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Synopsis  Endothermic species have evolved strategies to maximize survival in highly variable or extreme environments. Birds
are exemplary as they are among the most widely distributed endotherms on the planet, living in all manner of inhospitable en-
vironments. As an example, winter in temperate regions is characterized by cold temperatures and low food availability. Some
birds have evolved to tolerate these conditions by seasonally increasing thermogenic capacity, increasing heterothermy, and
displaying highly flexible phenotypes. Other species have evolved to avoid the inhospitable conditions of winter altogether by
migrating—again requiring a unique set of physiological adaptations that allow success in this challenging endeavor. In these
examples and in many others, the organismal requirements for success share similarities, but the underlying mechanisms, phys-
iological requirements, and selection on those traits can differ significantly, as can their ecological and evolutionary impacts.
In recent years, a suite of novel and established tools has become widely available and more accessible, allowing insights into
long-standing questions. Genomic tools, new approaches to measure organismal performance, the use of citizen science data,
easier access to metabolite assays or hormone detection, to name a few, have spurred rapid advances in our understanding of
avian physiology. These new tools have been leveraged to investigate important questions regarding avian responses to our

rapidly changing climate in an attempt to understand species resilience and limits.

Introduction

Birds live in all corners of the globe and are successful
despite all manner of environmental challenges. They
live in the hottest places on earth, as well as some of
the coldest. They live in marine and terrestrial environ-
ments and can persist on fresh and salt water. They mi-
grate thousands of kilometers across continents, oceans,
and hemispheres to exploit seasonally abundant food
to breed successfully, but they also breed opportunis-
tically in harsh conditions. They live at high altitude
and in this environment simultaneously push the lim-
its of the physics of flight and the vertebrate oxygen
transport cascade. In all of these cases, birds display
an incredible capacity for short- and long-term pheno-
typic plasticity, adaptation, and evolution. The mecha-
nistic study of avian physiological adaptations to envi-
ronmental challenges has been a cornerstone of organ-
ismal biology for a long time (Calder and King 1974).
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Birds have evolved a vast diversity of complex physio-
logical, morphological, and behavioral traits that have
allowed their success. An emerging theme—one that
became even more apparent during our symposium and
the associated discussions—is that phenotypic flexibil-
ity, either in response to challenges or in anticipation of
them, has allowed birds to respond appropriately to en-
vironmental challenges (Forsman 2015).

The myriad of challenges organisms face in the An-
thropocene has amplified the importance of under-
standing how birds live where they live and do what
they do. Further, advancements in the understanding
of behavioral and physiological responses are increas-
ingly important in applied conservation science, and
predictive modeling approaches now incorporate phys-
iological traits (e.g., Riddell et al. 2021). Many of the
themes presented in our symposium are not new per se
but are, of course, the natural evolution from what came
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before—as new information came to light and as ap-
proaches and techniques progressed. Thus, the content
included in this symposium provides novel insights to
broader long-standing questions, while also investigat-
ing more nuanced, focused questions for the first time.
To make progress toward these long-standing questions
and to develop and pursue new questions that have re-
cently been brought to light, we require innovation in
our approaches, techniques, instrumentation, and data
analysis. When we conceived of this symposium, we
therefore aimed to highlight new insights into avian
responses to environmental challenges, but we specif-
ically focused on innovation in each of the following
areas—questions, approaches, techniques, data analysis,
and data synthesis—and we wanted to highlight mech-
anistic investigations across multiple biological scales.
The talks featured innovative approaches and analyses
investigating important questions in avian biology at
the cellular, molecular, and biochemical levels (Elowe
and Stager 2024; Hood 2024; Rhodes et al. 2024), tis-
sue and whole organism levels (Ivy and Guglielmo 2023;
Cornelius et al. 2024; Elowe and Stager 2024; Pastres et
al. 2024), as well as at the population level (Benham et
al. 2024; Stager 2024). Although these manuscripts offer
only a small glimpse into the recent progress in our field,
they highlight innovation and progress that is broadly
important.

