understory birds following forest fragmentation (Canaday,
1996; Stratford & Robinson, 2005). Specifically, the micro-
climate hypothesis proposes that understory birds cannot
physiologically tolerate the abiotic changes associated with
forest fragmentation such as reduced humidity, increased
temperature, and increased solar radiation (Laurance
et al., 2002), resulting in population declines in fragmented
forests (reviewed in Robinson & Sherry, 2012; Sherry,
2021). Given the widespread sensitivity of tropical under-
story birds to forest fragmentation (Boyle & Sigel, 2015;
reviewed in Powell et al., 2015) and the recent evidence of
their population declines even in intact forests (Blake &
Loiselle, 2015; Neate-Clegg et al., 2021; Pollock et al., 2022;
Stouffer et al., 2021), it is a research priority to evaluate
the potential role of thermal sensitivity as the mechanism
for their declines.

To explore the links between microclimate, thermal
physiology, and susceptibility to climate warming, we
conducted the first community-wide, local-scale test of
the climate variability hypothesis in endotherms. Our
analyses focused on two particular aspects of environ-
mental temperature—mean temperature and tempera-
ture variability. We acknowledge that focusing on mean
temperature oversimplifies how animals respond to cli-
mate in two key ways. First, other aspects of climate can
interact with temperature to influence the thermal physi-
ology of endotherms, including humidity and solar radia-
tion (McKechnie & Wolf, 2019; Wolf & Walsberg, 1996).
Second, temperature extremes and chronic exposure to
high temperatures can exacerbate the impacts of climate
on thermal physiology and may not be captured by mean
temperatures (Bailey & van de Pol, 2016). Nevertheless,
our data provide an important first step toward under-
standing how variation in temperature regimes impacts
the thermal physiology of endotherms. Specifically, we
assessed the relationships between thermal physiology
and daily temperature variability in an ecologically and
taxonomically diverse suite of tropical bird species
(n = 89) from central Panama. First, we employed
10 years of temperature data to empirically characterize
daily temperature variation across local habitat types
(forest vs. nonforest) and, within forests, vertical strata
(understory vs. midstory vs. canopy). We then combined
these temperature data with published information on
heat tolerances (Pollock et al., 2021) and new data on
TNZs to test for associations between thermal physiologi-
cal traits (Appendix S1: Figure S1) and habitat type/
vertical stratum. Lastly, we calculated two metrics of tem-
perature sensitivity, thermal safety margin and warming
tolerance (following Pollock et al., 2021), to assess
whether vulnerability to climate warming varied between
species exposed to distinct environmental temperature
regimes. Based on the climate variability hypothesis, we

predicted that species exposed to higher and more
variable temperatures (i.e., species inhabiting open
habitats or the forest canopy) would have (1) higher heat
tolerances and broader TNZs and (2) lower thermal
safety margins and warming tolerances than those
inhabiting closed habitats and the forest understory.

METHODS

Study site

We conducted fieldwork and thermal physiology experi-
ments in central Panama from 2013 to 2015. Rainfall in
our study area varies seasonally, with a pronounced dry
season occurring between December and April and a
rainy season from May to November. In each year, we
sampled birds across seasons (February–August) since
these species do not exhibit strong seasonal variation in
thermal physiological traits (Pollock et al., 2019). We cap-
tured birds in a variety of habitats to encompass the
available range of temperature variation at our study site.
“Open” habitats included fields and suburban gardens in
and around the village of Gamboa (09�070 N, 79�420 W).
In contrast, “forested” habitats included a ~25-ha forest
fragment in Gamboa and continuous lowland moist for-
est ranging in age from young secondary forest (~40 years
old) to tracts of primary growth (>300 years old) along
Pipeline Road in Soberanía National Park.

Ecological correlates of temperature
regime

To explore the potential influence of temperature on avian
thermal physiology, we selected two well-established eco-
logical sources of temperature variation—habitat type
(Huey et al., 2009; Muñoz et al., 2014) and, for forest spe-
cies only, vertical stratum (Scheffers et al., 2013, 2014).
Specifically, temperature profiles vary predictably with
degree of habitat openness and vertical stratum, generally
becoming hotter and more variable with increasing expo-
sure to sunlight (i.e., in open habitats and the forest can-
opy; De Frenne et al., 2019; Scheffers et al., 2013, 2014).
We classified species-specific habitat associations and ver-
tical strata based on capture locations supplemented with
information on habitat use from Birds of the World species
accounts (see https://birdsoftheworld.org/bow/home). We
categorized species into one of four categories based on
their preferred habitat type: open (inhabiting open habi-
tats with the greatest direct sun exposure), second growth
(inhabiting local gardens and young successional habitats),
forest edge (inhabiting edges, gaps, or forest canopy), and
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forest interior (inhabiting the understory or midstory of
closed-canopy forest). We similarly categorized forest
species into one of three vertical strata: understory
(0–10 m above the ground), midstory (10 m–canopy), and
canopy (remaining in or above the canopy). Generalist
species that used multiple strata were aggregated into the
midstory stratum.

To quantify variation in daily temperature regimes
within and between (1) habitat types and (2) vertical forest
strata, we used 10 years of temperature data (2010–2019)
collected by the Smithsonian Tropical Research Institute’s
Physical Monitoring Program (https://biogeodb.stri.si.edu/
physical_monitoring/research/barrocolorado). Specifically,
we synthesized data from four different temperature sensors
on Barro Colorado Island (<10 km from our study sites):
one from a clearing (“El Claro”) and three vertically strati-
fied sensors in nearby closed-canopy forest (understory
[1 m], midstory [20 m], and canopy [42 m]). All four sen-
sors recorded the average air temperature during 15-min
intervals, with very few failures or data gaps (99.3%–99.9%
of records were designated as “datum acceptable”). The
understory sensor registered the least temperature variabil-
ity (Figures 1 and 2), both in terms of the smallest mean
daily variation (maximum–minimum = 4.0�C) and the
least variation around those ranges (SD = 1.3�C). In con-
trast, the open clearing displayed the greatest variability
(6.2�C and 1.6�C, respectively), whereas the midstory and

