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Synopsis  In response to rapidly changing environmental conditions, many organisms are experiencing shifts in geographic
ranges and in the timing and expression of key life-history traits, which have important effects on fitness. However, the phys-
iological mechanisms that mediate these phenotypic responses, such as endocrine and other signaling pathways are not well
understood. This information will be critical for predicting organismal responses to climate change because physiological mech-
anisms are often highly responsive to environmental cues and influence the phenotypic variation available to selection. Addi-
tionally, they often integrate suites of correlated traits and are thus expected to influence the evolutionary response to selection.
The overarching goals of this symposium were to gain novel insights into the physiological mechanisms that underlie organis-
mal responses to rapidly changing environmental conditions and to identify gaps in knowledge and experimental approaches to
advance the field. Here we review and discuss the symposium contributions and the research themes that emerged as important
foci for future studies.

Introduction shifted their geographic distributions and altered di-

Over the last century, global temperatures have in-  verse phenotypic traits, including the timing of breed-
creased by an average of 1°C (Karl 2009). Simulta-  ingand migration, as well as body size and shape, which
neously, the frequency of extreme weather events, in-  have important effects on fitness and population via-
cluding heat waves, cold snaps, and storms has also  bility (Parmesan and Yohe 2003; Scheffers et al. 2016).
risen (Kornhuber et al. 2024; Parmesan and Yohe 2003;  However, the physiological mechanisms that mediate
Vasseur et al. 2014). In response to these rapidly chang-  these responses are poorly understood, despite the im-
ing environmental conditions, many organisms have  portance of this information for predicting evolution-
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ary responses to rapidly changing environmental con-
ditions (Briscoe et al. 2023; Ketterson et al. 2009; Names
et al. 2024; Riddell et al. 2023; Seebacher and Franklin
2012; Taff et al. 2024).

Physiological mechanisms such as endocrine and
other signaling pathways that regulate vital processes
(e.g., temperature regulation, water balance, nutrient
sensing, metabolism, stress responses, growth, and re-
production) are expected to play an important role
in enabling organisms to respond to rapidly changing
conditions (Ketterson et al. 2009; Names et al. 2024;
Seebacher and Franklin 2012; Taff et al. 2024). One
reason for this is that physiological mechanisms medi-
ate the relationship between the organism and the en-
vironment and hence the phenotypic variation avail-
able for selection. Although selection can favor phys-
iological mechanisms that better enable organisms to
cope with changing environmental conditions, it is un-
clear whether there will be sufficient time for evolution
to keep pace with rapid environmental changes (Kelly
2019). Importantly, physiological mechanisms are of-
ten highly responsive to environmental cues and en-
able organisms to respond plastically to varying en-
vironmental conditions (i.e., when the same genotype
can produce a different phenotype in response to dif-
ferent environmental conditions), which may allow or-
ganisms to better match the prevailing circumstances
(Anderson and Song 2020; Ghalambor et al. 2007;
Kelly 2019). For example, in many butterfly species,
wing coloration represents a balance between selec-
tion to absorb more solar radiation (thus increasing
body temperatures, activity times, and ultimately net
energy gain and reproductive output) and selection to
avoid overheating (and declines in egg viability) in re-
sponse to thermal extremes (Buckley and Kingsolver
2019). In some butterfly species, individuals that de-
velop during late spring and summer under warmer,
longer days, have lighter wing coloration than individ-
uals that develop during cooler, shorter days (Nijhout
2003b; Rountree and Nijhout 1995). This seasonal plas-
ticity in wing coloration is regulated by ecdysone sig-
naling (Nijhout 2003b; Rountree and Nijhout 1995),
and may allow individuals to better match the prevail-
ing thermal conditions. Both phenotypically plastic re-
sponses within individuals and evolutionary changes
across generations (including changes in the degree of
phenotypic plasticity) are expected to be important in
mediating organismal responses to rapidly changing en-
vironmental conditions. However, the relative impor-
tance of these processes is poorly understood and is
anticipated to have significant evolutionary and eco-
logical implications (Anderson and Gezon 2015; Kelly
2019). For example, although phenotypic plasticity may
enhance fitness over shorter time scales and allow or-
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ganisms to persist in place, it could also reduce the
strength of selection and slow the pace of evolution
over longer time scales (Gienapp et al. 2008; Kelly
2019).

