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ABSTRACT

Mechanistic niche models are computational tools developed using
biophysical principles to address grand challenges in ecology and
evolution, such as the mechanisms that shape the fundamental niche
and the adaptive significance of traits. Here, we review the empirical
basis of mechanistic niche models in biophysical ecology, which are
used to answer a broad array of questions in ecology, evolution and
global change biology. We describe the experiments and
observations that are frequently used to parameterize these models
and how these empirical data are then incorporated into mechanistic
niche models to predict performance, growth, survival and
reproduction. We focus on the physiological, behavioral and
morphological traits that are frequently measured and then
integrated into these models. We also review the empirical
approaches used to incorporate evolutionary processes, phenotypic
plasticity and biotic interactions. We discuss the importance of
validation experiments and observations in verifying underlying
assumptions and complex processes. Despite the reliance of
mechanistic niche models on biophysical theory, empirical data
have and will continue to play an essential role in their development
and implementation.

KEY WORDS: Biophysics, Ecology, Mechanistic niche models,
Prediction, Experiment

Introduction
Generating accurate predictions in ecology is one of the most
effective ways to demonstrate a deep understanding of a system
(Houlahan et al., 2017). In general, predictions in ecology are made
through either correlative or mechanistic approaches (Buckley et al.,
2010; Connolly et al., 2017). Both of these approaches have made
important contributions to prediction in ecology by revealing the
processes that structure species distributions and ecological
responses to environmental change (Urban, 2015; Briscoe et al.,
2022a; Pillet et al., 2022). Despite answering similar questions in
ecology, correlative and mechanistic models are built using a wide
variety of theoretical and empirical approaches and provide varying
levels of insight into the underlying processes driving complex
phenomena in ecology.

Mechanistic approaches to prediction are not as common as
correlative approaches, but they can provide important insights into
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underlying processes at multiple levels of organization. In ecology,
correlative models have been used to improve our understanding of
the statistical relationship between biological data (e.g. species
richness, occurrences and phenology) and environmental variables
(e.g. latitude, temperature and precipitation) to answer questions
about global patterns of diversity (Li et al., 2023) and predict future
ecological responses to environmental change (Pillet et al., 2022).
Alternatively, ecological predictions can be made from a
mechanistic perspective. For the purpose of this Review, we have
narrowed our definition of mechanistic models to those that use
theory from biophysical ecology to predict mass or energy balance
of the focal organism(s) (Briscoe et al., 2022a). These mechanistic
models rely on applying principles from thermodynamic theory to
model the exchange of mass and energy between an organism and
its environment (Fig. 1; Briscoe et al., 2022a; Kearney, 2013).
When combined with detailed information on the microclimates that
organisms experience (Meyer et al., 2023), mechanistic species
distribution models are frequently used to predict many indices of
fitness (e.g. growth, reproduction and survival) across the
geographic range of the focal species (Kearney and Porter, 2009).
Mechanistic models also predict performance through time or the
relative performance of certain phenotypes and can be used to
answer a wide variety of questions (Table 1, Fig. 2). Thus, we refer
to these models more broadly as ‘mechanistic niche models’.
Here, we review the empirical approaches that are frequently
conducted by experimental biologists and often used to parameterize
mechanistic niche models, helping to improve transparency and
provide a guide for developing experiments to parameterize them. We
focus on the physiological, morphological and behavioral experiments
often conducted to parameterize these models (Table 2), and we
briefly touch on the experiments used to parameterize evolutionary
responses, phenotypic plasticity and species interactions. We also
address empirical approaches in ectotherms and endotherms, but we
note that models of endotherms can contain substantially more
complex processes and traits (for further discussion, see Porter and
Kearney, 2009; Kearney et al., 2021a; Conradie et al., 2023). This
Review is not intended to be exhaustive, in part because the
parameterization of these models is often question and system specific.
Moreover, we also do not cover the theoretical approaches,
assumptions or thermodynamic concepts in parameterizing
mechanistic niche models (see Porter et al., 1994; Kearney and
Porter, 2020; Kearney et al.,, 2021b). We also make distinctions
between experiments and observational studies, both of which are
often used to parameterize mechanistic niche models. Although we
focus on niche models developed for animals, we acknowledge the
rich body of literature on mechanistic niche models of terrestrial plants
(Wright et al., 2017; Muir, 2019). Regardless, we hope this Review
provides a useful resource for experimental biologists to design
experiments that can be used to parameterize mechanistic niche
models that answer fundamental questions in ecology and evolution.
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Glossary

Allometry

A biological concept that describes the dependence of a biological
variable (such as metabolic rate) on mass or size.

Basal metabolic rate

The minimum amount of energy burned by an adult, non-reproductive
endotherm at rest, within the thermoneutral zone, in a post-absorptive
state while regulating body temperature during an inactive period
(McNab, 1997).

Doubly labeled water

A technique used to measure the total energy expenditure of an
organism for an extended period of time, typically spanning days to
weeks. Organisms are provided with stable isotopes of water and, after a
period of equilibration, samples from the organism are taken to estimate
the rate of labeled water loss via respiration. These values are then used
to estimate a metabolic rate over time.

Dynamic energy budget theory

A theoretical framework used to model the energy budgets and life
history of organisms across their entire life cycle (Kooijman, 2010).
Emissivity

A physical property of an object that describes how efficiently it emits
thermal radiation (Campbell and Norman, 1998).

Operative temperature

An equivalent blackbody temperature that combines air temperature,
absorbed radiation, wind speed and the characteristic dimension into a
single equivalent value (Campbell and Norman, 1998).

Resting metabolic rate

A more general term for the minimum amount of energy burned by an
endotherm or ectotherm at rest in a post-absorptive state at a specified
temperature (Arnold et al., 2021).

Sensitivity analysis

An approach that explores how different values of a model parameter
affect a particular output variable. The model parameter values are often
based on known or hypothetical variation in model parameters.
Standard metabolic rate

The minimum amount of energy burned by an adult, non-reproductive
ectotherm at rest in a post-absorptive state during an inactive period at a
specified temperature (McNab, 1997).

Standard operative temperature

An equivalent blackbody temperature that combines air temperature,
absorbed radiation, the characteristic dimension, wind speed and
interactions between wind speed and insulation into a single
equivalent value (Campbell and Norman, 1998).

Metabolic rate and energetics

Mechanistic niche models require approximations of metabolic
expenditure to estimate energy budgets and/or body temperature
(Barlett and Gates, 1967). These models typically use one of three
approaches for estimating metabolic rate: allometry (see Glossary),
the dynamic energy budget theory (see Glossary) or experimental
measures of metabolism (Sara et al., 2011). These approaches vary
in the level of experimental detail required to parameterize them, as
well as their biological relevance.

Allometry is used to estimate metabolic expenditure based on the
body mass of the focal organism and linear relationships between
body mass and metabolic rate across a range of taxa that can
incorporate some degree of thermal context (Barlett and Gates,
1967) or phylogenetic dependence (Uyeda et al., 2017). Allometric
relationships of metabolic rate are generated from experimental
measures of metabolism across many taxa. These relationships are
sometimes used to estimate metabolic expenditure for ectotherms in
mechanistic niche models but ignore the relatively strong thermal
dependence of metabolic rate (Angilletta, 2009). Nevertheless, they
have been used to approximate heat balance (Barlett and Gates,
1967). More often, allometric relationships are used for endotherms

to approximate basal metabolic rate (see Glossary; Kearney et al.,
2016), which is insensitive to acute changes in environmental
temperature at the level of the organism (McNab, 1997).
Alternatively, mechanistic niche models can directly incorporate
the thermal sensitivity of metabolic rate from respirometry
experiments (Porter and Gates, 1969; Buckley, 2008).
Traditionally, these experiments involve measuring metabolic rate
of fasted animals at rest in a dark chamber during the inactive portion
of their diel cycle, thereby quantifying minimum energetic demands
(Dawson, 1958; Kleiber, 1975). These rates are typically referred to
as standard metabolic rate (see Glossary) for ectotherms or basal
metabolic rate for endothermic homeotherms (McNab, 1997). In
mechanistic niche models, these measurements are made across a
range of temperatures in a controlled laboratory setting to
characterize the non-linear relationship between temperature and
metabolic rate, such as the typical thermal performance curve for
ectotherms or Scholander—Irving models for endotherms (Angilletta,
2006; Scholander et al., 1950; Dawson, 1958). These experiments
are thus designed to measure the routine ‘maintenance costs’ of
resting animals across a range of environmental temperatures. The
experiments require careful design of the sequence and duration of
temperature exposure and ecological context of the animal.

There are a variety of ways to design an experiment to measure
the thermal sensitivity of metabolism, with some controlling for
biases more than others. In ‘ramping experiments’, metabolic
measurements are taken over a series of increasing temperatures
with brief periods of rest between temperatures for the animal to
come to thermal equilibrium (Smith et al., 2017; Shah et al., 2021).
Ramping experiments might introduce acclimation biases because
the animal may respond behaviorally, morphologically or
physiologically in anticipation of further warming during the
experiment; thus, some experiments attempt to minimize these
ramping effects by randomizing the order of exposure to
environmental temperatures (Wolf and Walsberg, 1996;
Angilletta, 2001). Moreover, many studies measure physiological
rates under constant temperatures, yet experiments have shown that
constant temperatures may fail to predict performance under more
realistic, variable temperatures (Niehaus et al., 2012). However,
experiments should prioritize measuring metabolic rates under
conditions that organisms experience in nature. For instance,
constant temperatures may be more relevant for organisms that
often experience stable temperatures underground, whereas
fluctuating temperatures may be more relevant for surface-
dwelling diurnal organisms that experience a broad range of
temperatures. Thus, experiments intended to inform mechanistic
niche models may consider carefully designing their experiments to
capture the maintenance costs of animals in their current
environment or environments they may experience in the future.

Ecologists have long appreciated that resting metabolic rates (see
Glossary) are unlikely to describe the maintenance expenditure of
active animals in nature (Niewiarowski and Waldschmidt, 1992;
Mitchell et al., 2018). To account for the increase in energetic
expenditure during activity (e.g. foraging, mating and digestion),
mechanistic niche models often increase resting maintenance costs
by an empirically defined constant derived from observation or
experiments (Buckley, 2008; Gifford and Kozak, 2012). In some
cases, the experiments were designed to measure the energetic costs
of courtship behavior, aggression between conspecifics (Bennett
and Houck, 1983) or the cost of activity in general (Bennett, 1982).
Mechanistic niche models then adjust resting metabolic rates by
incorporating the increase in energy consumption from digestion
and foraging activity measured in laboratory and field experiments
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Fig. 1. Overview of the physical processes and empirical data used to parameterize mechanistic niche models. (A) An overview of the physical
processes underlying predictions in mechanistic niche models. Animals are illustrated in commonly used microhabitats, but all processes are relevant for
each animal. The soil temperature symbol indicates soil temperatures are usually warmer (red) and more variable (wider) near the surface relative to the
cooler (blue), less variable (narrower) soil temperatures at deeper depths. (B) Examples of the empirical data (blue text) used to parameterize aspects of
mechanistic niche models (green text). These only represent a small fraction of the experiments that are used to parameterize mechanistic niche models and

many of the same measured traits are relevant for a wide variety of taxa.

(Levy et al., 2017). In theory, mechanistic niche models can use
empirical estimates of field metabolic rates (Spotila and Standora,
1985); however, these rates represent static estimates and neither
incorporate the thermal sensitivity of energy expenditure nor
disentangle maintenance and active metabolic expenditure.
Developing an energy budget requires an estimate of energy
intake in addition to energetic costs. The amount of energy an
organism can allocate to reproduction, growth, maintenance and
storage depends on prey encounter rates, handling time, the amount
and type of food ingested and the rate of energy assimilation (Grant
and Porter, 1992; Levy et al., 2017). Prey encounter rates can be
estimated from movement rates of animals and prey density, which

can both be measured empirically (Buckley, 2008; Levy et al.,
2017). Energy (or digestive) assimilation is defined as the process of
absorbing and converting food to usable energy (Kooijman, 2010).
In ectotherms, rates of energy assimilation typically vary with body
temperature and can be described using a thermal performance
curve (Clay and Gifford, 2017; Levy et al., 2017). The experiments
usually consist of using a bomb calorimeter to quantify the amount
of energy per gram of food and then carefully measuring the amount
of food consumed and the amount of energy in the resulting fecal
samples (Waldschmidt et al., 1986; Clay and Gifford, 2018).
Alternatively, other assimilation experiments consist of feeding
isotopes to the prey and then comparing the radiation content of the

Table 1. Questions that mechanistic niche models are typically designed to answer in ecology, evolution and global change

Question

Example reference

Ecology

How do physiological limits shape the geographic distribution of a species or population?

How do physiological traits influence activity patterns and foraging behavior?

How do species interactions influence species abundance across a landscape?

Evolution
What is the adaptive significance of variation in morphological traits?

How do phenotypic plasticity and adaptive evolution influence species distribution along

climatic gradients?

How does evolutionary change of physiological traits influence population persistence during

changing environmental conditions?

Global change
How does behavior buffer organisms from climate change?
How does acclimation buffer organisms from climate change?

Has recent climate change caused species declines by directly affecting physiological performance?

Riddell et al., 2017
Levy et al,, 2016
Buckley and Roughgarden, 2005

Mason et al., 2023
Kingsolver and Buckley, 2017

Kearney et al., 2009a
Sunday et al., 2014

Enriquez-Urzelai et al., 2020
Riddell et al., 2021
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Fig. 2. Examples of empirical data that are often incorporated into mechanistic niche models to answer questions in ecology and evolution. The
top row illustrates common types of empirical data that are collected by experimental biologists, and the bottom row provides a corresponding illustration of
the type of analyses used to answer ecological and evolutionary questions. CT i, critical thermal minimum; CT,4x, critical thermal maximum.

prey and focal organism (Bobka et al., 1981). For endotherms,
mechanistic niche models often assume a static assimilation
efficiency (Porter et al., 2006; Briscoe et al., 2016) based on
similarly designed experiments (Nagy and Martin, 1985), though
future experiments might explore whether assimilation efficiency
varies with body temperature or ambient temperature in endotherms.
Regardless of the taxon, energy assimilation efficiency is dynamic
and dependent on life history, activity and ecological context
(Dunham et al., 1989). A greater emphasis on empirical work will
improve the predictive capacity of mechanistic niche models to
accurately simulate species-specific energy budgets.