Classic questions—renewed urgency for
a changing world

Anthropogenic activities are leading to unprecedented
rates of climate change, habitat loss, and pollution that
are substantially affecting bird populations (Rosenberg
et al. 2019). While curtailing these activities to stave
off continued losses around the globe is imperative,
conservation efforts are also focused on uncovering
the most effective investments to buffer species and
populations from steep declines (Bateman et al. 2020;
Saunders et al. 2023). In this respect, decades of re-
search into the physiological capacity of birds to with-
stand environmental challenges is helping us to un-
derstand which species are most vulnerable and where
these directed conservation efforts can be most impact-
ful. Classic questions about avian tolerance to hot and
cold temperatures, harsh weather extremes, high alti-
tude flight, long-distance migratory movements, and
changing habitats have generated a wealth of knowl-
edge about how birds respond to their environments
(McWilliams and Karasov 2014; Swanson et al. 2014;
Bishop et al. 2015; Scott et al. 2015; Senner et al. 2018;
Gerson et al. 2019; Wolf et al. 2020; McKechnie et al.
2021; Stager et al. 2021; Elowe et al. 2023). However,
the urgency of the environmental challenges posed by
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the Anthropocene has demanded a continued interest
in these questions today.

As habitats are degraded or altered by human im-
pacts, changes at the population and species level have
become clear. However, in some cases the reasons for
population changes are not immediately apparent, ob-
fuscating the most effective targets of conservation ef-
forts. This is complicated by the global nature of bird
ranges, which, in migratory species, may span hemi-
spheres, and thus face hazards across breeding and non-
breeding habitats as well as the threats en route (Bay et
al. 2021). Therefore, a major focus of new research is
to understand the capacity for birds to respond to envi-
ronmental change through physiological or behavioral
changes. This capacity is partly determined by the po-
tential for genetic diversity to support rapid adaptation,
leading to a substantial effort to investigate adaptations
to past changes in climate and project this capacity to-
ward predicted changes in the future (e.g., Turbek et al.
2023; Benham et al. 2024). This work has already eluci-
dated the potentially adaptive role of admixture in re-
sponding to climatic changes (Turbek et al. 2023), as
well as identification of particularly vulnerable popula-
tions (Bay et al. 2021).

While genomic approaches can help to understand
broad-scale shifts in populations and predict future re-
sponses, these efforts are bolstered by direct studies of
the capacity for both behavioral and physiological flex-
ibility. In this respect, current efforts are expanding on
classic questions of environmental tolerance by consid-
ering the effects of multiple stressors or environmental
variables (Cornelius 2022) and evaluating the amount
of intraspecific variation in physiological flexibility that
exists (Stager et al. 2021). Because climate effects do not
occur in isolation, these studies are providing particu-
larly valuable insights into the spatial and temporal vul-
nerability of birds.

Additionally, due to their spectacular migratory jour-
neys and their worldwide distribution across harsh
habitats, understanding performance limits in birds has
always been a driving factor in avian physiology re-
search. In that vein, Ivy and Williamson (2024) re-
view the physiological traits that allow birds to per-
form in low-oxygen environments experienced during
transient high-altitude flight and altitudinal migration.
However, these performance limits become even more
relevant when combined with the challenges imposed
by anthropogenic stressors. Even within related species,
there is substantial variation, suggesting that species- or
population-specific responses to the environment may
be constrained in different ways. To that end, Benham
and Beckman (2024) emphasize the need for inte-
grating across data types (environmental, physiologi-
cal, morphological, and genomic) and incorporating
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intraspecific variation when predicting species vulner-
abilities to global change. Integrative approaches are vi-
tal in this endeavor, combining environmental, physio-
logical, morphological, and genomic data can provide
a more accurate and comprehensive understanding of
species vulnerabilities, but such approaches require ef-
fective collaboration and the use of novel and innovative
methods to be successful.

New approaches

Recent advancements in the pursuit of the above ques-
tions can, in part, be attributed to new technologies
that allow us to overcome previously insurmountable
obstacles in physiological data collection and hypoth-
esis testing. In some cases these innovations have be-
come indispensable to our various sub-disciplines. We
highlight only a few obvious and important new tech-
nologies here. Some of these are established and have
transformed the way we approach our scientific inquiry,
while others are just in their infancy but have great po-
tential to allow novel insights, broader participation, or
may have impacts in ways yet to be seen.