canopy were intermediate (Figures 1 and 2). This 2.2�C dif-
ference translates to a 55% increase in mean daily tempera-
ture variation from the forest understory to the open
habitat. Increasing ranges were primarily due to divergent
mean daily maxima (Figure 1): understory (28.2�C)
< midstory (29.3�C) < canopy (29.5�C) < open (30.0�C).
Mean daily minima were more consistent (Figure 1), with
only a 0.5�C difference between the coolest (open; 23.7�C)
and warmest (understory; 24.2�C) microhabitats. Because
these data were collected <10 km away, we acknowledge
that they only approximate the temperature profiles from
sites where birds were captured. However, the close proxim-
ity to our study site and its similar forest structure (Leigh,
1999) suggest that similar patterns of temperature variation
are likely across vertical strata and within habitat types.

Bird capture and handling

We captured birds in mist nets (12 × 2.6 m; 36-mm
mesh) and banded them to ensure that no individual was
sampled more than once. We also assessed individual
breeding condition, releasing all individuals that
exhibited signs of reproduction such as an active brood
patch or obvious cloacal protuberance. We then
transported focal birds to a temperature-controlled lab
(27�C) and housed them in cloth-covered cages for 1–4 h
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F I GURE 1 Differences in daily temperature regimes (A) between forest understory and an open clearing (both 1 m in height) and

(B) across three vertical forest strata (understory [1 m], midstory [20 m], and canopy [42 m]) at Barro Colorado Island, Panama (<10 km

from the study area). Temperature data were obtained from two long-term environmental monitoring stations (‘El Claro’ for the open
clearing and the Lutz Meteorological Tower for forest data) as part of the Smithsonian Tropical Research Institute’s Physical Monitoring

Program. Habitat- and stratum-specific temperature profiles were generated by modeling average air temperatures recorded at 15-min

intervals (2010–2019) using generalized additive models with cyclic cubic regression splines.
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with water provided ad libitum until temperature experi-
ments began. Prior to the onset of experiments, we
weighed all individuals using a digital scale (American
Weigh Scales Model AWS-201, 200 ± 0.01 g).

Endotherm thermal physiology and
temperature sensitivity metrics

The thermal physiology of endotherms can be conceptual-
ized using a Scholander curve (Scholander et al., 1950; see
Table 1 for thermal physiology definitions). Within the
TNZ, endotherms maintain a basal metabolic rate (BMR),
defined as the minimum metabolism required for existence
measured during the rest phase (i.e., the time period in the
diel cycle when birds are generally inactive) and after the
animal is post-absorptive, or not expending metabolic
energy on digestion (following McKechnie & Wolf, 2004).
The TNZ is bounded by the lower critical temperature
(LCT) and upper critical temperature (UCT). Below the
LCT, endotherms must generate heat to maintain internal
temperature homeostasis, thereby increasing metabolic
rate. Similarly, above the UCT, endotherms must actively
dissipate heat via evaporative water loss, which is also

accompanied by a concomitant increase in metabolic
rate (McNab, 2002). The maximum capacity to tolerate
acute heat stress, or the heat tolerance limit (HTL), is
defined by the air temperature at which an endotherm
can no longer regulate its body temperature and
uncontrolled hyperthermia begins (McKechnie & Wolf,
2019; Smith et al., 2015).

We also calculated two metrics of temperature sensi-
tivity that have been previously employed as proxies for
an organism’s sensitivity to climate warming. To do so,
we used estimates of UCT and HTL coupled with habitat-
and stratum-specific average maximum temperatures
derived from the aforementioned tower data. First, to
determine the magnitude of temperature increase that an
organism could tolerate prior to incurring energetic costs
due to thermoregulation, we calculated the thermal
safety margin (TSM), the difference between the UCT
and the maximum air temperature (Khaliq et al., 2014).
To determine the magnitude of temperature increase an
organism could tolerate prior to reaching its thermoregu-
latory limit, we calculated the warming tolerance (WT),
the difference between HTL and maximum air tempera-
ture (Diamond et al., 2012).
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F I GURE 2 Daily temperature ranges (maximum daily

temperature − minimum daily temperature) from the four

environmental monitoring sensors at Barro Colorado Island,

Panama, where temperature data were collected between 2010 and

2019. For each sensor, only days with complete temperature data

were retained (3615–3649 individual days).

TABL E 1 Glossary of thermal physiological traits and

temperature sensitivity metrics measured in present study.

Term Definition Source

Thermal physiological trait

LCT Lower limit of TNZ McNab
(2002)UCT Upper limit of TNZ

TNZ breadth Range of temperatures within
which an endotherm lies
at a basal metabolic rate
and is not expending
energy to maintain heat
balance

HTL Maximum air temperature an
endotherm can tolerate
before onset of
thermoregulatory failure

McKechnie
& Wolf
(2019)

Temperature sensitivity metric

TSM Difference between
maximum air temperature
and a species’ mean UCT
at given locality

Pollock
et al.
(2021)

WT Difference between
maximum air temperature
and a species’ mean HTL
at given locality

Abbreviations: HTL, heat tolerance limit; LCT, lower critical temperature;
TNZ, thermoneutral zone; TSM, thermal safety margin; UCT, upper critical

temperature; WT, warming tolerance.
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Temperature experiments

We performed two types of temperature experiments:
(1) gradual thermal ramping to assess the breadth of the
TNZ and (2) acute thermal ramping to assess heat toler-
ance. TNZ experiments were conducted at night, during
which time we collected data on the LCT, UCT, and TNZ
breadth. Heat stress experiments were conducted during
the day, during which we measured HTL. All data on TNZ
breadth are original, whereas the HTL data were collated
from Pollock et al. (2021). Both data sets were collected
using the same respirometry system (see Pollock et al.
[2021] for more details on the methodology used in the
heat stress experiments). In brief, we weighed and
processed focal individuals, placed the birds in respirome-
try chambers held at 30�C, and then increased tempera-
ture by intervals of 3�C until the birds reached their HTL
(i.e., exhibited uncontrolled hyperthermia or prolonged
signs of distress behavior such as flight attempts, pecking
the chamber walls, or loss of motor coordination). We
monitored body temperature at 1-min intervals through-
out both trials using temperature-sensitive Passive
Integrated Transponder tags that were inserted into the
cloaca (Pollock et al., 2021).