Water balance physiology

The rate at which animals gain and lose water to their environment
has a major impact on energy budgets (Tracy, 1976) and is sensitive
to environmental conditions and the physiological state of the
organism (Riddell et al., 2018). From the perspective of the
environment, the primary factors that determine rates of evaporative
water loss are wind speed and humidity, which increase and
decrease evaporative water loss, respectively (Feder and Burggren,
1992). Higher temperatures can also indirectly amplify rates of
evaporative water loss by increasing the saturation vapor pressure
(Anderson, 1936), thereby increasing the diffusion gradient of water

Table 2. Experiments and observations used to parameterize mechanistic niche models

Category Technique used Example reference
Physiological
Metabolic rate Experiment Buckley, 2008
Assimilation efficiency Experiment Gifford and Kozak, 2012
Water loss Experiment Riddell et al., 2018
Water intake Experiment Tracy, 1976
Body temperature Experiment/observation Ma et al., 2023
Morphological and physical
Body size Observation Mathewson et al., 2020
Surface area Observation Kobelt and Linsenmair, 1995
Thermal conductivity Experiment Riddell et al., 2022
Reflectance or absorptance Experiment/observation Kingsolver and Watt, 1984
Behavioral
Thermal preference or set point Experiment Sears et al., 2016
Microhabitat use Observation Moyer-Horner et al., 2015
Posture Experiment/observation Barton et al., 2014
Validation
Microclimate Observation Maclean et al., 2017
Energy expenditure Experiment Fitzpatrick et al., 2015
Activity Experiment/observation Kearney et al., 2018
Evolutionary
Selection gradients Experiment Kearney et al., 2009a
Heritability Experiment Kingsolver and Buckley, 2017
Biotic interactions
Competition coefficients Experiment/observation Buckley and Roughgarden, 2005
Heat flux between plants and animals Experiment/observation Pincebourde and Casas, 2019
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vapor. Therefore, experiments on the environmental sensitivity of
water loss must carefully consider how each of these variables
interacts with the physiological state of the organism. In general,
water loss rates are measured using flow through water vapor
analysis or gravimetric measurements across a range of thermal,
hydric and convective conditions (Feder and Burggren, 1992).
However, mechanistic niche models often do not rely on empirical
data for parameterizing water balance.

Because of the sensitivity of water loss rates to multiple
environmental factors, physiologists have developed metrics of
water loss that account for the environmental factors and therefore
isolate the resistance of the integument to water loss (Spotila and
Berman, 1976). Rather than incorporating these empirically derived
values, mechanistic niche models often assume a complete or partial
‘free water surface’ for the focal organism (Tracy, 1976), which
represents the total proportion of the surface of the animal that loses
water freely without any resistance to water loss (Porter et al., 2006;
Gifford and Kozak, 2012; Caruso et al., 2014; Kearney et al., 2016,
2018). This single proportion includes the skin but also more
permeable surfaces such as the eyes (Kearney et al., 2018). By using
this value, rates of water loss vary as a function of the environment
(i.e. the evaporative demand of the air known as the vapor pressure
deficit), and the physiological resistance is assumed to be static across
a wide range of environmental conditions. However, experimental
physiologists have uncovered many examples of organisms changing
how quickly they lose water in response to chronic and acute changes
in temperature and humidity (Buttemer and Thomas, 2003; Senzano
and Andrade, 2018; Riddell et al., 2018). As indicated by Campbell
and Norman (1998), ‘Little is known about the variability [in vapor
conductance of the skin] or their dependence on environmental
moisture or temperature’. To date, this statement is still generally true.
Few mechanistic niche models have incorporated such physiological
sensitivity into their simulations (Riddell et al., 2018; Newman et al.,
2022). Thus, predictions made using mechanistic niche models can
improve by investigating and incorporating the physiological
flexibility of resistance to water loss, particularly given the
importance of water balance under future warming scenarios
(Lertzman-Lepofsky et al., 2020; Riddell et al., 2021).

Few mechanistic niche models have incorporated empirical data
from water intake or gain from the environment. In nature, animals
gain water from their environment through their food, by drinking or
across their skin. For animals that rehydrate from soils (e.g.
amphibians), mechanistic niche models have relied on experiments
that measure the water potential gradient driving water exchange
between the animal and its environment (Tracy, 1976). Specifically,
such experiments estimate the water potential of the animal by
determining the point at which no water is exchanged between the
soil and the animal (i.e. the soil and animal have the same water
potential). However, water potential changes dynamically with the
soil and hydration state of the animal. Thus, more experiments on
water intake or rehydration rates will be needed to understand these
complex interactions. Animals also gain water from metabolic
water, which is produced as a by-product of the catabolism of
energy sources, such as carbohydrates and proteins. In ectotherms,
this has been assumed to be negligible (Tracy, 1976) or has been
estimated using dynamic energy budget theory (Kearney et al.,
2018). Developing experiments on rehydration rates in nature will
improve water budgets developed by mechanistic niche models.

Thermal limits
Predicting the ecological impact of environmental change on
organisms usually involves empirical measurements of

physiological limits, often in response to temperature (Sunday
et al., 2014). For ectotherms, indices of thermal limits vary, but the
limits that are typically incorporated into mechanistic niche models
include (i) the body temperature at which organisms lose motor
function (critical thermal maximum, CT,,,,; Sunday et al., 2014),
(i) the body temperature at which an organism experiences
substantial declines in cardiac function (Liao et al., 2021) and (iii)
the temperature at which a group of organisms experiences 50%
mortality (Pinsky et al., 2019). Alternative indices related to
survival and the duration of exposure to temperature extremes are
also frequently measured in experiments (Qrsted et al., 2022), and
these have been recently incorporated into mechanistic niche
models (Camacho et al., 2023). These indices are then compared
with estimates of potential body temperature from mechanistic
niche models to quantify the exposure to lethal environmental
temperatures across space and time (Sunday et al., 2014; Riddell
et al., 2018; Pinsky et al., 2019; Enriquez-Urzelai et al., 2020).
Discrete physiological tolerances are not as well defined or used
for endotherms. Some studies have suggested using the maximum
body temperature at which endotherms lose coordination or
experience a rapid increase in body temperature (McKechnie and
Wolf, 2019). To our knowledge, a mechanistic niche model has
yet to incorporate these thermal limits for endotherms. Sub-critical
limits have been increasingly considered as the basis for climate
vulnerability because of the impacts of temperature on fitness
occurring well before critical limits are reached (Braschler et al.,
2021). Some mechanistic niche models have assessed climate
vulnerability from these sub-critical limits based on stereotypic
behaviors observed during ramping experiments (Riddell et al.,
2023). Thermal limits have played an important role in predicting
vulnerability to climate change and represent a relatively
straightforward avenue for incorporating empirical data into
mechanistic niche models.

Organismal size and shape

Body size impacts nearly every biological aspect of organisms and
is therefore one of the most crucial parameters in mechanistic niche
models. As with many other traits, body mass varies with age, sex,
season and geography and can have important consequences for
heat flux and energetics (Porter and Kearney, 2009). Recent efforts
to aggregate biological data in databases (e.g. VertNet) have made it
easier to access body mass data and incorporate sources of size
variation into models (e.g. Riddell et al., 2019). Body shape
dimensions, such as length, width and height of organisms, are also
important aspects of size that affect heat exchange. For example,
convective heat loss is affected by the characteristic dimension of
the organism, usually defined as the distance that fluids (such as air)
travel when passing over the organism (Porter et al., 2000).
Organisms can effectively modify their characteristic dimension by
changing their orientation or posture to prevailing winds (Wiersma
and Piersma, 1994; Porter et al., 2000). Some authors have explored
the consequences of this by altering the orientation of heated
organismal models in wind tunnel experiments and measuring rates
of convective heat loss (Kingsolver and Moffat, 1982). Such
experiments, when combined with behavioral observations under
natural conditions (e.g. Watt, 1968), may be especially helpful for
parameterizing mechanistic niche models. The length, width and
height of organisms have also been used to estimate their volume
and shape, assuming a geometric shape (Lovelace et al., 2020),
though other methods for estimating volume exist, such as weighing
organismal replicas and dividing by the density of the casting
material (Harley et al., 2009).
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The surface area of an organism affects its potential for heat and
water exchange with the environment and is thus another common
size- and shape-related parameter incorporated into mechanistic
niche models. A key consideration for endotherms is the difference
in surface area between the skin and the insulating layer (e.g.
feathers). Measurements of these surface areas have found that the
skin has more surface area than the outer surface of the insulating
layer, despite the expectation of the opposite (Walsberg and King,
1978). Furthermore, organisms can alter their surface area by
changing their posture (Porter et al., 2000). Depending on the
questions being asked, mechanistic models have incorporated
empirical estimates of surface area to simulate specific
mechanisms of heat and water exchange (e.g. convective/
conductive surface area, surface area exposed to direct/diffuse
solar radiation or evaporative surface area; Henwood, 1975; Tracy,
1976; Bartelt et al., 2010; Tracy et al., 2010). The approaches used
to incorporate direct empirical measurements have included creating
a replica of an organism with metal or plaster of Paris (Tracy, 1976;
Erskine and Spotila, 1977; Porter and James, 1979), casting and
tracing shadows (Kobelt and Linsenmair, 1995) or immersing a
metal replica in an electrolytic bath to measure the electrical
resistance from the replica (Tibbals et al., 1964). More recently (and
commonly), more indirect methods are used to estimate surface
area, such as allometric relationships (Porter and James, 1979;
Roughgarden et al., 1981) or estimates from an approximate
geometric shape (Van Damme et al., 1987; Porter and Kearney,
2009; Riddell et al., 2019). In some cases, studies assume a
proportion of the total surface area is involved in specific
mechanisms of heat and water exchange (Porter et al., 1973;
Christian and Tracy, 1981; Scott et al., 1982) or apply these
approaches to organismal appendages (Conley and Porter, 1986).
Regardless of the approach, direct measurements of surface area can
sometimes lead to surprising results (i.e. surface of skin versus the
insulation layer; Walsberg and King, 1978) and may help inform
more accurate predictions of heat flux.

Physical properties of the skin and insulation layer

The skin and insulation layers constitute the barriers to heat and
water exchange between the organism and its environment and are
thus essential considerations in mechanistic niche models. Key
properties that have been used to parameterize mechanistic niche
models include the thickness of fur (McClure and Porter, 1983),
feathers (Porter et al., 2006), skin (Porter et al., 1973) and fat
(Spotila et al., 1973), as well as the length, diameter and density of
hairs and feathers (Steudel et al., 1994; Porter et al., 2006; Rogers
et al., 2021). Together, these variables influence the thermal
conductivity of the insulation layer, which can include the fat, skin,
vasculature and pelage or plumage.

Mechanistic niche models either measure these variables to
estimate thermal conductance (Rogers et al., 2021) or measure
conductance directly in lab-based experiments (Riddell et al.,
2022). These experiments often use heat flux transducers and
thermocouples to measure heat flux (Boyles and Bakken, 2007;
Chappell, 1980; Wolf and Walsberg, 2000; Riddell et al., 2021).
These measurements are often recorded in controlled laboratory
experiments on tissue removed from recently deceased animals or
museum specimens (Cena and Monteith, 1975; Walsberg, 1988;
Riddell et al., 2022). Experimenters might also consider accounting
for seasonal and geographic variation in insulation and short-term
plastic responses that may affect measurements of conductance (e.g.
Conley and Porter, 1985). Therefore, it may be important to measure
individuals from appropriate seasons and sites (Natori and Porter,

2007) or to conduct experiments that explore plastic responses to
environmental variation (Hohtola et al., 1980) to parameterize
models. Mechanistic niche models have also used laboratory
experiments to understand the effects of human activities on the
conductivity of insulation, such as the effects of oil on feathers
(Mathewson et al., 2018). When data on conductivity are not
available, niche models have used sensitivity analyses (see
Glossary; Porter and Gates, 1969) or adopted conductivity values
from previous estimates (McClure and Porter, 1983; Natori and
Porter, 2007; Tracy et al., 2010), including those in humans (Porter
and Gates, 1969; Porter et al., 2000).

One of the traits most commonly included in mechanistic niche
models is the spectral reflectance of an organism’s outer surface
(either skin or the insulation layer). This is quantified by using a
spectrophotometer to record the proportion of light reflected by the
surface across various wavelengths and is used to estimate the
amount of absorbed solar radiation. Reflectance values can be
measured from different surfaces (e.g. dorsal versus ventral) or
distinct integument patches (Mason et al., 2023). Most mechanistic
niche models include reflectance measurements from ultraviolet
(~300 nm) to near-infrared wavelengths (~2500 nm), which
encompasses ~99% of solar irradiance hitting the Earth’s surface
(Medina et al., 2018). A common approach, especially for birds and
mammals, is to take reflectance measurements from museum
specimens (Natori and Porter, 2007; Fort et al., 2009; Medina et al.,
2018; Riddell et al., 2019, 2021). In the absence of the expensive
equipment required to take the measurements, some studies have
made assumptions about reflectance based on partial reflectance
curves (i.e. visible reflectance only) or close relatives (Gunderson
et al., 2022). However, the reflectance properties can be difficult to
predict. For instance, reflectance curves can change substantially
after death (Henwood, 1975; Bakken, 1992). Furthermore, some
organisms can change their reflectance properties in response to
temperature variation, either by altering which integumentary
surfaces are exposed to sun (Bakken, 1992) or by physiologically
altering reflectance (Carey, 1978; Kobelt and Linsenmair, 1995). In
at least some cases, these changes have been shown to significantly
impact heat budgets (Kobelt and Linsenmair, 1995). Therefore, it
may be worth conducting experiments that directly measure the
thermal sensitivity of reflectance.

Other biophysical traits commonly incorporated into mechanistic
niche models include emissivity (see Glossary) of the organism.
Some authors have experimentally measured emissivity by heating
live organisms above ambient air temperature and measuring air
temperature a set distance away from the organism while
simultaneously monitoring surface temperature with an infrared
thermometer and a thermocouple (e.g. Kobelt and Linsenmair,
1995). More recent work assumes emissivity values between 97%
and 100% based on previous work indicating that most organismal
surfaces fall within this narrow range (Gates, 1980). Further
experiments and observations on these traits may yield insight into
climate vulnerability and species distributions.

Behavior

Behavior dictates how organisms interact with their environments,
and so dynamically influences energy and heat balance.
Understanding behavior, therefore, is key to making accurate
predictions with mechanistic niche models (Kearney et al., 2009b,
Sunday et al., 2014; Sears et al., 2016). Empirical studies on
behavior can uncover the extent of behavioral thermoregulation,
microhabitat use and other common behaviors that are used to
modulate heat flux with their environment. Many mechanistic niche
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models have integrated behavioral traits and these values or
strategies are often based on laboratory or field experiments and
observations.