Respirometry

Flow-through respirometry has been a staple technique
in understanding avian metabolism in response to envi-
ronmental challenges for decades. This approach con-
tinues to be important to determine the metabolic re-
sponse to high (Gerson et al. 2019) and low temper-
atures (Swanson and Liknes 2006; Petit et al. 2013),
hypoxia (Scott 2011), short- and long-term exercise
(Zhang et al. 2015; Gerson et al. 2020), and humid-
ity (Pierce et al. 2005; Gerson et al. 2014, 2020), and
to investigate allometric scaling relationships (Rezende
et al. 2002; McKechnie et al. 2021). This approach is
also being used to quantify the energetic costs/savings
of specific behavioral responses. For instance, by com-
paring oxygen consumption under different behavioral
states, Pastres et al. (2024) demonstrate that postural
changes result in energetic savings for individuals with
low energy reserves. Much of this information can then
be used to inform biophysical models predicting re-
sponses to climatic change (Riddell et al. 2019, 2021),
or to investigate how metabolic parameters, such as
the width of the thermal neutral zone, vary geograph-
ically (Pollock et al. 2019, 2021). While there is no
doubt that basic respirometry has contributed enor-
mously to the advancement of our field, recent advance-
ments in sensor accuracy and response times, as well
as improvements in design have allowed accurate and
more rapid multiplexing, which allows rapid switching
among animal chambers to increase the time-resolution
of measurements on multiple animals simultaneously

(Lighton and Halsey 2011). This has led to the devel-
opment of metabolic phenotyping systems that allow
for continuous, direct measurement of metabolism in
numerous animals over long periods of time—days to
weeks or longer (Fig. 1). These measures of daily en-
ergy expenditure can be combined with simultaneous
assays of activity, as well as food and water consump-
tion, and allow impressively detailed energy budgets.
This approach was originally detailed in Lighton and
Halsey (2011) and has since become popular among
small mammal researchers through the availability of
commercial systems. However, it is possible to de-
velop these systems using standard respirometry equip-
ment with careful design considerations. In addition to
whole-animal respirometry, advances in techniques to
measure tissue-level energetics through mitochondrial
respirometry (Hood 2024; Rhodes et al. 2024) allow
for a mechanistic interrogation of the factors that con-
tribute to variation in avian metabolic rates. In this case,
high-resolution mitochondrial respirometry was taken
to the field, allowing an accurate assessment of differ-
ences in mitochondrial energetics and substrate pref-
erences of migratory birds. Such approaches have tra-
ditionally been difficult since mitochondrial measure-
ments must be completed in traditional lab space and,
as a result have typically done with captive birds. Bring-
ing a mobile lab to the field in this case provides a more
accurate representation of mitochondrial function.

Open electronics

An associated but independent new development that
has had tremendous impact already in many fields is the
availability of cheap, user-friendly open electronics (Ar-
duinos and Raspberry Pis) that are seemingly infinitely
flexible, easy to code, and able to produce accurate data
for any number of applications. Such devices, for in-
stance, allow for autonomous assays of behavioral and
physiological responses to temperature in wild birds at
bird feeders (Bridge et al. 2019) and nest boxes (Zimmer
etal. 2020). We have also recently used these to measure
food and water consumption during metabolic pheno-
typing in captive sparrows during a temperature manip-
ulation while also continuously measuring metabolism
and water loss (Fig. 1). These example data show the
high-resolution data generated with this custom sys-
tem. When paired with a USB microphone and ex-
isting acoustic bird classification platforms (i.e., Bird-
Net; Kahl et al. 2021), these circuits are also being
used for continuous bird localization and species de-
tection (https://github.com/mcguirepr89/BirdNET-Pi).
Many other examples can be found, and this topic has
recently been the focus of its own conference workshop
(Morozov 2022), but the relative low cost and ease of
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Fig. | Example data from a custom metabolic phenotyping system that simultaneously measures resting metabolic rate (RMR), evaporative
water loss (EWL), drinking water intake, food intake, and animal mass through a 30-day experiment where temperature and dietary salt
were manipulated. Such systems combine rapid multiplexing and standard respirometry equipment with custom, low-cost Arduino-driven

load cells.

customization make open electronics an appealing ap-
proach for many biological questions.

Biologging devices

The advent of miniaturized biologging devices has addi-
tionally revolutionized our ability to track and monitor
birds in the wild. Perhaps most notably, these devices
have uncovered exceptional feats of performance dur-
ing migration (e.g., Gill et al. 2009; Egevang et al. 2010;
Hedenstrom 2010; Hawkes et al. 2013; Hedenstrém et
al. 2016). They have also revealed behavioral responses
of birds to extreme weather events (Senner et al. 2015;
Watts et al. 2021), habitat alterations (Chan et al. 2023),
and artificial light at night (McGlade et al. 2023). In ad-
dition to documenting patterns of movement and ac-
tivity, biologgers can record acceleration (Brown et al.
2022), flight altitude (Senner et al. 2018), diving depth
(Guilford et al. 2022), body temperature (Andreasson
et al. 2023), heart rate (Bishop et al. 2015), wingbeat
frequency (Bouten et al. 2013), and even eye move-
ments in flight (Lapsansky et al. 2024). Some of these
devices are now even small enough to put on humming-
birds (Williamson and Witt 2021). Several of the talks
in our symposium and complementary session demon-
strated the power of pairing biologgers with physiologi-