For the TNZ experiments, we transferred focal individ-
uals at ~19:00 from cages to respirometry chambers (see
Respirometry system and gas analysis below) situated inside
a PTC-1 temperature cabinet (Sable Systems, Inc.) con-
trolled by a Peltier device (Pelt-5, Sable Systems, Inc.). We
let birds acclimate to the chambers at 30�C for ≥3 h to
ensure that individuals were both post-absorptive and rest-
ing before initiating temperature experiments. Throughout
the temperature experiments, we precisely regulated ambi-
ent temperature (Ta) in the cabinet and continuously moni-
tored chamber temperatures using thermistor probes
(Model SEN-TH, Sable Systems, Inc., ±0.2�C accuracy). We
also used infrared cameras (Model WCM-6LNV, Sabrent) to
continuously monitor bird behavior inside the chambers
throughout the experiment. Because activity level can influ-
ence metabolic rate (Aschoff & Pohl, 1970) and confound
the relationship between Ta and metabolic rate, we
discarded data for focal birds that exhibited high levels of
activity (i.e., individuals that were visibly agitated and
attempting to fly inside the respirometry chamber) during
the experiment.

After the initial 3-h acclimation period, we used ther-
mal ramping protocols (sensu Mitchell & Hoffmann,
2010) to determine the relationship between Ta and met-
abolic rate and to characterize TNZ breadth
(Appendix S1: Figure S1). Starting at 30�C, we either
increased (UCT experiments) or decreased (LCT experi-
ments) Ta in increments of 3�C, holding birds at each Ta

for 1 h while measuring their O2 consumption. We

concluded the experiments when O2 consumption had
increased in three successive sampling intervals, thereby
ensuring that the focal individual had exceeded the
bounds of the TNZ. The morning after the temperature
experiments, we weighed each individual again before
releasing it at the site of capture, using the mean of its
initial and final mass as its body mass.

Respirometry system and gas analysis

We employed push-mode flow-through respirometry
(Withers, 2001) to measure the gas exchange of our focal
bird species, which we then used to assess relationships
between metabolic response to temperature. To minimize
the impact of humidity on estimates of thermal physiologi-
cal traits (Gerson et al., 2014), we scrubbed water vapor
from the airstream prior to gas analysis. To remove water,
we pumped incurrent air (PP2 pump; Sable Systems, Inc.)
through a column of Drierite and into a mass-flow control-
ler (Flowbar-8; Sable Systems, Inc.) that divided the air
stream into four channels. Each channel was plumbed
through Bevaline IV tubing (Cole-Parmer) and led to one
of four separate Plexiglas metabolic chambers. To prevent
leakage, each chamber was equipped with a rubber gasket
in the lid and sealed with binder clips (ACCO Brands
Corporation), and the system was tested regularly for
leaks. One empty chamber served as a reference or base-
line for the other three chambers, each of which was
designed to hold a single bird. During the experiments,
birds rested on perches made of wire mesh. To ensure that
incurrent air flowed directly across the bird before exiting
the chamber, the inlet (on the lid of the chamber) was sit-
uated opposite the outlet (on the side of the chamber).
Flow rates (300–1500 mL min−1) and chamber sizes (1.97
or 4.53 L) varied depending on the size of the focal species,
with higher flow rates and larger chambers used for larger
species. Excurrent air from each chamber was sequentially
subsampled at 100–150 mL min−1 through barrel syringes,
scrubbed of water vapor (Drierite) and CO2 (Ascarite), and
analyzed for %O2 (FoxBox; Sable Systems, Inc.). During
each experiment, we measured flow rate, Ta, and %O2 at
1-s intervals using the program Expedata (Sable Systems,
Inc.). We used a Catmull-Rom spline to correct for drift in
the O2 analyzer. Using the following equation, we then
converted %O2 to V̇O2 (rate of O2 consumption, measured
in milliliters of O2 per minute):

V_O2 ¼FR× FiO2 −FeO2ð Þ= 1−FeO2ð Þ,

where FR is the flow rate of the animal chamber (in
milliliters per minute at standard temperature and
pressure dry), FiO2 is the incurrent fractional O2
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concentration (0.2095), and FeO2 is the excurrent frac-
tional O2 concentration. We calculated BMR as the
lowest stable 5-min average of V̇O2 measured during
the experiment (Londoño et al., 2015). We used a coef-
ficient of 20.08 J/mL O2 to convert V̇O2 to metabolic
rate (Schmidt-Nielsen, 1997). To determine the rela-
tionship between metabolic rate and Ta, we obtained
3-min rolling averages for metabolic rate and the
corresponding Ta throughout the entire experiment,
generating a series of paired Ta and metabolic rate
measurements, which we then used to parameterize
the TNZ of each focal individual. To estimate TNZ
breadth for each individual, we identified inflection
points in the relationship between Ta and metabolic
rate using piecewise linear regression in the segmented
package (Muggeo, 2008) in R (version 4.1.0; R Core
Team, 2021). Due to the duration of thermal ramping
protocols, we were only able to estimate either the
UCT or the LCT of a given individual bird. To obtain
species-level estimates of LCT and UCT, we pooled
individual values and applied the mean as that species’
LCT/UCT. From these values, we calculated
species-level TNZ breadth as the difference between a
species’ UCT and LCT (Khaliq et al., 2014).