Species vary in their use of thermoregulatory behavior to
maintain a certain core body temperature, so the results from
thermoregulatory experiments are often directly incorporated into
mechanistic niche models. For ectotherms, laboratory experiments
determine the range of preferred body temperatures (or set point
temperature) in a continuous thermal gradient (Hertz et al., 1993). In
these experiments, the animals are allowed to move freely across the
thermal gradient to achieve a particular, species-specific body
temperature (DeWitt, 1967). Body temperatures are then measured
either using surgically implanted temperature loggers or via cloacal
measurements (Sears et al., 2016). The range of preferred body
temperatures is then based on the distribution of the data, such as the
central 50% of mean body temperature (Sears et al., 2016). These
values are then used to simulate thermoregulatory behavior in
mechanistic niche models, such as shuttling between shade and sun
or the probability of movement to achieve the preferred body
temperature (Kearney et al., 2009b, Sears et al., 2016). Body
temperature thresholds for basking and foraging may also be
incorporated (Kearney et al., 2013). Few mechanistic niche models
have included experiments related to behavioral thermoregulation of
endotherms, likely because of the emphasis on physiological means
for regulating body temperature (Angilletta et al., 2010). However,
endotherms show clear patterns of behavioral thermoregulation in
nature, such as the use of microhabitats with low shortwave
radiation by mammals and birds (Cunningham et al., 2015; Milling
et al.,, 2017; van de Ven et al., 2019; Briscoe et al., 2022a,b).
Mechanistic niche models could therefore benefit from
incorporating more experiments on behavioral thermoregulation in
endotherms, especially with respect to thermal heterogeneity and
preferred (standard) operative temperatures (Angilletta et al., 2010).

Experiments have also been used to parameterize processes
related to foraging, such as those driving its temporal and spatial
patterns (Levy et al., 2016). In a field experiment, researchers
measured the quantity of seeds consumed by mice and then
incorporated the food consumption into a mechanistic niche model
using a ‘harvest rate curve’ to approximate the energy intake (Levy
et al.,, 2016). Observations related to foraging have also been
conducted to measure the abundance of prey items, such as insects
(Gifford and Kozak, 2012). In these studies, sticky traps are
deployed into the environment for a specific period of time to
estimate prey abundance (Buckley and Roughgarden, 2005). This is
then incorporated into foraging models to estimate the number of
prey captured and energy intake.

Posture and basking behaviors also affect body temperature and
have been assessed using field-based studies. In these experiments,
temperatures are recorded of animal replicas or specimens placed in
the environment at various angles and postures based on
observations of the focal organism (Barton et al., 2014). These
experiments can help developers of mechanistic niche models
validate their predictions (see ‘Validation of mechanistic niche
models’, below) or help them to understand the thermodynamic
consequences of posture. In endotherms, similar field-based
observations on microhabitat use have been used to examine
posture and activity patterns in mammals (Briscoe et al., 2014) and
birds (Dorr et al., 2020).

Observational studies have been used to study basking and
posture behaviors, including the frequency at which animals bask or
assume heat avoidance postures (Kingsolver and Watt, 1983).
Mechanistic niche models have then incorporated these behaviors

into simulations to understand their thermoregulatory consequences
(Wenda et al, 2021). These models have also incorporated
behaviors that minimize exposed surface area, such as birds
tucking appendages into insulation at night (Fitzpatrick et al.,
2015). Observations are also used to determine the types of
microhabitats that organisms use to buffer themselves from extreme
temperatures (Fitzpatrick et al., 2019; Riddell et al., 2021; Briscoe
et al., 2014) and regulate water balance (McEntire and Maerz,
2019). Some models estimate energetics based on movement
patterns derived from GPS tags or collars in combination with local
environmental data, such as temperature, cloud coverage, elevation,
water availability, vegetation availability and concealment cover
(Kearney et al., 2016; Levy et al., 2016; Long et al., 2014; Rogers
et al,, 2021). Behavioral observations have also been used to
understand the general times of day and seasons under which
activity occurs (Porter et al., 1973). These windows of activity can
be used to parameterize mechanistic niche models or validate
predictions of activity.

Validation of mechanistic niche models

Mechanistic niche models rely heavily on validation because they
are built upon layers of interacting processes; for each component,
experiments or observations can be used to verify that the
underlying processes are realistic. Validation experiments are
frequently used to corroborate the input data (such as the
microclimatic conditions) or the output of the models (such as
physiological rates, survival and reproduction). Regardless of the
specific experiment or observation used, validations are crucial for
assessing the accuracy and confidence of the model predictions.

Mechanistic niche models often validate the microclimatic
conditions using field observations. For instance, environmental
data loggers are deployed in microclimates associated with the focal
organism to record the local environmental conditions (Mitchell
et al., 2008; Kearney et al., 2016; Maclean et al., 2017; Newman
et al., 2022). These microclimatic conditions can then be compared
with ambient conditions, such as air temperature from local weather
stations or collected with data loggers in solar radiation shields, to
determine the difference between the microclimatic and ambient
conditions. In some cases, air temperature can serve as an adequate
proxy of the microclimate (Newman et al., 2022), but in other cases,
ambient temperature can be 10-20°C greater or less than the
microclimate (Gunderson et al., 2022). Others have used field
measurements to correct large-scale environmental data (Kearney
et al., 2016). Estimates of microclimates at global or regional scales
have been verified using field-based observations from networks of
weather stations or data loggers (Kearney et al., 2014; Maclean
et al., 2017, 2019); however, these validations are often conducted
at coarse spatial scales. Thus, field observations of microclimatic
data can always improve confidence in the estimated microclimatic
conditions in mechanistic niche models and remain an important
part of model development.

Mechanistic niche models can produce estimates of body
temperature, activity, survival, performance and reproduction
(Briscoe et al., 2022a,b). Because these models are based on
thermodynamic principles, many studies validate the models by
ensuring they produce accurate predictions of body temperature at
thermal equilibrium (Kearney, 2013). More specifically, the
experiments are designed to measure operative temperature (see
Glossary), which is defined as equivalent blackbody temperature
and combines the air temperature and radiation into a single
equivalent value (Campbell and Norman, 1998). The experiments
typically consist of making a highly conductive replica of the animal
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with similar absorptance (Dzialowski, 2005) or, in cases when the
mass of the focal organism is very small (such as in some insects),
can use specimens of the focal organism (Barton et al., 2014;
Riddell et al., 2023). The experiments then record ambient
conditions that are incorporated into the mechanistic niche model
to generate predicted values of operative temperature for
comparison with the observed values (Szathmary et al., 2009;
Kearney, 2013; Riddell et al., 2023). Similar approaches are also
used to validate predicted values of body temperature against
observed values, assuming either operative ‘steady-state’ temperature
(Henwood, 1975; Kearney et al., 2018; Riddell et al., 2023) or
transient body temperature (Malishev et al., 2018). These methods
apply to both ectothermic and endothermic taxa (Riddell et al., 2021),
with the primary difference being that standard operative temperature
(see Glossary) is used for endotherms because it incorporates
interactions between insulation and wind (Bakken, 1980). Operative
temperatures also have consequences for physiological values that are
estimated with mechanistic niche models.

Mechanistic niche models frequently rely on field and laboratory
experiments to validate model predictions of physiological traits. In
one of the more common validations, these models compare
estimates of the thermal sensitivity of metabolic rate with observed
values from controlled laboratory experiments (Porter et al., 2006;
Kearney et al., 2018; Riddell et al., 2019, 2021; Rogers et al., 2021).
Similar validations have also been performed for body temperature
(Kobelt and Linsenmair, 1995; De Jong et al., 1996; Mathewson
etal., 2018, 2020), evaporative water loss rates (Riddell et al., 2019;
Maetal., 2023; Conradie et al., 2023), lower critical temperatures of
metabolic rate (Porter and Kearney, 2009) and growth rates
(Kearney et al., 2018). Validations of energy expenditure in a
field setting are rare but are important for progressing mechanistic
niche models. Experiments have used techniques involving doubly
labeled water (see Glossary) to validate energy expenditure in field
settings  (Fitzpatrick et al., 2015). Doubly labeled water
measurements can be challenging because they require taking
blood samples from the same individual over a relatively short time
scale (Speakman, 1998); however, the measurements can provide a
rigorous approach for validation of mechanistic niche models,
especially when paired with behavioral observations (Fitzpatrick
et al., 2015). Similarly, some models have validated predictions of
energy requirements using observations of food consumption in the
field (Goktepe et al., 2012) or in more controlled laboratory settings
(Homan et al., 2011).

The goal of many mechanistic niche models is to predict seasonal
and diurnal patterns of activity; thus, studies that use these models
also frequently validate their predictions of activity (Porter et al.,
1973; Buckley, 2008; Kearney, 2013). Observations of activity in
the field can be compared with predicted windows of activity to
assess model performance (Porter et al., 1973; Kingsolver, 1983;
Kearney et al., 2018). Some mechanistic niche models calculate the
total proportion of time in which the predicted state of activity
coincided with observed periods of activity (Kearney et al., 2018),
while others have used field-based observations for more qualitative
validations of predicted windows of activity (Kingsolver, 1983) or
overheating risk (Thomson et al., 1998; Moyer-Horner et al., 2015).
Predicted estimates of activity have also been verified using
photographs from camera traps (Fitzpatrick et al., 2015). In general,
there are many ways of assessing whether mechanistic niche models
accurately predict activity, and verifying these predictions is
especially important because restrictions on activity have been
suspected to represent the basis for ecological responses to
environmental change (Sinervo et al., 2010).

Many studies that focus on range shifts or species geographic
distributions validate the output from mechanistic niche models
using species occurrence data or species distributions (Buckley,
2008; Briscoe et al., 2016). Thus, they incorporate observations of
species occurrence (i.e. coordinates associated with the presence of
a focal organism) to validate niche models that predict the spatial
distribution of suitable habitat (Riddell et al., 2017; Fordham et al.,
2018). In some cases, habitat is considered suitable if the organism
is predicted to obtain sufficient energy for reproduction (Buckley
etal., 2010; Riddell et al., 2018) or if it can maintain life-sustaining
processes such as homeothermy (Briscoe et al., 2016). These studies
then assess the degree to which occurrences fall within or outside of
the predicted suitable habitat. More quantitative validations include
calculating sensitivity and specificity indices, which incorporate
occurrences and absences, respectively (Buckley, 2008; Buckley
et al, 2010). Validations that use species distributions or
occurrences are important for improving the confidence of
predictions for mechanistic niche models, though validations at
the species distribution level do not assess the validity of the
underlying assumptions. Moreover, some species only occupy a
small portion of their fundamental niche as a result of species
interactions, making occurrence data unhelpful for evaluating the
performance of these niche models (Buckley, 2008; Newman et al.,
2022). Thus, developers and users of these models should interpret
results cautiously without using validations at multiple levels of
inference. Of the most recent 30 studies that use mechanistic niche
models (see appendix S2 in Briscoe et al., 2022a,b), 22 (73%)
reported some type of validation. However, the type of validation
was variable among studies: 10 (33%) with microclimate
validations, 11 (37%) with physiological validations and one
(3%) with species distribution validations. As mechanistic niche
models become more accessible, validations will likely become
critical to building confidence in this approach; thus, we encourage
users to validate model input and output, especially if the models are
applied to novel environments or organisms.

Evolution and phenotypic plasticity

A general limitation of mechanistic niche models is that parameters
are often treated as static values, rather than features that can shift
across space and time as a result of plasticity and evolution. These
models do not often incorporate empirically derived values related
to evolutionary change (e.g. selection coefficients and heritability)
because of the complexity involved in linking heat balance models
with simulations of phenotypic change across generations.
However, there are two examples in which mechanistic niche
models have simulated phenotypic responses to selection across
generations (Kearney et al., 2009a; Kingsolver and Buckley, 2015).
In these studies, researchers used empirically derived heritability
and selection gradients from full-sibling breeding experiments
(Ellers and Boggs, 2002) and survival experiments (Falconer and
Mackay, 1996). In other cases, mechanistic niche models have
explored the adaptive consequences of phenotypic variation for
performance or survival (Kingsolver and Moffat, 1982). There are
also many examples in which either observed or hypothetical
phenotypic variation was integrated into niche models to understand
the adaptive significance of a variety of traits (Steudel et al., 1994,
De Jong etal., 1996; Mitchell et al., 2008; Finke et al., 2009; Riddell
et al., 2022). Some niche models also integrate optimality models to
predict optimal combinations of phenotypes, which are then
compared with observations from nature (Kingsolver and Watt,
1984). Similar approaches have also been used to understand the
effects of phenotypic plasticity.
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Mechanistic niche models represent an effective way to
incorporate and understand the ecological consequences of
phenotypic plasticity measured in experiments (Kobelt and
Linsenmair, 1995). These models typically incorporate plastic
responses from a variety of physiological and morphological
phenotypes from experiments or observations. Studies often
conduct acclimation experiments to understand how an organism
adjusts a trait (e.g. water loss rate, metabolic rate, thermal tolerance,
coloration or reflectance) in response to environmental variables
(often temperature) in a controlled laboratory setting (Riddell
et al., 2018; Enriquez-Urzelai et al., 2020). These values are then
incorporated into mechanistic niche models such that the
physiological value is a function of the environmental cue, such
as temperature (Kingsolver and Buckley, 2017; Newman et al.,
2022), or comparisons can be made between models with the
different phenotypic values from the experiments (Riddell et al.,
2018; Enriquez-Urzelai et al., 2020). Reaction norms that capture
the observed phenotypic plasticity have also been integrated with
quantitative genetic models to predict phenotypic variation of
coloration across latitude and elevation (Kingsolver and Buckley,
2017) or to predict whether organisms have the capacity to limit
overheating risk by changing skin reflectivity (Kobelt and
Linsenmair, 1995). However, relatively few models have
incorporated evolutionary and plastic responses from
experiments into their predictions, and such approaches are
poised to improve predictions of phenotypic responses to
environmental change.

Biotic interactions

Species interactions can limit the fundamental niche, shaping and
ultimately determining a species’ realized niche (Matthiopoulos,
2022). Thus, mechanistic niche models have begun to incorporate
biotic interactions to provide further insight into the factors
influencing the niche (Tylianakis et al., 2008; Buckley, 2013).
Prey availability, competition and mutualistic interactions may
affect geographic distributions, and ignoring these interactions may
lead to less accurate predictions of species ranges (Buckley, 2013).
Most examples of mechanistic niche models including biotic
interactions involve theory (Buckley and Roughgarden, 2005;
Buckley, 2008; Gifford and Kozak, 2012; Gutiérrez et al., 2014,
Levy etal., 2016; Stephenson et al., 2022), yet experiments can also
be used. For example, competition coefficients in the Lotka—
Volterra model have been approximated as the ratio of observed
interspecific to intraspecific aggressive encounters (Buckley, 2013).
In these experiments, the focal organism is placed in a natural
environment and once it establishes a territory, another individual is
introduced (Hess and Losos, 1991). The experiments then quantify
the intraspecific or interspecific interactions using ethograms to
measure agonistic behaviors, such as aggressive interactions,
competition for resources or territorial displays. To our
knowledge, Buckley (2013) represents the only study to date that
has explicitly included empirical estimates of competition in
mechanistic niche models, likely because of the complexity
necessary to couple heat flux simulations with demographic
models. Despite the lack of examples, there are several
experimental approaches that may be suitable for parameterizing
mechanistic niche models.