cal assays to better understand how birds cope with en-
vironmental challenges. For example, Williamson and
colleagues (Williamson et al. 2024) combined track-
ing and respiratory trait data to reveal the time course
of altitudinal acclimatization of Southern Giant Hum-
mingbirds (Patagona gigas) as they ascend the Andes.
Uehling and colleagues (2024) characterized activity
patterns and dietary preferences of breeding Tree Swal-
lows (Tachycineta bicolor) after manipulating their glu-
cocorticoid levels to simulate an environmental chal-
lenge, demonstrating that endocrine mediators of the
stress response can induce changes in activity and for-
aging. Moreover, Young and colleagues (2024) quanti-
fied the energetic costs of diet alterations by simulta-
neously assaying oxygen consumption and body tem-
perature (using implanted PIT tags) in Western Sand-
pipers (Calidris mauri), showing that dietary factors
are key to metabolic flexibility and energy savings. Fi-
nally, Dominoni and colleagues (2024) used automated
biotelemetry to record both body temperature and ac-
tivity of urban birds, revealing desynchronization of
physiology and behavior in response to artificial light
at night. These innovative uses of biologgers help us to
address longstanding questions by linking experimental
manipulations in the lab and real-world environmental
conditions.
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Additional new technologies

Several other recent technologies are being applied to
better understand avian responses to environmental
change. Here, we only mention two tools, as examples,
that have recently been adopted and both fill an impor-
tant niche in our collective quantitative toolbox. How-
ever, there are numerous additional technologies ap-
plied by contributors to this symposium, such as ther-
mography (Zuluaga and Danner 2023), that are greatly
contributing to our toolkit.

Quantitative magnetic resonance body composition
analysis has now been available to researchers for 20
years, and many lab groups have adopted this new tech-
nology, which allows non-invasive and rapid quantita-
tive measurement of fat mass, lean body mass, and to-
tal body water (Seewagen and Guglielmo 2011). Since
it is rapid and non-invasive, conducting repeated mea-
sures on individuals to quantify changes in body condi-
tion over time (Gerson and Guglielmo 2011) has been
one of the most impactful applications of this technol-
ogy. More recently, it has been shown that the changes
in fat mass and lean mass over time are accurate enough
to be used to determine energy expenditure, with a
similar accuracy to doubly labeled water (Elowe et al.
2023). Further, accurate quantification of fat mass and
lean mass has been used to estimate flight ranges in
free-living birds, investigate phenotypic flexibility dur-
ing breeding (Boyle et al. 2012), or provide a quantita-
tive assessment of body condition at stopover in multi-
ple species (Kennedy et al. 2016). One drawback of this
technology is the high cost, but the versatility and low
per-scan operating cost have made it an important new
technology in avian biology.

Cavity ring-down spectroscopy has become popular
to measure PC isotope concentrations in CO,, or deu-
terium, and '®O concentrations in liquid water sam-
ples. These instruments are much more accessible and
user-friendly than traditional mass spectrometry used
for the measurement of natural and experimentally en-
riched isotope samples. This has allowed the rapid de-
velopment of *CO, breath testing to investigate di-
etary shifts, or fuel use when animals are fed labeled
amino acids, sugars, or fats, and (McCue et al. 2010;
McCue and Welch 2015; Welch et al. 2017; Rogers and
Gerson 2024) all provide detailed descriptions of the
instruments and technique. Energy expenditure over
short periods of time using the '*C-sodium bicarbon-
ate method is also now more readily available and accu-
rate (Hambly and Voigt 2011; Busse et al. 2013; Hedh
et al. 2020) and allows accurate determination of ac-
tivity costs in free-living animals over very short peri-
ods of time. These instruments have also allowed the
accurate measurement of both *H and 'O in liquid

water or breath, allowing the more cost-effective use of
the doubly labeled water technique (Berman et al. 2012;
Mitchell et al. 2015), and recent advances in the accu-
racy of these instruments have allowed novel pursuits
into isotopic methods for determining water fluxes in
birds and mammals (Whiteman et al. 2019; Sabat et al.
2021).