Statistical analysis

Prior to assessing the relationships between air tempera-
ture and thermal physiology, we generated a phylogeny
that we used to account for the influence of
nonindependence among taxa on thermal traits. Using
the TreeAnnotator tool in BEAST (Drummond &
Rambaut, 2007), we first built a maximum clade credibil-
ity tree, which we pruned down to our 89 focal species
(Appendix S1: Figure S2). We then tested whether phylo-
genetic relatedness predicted variation in thermal physio-
logical traits using phylogenetic generalized least-squares
(PGLS) models with the “pgls” function in the caper R
package (Orme et al., 2013). We optimized branch length
transformations using maximum likelihood and
employed Pagel’s λ (a metric of phylogenetic signal rang-
ing from 0 to 1, with 0 indicating trait evolution indepen-
dent of phylogeny and 1 indicating that traits are
evolving according to Brownian motion on the given phy-
logeny; Pagel, 1999) to estimate phylogenetic signal for
each thermal trait. PGLS models revealed strong phyloge-
netic effects on HTL (λ = 0.7), whereas we found no evi-
dence of phylogenetic signal for UCT, LCT, or TNZ
breadth (all λ = 0). However, given the strong phyloge-
netic signal for HTL, we opted to use PGLS models for
our subsequent analyses, and we present those results in
what follows.

We tested for associations between avian thermal
physiological traits and correlates of microclimate varia-
tion with phylogenetically controlled analysis of
variance, a simulation-based test derived from Garland
et al. (1993), using the “phylANOVA” function in the
phytools package (Revell, 2012). Because this was a
simulation-based test, which does not calculate degrees
of freedom or Pagel’s λ (nor provide effect sizes or R2

values), we report the F-statistic and p-value for each
phylogenetic ANOVA.

For each ANOVA, we included habitat type or verti-
cal forest stratum as the predictor variable and the trait
of interest (i.e., thermal physiological trait or temperature
sensitivity metric) as the response variable. To correct for
multiple comparisons, we then conducted Holm’s
sequential Bonferroni post hoc tests on each ANOVA.
We report the t-statistic and p-value for each of the signif-
icant pairwise post hoc comparisons (α = 0.05).

Because we had small sample sizes (<3 individuals)
for 47% (42/89) and 55% (30/55) of focal species whose
TNZs and heat tolerances were measured, respectively,
we conducted analyses in two ways: (1) on the entire
complement of focal species and (2) on focal species with
sample sizes of n ≥ 3 individuals (following recommen-
dations for minimum sample sizes for physiological
analyses in McKechnie & Wolf, 2004). We found qualita-
tively similar results between analyses for all traits
(Appendix S1: Tables S1 and S2), and therefore we report
results from the analysis of the entire complement of
focal species. Similarly, because we had small sample
sizes for species from canopy (n = 3) and open habitats
(n = 6), we combined canopy and midstory species and
combined forest edge/interior species and edge/open spe-
cies and reran the vertical stratum analyses. We found
qualitatively similar results between analyses for all traits
(Appendix S1: Table S2), and therefore we opted to retain
the original stratum and habitat classifications in the
analyses presented below.

RESULTS

We estimated thermal physiological traits and tempera-
ture sensitivity metrics in 478 individuals representing
89 bird species sampled from 27 avian families
(henRyPollock, 2023). We found no evidence that sources
of temperature variability (i.e., habitat type and vertical
forest stratum) explained interspecific variation in avian
thermal physiology (Figures 3 and 4). None of the four
thermal physiological traits was significantly associated
with either habitat type or vertical stratum (Table 2), and
we found broad overlap in mean trait values across habi-
tats and strata (Appendix S1: Tables S3 and S4).
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In contrast to thermal physiological traits, we found
differences in temperature sensitivity metrics across habi-
tat types and vertical forest strata. TSM, the difference
between UCT and maximum air temperature, was

significantly associated with both habitat type and verti-
cal stratum (Table 2, Figures 3 and 4). Specifically, TSM
was significantly higher in forest edge species compared
to second growth (t = 3.41, p = 0.006) and open habitat
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species (t = 3.27, p = 0.006) and significantly higher in
forest interior species compared to open habitat species
(t = 3.03, p = 0.008). With respect to vertical stratum,
TSM was significantly higher in understory species
(t = 2.79, p = 0.009) and canopy species (t = 2.75,
p = 0.02) than midstory species. However, WT, the differ-
ence between HTL and maximum air temperature, was
not significantly associated with either habitat type or
vertical stratum (Table 2, Figures 3 and 4). Similar to
thermal traits, we found broad overlap in mean values of
TSM and WT across habitats and strata (Appendix S1:
Tables S3 and S4).

DISCUSSION

We coupled thermal physiology data from 89 Neotropical
bird species with in situ temperature data across habitats

and forest strata to provide the first community-wide
assessment of associations between local temperature vari-
ation, thermal physiology, and temperature sensitivity in
endotherms. Contrary to the predictions of the climate
variability hypothesis, we found no evidence that
site-specific temperature variation influenced avian ther-
mal physiology. None of the four thermal physiological
traits (LCT, UCT, TNZ breadth, or HTL) was associated
with either habitat type or vertical stratum. Similarly, we
found no support for the prediction that species exposed to
less variable temperature regimes (i.e., forested habitats
and lower vertical strata) would have narrower TSMs and
WTs. In fact, we found the exact opposite—species from
open habitats and the forest canopy had narrower TSMs
than species from forest habitats and the forest understory,
respectively. Our results therefore stand in sharp contrast
to numerous studies in ectotherms that document strong
associations between local-scale temperature, thermal
physiology, and sensitivity to climate warming (Baudier
et al., 2018; Deutsch et al., 2008; Huey et al., 2009, 2012;
Kaspari et al., 2015). Furthermore, our results do not sup-
port the longstanding but untested microclimate hypothe-
sis, which posits that the constrained thermal physiology
of tropical understory birds is the mechanism for their sen-
sitivity to environmental change (Stratford & Robinson,
2005). Instead, our findings echo the evidence summary
by Sherry (2021), which asserts that recent empirical stud-
ies of tropical birds have largely failed to find support for
this putative physiological sensitivity.