Observational studies measure encounters within or between
species using ethograms or annotations specifying the types of
interactions that occur and can include competition (Wallace and
Temple, 1987), mutualism (Pick and Schlindwein, 2011) or
predation (Simon, 1975). These interactions can then be grouped

into intraspecific and interspecific competition and used to calculate
a competition coefficient (Cunningham et al., 2009). In addition,
Lotka—Volterra models are also used to simulate predator—prey
interactions (Obaid, 2013), where coefficients can be estimated
based on the frequency of encounters or population demographics.
Moreover, some mechanistic niche models have started to
incorporate biophysical interactions between plants and animals.
For instance, leaf temperature affects the microclimates that many
insects experience (Pincebourde et al., 2021), and models that
incorporate the physiological and physical characteristics that
determine leaf temperature (i.e. stomatal conductance) are likely
to play an important role in exposure to lethal temperatures for many
insects (Pincebourde and Casas, 2019; Riddell et al., 2023). Models
that account for these interactions may produce more rigorous
predictions of species distributions, activity and energy budgets and
could better estimate the effects of changing environments on
organismal performance and fitness.

Conclusions and perspectives

Mechanistic niche models are used to answer a wide range of
questions in ecology, evolution and global change — from the
adaptive benefits of phenotypic variation (Riddell et al., 2022) to the
traits that influence climate vulnerability (Briscoe et al., 2022a). In
our Review, we describe the sources of empirical data that are often
used to parametrize mechanistic niche models in biophysical
ecology. These sources often involve experiments or observations
on the physiological, behavioral and morphological sensitivity of
organisms to the environment, with a particular emphasis on
temperature. Moreover, empirical data are often used for ground
truthing predictions from these models. We note that mechanistic
niche models do not necessarily require empirical data and often
rely heavily on theory (especially physical principles) for
parameterization (Porter et al., 1994). Species-specific empirical
data may also not be necessary in cases when questions are based on
general mechanisms or patterns across broad spatial scales.
Moreover, sensitivity analyses on species-specific data may
provide insight into how predictions change for species with
different trait values. Theory helps to speed the development of
these models and incorporate increasingly complex processes into
mechanistic niche models (Kearney et al., 2021b). Nevertheless,
theory does not provide a surrogate for validations or capturing the
observed variation in functional traits among populations and
species. Rather, empiricism and theory complement each other
through a reciprocal exchange of ideas and information (Angilletta,
2009), and mechanistic niche models can be viewed as the vehicle
by which the exchange occurs. The future development and
implementation of mechanistic niche models will continue to rely
on empirical data to answer some of ecology’s most pressing
questions, especially with the emergence of more efficient data
automation to study animal behavior and physiology (Kays et al.,
2015). Integrating mechanistic niche models with ecological data on
long-term species responses to environmental change and global
networks of environmental data will also continue to reveal the
processes driving the climate vulnerability of species (Riddell et al.,
2021). By unifying theory and empiricism, mechanistic niche
models are poised to enhance ecological forecasting by providing a
process-based foundation for prediction.

Acknowledgements
We thank the two anonymous reviewers and the Editor for their feedback.

Competing interests
The authors declare no competing or financial interests.

>
(@)}
i
je
(2]
©
o+
c
(]
S
=
()
(o}
x
[N
Y—
(©)
‘©
c
S
>
(®)
—_




REVIEW

Journal of Experimental Biology (2023) 226, jeb245543. doi:10.1242/jeb.245543

Funding
This work was funded by the National Science Foundation (DEB-2039781) and
US-Israel Binational Science Foundation (grant no. 2021223).

References

Anderson, D. B. (1936). Relative humidity or vapor pressure deficit. Ecology 17,
277-282. doi:10.2307/1931468

Angilletta, M. J. (2001). Variation in metabolic rate between populations of a
geographically widespread lizard. Physiol. Biochem. Zool. 74, 11-21. doi:10.1086/
319312

Angilletta, M. J. (2006). Estimating and comparing thermal performance curves.
J. Therm. Biol. 31, 541-545. doi:10.1016/j.jtherbio.2006.06.002

Angilletta, M. J. (2009). Thermal Adaptation: A Theoretical and Empirical
Synthesis. Oxford University Press.

Angilletta, M. J., Shuler, M. and Boyles, J. G. (2010). The evolution of thermal
physiology in endotherms. Front. Biosci. E2, 861-881. doi:10.2741/e148

Arnold, P. A, Delean, S., Cassey, P. and White, C. R. (2021). Meta-analysis
reveals that resting metabolic rate is not consistently related to fitness and
performance in animals. J. Comp. Physiol. B 191, 1097-1110. doi:10.1007/
s00360-021-01358-w

Bakken, G. S. (1980). The use of standard operative temperature in the study of the
thermal energetics of birds. Physiol. Zool. 53, 108-119. doi:10.1086/physzool.53.
1.30155779

Bakken, G. S. (1992). Measurement and application of operative and standard
operative temperatures in ecology. Am. Zool. 32, 194-216. doi:10.1093/icb/32.2.
194

Barlett, P. N. and Gates, D. M. (1967). The energy budget of a lizard on a tree trunk.
Ecology 48, 315-322. doi:10.2307/1933120

Bartelt, P. E., Klaver, R. W. and Porter, W. P. (2010). Modeling amphibian
energetics, habitat suitability, and movements of western toads, Anaxyrus (=Bufo)
boreas, across present and future landscapes. Ecol. Modell. 221, 2675-2686.
doi:10.1016/j.ecolmodel.2010.07.009

Barton, M., Porter, W. and Kearney, M. (2014). Behavioural thermoregulation and
the relative roles of convection and radiation in a basking butterfly. J. Therm. Biol.
41, 65-71. doi:10.1016/j.jtherbio.2014.02.004

Bennett, A. F. (1982). Energetics of activity in reptiles. In Biology of the Reptilia (ed.
C. Gans and F. H. Pough), pp. 155-199. New York: Academic Press.

Bennett, A. F. and Houck, L. D. (1983). The energetic cost of courtship and
aggression in a plethodontid salamander. Ecology 64, 979-983. doi:10.2307/
1937804

Bobka, M. S., Jaeger, R. G. and McNaught, D. C. (1981). Temperature dependent
assimilation efficiencies of two species of terrestrial salamanders. Copeia 1981,
417-421. doi:10.2307/1444232

Boyles, J. G. and Bakken, G. S. (2007). Seasonal changes and wind dependence
of thermal conductance in dorsal fur from two small mammal species
(Peromyscus leucopus and Microtus pennsylvanicus). J. Therm. Biol. 32,
383-387. doi:10.1016/j.jtherbio.2007.04.007

Braschler, B., Chown, S. L. and Duffy, G. A. (2021). Sub-critical limits are viable
alternatives to critical thermal limits. J. Therm. Biol. 101, 103106. doi:10.1016/j.
jtherbio.2021.103106

Briscoe, N. J., Handasyde, K. A., Griffiths, S. R., Porter, W. P., Krockenberger,
A. and Kearney, M. R. (2014). Tree-hugging koalas demonstrate a novel
thermoregulatory mechanism for arboreal mammals. Biol. Lett. 10, 1-5. doi:10.
1098/rsbl.2014.0235

Briscoe, N. J., Kearney, M. R., Taylor, C. A. and Wintle, B. A. (2016). Unpacking
the mechanisms captured by a correlative species distribution model to improve
predictions of climate refugia. Glob. Chang. Biol. 22, 2425-2439. doi:10.1111/gcb.
13280

Briscoe, N. J., Morris, S. D., Mathewson, P. D., Buckley, L. B., Jusup, M., Levy,
0., Maclean, I. M. D., Pincebourde, S., Riddell, E. A., Roberts, J. A. et al.
(2022a). Mechanistic forecasts of species responses to climate change: the
promise of biophysical ecology. Glob. Chang. Biol. 29, 1451-1570. doi:10.1111/
gcb.16557

Briscoe, N. J., McGregor, H., Roshier, D., Carter, A., Wintle, B. A. and Kearney,
M. R. (2022b). Too hot to hunt: mechanistic predictions of thermal refuge from cat
predation risk. Conserv. Lett. 15, €12906. doi:10.1111/conl.12906

Buckley, L. B. (2008). Linking traits to energetics and population dynamics to
predict lizard ranges in changing environments. Am. Nat. 171, E1-E19. doi:10.
1086/523949

Buckley, L. B. (2013). Get real: putting models of climate change and species
interactions in practice. Ann. N. Y. Acad. Sci. 1297, 126-138. doi:10.1111/nyas.
12175

Buckley, L. B. and Roughgarden, L. (2005). Effect of species interactions on
landscape abundance patterns. J. Anim. Ecol. 74, 1182-1194. doi:10.1111/j.
1365-2656.2005.01012.x

Buckley, L. B., Urban, M. C., Angilletta, M. J., Crozier, L. G., Rissler, L. J. and
Sears, M. W. (2010). Can mechanism inform species’ distribution models? Ecol.
Lett. 13, 1041-1054. doi:10.1111/j.1461-0248.2010.01479.x

Buttemer, W. A. and Thomas, C. (2003). Influence of temperature on evaporative
water loss and cutaneous resistance to water vapour diffusion in the orange-
thighed frog (Litoria xanthomera). Aust. J. Zool. 51, 111. doi:10.1071/2002057

Camacho, A., Angilletta, M. J. and Levy, O. (2023). A theoretical thermal tolerance
function for ectothermic animals and its implications for identifying thermal
vulnerability across large geographic scales. Diversity 15, 680. doi:10.3390/
d15050680

Campbell, G. S. and Norman, J. (1998). An Introduction to Environmental
Biophysics. New York, NY: Springer-Verlag.

Carey, C. (1978). Factors affecting body temperatures of toads. Oecologia 35,
197-219. doi:10.1007/BF00344732

Caruso, N. M., Sears, M. W., Adams, D. C. and Lips, K. R. (2014). Widespread
rapid reductions in body size of adult salamanders in response to climate change.
Glob. Chang. Biol. 20, 1751-1759. doi:10.1111/gcb.12550

Cena, K. and Monteith, J. L. (1975). Transfer processes in animal coats. Il.
Conduction and convection. Proc. R. Soc. Lond. B. 188, 395-411. doi:10.1098/
rspb.1975.0027

Chappell, M. A. (1980). Insulation, radiation, and convection in small arctic
mammals. J. Mammal. 61, 268-277. doi:10.2307/1380048

Christian, K. A. and Tracy, C. R. (1981). The effect of the thermal environment on
the ability of hatchling Galapagos land iguanas to avoid predation during
dispersal. Oecologia 49, 218-223. doi:10.1007/BF00349191

Clay, T. A. and Gifford, M. E. (2017). Population level differences in thermal
sensitivity of energy assimilation in terrestrial salamanders. J. Therm. Biol. 64, 1-6.
doi:10.1016/j.jtherbio.2016.12.006

Clay, T. A. and Gifford, M. E. (2018). Thermal constraints of energy assimilation on
geographical ranges among lungless salamanders of North America. J. Biogeogr.
45, 1664-1674. doi:10.1111/jbi.13347

Conley, K. E. and Porter, W. P. (1985). Heat loss regulation: role of appendages
and torso in the deer mouse and the white rabbit. J. Comp. Physiol. B. 155,
423-431. doi:10.1007/BF0068467 1

Conley, K. E. and Porter, W. P. (1986). Heat loss from deer mice (Peromyscus):
evaluation of seasonal limits to thermoregulation. J. Exp. Biol. 126, 249-269.
doi:10.1242/jeb.126.1.249

Connolly, S. R., Keith, S. A., Colwell, R. K. and Rahbek, C. (2017). Process,
mechanism, and modeling in macroecology. Trends Ecol. Evol. 32, 835-844.
doi:10.1016/j.tree.2017.08.011

Conradie, S. R., Kearney, M. R., Wolf, B. O., Cunningham, S. J., Freeman, M. T.,
Kemp, R. and McKechnie, A. E. (2023). An evaluation of a biophysical model for
predicting avian thermoregulation in the heat. J. Exp. Biol. 226, jeb245066. doi:10.
1242/jeb.245066

Cunningham, H. R,, Rissler, L. J. and Apodaca, J. J. (2009). Competition at the
range boundary in the slimy salamander: using reciprocal transplants on the role
of biotic interaction in spatial distributions. J. Anim. Ecol. 78, 52-62. doi:10.1111/j.
1365-2656.2008.01468.x

Cunningham, S. J., Martin, R. O. and Hockey, P. A. (2015). Can behaviour buffer
the impacts of climate change on an arid-zone bird? Ostrich 86, 119-126. doi:10.
2989/00306525.2015.1016469

Dawson, W. R. (1958). Relation of oxygen consumption and evaporative water loss
to temperature in the cardinal. Physiol. Zool. 31, 37-48. doi:10.1086/physzool.31.
1.30155377

De Jong, P.W.D., Gussekloo, S. W. S. and Brakefield, P. M. (1996). Differences in
thermal balance, body temperature and activity between non-melanic and
melanic two-spot ladybird beetles (Adalia bipunctata) under controlled
conditions. J Exp. Biol. 199, 2655-2666. doi:10.1242/jeb.199.12.2655

Dewitt, C. B. (1967). Precision of Thermoregulation and Its Relation to
Environmental Factors in the Desert Iguana, Dipsosaurus dorsalis. Physiol.
Zool. 40, 49-66. doi:10.1086/physzool.40.1.30152438

Dorr, B. S., Mathewson, P. D., Hanson-Dorr, K. C., Healy, K. A., Horak, K. E. and
Porter, W. (2020). Landscape scale thermoregulatory costs from sublethal
exposure to Deep Water Horizon oil in the double-crested cormorant. Mar. Pollut.
Bull. 152, 1110915.

Dunham, A. E., Grant, B. W. and Overall, K. L. (1989). Interfaces between
biophysical and physiological ecology and the population ecology of terrestrial
vertebrate ectotherms. Physiol. Zool. 62, 335-355. doi:10.1086/physzool.62.2.
30156174

Dzialowski, E. M. (2005). Use of operative temperature and standard operative
temperature models in thermal biology. J. Therm. Biol. 30, 317-334. doi:10.1016/j.
jtherbio.2005.01.005

Ellers, J. and Boggs, C. L. (2002). The evolution of wing color in Colias butterflies:
heritability, sex linkage, and population divergence. Evolution 56, 836-840.

Enriquez-Urzelai, U., Tingley, R., Kearney, M. R., Sacco, M., Palacio, A. S.,
Tejedo, M. and Nicieza, A. G. (2020). The roles of acclimation and behaviour in
buffering climate change impacts along elevational gradients. J. Anim. Ecol. 89,
1722-1734. doi:10.1111/1365-2656.13222

Erskine, D. J. and Spotila, J. R. (1977). Heat-energy-budget analysis and heat
transfer in the largemouth blackbass (Micropterus salmoides). Physiol. Zool. 50,
157-169. doi:10.1086/physzo0l.50.3.30155719

Falconer, D. and Mackay, T. (1996). Introduction to Quantitative Genetics.
New York, NY: John Wiley and Sons.