Genomic tools

An obvious development that has had a profound im-
pact across biological disciplines is the dramatic reduc-
tion in the cost of genomic library preparation and se-
quencing, as well as the availability of analysis platforms
to process such large volumes of data. This has already
resulted in a wealth of publicly available avian genomic
resources, including comprehensive phylogenies (e.g.,
Kimball et al. 2019) that allow for phylogenetically in-
formed analyses in comparative physiological investi-
gations (e.g., Londoifio et al. 2015; Stager et al. 2016;
Linck et al. 2023; Uehling et al. 2024). Several stud-
ies are now further highlighting the power of sequenc-
ing approaches for investigating questions related to
avian environmental adaptation and/or coping with en-
vironmental challenges. For instance, Williamson and
colleagues (Williamson et al. 2024) provide new con-
text for physiological variation occurring across the
broad elevational distribution of the Giant Humming-
birds (Patagona spp.) by defining deep evolutionary di-
vergence among migratory and high-elevation resident
populations using genomic data. At the same time, both
genomic and transcriptomic data are being employed
to generate hypotheses about the biochemical mech-
anisms underlying avian physiological and behavioral
adaptations (Branch et al. 2022; Benham et al. 2024)
and acclimation capacity (Stager et al. 2015; Sharma et
al. 2021). When paired with detailed physiological as-
says, these datasets can provide new insight into long-
sought-after questions in avian physiology, such as the
molecular mechanisms underlying avian non-shivering
thermogenesis (Elowe and Stager 2024). Moreover, ge-
nomic tools are underscoring the unrivaled value of
natural history collections for addressing fundamen-
tal questions about adaptation to environmental change
(Benham and Bowie 2022). Benham and colleagues
(Benham et al. 2024) employed genomic data from both
contemporary and historic samples to understand the
evolution of avian physiological adaptation to saltmarsh
habitats and the influence of gene flow on traits impor-
tant for water conservation in these environments over
the past 150 years. We look forward to more exciting ad-
vancements in the field as these technologies continue
to become increasingly accessible and cost-effective.
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Citizen science datasets

One advantage to studying wild birds that cannot
be overstated is the huge popularity of birdwatching
around the globe. This has resulted in several long-
running programs that harness the power of citizen sci-
entists to amass high-quality bird observations across
space and time. For instance, eBird (CornellLab) is an
online portal for documenting bird sightings with over
100 million observations contributed annually world-
wide (Sullivan et al. 2009). Its data and associated sci-
entific products, and those of many other avian citizen
science projects, are freely available for biological appli-
cations. These extensive resources are now being em-
ployed to inform our understanding of avian responses
to environmental challenges at unprecedented geo-
graphic, temporal, and taxonomic scales. For example,
eBird occurrence data can be used to populate species-
distribution models and project bird ranges under fu-
ture climate-warming scenarios (Bateman et al. 2020).
A number of exciting new applications demonstrate
that, by pairing these observation data with climatic
data, physiological tolerance can also be investigated.
This was recently illustrated by Cohen et al. (2023), who
characterized both spatial and seasonal thermal sensi-
tivity in 21 bird species across North America. At the
same time, by combining these datasets with physiolog-
ical trait data, the ecological and evolutionary effects of
physiological variation can be explored in novel ways.
For instance, Latimer and Zuckerberg (2021) use weekly
occurrence data to determine how avian thermal toler-
ance influences winter occupancy dynamics at regional
scales. These datasets are also being used to understand
responses to extreme weather events (Cohen et al. 2021)
and, further, the effects of these events on avian fitness
(Taff and Shipley 2023). As these datasets continue to
amass observations from all across the globe, the power
of these approaches seems infinite.

Looking to the future

As we and the other symposium contributors have
shown, the imaginative application of innovative tools
can help us address longstanding and timely questions
about the capacity for birds to respond to a rapidly
changing world. However, the success of these tools will
depend on accessibility and collaborations that facilitate
their widespread application. For example, the use of
custom-made measurement systems can be encouraged
by open-access publication of designs and resources,
as well as collaborations with colleagues with com-
puter science and engineering backgrounds. Likewise,
our understanding of widespread intraspecific varia-
tion may be accelerated by open sharing of physiolog-
ical data for meta-analyses, driven by collaborations
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between physiologists and evolutionary biologists that
can ensure appropriate analyses that address important
questions. In doing so, we will be better able to conduct
truly integrative work that propels our understanding
of the mechanistic responses of birds to environmental
challenges across biological levels.
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