From a purely physiological perspective, our findings
suggest that tropical endotherms may be fundamentally
less impacted by variation in environmental temperature
than tropical ectotherms. Whereas ectotherm thermal
physiology and fitness are directly tied to the environ-
mental temperatures they experience (Huey et al., 2012),
the links between temperature, thermal physiology, and
fitness in endotherms are less clear (Levesque &
Marshall, 2021). This is primarily because endotherms
are thermoregulators and can more effectively buffer
body temperature from fluctuations in environmental
temperature (Buckley et al., 2012; Levesque & Marshall,
2021; McKechnie & Wolf, 2019). Therefore, a taxonomi-
cally diverse group of tropical ectotherms exhibits reliable
and consistent relationships between microclimate and
thermal physiology (Baudier et al., 2018; Huey et al.,
2009; Kaspari et al., 2015; Leahy et al., 2021; Marshall
et al., 2015; Muñoz et al., 2014; Pintanel et al., 2019) and,
with few exceptions, is more susceptible to climate
warming than temperate counterparts (Deutsch et al.,
2008; Huey et al., 2009; Somero, 2010). In endotherms,
analogous evidence is largely lacking, and in fact, a
recent study found that although tropical birds experi-
enced different temperature regimes in shaded and

TAB L E 2 Phylogenetic analysis of variance (ANOVA) model

results testing for associations between avian thermoregulatory

responses and two correlates of temperature variation for 89 species

of tropical birds from central Panama.

Temperature correlate Trait F-statistic p-value

Habitat type Thermal physiological trait

UCT 1.44 0.32

LCT 1.43 0.24

TNZ 0.34 0.81

HTL 2.02 0.18

Temperature sensitivity metric

TSM 7.34 0.002**

WT 0.70 0.65

Vertical forest stratum Thermal physiological trait

UCT 0.57 0.43

LCT 0.70 0.66

TNZ 2.52 0.08

HTL 0.04 0.85

Temperature sensitivity metric

TSM 5.12 0.02*

WT 3.16 0.11

Note: For each model, the F-statistic and p-value are shown. Note that the

degrees of freedom are not provided because the p-values were obtained
from phylogenetic simulation. (1) Associations between habitat type and
thermal physiological traits or temperature sensitivity metrics. (2) Associations
between vertical forest stratum and thermal physiological traits or temperature
sensitivity metrics. Bold font indicates a significant association.

Abbreviations: HTL, heat tolerance limit; LCT, lower critical temperature;
TNZ, thermoneutral zone; TSM, thermal safety margin; UCT, upper critical
temperature; WT, warming tolerance.
*p < 0.05; **p < 0.01.
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unshaded coffee farms in Costa Rica, they did not
differ in resting metabolic rates or dehydration risk
(Monge et al., 2022). Consistent with this study, our
results suggest that within a tropical bird community,
variation in local temperature regime and thermal physi-
ology are largely decoupled and that tropical birds may
be physiologically less sensitive to temperature than their
ectothermic counterparts (Pollock et al., 2021).

The lack of relationships that we found between tem-
perature variation and thermal physiological traits also
contrasts with some recent findings in other endotherms.
For example, desert rodents were more heat tolerant than
their mesic counterparts (van Jaarsveld et al., 2021;
Wallace et al., 2021), and cave- and crevice-roosting bats
had reduced heat tolerances, lower capacities for evapo-
rative cooling, and employed torpor less often than spe-
cies that roosted in open habitats (Czenze et al., 2022;
Reher et al., 2022). The apparent disparity between our
findings and these results may be due to differences in
the absolute magnitude of local temperature variability.
Our study site in the thermally stable tropics had smaller
temperature extremes and less variability than the other
four studies, which took place predominantly in the tem-
perate zone and often in extremely stable (i.e., caves,
crevices) or variable (i.e., deserts) thermal environments.
Thus, the tropical birds we measured may not experience
sufficient temperature variability to exhibit differences in
thermal physiology. However, because there are so few
thermal physiology datasets available from tropical birds,
we cannot presently evaluate this hypothesis. More com-
parative data sets will be necessary before we can deter-
mine whether the lack of signal we found between
temperature and thermal physiology is the norm or the
exception.

Our study provides the first direct test of the “microcli-
mate hypothesis,” an influential explanation for the dis-
proportionate sensitivity of tropical understory birds to
environmental change. The hypothesis posits that narrow
thermal tolerances and limited physiological flexibility in
this group induce high susceptibility to environmental per-
turbations such as forest fragmentation and climate
change (Powell et al., 2015; Şekercioḡlu et al., 2002;
Stratford & Robinson, 2005). We found no evidence to sup-
port the microclimate hypothesis—understory forest spe-
cies presented TNZs and HTLs similar to those of canopy
and open-habitat species, both of which experience more
variable and extreme temperatures (Figure 1).
Additionally, and counter to the predictions of both the
climate variability and microclimate hypotheses, species
from forest habitats and the understory stratum actually
had broader TSMs than those from open habitats and the
forest canopy, respectively. Our findings are largely consis-
tent with previous indirect tests of the microclimate

hypothesis that have failed to find relationships between
microclimate variation and tropical bird abundance and
behavior (Jirinec et al., 2022; Patten & Smith-Patten, 2012;
Pollock et al., 2015). Taken together, these findings suggest
that other factors may be responsible for the declines of
understory birds in both fragmented (Şekercioḡlu et al.,
2002; reviewed in Powell et al., 2015) and intact
Neotropical forests (Blake & Loiselle, 2015; Pollock et al.,
2022; Stouffer et al., 2021). For example, the widespread
loss of arthropods could explain population declines of
insectivorous birds (Sherry, 2021; Tallamy & Shriver,
2021). It has also been hypothesized that body size could
mediate sensitivity to environmental change. For example,
smaller-bodied species at La Selva Biological Station in
Costa Rica showed steeper population declines than
larger-bodied species over a ~20-year study period from
1989 to 2011 (Boyle & Sigel, 2015), and understory forest
birds have been decreasing in body mass in intact lowland
forests of the Brazilian Amazon in recent decades (Jirinec
et al., 2021). Nevertheless, counter to this hypothesis,
Pollock et al. (2021) found no associations between body
mass and thermal physiological traits or metrics of temper-
ature sensitivity among our focal species. Furthermore, to
our knowledge, no previous studies of tropical birds linked
thermal physiology with population trends. This will be an
important future step toward understanding whether ther-
mal physiology affects individual fitness and scales up to
impact population dynamics.