10

>
(@)}
i
je
(2]
©
o+
c
(]
S
=
()
(o}
x
[N
Y—
(©)
‘©
c
S
>
(®)
—_



https://doi.org/10.2307/1931468
https://doi.org/10.2307/1931468
https://doi.org/10.1086/319312
https://doi.org/10.1086/319312
https://doi.org/10.1086/319312
https://doi.org/10.1016/j.jtherbio.2006.06.002
https://doi.org/10.1016/j.jtherbio.2006.06.002
https://doi.org/10.2741/e148
https://doi.org/10.2741/e148
https://doi.org/10.1007/s00360-021-01358-w
https://doi.org/10.1007/s00360-021-01358-w
https://doi.org/10.1007/s00360-021-01358-w
https://doi.org/10.1007/s00360-021-01358-w
https://doi.org/10.1086/physzool.53.1.30155779
https://doi.org/10.1086/physzool.53.1.30155779
https://doi.org/10.1086/physzool.53.1.30155779
https://doi.org/10.1093/icb/32.2.194
https://doi.org/10.1093/icb/32.2.194
https://doi.org/10.1093/icb/32.2.194
https://doi.org/10.2307/1933120
https://doi.org/10.2307/1933120
https://doi.org/10.1016/j.ecolmodel.2010.07.009
https://doi.org/10.1016/j.ecolmodel.2010.07.009
https://doi.org/10.1016/j.ecolmodel.2010.07.009
https://doi.org/10.1016/j.ecolmodel.2010.07.009
https://doi.org/10.1016/j.jtherbio.2014.02.004
https://doi.org/10.1016/j.jtherbio.2014.02.004
https://doi.org/10.1016/j.jtherbio.2014.02.004
https://doi.org/10.2307/1937804
https://doi.org/10.2307/1937804
https://doi.org/10.2307/1937804
https://doi.org/10.2307/1444232
https://doi.org/10.2307/1444232
https://doi.org/10.2307/1444232
https://doi.org/10.1016/j.jtherbio.2007.04.007
https://doi.org/10.1016/j.jtherbio.2007.04.007
https://doi.org/10.1016/j.jtherbio.2007.04.007
https://doi.org/10.1016/j.jtherbio.2007.04.007
https://doi.org/10.1016/j.jtherbio.2021.103106
https://doi.org/10.1016/j.jtherbio.2021.103106
https://doi.org/10.1016/j.jtherbio.2021.103106
https://doi.org/10.1098/rsbl.2014.0235
https://doi.org/10.1098/rsbl.2014.0235
https://doi.org/10.1098/rsbl.2014.0235
https://doi.org/10.1098/rsbl.2014.0235
https://doi.org/10.1111/gcb.13280
https://doi.org/10.1111/gcb.13280
https://doi.org/10.1111/gcb.13280
https://doi.org/10.1111/gcb.13280
https://doi.org/10.1111/gcb.16557
https://doi.org/10.1111/gcb.16557
https://doi.org/10.1111/gcb.16557
https://doi.org/10.1111/gcb.16557
https://doi.org/10.1111/gcb.16557
https://doi.org/10.1111/conl.12906
https://doi.org/10.1111/conl.12906
https://doi.org/10.1111/conl.12906
https://doi.org/10.1086/523949
https://doi.org/10.1086/523949
https://doi.org/10.1086/523949
https://doi.org/10.1111/nyas.12175
https://doi.org/10.1111/nyas.12175
https://doi.org/10.1111/nyas.12175
https://doi.org/10.1111/j.1365-2656.2005.01012.x
https://doi.org/10.1111/j.1365-2656.2005.01012.x
https://doi.org/10.1111/j.1365-2656.2005.01012.x
https://doi.org/10.1111/j.1461-0248.2010.01479.x
https://doi.org/10.1111/j.1461-0248.2010.01479.x
https://doi.org/10.1111/j.1461-0248.2010.01479.x
https://doi.org/10.1071/ZO02057
https://doi.org/10.1071/ZO02057
https://doi.org/10.1071/ZO02057
https://doi.org/10.3390/d15050680
https://doi.org/10.3390/d15050680
https://doi.org/10.3390/d15050680
https://doi.org/10.3390/d15050680
https://doi.org/10.1007/BF00344732
https://doi.org/10.1007/BF00344732
https://doi.org/10.1111/gcb.12550
https://doi.org/10.1111/gcb.12550
https://doi.org/10.1111/gcb.12550
https://doi.org/10.1098/rspb.1975.0027
https://doi.org/10.1098/rspb.1975.0027
https://doi.org/10.1098/rspb.1975.0027
https://doi.org/10.2307/1380048
https://doi.org/10.2307/1380048
https://doi.org/10.1007/BF00349191
https://doi.org/10.1007/BF00349191
https://doi.org/10.1007/BF00349191
https://doi.org/10.1016/j.jtherbio.2016.12.006
https://doi.org/10.1016/j.jtherbio.2016.12.006
https://doi.org/10.1016/j.jtherbio.2016.12.006
https://doi.org/10.1111/jbi.13347
https://doi.org/10.1111/jbi.13347
https://doi.org/10.1111/jbi.13347
https://doi.org/10.1007/BF00684671
https://doi.org/10.1007/BF00684671
https://doi.org/10.1007/BF00684671
https://doi.org/10.1242/jeb.126.1.249
https://doi.org/10.1242/jeb.126.1.249
https://doi.org/10.1242/jeb.126.1.249
https://doi.org/10.1016/j.tree.2017.08.011
https://doi.org/10.1016/j.tree.2017.08.011
https://doi.org/10.1016/j.tree.2017.08.011
https://doi.org/10.1242/jeb.245066
https://doi.org/10.1242/jeb.245066
https://doi.org/10.1242/jeb.245066
https://doi.org/10.1242/jeb.245066
https://doi.org/10.1111/j.1365-2656.2008.01468.x
https://doi.org/10.1111/j.1365-2656.2008.01468.x
https://doi.org/10.1111/j.1365-2656.2008.01468.x
https://doi.org/10.1111/j.1365-2656.2008.01468.x
https://doi.org/10.2989/00306525.2015.1016469
https://doi.org/10.2989/00306525.2015.1016469
https://doi.org/10.2989/00306525.2015.1016469
https://doi.org/10.1086/physzool.31.1.30155377
https://doi.org/10.1086/physzool.31.1.30155377
https://doi.org/10.1086/physzool.31.1.30155377
https://doi.org/10.1242/jeb.199.12.2655
https://doi.org/10.1242/jeb.199.12.2655
https://doi.org/10.1242/jeb.199.12.2655
https://doi.org/10.1242/jeb.199.12.2655
https://doi.org/10.1086/physzool.40.1.30152438
https://doi.org/10.1086/physzool.40.1.30152438
https://doi.org/10.1086/physzool.40.1.30152438
https://doi.org/10.1086/physzool.62.2.30156174
https://doi.org/10.1086/physzool.62.2.30156174
https://doi.org/10.1086/physzool.62.2.30156174
https://doi.org/10.1086/physzool.62.2.30156174
https://doi.org/10.1016/j.jtherbio.2005.01.005
https://doi.org/10.1016/j.jtherbio.2005.01.005
https://doi.org/10.1016/j.jtherbio.2005.01.005
https://doi.org/10.1111/1365-2656.13222
https://doi.org/10.1111/1365-2656.13222
https://doi.org/10.1111/1365-2656.13222
https://doi.org/10.1111/1365-2656.13222
https://doi.org/10.1086/physzool.50.3.30155719
https://doi.org/10.1086/physzool.50.3.30155719
https://doi.org/10.1086/physzool.50.3.30155719

REVIEW

Journal of Experimental Biology (2023) 226, jeb245543. doi:10.1242/jeb.245543

Feder, M. E. and Burggren, W. W. (1992). Environmental Physiology of
Amphibians. Chicago, IL: The University of Chicago Press.

Finke, G. R., Bozinovic, F. and Navarrete, S. A. (2009). A mechanistic model to
study the thermal ecology of a southeastern pacific dominant intertidal mussel and
implications for climate change. Physiol. Biochem. Zool. 82, 303-313. doi:10.
1086/599321

Fitzpatrick, M. J., Mathewson, P. D. and Porter, W. P. (2015). Validation of a
mechanistic model for non-invasive study of ecological energetics in an
endangered wading bird with counter-current heat exchange in its legs. PLoS
One 10, e0136677. doi:10.1371/journal.pone.0136677

Fitzpatrick, M. J., Zuckerberg, B., Pauli, J. N., Kearney, M. R., Thompson, K. L.,
Werner , , Il, L. C. and Porter, W. P. (2019). Modeling the distribution of niche
space and risk for a freeze-tolerant ectotherm, Lithobates sylvaticus. Ecosphere
10, e02788. doi:10.1002/ecs2.2788

Fordham, D. A., Bertelsmeier, C., Brook, B. W., Early, R., Neto, D., Brown, S.C.,
Ollier, S. and Araujo, M. B. (2018). How complex should models be? Comparing
correlative and mechanistic range dynamics models. Glob. Chang. Biol. 24,
1357-1370. doi:10.1111/gcb.13935

Fort, J., Porter, W. P. and Grémillet, D. (2009). Thermodynamic modelling predicts
energetic bottleneck for seabirds wintering in the northwest Atlantic. J. Exp. Biol.
212, 2483-2490. doi:10.1242/jeb.032300

Gates, D. M. (1980). Biophysical Ecology. New York, NY: Springer-Verlag.

Gifford, M. E. and Kozak, K. H. (2012). Islands in the sky or squeezed at the top?
Ecological causes of elevational range limits in montane salamanders. Ecography
35, 193-203. doi:10.1111/j.1600-0587.2011.06866.x

Goktepe, O., Hundt, P., Porter, W. and Pereira, D. (2012). Comparing
bioenergetics models of double-crested cormorant (Phalacrocorax auritus) fish
consumption. Waterbirds 35, 91-102. doi:10.1675/063.035.sp110

Grant, B. W. and Porter, W. P. (1992). Modeling global macroclimatic constraints on
ectotherm energy budgets. Integr. Comp. Biol. 32, 154-178.

Gunderson, A. R,, Riddell, E. A., Sears, M. W. and Rosenblum, E. B. (2022).
Thermal costs and benéefits of replicated color evolution in the White Sands Desert
lizard community. Am. Nat. 199, 666-678. doi:10.1086/719027

Gutiérrez, E. E., Boria, R. A. and Anderson, R. P. (2014). Can biotic interactions
cause allopatry? Niche models, competition, and distributions of South American
mouse opossums. Ecography 37, 741-753. doi:10.1111/ecog.00620

Harley, C. D. G., Denny, M. W., Mach, K. J. and Miller, L. P. (2009). Thermal stress
and morphological adaptations in limpets. Funct. Ecol. 23, 292-301. doi:10.1111/j.
1365-2435.2008.01496.x

Henwood, K. (1975). A field-tested thermoregulation model for two diurnal Namib
Desert tenebrionid beetles. Ecology 56, 1329-1342. doi:10.2307/1934700

Hertz, P. E., Huey, R. B. and Stevenson, R. D. (1993). Evaluating temperature
regulation by field-active ectotherms: the fallacy of the inappropriate question. Am.
Nat. 142.5, 796-818. doi:10.1086/285573

Hess, N. E. and Losos, J. B. (1991). Interspecific aggression between Anolis
cristatellus and A. gundlachi: comparison of sympatric and allopatric populations.
J. Herpetol. 25, 256-259. doi:10.2307/1564669

Hohtola, E., Rintaméki, H. and Hissa, R. (1980). Shivering and ptiloerection as
complementary cold defense responses in the pigeon during sleep and
wakefulness. J. Comp. Physiol. 136, 77-81. doi:10.1007/BF00688626

Homan, J. H., Randal, S. and Linz, G. M. (2011). Comparing a bioenergetics model
with feeding rates of caged European starlings. J. Wildl. Manage. 75, 126-131.
doi:10.1002/jwmg.19

Houlahan, J. E., McKinney, S. T., Anderson, T. M. and McGill, B. J. (2017). The
priority of prediction in ecological understanding. Oikos 126, 1-7. doi:10.1111/oik.
03726

Kays, R., Crofoot, M. C., Jetz, W. and Wikelski, M. (2015). Terrestrial animal
tracking as an eye on life and planet. Science 348, aaa2478. doi:10.1126/science.
aaa2478

Kearney, M. R. (2013). Activity restriction and the mechanistic basis for extinctions
under climate warming. Ecol. Lett. 16, 1470-1479. doi:10.1111/ele.12192

Kearney, M. and Porter, W. (2009). Mechanistic niche modelling: combining
physiological and spatial data to predict species’ ranges. Ecol. Lett. 12, 334-350.
doi:10.1111/j.1461-0248.2008.01277 .x

Kearney, M. R. and Porter, W. P. (2020). NicheMapR — an R package for
biophysical modelling: the ectotherm and Dynamic Energy Budget models.
Ecography 43, 85-96. doi:10.1111/ecog.04680

Kearney, M., Porter, W. P., Williams, C., Ritchie, S. and Hoffmann, A. A. (2009a).
Integrating biophysical models and evolutionary theory to predict climatic impacts
on species’ ranges: the dengue mosquito Aedes aegyptiin Australia. Funct. Ecol.
23, 528-538. doi:10.1111/j.1365-2435.2008.01538.x

Kearney, M., Shine, R. and Porter, W. P. (2009b). The potential for behavioral
thermoregulation to buffer “cold-blooded” animals against climate warming. Proc.
Natl. Acad. Sci. USA 106, 3835-3840. doi:10.1073/pnas.0808913106

Kearney, M. R., Simpson, S. J., Raubenheimer, D. and Kooijman, S. A. L. M.
(2013). Balancing heat, water and nutrients under environmental change: a
thermodynamic niche framework. Func. Ecol. 27, 950-966. doi:10.1111/1365-
2435.12020

Kearney, M. R., Isaac, A. P. and Porter, W. P. (2014). microclim: global estimates of
hourly microclimate based on long-term monthly climate averages. Sci. Data 1,
140006. doi:10.1038/sdata.2014.6

Kearney, M. R., Porter, W. P. and Murphy, S. A. (2016). An estimate of the water
budget for the endangered night parrot of Australia under recent and future
climates. Clim. Chang. Responses 3, 14. doi:10.1186/s40665-016-0027-y

Kearney, M. R., Munns, S. L., Moore, D., Malishev, M. and Bull, C. M. (2018).
Field tests of a general ectotherm niche model show how water can limit lizard
activity and distribution. Ecol. Monogr. 88, 672-693. doi:10.1002/ecm.1326

Kearney, M. R., Briscoe, N. J., Mathewson, P. D. and Porter, W. P. (2021a).
NicheMapR — an R package for biophysical modelling: the endotherm model.
Ecography 44, 1595-1605. doi:10.1111/ecog.05550

Kearney, M. R., Jusup, M., McGeoch, M. A., Kooijman, S. A. L. M. and Chown,
S. L. (2021b). Where do functional traits come from? The role of theory and
models. Funct. Ecol. 35, 1385-1396. doi:10.1111/1365-2435.13829

Kingsolver, J. G. (1983). Thermoregulation and flight in Colias butterflies:
elevational patterns and mechanistic limitations. Ecology 64, 534-545. doi:10.
2307/1939973

Kingsolver, J. G. and Buckley, L. B. (2015). Climate variability slows evolutionary
responses of Colias butterflies to recent climate change. Proc. R. Soc. B: Biol. Sci.
282, 20142470. doi:10.1098/rspb.2014.2470

Kingsolver, J. G. and Buckley, L. B. (2017). Evolution of plasticity and adaptive
responses to climate change along climate gradients. Proc. R. Soc. B: Biol. Sci.
284, 20170386. doi:10.1098/rspb.2017.0386

Kingsolver, J. G. and Moffat, R. J. (1982). Thermoregulation and the determinants
of heat transfer in Colias butterflies. Oecologia 53, 27-33. doi:10.1007/
BF00377132

Kingsolver, J. G. and Watt, W. B. (1983). Thermoregulatory strategies in Colias
butterflies: thermal stress and the limits to adaptation in temporally varying
environments. Am. Nat. 121, 32-55. doi:10.1086/284038

Kingsolver, J. G. and Watt, W. B. (1984). Mechanistic constraints and optimality
models: thermoregulatory strategies in Colias butterflies. Ecology 65, 1835-1839.
doi:10.2307/1937780

Kleiber, M. (1975). Metabolic turnover rate: a physiological meaning of the
metabolic rate per unit body weight. J. Theor. Biol. 53, 199-204. doi:10.1016/
0022-5193(75)90110-1

Kobelt, F. and Linsenmair, K. E. (1995). Adaptations of the reed frog Hyperolius
viridiflavus (Amphibia, Anura, Hyperoliidae) to its arid environment. VII. The heat
budget of Hyperolius viridiflavus nitidulus and the evolution of an optimized body
shape. J. Comp. Physiol. B 165, 110-124. doi:10.1007/BF00301475

Kooijman, S. A. L. M. (2010). Dynamic Energy Budget Theory for Metabolic
Organisation. Cambridge University Press.

Lertzman-Lepofsky, G. F., Kissel, A. M., Sinervo, B. and Palen, W. J. (2020).
Water loss and temperature interact to compound amphibian vulnerability to
climate change. Glob. Chang. Biol. 26, 4868-4879. doi:10.1111/gcb.15231

Levy, O., Dayan, T., Porter, W. P. and Kronfeld-Schor, N. (2016). Foraging activity
pattern is shaped by water loss rates in a diurnal desert rodent. Am. Nat. 188,
205-218. doi:10.1086/687246

Levy, O., Borchert, J. D., Rusch, T. W,, Buckley, L. B. and Angilletta, M. J., Jr.
(2017). Diminishing returns limit energetic costs of climate change. Ecology 98,
1217-1228. doi:10.1002/ecy.1803

Li, L., Teng, S. N., Zhang, Y., Li, Y., Wang, H., Santana, J., Reino, L., Abades, S.,
Svenning, J.-C. and Xu, C. (2023). Neighbourhood landscape context shapes
local species richness patterns across continents. Glob. Ecol. Biogeog. 32,
867-880. doi:10.1111/geb.13668

Liao, M.-L., Li, G.-Y., Wang, J., Marshall, D. J., Hui, T. Y., Ma, S.-Y., Zhang, Y.-M.,
Helmuth, B. and Dong, Y.-W. (2021). Physiological determinants of
biogeography: the importance of metabolic depression to heat tolerance. Glob.
Chang. Biol. 27, 2561-2579. doi:10.1111/gcb.15578

Long, R. A,, Bowyer, R. T., Porter, W. P., Mathewson, P., Monteith, K. L. and Kie,
J. G. (2014). Behavior and nutritional condition buffer a large-bodied endotherm
against direct and indirect effects of climate. Ecol. Monogr. 84, 513-532. doi:10.
1890/13-1273.1

Lovelace, D. M., Hartman, S. A., Mathewson, P. D., Linzmeier, B. J. and Porter,
W. P. (2020). Modeling dragons: using linked mechanistic physiological and
microclimate models to explore environmental, physiological, and morphological
constraints on the early evolution of dinosaurs. PLoS One 15, €0223872. doi:10.
1371/journal.pone.0223872

Ma, L., Conradie, S. R., Crawford, C. L., Gardner, A. S., Kearney, M. R., Maclean,
I. M. D., McKechnie, A. E., Mi, C.-R., Senior, R. A. and Wilcove, D. S. (2023).
Global patterns of climate change impacts on desert bird communities. Nat.
Commun. 14, 211. doi:10.1038/s41467-023-35814-8

Maclean, I. M. D., Suggitt, A. J., Wilson, R. J., Duffy, J. P. and Bennie, J. J.
(2017). Fine-scale climate change: modelling spatial variation in biologically
meaningful rates of warming. Glob. Chang. Biol. 23, 256-268. doi:10.1111/gcb.
13343

Maclean, I. M. D., Mosedale, J. R. and Bennie, J. J. (2019). Microclima: an r
package for modelling meso- and microclimate. Methods Ecol. Evol. 10, 280-290.
doi:10.1111/2041-210X.13093

11

>
(@)}
i
je
(2]
©
o+
c
(]
S
=
()
(o}
x
[N
Y—
(©)
‘©
c
S
>
(®)
—_



https://doi.org/10.1086/599321
https://doi.org/10.1086/599321
https://doi.org/10.1086/599321
https://doi.org/10.1086/599321
https://doi.org/10.1371/journal.pone.0136677
https://doi.org/10.1371/journal.pone.0136677
https://doi.org/10.1371/journal.pone.0136677
https://doi.org/10.1371/journal.pone.0136677
https://doi.org/10.1002/ecs2.2788
https://doi.org/10.1002/ecs2.2788
https://doi.org/10.1002/ecs2.2788
https://doi.org/10.1002/ecs2.2788
https://doi.org/10.1111/gcb.13935
https://doi.org/10.1111/gcb.13935
https://doi.org/10.1111/gcb.13935
https://doi.org/10.1111/gcb.13935
https://doi.org/10.1242/jeb.032300
https://doi.org/10.1242/jeb.032300
https://doi.org/10.1242/jeb.032300
https://doi.org/10.1111/j.1600-0587.2011.06866.x
https://doi.org/10.1111/j.1600-0587.2011.06866.x
https://doi.org/10.1111/j.1600-0587.2011.06866.x
https://doi.org/10.1675/063.035.sp110
https://doi.org/10.1675/063.035.sp110
https://doi.org/10.1675/063.035.sp110
https://doi.org/10.1086/719027
https://doi.org/10.1086/719027
https://doi.org/10.1086/719027
https://doi.org/10.1111/ecog.00620
https://doi.org/10.1111/ecog.00620
https://doi.org/10.1111/ecog.00620
https://doi.org/10.1111/j.1365-2435.2008.01496.x
https://doi.org/10.1111/j.1365-2435.2008.01496.x
https://doi.org/10.1111/j.1365-2435.2008.01496.x
https://doi.org/10.2307/1934700
https://doi.org/10.2307/1934700
https://doi.org/10.1086/285573
https://doi.org/10.1086/285573
https://doi.org/10.1086/285573
https://doi.org/10.2307/1564669
https://doi.org/10.2307/1564669
https://doi.org/10.2307/1564669
https://doi.org/10.1007/BF00688626
https://doi.org/10.1007/BF00688626
https://doi.org/10.1007/BF00688626
https://doi.org/10.1002/jwmg.19
https://doi.org/10.1002/jwmg.19
https://doi.org/10.1002/jwmg.19
https://doi.org/10.1111/oik.03726
https://doi.org/10.1111/oik.03726
https://doi.org/10.1111/oik.03726
https://doi.org/10.1126/science.aaa2478
https://doi.org/10.1126/science.aaa2478
https://doi.org/10.1126/science.aaa2478
https://doi.org/10.1111/ele.12192
https://doi.org/10.1111/ele.12192
https://doi.org/10.1111/j.1461-0248.2008.01277.x
https://doi.org/10.1111/j.1461-0248.2008.01277.x
https://doi.org/10.1111/j.1461-0248.2008.01277.x
https://doi.org/10.1111/ecog.04680
https://doi.org/10.1111/ecog.04680
https://doi.org/10.1111/ecog.04680
https://doi.org/10.1111/j.1365-2435.2008.01538.x
https://doi.org/10.1111/j.1365-2435.2008.01538.x
https://doi.org/10.1111/j.1365-2435.2008.01538.x
https://doi.org/10.1111/j.1365-2435.2008.01538.x
https://doi.org/10.1073/pnas.0808913106
https://doi.org/10.1073/pnas.0808913106
https://doi.org/10.1073/pnas.0808913106
https://doi.org/10.1111/1365-2435.12020
https://doi.org/10.1111/1365-2435.12020
https://doi.org/10.1111/1365-2435.12020
https://doi.org/10.1111/1365-2435.12020
https://doi.org/10.1038/sdata.2014.6
https://doi.org/10.1038/sdata.2014.6
https://doi.org/10.1038/sdata.2014.6
https://doi.org/10.1186/s40665-016-0027-y
https://doi.org/10.1186/s40665-016-0027-y
https://doi.org/10.1186/s40665-016-0027-y
https://doi.org/10.1002/ecm.1326
https://doi.org/10.1002/ecm.1326
https://doi.org/10.1002/ecm.1326
https://doi.org/10.1111/ecog.05550
https://doi.org/10.1111/ecog.05550
https://doi.org/10.1111/ecog.05550
https://doi.org/10.1111/1365-2435.13829
https://doi.org/10.1111/1365-2435.13829
https://doi.org/10.1111/1365-2435.13829
https://doi.org/10.2307/1939973
https://doi.org/10.2307/1939973
https://doi.org/10.2307/1939973
https://doi.org/10.1098/rspb.2014.2470
https://doi.org/10.1098/rspb.2014.2470
https://doi.org/10.1098/rspb.2014.2470
https://doi.org/10.1098/rspb.2017.0386
https://doi.org/10.1098/rspb.2017.0386
https://doi.org/10.1098/rspb.2017.0386
https://doi.org/10.1007/BF00377132
https://doi.org/10.1007/BF00377132
https://doi.org/10.1007/BF00377132
https://doi.org/10.1086/284038
https://doi.org/10.1086/284038
https://doi.org/10.1086/284038
https://doi.org/10.2307/1937780
https://doi.org/10.2307/1937780
https://doi.org/10.2307/1937780
https://doi.org/10.1016/0022-5193(75)90110-1
https://doi.org/10.1016/0022-5193(75)90110-1
https://doi.org/10.1016/0022-5193(75)90110-1
https://doi.org/10.1007/BF00301475
https://doi.org/10.1007/BF00301475
https://doi.org/10.1007/BF00301475
https://doi.org/10.1007/BF00301475
https://doi.org/10.1111/gcb.15231
https://doi.org/10.1111/gcb.15231
https://doi.org/10.1111/gcb.15231
https://doi.org/10.1086/687246
https://doi.org/10.1086/687246
https://doi.org/10.1086/687246
https://doi.org/10.1002/ecy.1803
https://doi.org/10.1002/ecy.1803
https://doi.org/10.1002/ecy.1803
https://doi.org/10.1111/geb.13668
https://doi.org/10.1111/geb.13668
https://doi.org/10.1111/geb.13668
https://doi.org/10.1111/geb.13668
https://doi.org/10.1111/gcb.15578
https://doi.org/10.1111/gcb.15578
https://doi.org/10.1111/gcb.15578
https://doi.org/10.1111/gcb.15578
https://doi.org/10.1890/13-1273.1
https://doi.org/10.1890/13-1273.1
https://doi.org/10.1890/13-1273.1
https://doi.org/10.1890/13-1273.1
https://doi.org/10.1371/journal.pone.0223872
https://doi.org/10.1371/journal.pone.0223872
https://doi.org/10.1371/journal.pone.0223872
https://doi.org/10.1371/journal.pone.0223872
https://doi.org/10.1371/journal.pone.0223872
https://doi.org/10.1038/s41467-023-35814-8
https://doi.org/10.1038/s41467-023-35814-8
https://doi.org/10.1038/s41467-023-35814-8
https://doi.org/10.1038/s41467-023-35814-8
https://doi.org/10.1111/gcb.13343
https://doi.org/10.1111/gcb.13343
https://doi.org/10.1111/gcb.13343
https://doi.org/10.1111/gcb.13343
https://doi.org/10.1111/2041-210X.13093
https://doi.org/10.1111/2041-210X.13093
https://doi.org/10.1111/2041-210X.13093

REVIEW

Journal of Experimental Biology (2023) 226, jeb245543. doi:10.1242/jeb.245543

Malishev, M., Bull, C. M. and Kearney, M. R. (2018). An individual-based model of
ectotherm movement integrating metabolic and microclimatic constraints.
Methods Ecol. Evol. 9, 472-489. doi:10.1111/2041-210X.12909

Matthiopoulos, J. (2022). Defining, estimating, and understanding the fundamental
niches of complex animals in heterogeneous environments. Ecol. Monog. 92,
e1545. doi:10.1002/ecm.1545

Mason, N. A, Riddell, E. A., Romero, F. G., Cicero, C. and Bowie, R. C. K. (2023).
Plumage balances camouflage and thermoregulation in horned larks (Eremophila
alpestris). Am. Nat. 201, e23-e40. doi:10.1086/722560

Mathewson, P. D., Hanson-Dorr, K. C., Porter, W. P., Bursian, S. J., Dean, K. M.,
Healy, K., Horak, K., Link, J. E., Harr, K. E. and Dorr, B. S. (2018). Experimental
and modeled thermoregulatory costs of repeated sublethal oil exposure in the
double-crested cormorant, Phalacrocorax auritus. Mar. Pollut. Bull. 135, 216-223.
doi:10.1016/j.marpolbul.2018.07.003

Mathewson, P. D., Porter, W. P., Barrett, L., Fuller, A., Henzi, S. P., Hetem,R. S.,
Young, C. and McFarland, R. (2020). Field data confirm the ability of a
biophysical model to predict wild primate body temperature. J. Therm. Biol. 94,
102754. doi:10.1016/j.jtherbio.2020.102754

McClure, P. A. and Porter, W. P. (1983). Development of insulation in neonatal
cotton rats (Sigmodon hispidus). Physiol. Zool. 56, 18-32. doi:10.1086/physzool.
56.1.30159961

McEntire, K. D. and Maerz, J. C. (2019). Integrating ecophysiological and agent-
based models to simulate how behavior moderates salamander sensitivity to
climate. Front. Ecol. Evol. 7, 22. doi:10.3389/fevo.2019.00022

McKechnie, A. E. and Wolf, B. 0. (2019). The physiology of heat tolerance in small
endotherms. Physiology 34, 302-313. doi:10.1152/physiol.00011.2019

McNab, B. K. (1997). On the utility of uniformity in the definition of basal rate of
metabolism. Physiol. Zool. 70, 718-720. doi:10.1086/515881

Medina, I., Newton, E., Kearney, M. R., Mulder, R. A., Porter, W. P. and Stuart-
Fox, D. (2018). Reflection of near-infrared light confers thermal protection in birds.
Nat. Commun. 9, 1-7. doi:10.1038/s41467-018-05898-8

Meyer, A. V., Sakairi, Y., Kearney, M. R. and Buckley, L. B. (2023). A guide and
tools for selecting and accessing microclimate data for mechanistic niche
modeling. Ecosphere 14, e4506. doi:10.1002/ecs2.4506

Milling, C. R., Rachlow, J. L., Johnson, T. R., Forbey, J. S. and Shipley, L. A.
(2017). Seasonal variation in behavioral thermoregulation and predator avoidance
in a small mammal. Behav. Ecol. 28, 1236-1247. doi:10.1093/beheco/arx084

Mitchell, N. J., Kearney, M. R., Nelson, N. J. and Porter, W. P. (2008). Predicting
the fate of a living fossil: how will global warming affect sex determination and
hatching phenology in tuatara? Proc. R. Soc. B 275, 2185-2193. doi:10.1098/
rspb.2008.0438

Mitchell, D., Snelling, E. P., Hetem, R. S., Maloney, S. K., Strauss, W. M. and
Fuller, A. (2018). Revisiting concepts of thermal physiology: predicting responses
of mammals to climate change. J. Animal Ecol. 87, 956-973. doi:10.1111/1365-
2656.12818

Moyer-Horner, L., Mathewson, P. D., Jones, G. M., Kearney, M. R. and Porter,
W. P. (2015). Modeling behavioral thermoregulation in a climate change sentinel.
Ecol. Evol. 5, 5810-5822. doi:10.1002/ece3.1848

Muir, C. D. (2019). tealeaves: an R package for modelling leaf temperature using
energy budgets. AoB PLANTS 11, plz054.