Although tropical birds appear less likely to conform
to expectations of the climate variability hypothesis than
ectotherms, at least within a given locality, the limited
scope of our study cautions against overgeneralization.
First, birds were measured in a controlled laboratory set-
ting where experiments focused on a single environmen-
tal variable—air temperature. In the wild, other factors
can influence thermal physiological responses, such as
wind (Wolf & Walsberg, 1996), humidity (Gerson et al.,
2014), and solar radiation (Wolf & Walsberg, 1996), all of
which must be considered in order to provide a holistic
picture of an organism’s response to microclimate.
Humidity in particular is extremely high in the tropical
forest understory and at our study site specifically
(e.g., Pollock et al., 2015), which reduces the potential for
heat dissipation via evaporative water loss (Gerson et al.,
2014; McKechnie & Wolf, 2019). Thus, our experimental
protocol of measuring birds in dry air maximizes the
humidity gradient between the animal and the environ-
ment and could result in overestimates of heat tolerance
capabilities. Future studies that characterize the joint
effects of humidity and temperature (e.g., James, 1970)
will be necessary to quantify how they interact to influ-
ence thermal physiology. Second, our metrics of sensitiv-
ity to climate warming (WT and TSM) are purely
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physiological and belie the complex ways in which cli-
mate change can interact to influence organisms and
populations. For example, climate change can act syner-
gistically with other factors such as land-use change to
negatively affect wildlife populations (e.g., Srinivasan &
Wilcove, 2021) and impact birds indirectly by depressing
arthropod prey populations (Møller, 2019; Tallamy &
Shriver, 2021). Finally, we did not account for extreme
climatic events such as heat waves (e.g., McKechnie &
Wolf, 2010) or seasonal drought (Boyle et al., 2020),
which can undoubtedly exacerbate the thermal physio-
logical responses of endotherms. Future studies that
encompass greater variation in temperature regime by
incorporating data from multiple geographic locations
and across environmental gradients will be necessary to
evaluate the generality of our findings.
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Álvarez Pérez, and T. Garland, Jr. 2009. “Why Tropical Forest
Lizards Are Vulnerable to Climate Warming.” Proceedings of the
Royal Society B: Biological Sciences 276: 1939–48.

Huey, R. B., M. R. Kearney, A. Krockenberger, J. A. Holtum,
M. Jess, and S. E. Williams. 2012. “Predicting Organismal
Vulnerability to Climate Warming: Roles of Behaviour,
Physiology and Adaptation.” Philosophical Transactions of the
Royal Society B: Biological Sciences 367: 1665–79.

James, F. C. 1970. “Geographic Size Variation in Birds and its
Relationship to Climate.” Ecology 51: 365–390.

Janzen, D. H. 1967. “Why Mountain Passes Are Higher in the
Tropics.” The American Naturalist 101: 233–249.

Jirinec, V., R. C. Burner, B. R. Amaral, R. O. Bierregaard, Jr.,
G. Fern�andez-Arellano, A. Hern�andez-Palma, E. I. Johnson,
et al. 2021. “Morphological Consequences of Climate Change
for Resident Birds in Intact Amazonian Rainforest.” Science
Advances 7: eabk1743.

Jirinec, V., P. F. Rodrigues, B. R. Amaral, and P. C. Stouffer. 2022.
“Light and Temperature Niches of Ground-Foraging
Amazonian Insectivorous Birds.” Ecology 103: e3645.

Kaspari, M., N. A. Clay, J. Lucas, S. P. Yanoviak, and A. Kay. 2015.
“Thermal Adaptation Generates a Diversity of Thermal Limits
in a Rainforest Ant Community.” Global Change Biology 12:
1092–1102.

Khaliq, I., C. Hof, R. Prinzinger, K. Böhning-Gaese, and
M. Pfenninger. 2014. “Global Variation in Thermal Tolerances
and Vulnerability of Endotherms to Climate Change.”
Proceedings of the Royal Society B: Biological Sciences 281:
20141097.

Laurance, W. F., T. E. Lovejoy, H. L. Vasconcelos, E. M. Bruna,
R. K. Didham, P. C. Stouffer, C. Gascon, R. O. Bierregaard,
S. G. Laurance, and E. Sampaio. 2002. “Ecosystem Decay of
Amazonian Forest Fragments: A 22-Year Investigation.”
Conservation Biology 16: 605–618.

Leahy, L., B. R. Scheffers, S. E. Williams, and A. N. Andersen. 2021.
“Arboreality Drives Heat Tolerance while Elevation Drives

Cold Tolerance in Tropical Rainforest Ants.” Ecology 103:
e03549.

Leigh, E. G. 1999. Tropical Forest Ecology: A View from Barro
Colorado Island. New York: Oxford University Press.

Levesque, D. L., and K. E. Marshall. 2021. “Do Endotherms Have
Thermal Performance Curves?” Journal of Experimental
Biology 224: jeb141309.

Londoño, G. A., M. A. Chappell, M. D. R. Castaneda,
J. E. Jankowski, and S. K. Robinson. 2015. “Basal Metabolism
in Tropical Birds: Latitude, Altitude, and the ‘Pace of Life’.”
Functional Ecology 29: 338–346.

Maclean, I. M., J. P. Duffy, S. Haesen, S. Govaert, P. De Frenne,
T. J. Lenoir, J. J. Lembrechts, M. W. Rhodes, and K. Van
Meerbeek. 2021. “On the Measurement of Microclimate.”
Methods in Ecology and Evolution 12: 1397–1410.