Nagy, K. A. and Martin, R. W. (1985). Field metabolic rate, water flux, food
consumption and time budget of koalas, Phascolarctos cinereus (Marsupialia:
Phascolarctidae) in Victoria. Aust. J. Zool. 33, 655-665. doi:10.1071/209850655

Natori, Y. and Porter, W. P. (2007). Model of Japanese serow (Capricornis crispus)
energetics predicts distribution on Honshu, Japan. Ecol. Appl. 17, 1441-1459.
doi:10.1890/06-1785.1

Newman, J. C., Riddell, E. A., Williams, L. A., Sears, M. W. and Barrett, K. (2022).
Integrating physiology into correlative models can alter projections of habitat
suitability under climate change for a threatened amphibian. Ecography 2022,
€06082. doi:10.1111/ecog.06082

Niewiarowski, P. H. and Waldschmidt, S. R. (1992). Variation in metabolic rates of
a lizard: use of SMR in ecological contexts. Funct. Ecol. 6, 15-22. doi:10.2307/
2389766

Niehaus, A. C., Angilletta, M. J., Sears, M. W,, Franklin, C. E. and Wilson, R. S.
(2012). Predicting the physiological performance of ectotherms in fluctuating
thermal environments. J. Exp. Biol. 215, 694-701. doi:10.1242/jeb.058032

Obaid, T. A. S. (2013). The predator-prey model simulation. Bas. J. Sci. 31,
103-109.

Grsted, M., Jorgensen, L. B. and Overgaard, J. (2022). Finding the right thermal
limit: a framework to reconcile ecological, physiological and methodological
aspects of CTax in ectotherms. J. Exp. Biol. 225, jeb244514. doi:10.1242/jeb.
244514

Pick, R. A. and Schlindwein, C. (2011). Pollen partitioning of three species of
Convolvulaceae among oligolectic bees in the Caatinga of Brazil. Plant Syst. Evol.
293, 147-159. doi:10.1007/s00606-011-0432-4

Pillet, M., Goettsch, B., Merow, C., Maitner, B., Feng, X., Roehrdanz, P. R. and
Enquist, B. J. (2022). Elevated extinction risk of cacti under climate change. Nat.
Plants 8, 366-372. doi:10.1038/s41477-022-01130-0

Pincebourde, S. and Casas, J. (2019). Narrow safety margin in the phyllosphere
during thermal extremes. Proc. Nat. Acad. Sci. USA 116, 5588-5596. doi:10.1073/
pnas.1815828116

Pincebourde, S., Dillon, M. E. and Woods, H. A. (2021). Body size determines the
thermal coupling between insects and plant surfaces. Funct. Ecol. 35, 1424-1436.
doi:10.1111/1365-2435.13801

Pinsky, M. L., Eikeset, A. M., McCauley, D. J., Payne, J. L. and Sunday, J. M.
(2019). Greater vulnerability to warming of marine versus terrestrial ectotherms.
Nature 569, 108. doi:10.1038/s41586-019-1132-4

Porter, W. P. and Gates, D. M. (1969). Thermodynamic equilibria of animals with
environment. Ecol. Monogr. 39, 227-244. doi:10.2307/1948545

Porter, W. P. and James, F. C. (1979). Behavioral implications of mechanistic
ecology lI: the african rainbow lizard, Agama agama. Copeia 19, 594-619. doi:10.
2307/1443867

Porter, W. P. and Kearney, M. (2009). Size, shape, and the thermal niche of
endotherms. Proc. Natl. Acad. Sci. USA 106, 19666-19672. doi:10.1073/pnas.
0907321106

Porter, W. P., Mitchell, J. W., Beckman, W. A. and Dewitt, C. B. (1973). Behavioral
implications of mechanistic ecology: thermal and behavioral modeling of desert
ectotherms and their microenvironment. Oecologia 13, 1-54. doi:10.1007/
BF00379617

Porter, W. P., Munger, J. C., Stewart, W. E., Budaraju, S. and Jaeger, J. (1994).
Endotherm energetics - from a scalable individual-based model to ecological
applications. Aust. J. Zool. 42, 125-162. doi:10.1071/209940125

Porter, W. P., Budaraju, S., Stewart, W. E. and Ramankutty, N. (2000).
Calculating climate effects on birds and mammals: impacts on biodiversity,
conservation, population parameters, and global community structure. Am. Zool.
40, 597-630.

Porter, W. P., Vakharia, N., Klousie, W. D. and Duffy, D. (2006). Po’ouli landscape
bioinformatics models predict energetics, behavior, diets, and distribution on
Maui. Integr. Comp. Biol. 46, 1143-1158. doi:10.1093/icb/icl051

Riddell, E. A., Apanovitch, E. K., Odom, J. P. and Sears, M. W. (2017). Physical
calculations of resistance to water loss improve predictions of species range
models. Ecol. Monogr. 87, 21-33. doi:10.1002/ecm.1240

Riddell, E. A., Odom, J. P., Damm, J. D. and Sears, M. W. (2018). Plasticity reveals
hidden resistance to extinction under climate change in the global hotspot of
salamander diversity. Sci. Adv. 4, eaar5471. doi:10.1126/sciadv.aar5471

Riddell, E. A., lknayan, K. J., Wolf, B. O., Sinervo, B. and Beissinger, S. R.
(2019). Cooling costs fueled the collapse of the desert bird community from
climate change. Proc. Natl. Acad. Sci. USA 106, 21609-21615. doi:10.1073/pnas.
1908791116

Riddell, E. A., Iknayan, K. J., Hargrove, L., Tremor, S., Patton, J. L., Ramirez, R.,
Wolf, B. O. and Beissinger, S. R. (2021). Exposure to climate change drives
stability or collapse of desert mammal and bird communities. Science 371,
633-636. doi:10.1126/science.abd4605

Riddell, E. A., Patton, J. L. and Beissinger, S. R. (2022). Thermal adaptation of
pelage in desert rodents balances cooling and insulation. Evolution 76,
3001-3013.

Riddell, E. A., Mutanen,M. M. and Ghalambor, C. K. (2023). Hydric effects on
thermal tolerance influence climate vulnerability of a high-latitude click beetle.
Glob. Chang. Biol. 29, 5184-5198. doi:10.1111/gcb.16830

Rogers, S., Robbins, C. T., Mathewson, P. D., Carnahan, A. M., Manen, F. T.,
Haroldson, M. A., Porter, W. P., Rogers, T. R., Soule, T., Long, R. A. et al.
(2021). Thermal constraints on energy balance, behaviour and spatial distribution
of grizzly bears. Funct. Ecol. 35, 398-410. doi:10.1111/1365-2435.13727

Roughgarden, J., Porter, W. and Heckel, D. (1981). Resource partitioning of space
and its relationship to body temperature in Anolis lizard populations. Oecologia 50,
256-264. doi:10.1007/BF00348048

Sara, G., Kearney, M. and Helmuth, B. (2011). Combining heat-transfer and
energy budget models to predict thermal stress in Mediterranean intertidal
mussels. Chem. Ecol. 27, 135-145. doi:10.1080/02757540.2011.552227

Scholander, P. F., Hock, R., Walters, V., Johnson, F. and Irving, L. (1950). Heat
regulation in some arctic and tropical mammals and birds. Biol. Bull. 99, 237-258.
doi:10.2307/1538741

Scott, J. R., Tracy, C. R. and Pettus, D. (1982). A biophysical analysis of daily and
seasonal utilization of climate space by a montane snake. Ecology 63, 482-493.
doi:10.2307/1938965

Sears, M. W,, Angilletta, M. J., Schuler, M. S., Borchert, J., Dilliplane, K. F.,
Stegman, M., Rusch, T. W. and Mitchell, W. A. (2016). Configuration of the
thermal landscape determines thermoregulatory performance of ectotherms.
Proc. Natl. Acad. Sci. USA 113, 10595-10600. doi:10.1073/pnas.1604824113

Senzano, L. M. and Andrade, D. V. (2018). Temperature and dehydration effects on
metabolism, water uptake, and the partitioning between respiratory and
cutaneous evaporative water loss in a terrestrial toad. J. Exp. Biol. 221,
jeb188482. doi:10.1242/jeb.188482

Shah, A. A., Woods, H. A., Havird, J. C., Encalada, A. C., Flecker, A. S., Funk,
W. C., Guayasamin, J. M., Kondratieff, B. C., Poff, N. L., Thomas, S. A. et al.
(2021). Temperature dependence of metabolic rate in tropical and temperate
aquatic insects: support for the Climate Variability Hypothesis in mayflies but not
stoneflies. Glob. Chang. Biol. 27, 297-311. doi:10.1111/gcb.15400

12

>
(@)}
i
je
(2]
©
o+
c
(]
S
=
()
(o}
x
[N
Y—
(©)
‘©
c
S
>
(®)
—_


https://doi.org/10.1111/2041-210X.12909
https://doi.org/10.1111/2041-210X.12909
https://doi.org/10.1111/2041-210X.12909
https://doi.org/10.1002/ecm.1545
https://doi.org/10.1002/ecm.1545
https://doi.org/10.1002/ecm.1545
https://doi.org/10.1086/722560
https://doi.org/10.1086/722560
https://doi.org/10.1086/722560
https://doi.org/10.1016/j.marpolbul.2018.07.003
https://doi.org/10.1016/j.marpolbul.2018.07.003
https://doi.org/10.1016/j.marpolbul.2018.07.003
https://doi.org/10.1016/j.marpolbul.2018.07.003
https://doi.org/10.1016/j.marpolbul.2018.07.003
https://doi.org/10.1016/j.jtherbio.2020.102754
https://doi.org/10.1016/j.jtherbio.2020.102754
https://doi.org/10.1016/j.jtherbio.2020.102754
https://doi.org/10.1016/j.jtherbio.2020.102754
https://doi.org/10.1086/physzool.56.1.30159961
https://doi.org/10.1086/physzool.56.1.30159961
https://doi.org/10.1086/physzool.56.1.30159961
https://doi.org/10.3389/fevo.2019.00022
https://doi.org/10.3389/fevo.2019.00022
https://doi.org/10.3389/fevo.2019.00022
https://doi.org/10.1152/physiol.00011.2019
https://doi.org/10.1152/physiol.00011.2019
https://doi.org/10.1086/515881
https://doi.org/10.1086/515881
https://doi.org/10.1038/s41467-018-05898-8
https://doi.org/10.1038/s41467-018-05898-8
https://doi.org/10.1038/s41467-018-05898-8
https://doi.org/10.1002/ecs2.4506
https://doi.org/10.1002/ecs2.4506
https://doi.org/10.1002/ecs2.4506
https://doi.org/10.1093/beheco/arx084
https://doi.org/10.1093/beheco/arx084
https://doi.org/10.1093/beheco/arx084
https://doi.org/10.1098/rspb.2008.0438
https://doi.org/10.1098/rspb.2008.0438
https://doi.org/10.1098/rspb.2008.0438
https://doi.org/10.1098/rspb.2008.0438
https://doi.org/10.1111/1365-2656.12818
https://doi.org/10.1111/1365-2656.12818
https://doi.org/10.1111/1365-2656.12818
https://doi.org/10.1111/1365-2656.12818
https://doi.org/10.1002/ece3.1848
https://doi.org/10.1002/ece3.1848
https://doi.org/10.1002/ece3.1848
https://doi.org/10.1071/ZO9850655
https://doi.org/10.1071/ZO9850655
https://doi.org/10.1071/ZO9850655
https://doi.org/10.1890/06-1785.1
https://doi.org/10.1890/06-1785.1
https://doi.org/10.1890/06-1785.1
https://doi.org/10.1111/ecog.06082
https://doi.org/10.1111/ecog.06082
https://doi.org/10.1111/ecog.06082
https://doi.org/10.1111/ecog.06082
https://doi.org/10.2307/2389766
https://doi.org/10.2307/2389766
https://doi.org/10.2307/2389766
https://doi.org/10.1242/jeb.058032
https://doi.org/10.1242/jeb.058032
https://doi.org/10.1242/jeb.058032
https://doi.org/10.1242/jeb.244514
https://doi.org/10.1242/jeb.244514
https://doi.org/10.1242/jeb.244514
https://doi.org/10.1242/jeb.244514
https://doi.org/10.1242/jeb.244514
https://doi.org/10.1007/s00606-011-0432-4
https://doi.org/10.1007/s00606-011-0432-4
https://doi.org/10.1007/s00606-011-0432-4
https://doi.org/10.1038/s41477-022-01130-0
https://doi.org/10.1038/s41477-022-01130-0
https://doi.org/10.1038/s41477-022-01130-0
https://doi.org/10.1073/pnas.1815828116
https://doi.org/10.1073/pnas.1815828116
https://doi.org/10.1073/pnas.1815828116
https://doi.org/10.1111/1365-2435.13801
https://doi.org/10.1111/1365-2435.13801
https://doi.org/10.1111/1365-2435.13801
https://doi.org/10.1038/s41586-019-1132-4
https://doi.org/10.1038/s41586-019-1132-4
https://doi.org/10.1038/s41586-019-1132-4
https://doi.org/10.2307/1948545
https://doi.org/10.2307/1948545
https://doi.org/10.2307/1443867
https://doi.org/10.2307/1443867
https://doi.org/10.2307/1443867
https://doi.org/10.1073/pnas.0907321106
https://doi.org/10.1073/pnas.0907321106
https://doi.org/10.1073/pnas.0907321106
https://doi.org/10.1007/BF00379617
https://doi.org/10.1007/BF00379617
https://doi.org/10.1007/BF00379617
https://doi.org/10.1007/BF00379617
https://doi.org/10.1071/ZO9940125
https://doi.org/10.1071/ZO9940125
https://doi.org/10.1071/ZO9940125
https://doi.org/10.1093/icb/icl051
https://doi.org/10.1093/icb/icl051
https://doi.org/10.1093/icb/icl051
https://doi.org/10.1002/ecm.1240
https://doi.org/10.1002/ecm.1240
https://doi.org/10.1002/ecm.1240
https://doi.org/10.1126/sciadv.aar5471
https://doi.org/10.1126/sciadv.aar5471
https://doi.org/10.1126/sciadv.aar5471
https://doi.org/10.1073/pnas.1908791116
https://doi.org/10.1073/pnas.1908791116
https://doi.org/10.1073/pnas.1908791116
https://doi.org/10.1073/pnas.1908791116
https://doi.org/10.1126/science.abd4605
https://doi.org/10.1126/science.abd4605
https://doi.org/10.1126/science.abd4605
https://doi.org/10.1126/science.abd4605
https://doi.org/10.1111/gcb.16830
https://doi.org/10.1111/gcb.16830
https://doi.org/10.1111/gcb.16830
https://doi.org/10.1111/1365-2435.13727
https://doi.org/10.1111/1365-2435.13727
https://doi.org/10.1111/1365-2435.13727
https://doi.org/10.1111/1365-2435.13727
https://doi.org/10.1007/BF00348048
https://doi.org/10.1007/BF00348048
https://doi.org/10.1007/BF00348048
https://doi.org/10.1080/02757540.2011.552227
https://doi.org/10.1080/02757540.2011.552227
https://doi.org/10.1080/02757540.2011.552227
https://doi.org/10.2307/1538741
https://doi.org/10.2307/1538741
https://doi.org/10.2307/1538741
https://doi.org/10.2307/1938965
https://doi.org/10.2307/1938965
https://doi.org/10.2307/1938965
https://doi.org/10.1073/pnas.1604824113
https://doi.org/10.1073/pnas.1604824113
https://doi.org/10.1073/pnas.1604824113
https://doi.org/10.1073/pnas.1604824113
https://doi.org/10.1242/jeb.188482
https://doi.org/10.1242/jeb.188482
https://doi.org/10.1242/jeb.188482
https://doi.org/10.1242/jeb.188482
https://doi.org/10.1111/gcb.15400
https://doi.org/10.1111/gcb.15400
https://doi.org/10.1111/gcb.15400
https://doi.org/10.1111/gcb.15400
https://doi.org/10.1111/gcb.15400