Marshall, D. J., E. L. Rezende, N. Baharuddin, F. Choi, and
B. Helmuth. 2015. “Thermal Tolerance and Climate Warming
Sensitivity in Tropical Snails.” Ecology and Evolution 5:
5905–19.

McKechnie, A. E., and B. O. Wolf. 2004. “The Allometry of Avian
Basal Metabolic Rate: Good Predictions Need Good Data.”
Physiological and Biochemical Zoology 77: 502–521.

McKechnie, A. E., and B. O. Wolf. 2010. “Climate Change Increases
the Likelihood of Catastrophic Avian Mortality Events during
Extreme Heat Waves.” Biology Letters 6: 253–56.

McKechnie, A. E., and B. O. Wolf. 2019. “The Physiology of Heat
Tolerance in Small Endotherms.” Physiology 34: 302–313.

McNab, B. K. 2002. The Physiological Ecology of Vertebrates: A View
from Energetics. New York: Cornell University Press.

Mitchell, K. A., and A. A. Hoffmann. 2010. “Thermal Ramping Rate
Influences Evolutionary Potential and Species Differences for
Upper Thermal Limits in Drosophila.” Functional Ecology 24:
694–700.

Møller, A. P. 2019. “Parallel Declines in Abundance of Insects and
Insectivorous Birds in Denmark over 22 Years.” Ecology and
Evolution 9: 658–6587.

Monge, O., C. H. Schulze, S. Dullinger, L. Fusani, and I. Maggini.
2022. “Unshaded Coffee Imposes a Heavier Load on
Thermoregulation than Shaded Coffee for Birds in a Tropical
Mountainous Region.” Global Ecology and Conservation 36:
e02117.

Muggeo, V. M. 2008. “Segmented: An R Package to Fit Regression
Models with Broken-Line Relationships.” R News 8: 20–25.

Muñoz, M. M., M. A. Stimola, A. C. Algar, A. Conover, A. J.
Rodriguez, M. A. Landestoy, G. S. Bakken, and J. B. Losos.
2014. “Evolutionary Stasis and Lability in Thermal Physiology
in a Group of Tropical Lizards.” Proceedings of the Royal
Society B: Biological Sciences 281: 20132433.

Neate-Clegg, M. H., T. R. Stanley, C. H. Şekercio�glu, and W. D.
Newmark. 2021. “Temperature- Associated Decreases in
Demographic Rates of Afrotropical Bird Species over
30 Years.” Global Change Biology 27: 2254–68.

Oboikovitz, P., and D. L. Swanson. 2022. “Seasonal Metabolic
Flexibility Is Correlated with Microclimate Variation in
Horned Larks and House Sparrows.” Current Zoology 68:
199–210.

Orme, D., R. Freckleton, G. Thomas, T. Petzoldt, S. Fritz, N. Isaac,
and W. Pearse. 2013. “caper: Comparative Analyses of

ECOLOGY 13 of 15

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4206 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [30/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5281/zenodo.8419552
https://doi.org/10.5281/zenodo.8419552


Phylogenetics and Evolution in R.” R Package Version 0.5.2.
https://cran.r-project.org/web/packages/caper/index.html.

Pagel, M. 1999. “Inferring the Historical Patterns of Biological
Evolution.” Nature 401: 877–884.

Patten, M. A., and B. D. Smith-Patten. 2012. “Testing the Microclimate
Hypothesis: Light Environment and Population Trends of
Neotropical Birds.” Biological Conservation 155: 85–93.

Pillay, R., M. Venter, J. Aragon-Osejo, P. Gonz�alez-del-Pliego, A. J.
Hansen, J. E. Watson, and O. Venter. 2022. “Tropical Forests
Are Home to Over Half of the World’s Vertebrate Species.”
Frontiers in Ecology and the Environment 20: 10–15.

Pincebourde, S., and H. A. Woods. 2020. “There Is Plenty of Room
at the Bottom: Microclimates Drive Insect Vulnerability to
Climate Change.” Current Opinion in Insect Science 41: 63–70.

Pintanel, P., M. Tejedo, S. R. Ron, G. A. Llorente, and
A. Merino-Viteri. 2019. “Elevational and Microclimatic Drivers
of Thermal Tolerance in Andean Pristimantis Frogs.” Journal
of Biogeography 46: 1664–75.

Pollock, H. S., J. D. Brawn, T. J. Agin, and Z. A. Cheviron. 2019.
“Differences between Temperate and Tropical Birds in
Seasonal Acclimatization of Thermoregulatory Traits.” Journal
of Avian Biology 50: e02067.

Pollock, H. S., J. D. Brawn, and Z. A. Cheviron. 2021. “Heat
Tolerances of Temperate and Tropical Birds and their
Implications for Susceptibility to Climate Warming.”
Functional Ecology 35: 93–104.

Pollock, H. S., Z. A. Cheviron, T. J. Agin, and J. D. Brawn. 2015.
“Absence of Microclimate Selectivity in Insectivorous Birds of
the Neotropical Forest Understory.” Biological Conservation
188: 116–125.

Pollock, H. S., J. D. Toms, C. E. Tarwater, T. J. Benson, J. R. Karr,
and J. D. Brawn. 2022. “Long-Term Monitoring Reveals
Widespread and Severe Declines of Birds in a Protected
Neotropical Forest.” Proceedings of the National Academy of
Sciences of the United States of America 119: e2108731119.

Powell, L. L., N. J. Cordeiro, and J. A. Stratford. 2015. “Ecology
and Conservation of Avian Insectivores of the Rainforest
Understory: A Pantropical Perspective.” Biological
Conservation 188: 1–10.

R Core Team. 2021. R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.
https://www.R-project.org/.

Reher, S., H. Rabarison, B. K. Montero, J. M. Turner, and K. H.
Dausmann. 2022. “Disparate Roost Sites Drive Intraspecific
Physiological Variation in a Malagasy Bat.” Oecologia 198:
35–52.