REVIEW

Journal of Experimental Biology (2023) 226, jeb245543. doi:10.1242/jeb.245543

Simon, C. A. (1975). The influence of food abundance on territory size in the Iguanid
lizard Sceloporus jarrovi. Ecology 56, 993-998. doi:10.2307/1936311

Sinervo, B., Méndez-De-La-Cruz, F., Miles, D. B., Heulin, B., Bastiaans, E., Cruz,
M. V.-S., Lara-Resendiz, R., Martinez-Méndez, N., Calderén-Espinosa, M. L.,
Meza-Lazaro, R. N. et al. (2010). Erosion of lizard diversity by climate change and
altered thermal niches. Science 328, 894-899. doi:10.1126/science.1184695

Smith, E. K., O’neill, J. J., Gerson, A. R., McKechnie, A. E. and Wolf, B. O.
(2017). Avian thermoregulation in the heat: resting metabolism, evaporative
cooling and heat tolerance in Sonoran Desert songbirds. J. Exp. Biol. 220,
3290-3300. doi:10.1242/jeb.150342

Speakman, J. R. (1998). The history and theory of the doubly labeled water
technique. Am. J. Clin. Nutr. 68, 932S-938S. doi:10.1093/ajcn/68.4.932S

Spotila, J. R. and Berman, E. N. (1976). Determination of skin resistance and the
role of the skin in controlling water loss in amphibians and reptiles. Comp.
Biochem. Physiol. 55, 407-411. doi:10.1016/0300-9629(76)90069-4

Spotila, J. R. and Standora, E. A. (1985). Energy budgets of ectothermic
vertebrates. Am. Zool. 25, 973-986. doi:10.1093/icb/25.4.973

Spotila, J. R.,, Lommen, P. W., Bakken, G. S. and Gates, D. M. (1973). A
mathematical model for body temperatures of large reptiles: implications for
dinosaur ecology. Am. Nat. 107, 391-404. doi:10.1086/282842

Stephenson, F., Gladstone-Gallagher, R. V., Bulmer, R. H., Thrush, S. F. and
Hewitt, J. E. (2022). Inclusion of biotic variables improves predictions of
environmental niche models. Divers. Distrib. 28, 1373-1390. doi:10.1111/ddi.
13546

Steudel, K., Porter, W. P. and Sher, D. (1994). The biophysics of Bergmann’s rule:
a comparison of the effects of pelage and body size variation on metabolic rate.
Can. J. Zool. 72, 70-77. doi:10.1139/z94-010

Sunday, J. M., Bates, A. E., Kearney, M. R., Colwell, R. K., Dulvy, N. K., Longino,
J. T. and Huey, R. B. (2014). Thermal-safety margins and the necessity of
thermoregulatory behavior across latitude and elevation. Proc. Natl. Acad. Sci.
USA 111, 5610-5615. doi:10.1073/pnas.1316145111

Szathmary, P., Helmuth, B. and Wethey, D. (2009). Climate change in the rocky
intertidal zone: predicting and measuring the body temperature of a keystone
predator. Mar. Ecol. Prog. Ser. 374, 43-56. doi:10.3354/meps07682

Tibbals, E. C., Carr, E. K., Gates, D. M. and Kreith, F. (1964). Radiation and
convection in conifers. Am. J. Bot. 51, 529-538. doi:10.1002/j.1537-2197.1964.
tb06666.x

Tracy, C. R. (1976). A model of the dynamic exchanges of water and energy
between a terrestrial amphibian and its environment. Ecol. Monogr. 46, 293-326.
doi:10.2307/1942256

Tracy, C. R., Christian, K. A. and Tracy, C. R. (2010). Not just small, wet, and cold:
effects of body size and skin resistance on thermoregulation and arboreality of
frogs. Ecology 91, 1477-1484. doi:10.1890/09-0839.1

Thomson, S. C., Brooke, A. P. and Speakman, J. R. (1998). Diurnal activity in the
Samoan flying fox, Pteropus samoensis. Philos. Trans. R. Soc. Lond. B Biol. Sci.
353, 1595-1606. doi:10.1098/rstb.1998.0312

Tylianakis, J. M., Didham, R. K., Bascompte, J. and Wardle, D. A. (2008). Global
change and species interactions in terrestrial ecosystems. Ecol. Lett. 11,
1351-1363. doi:10.1111/j.1461-0248.2008.01250.x

Urban, M. C. (2015). Accelerating extinction risk from climate change. Science 348,
571-573. doi:10.1126/science.aaa4984

Uyeda, J. C., Pennell, M. W., Miller, E. T., Maia, R. and McClain, C. R. (2017). The
evolution of energetic scaling across the vertebrate tree of life. Am. Nat. 190,
185-199. doi:10.1086/692326

Van Damme, R., Bauwens, D. and Verheyen, R. F. (1987). Thermoregulatory
responses to environmental seasonality by the lizard Lacerta vivipara.
Herpetologica 43, 405-415.

Van De Ven, T. M. F. N., McKechnie, A. E. and Cunningham, S. J. (2019). The
costs of keeping cool: behavioural trade-offs between foraging and
thermoregulation are associated with significant mass losses in an arid-zone
bird. Oecologia 191, 205-215. doi:10.1007/s00442-019-04486-x

Waldschmidt, S. R., Jones, S. M. and Porter, W. P. (1986). The effect of body
temperature and feeding regime on activity, passage time, and digestive
coefficient in the lizard Uta stansburiana. Physiol. Zool. 59, 376-383. doi:10.
1086/physz001.59.3.30156109

Wallace, M. P. and Temple, S. A. (1987). Competitive interactions within and
between species in a guild of avian scavengers. Auk 104, 290-295. doi:10.1093/
auk/104.2.290

Walsberg, G. E. (1988). Heat flow through avian plumages: the relative importance
of conduction, convection, and radiation. J. Therm. Biol. 13, 89-92. doi:10.1016/
0306-4565(88)90018-6

Walsberg, G. E. and King, J. R. (1978). The relationship of the external surface
area of birds to skin surface area and body mass. J. Exp. Biol. 76, 185-189. doi:10.
1242/jeb.76.1.185

Watt, W. B. (1968). Adaptive significance of pigment polymorphism in Colias
butterflies. |. Variation of melanin pigment in relation to thermoregulation.
Evolution 22, 437-458. doi:10.2307/2406873

Wenda, C., Xing, S., Nakamura, A. and Bonebrake, T. C. (2021). Morphological
and behavioural differences facilitate tropical butterfly persistence in variable
environments. J. Anim. Ecol. 90, 2888-2900. doi:10.1111/1365-2656.13589

Wiersma, P. and Piersma, T. (1994). Effects of microhabitat, flocking, climate and
migratory goal on energy expenditure in the annual cycle of red knots. Condor 96,
257-279. doi:10.2307/1369313

Wolf, B. O. and Walsberg, G. E. (1996). Thermal effects of radiation and wind on a
small bird and implications for microsite selection. Ecology 77, 2228-2236. doi:10.
2307/2265716

Wolf, B. O. and Walsberg, G. E. (2000). The role of the plumage in heat transfer
processes of birds. Am. Zool. 40, 575-584. doi:10.1093/icb/40.4.575

Wright, I. J., Dong, N., Maire, V., Prentice, I. C., Westoby, M., Diaz, S., Gallagher,
R.V., Jacobs, B. F., Kooyman, R., Law, E. A. et al. (2017). Global climatic drivers
of leaf size. Science 357, 917-921. doi:10.1126/science.aal4760

13

>
(@)}
i
je
(2]
©
o+
c
(]
S
=
()
(o}
x
[N
Y—
(©)
‘©
c
S
>
(®)
—_


https://doi.org/10.2307/1936311
https://doi.org/10.2307/1936311
https://doi.org/10.1126/science.1184695
https://doi.org/10.1126/science.1184695
https://doi.org/10.1126/science.1184695
https://doi.org/10.1126/science.1184695
https://doi.org/10.1242/jeb.150342
https://doi.org/10.1242/jeb.150342
https://doi.org/10.1242/jeb.150342
https://doi.org/10.1242/jeb.150342
https://doi.org/10.1093/ajcn/68.4.932S
https://doi.org/10.1093/ajcn/68.4.932S
https://doi.org/10.1016/0300-9629(76)90069-4
https://doi.org/10.1016/0300-9629(76)90069-4
https://doi.org/10.1016/0300-9629(76)90069-4
https://doi.org/10.1093/icb/25.4.973
https://doi.org/10.1093/icb/25.4.973
https://doi.org/10.1086/282842
https://doi.org/10.1086/282842
https://doi.org/10.1086/282842
https://doi.org/10.1111/ddi.13546
https://doi.org/10.1111/ddi.13546
https://doi.org/10.1111/ddi.13546
https://doi.org/10.1111/ddi.13546
https://doi.org/10.1139/z94-010
https://doi.org/10.1139/z94-010
https://doi.org/10.1139/z94-010
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.3354/meps07682
https://doi.org/10.3354/meps07682
https://doi.org/10.3354/meps07682
https://doi.org/10.1002/j.1537-2197.1964.tb06666.x
https://doi.org/10.1002/j.1537-2197.1964.tb06666.x
https://doi.org/10.1002/j.1537-2197.1964.tb06666.x
https://doi.org/10.2307/1942256
https://doi.org/10.2307/1942256
https://doi.org/10.2307/1942256
https://doi.org/10.1890/09-0839.1
https://doi.org/10.1890/09-0839.1
https://doi.org/10.1890/09-0839.1
https://doi.org/10.1098/rstb.1998.0312
https://doi.org/10.1098/rstb.1998.0312
https://doi.org/10.1098/rstb.1998.0312
https://doi.org/10.1111/j.1461-0248.2008.01250.x
https://doi.org/10.1111/j.1461-0248.2008.01250.x
https://doi.org/10.1111/j.1461-0248.2008.01250.x
https://doi.org/10.1126/science.aaa4984
https://doi.org/10.1126/science.aaa4984
https://doi.org/10.1086/692326
https://doi.org/10.1086/692326
https://doi.org/10.1086/692326
https://doi.org/10.1007/s00442-019-04486-x
https://doi.org/10.1007/s00442-019-04486-x
https://doi.org/10.1007/s00442-019-04486-x
https://doi.org/10.1007/s00442-019-04486-x
https://doi.org/10.1086/physzool.59.3.30156109
https://doi.org/10.1086/physzool.59.3.30156109
https://doi.org/10.1086/physzool.59.3.30156109
https://doi.org/10.1086/physzool.59.3.30156109
https://doi.org/10.1093/auk/104.2.290
https://doi.org/10.1093/auk/104.2.290
https://doi.org/10.1093/auk/104.2.290
https://doi.org/10.1016/0306-4565(88)90018-6
https://doi.org/10.1016/0306-4565(88)90018-6
https://doi.org/10.1016/0306-4565(88)90018-6
https://doi.org/10.1242/jeb.76.1.185
https://doi.org/10.1242/jeb.76.1.185
https://doi.org/10.1242/jeb.76.1.185
https://doi.org/10.2307/2406873
https://doi.org/10.2307/2406873
https://doi.org/10.2307/2406873
https://doi.org/10.1111/1365-2656.13589
https://doi.org/10.1111/1365-2656.13589
https://doi.org/10.1111/1365-2656.13589
https://doi.org/10.2307/1369313
https://doi.org/10.2307/1369313
https://doi.org/10.2307/1369313
https://doi.org/10.2307/2265716
https://doi.org/10.2307/2265716
https://doi.org/10.2307/2265716
https://doi.org/10.1093/icb/40.4.575
https://doi.org/10.1093/icb/40.4.575
https://doi.org/10.1126/science.aal4760
https://doi.org/10.1126/science.aal4760
https://doi.org/10.1126/science.aal4760