Revell, L. J. 2012. “phytools: An R Package for Phylogenetic
Comparative Biology (and Other Things).” Methods in Ecology
and Evolution 3: 217–223.

Robinson, W. D., and T. W. Sherry. 2012. “Mechanisms of Avian
Population Decline and Species Loss in Tropical Forest
Fragments.” Journal of Ornithology 153: 141–152.

Scheffers, B. R., D. P. Edwards, A. Diesmos, S. E. Williams, and
T. A. Evans. 2014. “Microhabitats Reduce animal’s Exposure
to Climate Extremes.” Global Change Biology 20: 495–503.

Scheffers, B. R., B. L. Phillips, W. F. Laurance, N. S. Sodhi, A.
Diesmos, and S. E. Williams. 2013. “Increasing Arboreality
with Altitude: A Novel Biogeographic Dimension.”

Proceedings of the Royal Society B: Biological Sciences 280:
20131581.

Schmidt-Nielsen, K. 1997. Animal Physiology: Adaptation and
Environment. Cambridge: Cambridge University Press.

Scholander, P. F., R. Hock, V. Walters, F. Johnson, and L. Irving.
1950. “Heat Regulation in Some Arctic and Tropical Mammals
and Birds.” The Biological Bulletin 99: 237–258.

Şekercioḡlu, Ç. H., P. R. Ehrlich, G. C. Daily, D. Aygen, D. Goehring,
and R. F. Sandí. 2002. “Disappearance of Insectivorous
Birds from Tropical Forest Fragments.” Proceedings of the
National Academy of Sciences of the United States of America 99:
263–67.

Shah, A. A., B. A. Gill, A. C. Encalada, A. S. Flecker, W. C. Funk,
J. M. Guayasamin, B. C. Kondratieff, et al. 2017. “Climate
Variability Predicts Thermal Limits of Aquatic Insects across
Elevation and Latitude.” Functional Ecology 31: 2118–27.

Sherry, T. W. 2021. “Sensitivity of Tropical Insectivorous Birds to
the Anthropocene: A Review of Multiple Mechanisms and
Conservation Implications.” Frontiers in Ecology and Evolution
279: 662873.

Smith, E. K., J. O’Neill, A. R. Gerson, and B. O. Wolf. 2015. “Avian
Thermoregulation in the Heat: Resting Metabolism, Evaporative
Cooling and Heat Tolerance in Sonoran Desert Doves and
Quail.” Journal of Experimental Biology 218: 3636–46.

Somero, G. N. 2010. “The Physiology of Climate Change: How
Potentials for Acclimatization and Genetic Adaptation Will
Determine ‘Winners’ and ‘Losers’.” Journal of Experimental
Biology 213: 912–920.

Srinivasan, U., and D. S. Wilcove. 2021. “Interactive Impacts of
Climate Change and Land-Use Change on the Demography of
Montane Birds.” Ecology 102: e03223.

Stouffer, P. C., V. Jirinec, C. L. Rutt, R. O. Bierregaard, Jr., A.
Hern�andez-Palma, E. I. Johnson, S. R. Midway, L. L. Powell,
J. D. Wolfe, and T. E. Lovejoy. 2021. “Long-Term Change in
the Avifauna of Undisturbed Amazonian Rainforest:
Ground-Foraging Birds Disappear and the Baseline Shifts.”
Ecology Letters 24: 186–195.

Stratford, J. A., and W. D. Robinson. 2005. “Gulliver Travels to the
Fragmented Tropics: Geographic Variation in Mechanisms of
Avian Extinction.” Frontiers in Ecology and the Environment 3:
85–92.

Sunday, J., J. M. Bennett, P. Calosi, S. Clusella-Trullas, S. Gravel,
A. L. Hargreaves, F. P. Leiva, W. C. Verberk, M. A.
Olalla-T�arraga, and I. Morales-Castilla. 2019. “Thermal
Tolerance Patterns across Latitude and Elevation.”
Philosophical Transactions of the Royal Society B: Biological
Sciences 374: 20190036.

Sunday, J. M., A. E. Bates, and N. K. Dulvy. 2011. “Global Analysis
of Thermal Tolerance and Latitude in Ectotherms.”
Proceedings of the Royal Society B: Biological Sciences 278:
1823–30.

Tallamy, D. W., and W. G. Shriver. 2021. “Are Declines in Insects
and Insectivorous Birds Related?” The Condor: Ornithological
Applications 123: duaa059.

Tracy, C. R., K. A. Christian, and C. R. Tracy. 2010. “Not Just
Small, Wet, and Cold: Effects of Body Size and Skin Resistance
on Thermoregulation and Arboreality of Frogs.” Ecology 91:
1477–84.

14 of 15 POLLOCK ET AL.

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4206 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [30/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://cran.r-project.org/web/packages/caper/index.html
https://www.r-project.org/


van Jaarsveld, B., N. C. Bennett, R. Kemp, Z. J. Czenze, and A. E.
McKechnie. 2021. “Heat Tolerance in Desert Rodents Is
Correlated with Microclimate at Inter-and Intraspecific
Levels.” Journal of Comparative Physiology B 191: 575–588.

Wallace, K. M., B. van Jaarsveld, N. C. Bennett, and D. W. Hart. 2021.
“The Joint Effect of Micro-and Macro-Climate on the
Thermoregulation and Heat Dissipation of Two African Mole-Rat
(Bathyergidae) Sub-Species, Cryptomys hottentotus mahali and
C. h. pretoriae.” Journal of Thermal Biology 99: 103025.

Withers, P. C. 2001. “Design, Calibration and Calculation for
Flow-through Respirometry Systems.” Australian Journal of
Zoology 49: 445–461.

Wolf, B. O., and G. E. Walsberg. 1996. “Thermal Effects of
Radiation and Wind on a Small Bird and Implications for
Microsite Selection.” Ecology 77: 2228–36.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
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