Additionally, because physiological mechanisms
such as endocrine and other signaling pathways of-
ten integrate suites of phenotypic traits, they could
influence the pace of evolution by facilitating rapid
coordinated responses across the phenotype or con-
straining the independent responses of individual traits
(Ketterson et al. 2009; Names et al. 2024; Seebacher
and Franklin 2012; Taff et al. 2024). For example, using
the butterfly example above, in addition to influencing
wing coloration, ecdysone signaling is also involved
in regulating molting and transitions between devel-
opmental stages (Nijhout 2003a). If selection favors
changes in ecdysone levels, this could result in a high
degree of trait integration and constrain the indepen-
dent evolution of traits sensitive to ecdysone signaling,
such as wing coloration and the transitions between
developmental stages (Cox et al. 2022; Ketterson and
Nolan 1999; Lipshutz et al. 2019). Alternatively, if se-
lection favors changes in tissue sensitivity to ecdysone,
this could permit ecdysone-sensitive traits to evolve
more independently of one another (Cox et al. 2022;
Ketterson and Nolan 1999; Lipshutz et al. 2019). Inter-
estingly, recent research in common buckeye butterflies
(Junonia coenia) demonstrated that selection for the ge-
netic assimilation of wing coloration (when a formerly
phenotypically plastic trait is produced in the absence
of the original environmental cue) was likely driven
by changes in regulatory alleles of downstream wing-
patterning genes that changed sensitivity to ecdysone
(van der Burg et al. 2020). This finding is consistent
with the idea that selection on phenotypically plastic
traits may often favor downstream changes in tissue
sensitivity to allow for tissue- and trait-specific mod-
ifications without impacting cue detection or other
traits.

Knowledge about the physiological mechanisms that
mediate phenotypic responses to changing environ-
mental conditions will also be essential for accurately
forecasting population-level responses, including range
shifts and extinction risk (Briscoe et al. 2023; Riddell et
al. 2023). The environmental variables that are rapidly
changing can vary over both temporal and spatial
scales and physiological mechanisms mediate the way
in which organisms experience this environmental vari-
ation (Briscoe et al. 2023). For example, over the past
century, small mammal communities have remained
relatively stable in the Mojave Desert, whereas many
bird communities have collapsed (Riddell et al. 2021).
Models that incorporated information about heat flux,
particularly the amount of water required for evapora-
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tive cooling, suggest that this is because birds and mam-
mals experienced very different levels of warming in
this same area due to differences in microhabitat use
(e.g., mammals burrow underground, whereas birds do
not) (Riddell et al. 2021). Although this example focuses
on broad taxonomic differences, it also applies to dif-
ferences among populations and individuals. Thus, it is
becoming increasingly clear that incorporating infor-
mation about the physiological mechanisms that me-
diate organismal responses to changing environmen-
tal conditions will be essential for predicting long-term
outcomes related to these changes (Briscoe et al. 2023;
Riddell et al. 2023).

Goals of the symposium

As a scientific community, we must generate robust
predictions about which individuals, populations, and
species will be more vulnerable to these environmen-
tal challenges. To achieve this, we need to understand
the physiological mechanisms that underlie organismal
responses to rapid environmental change. The over-
arching goals of the symposium were to: (1) gain a
deeper understanding of the physiological mechanisms
that mediate rapid responses to changing environmen-
tal conditions, (2) provide rich networking opportuni-
ties to enhance idea generation and collaboration, and
(3) identify and discuss the key outstanding research
questions and experimental approaches necessary to
advance the field and more accurately predict organis-
mal responses to rapid environmental change. Below,
we first provide a brief overview of the seven sympo-
sium contributions and then highlight some important
areas of future research generated from these contribu-
tions and during the symposium and roundtable discus-
sion.

Overview of the symposium contributions

Previous research has tended to focus on increasing
temperatures and less is known about the impacts of
other environmental variables or the potential interac-
tions among environmental variables that are changing
in response to climate change. In this issue, Riddell and
Porter (2025) examine the underexplored wind niche
and how changes in wind speed will affect organismal
heat and water exchange. One of their important find-
ings is that temperate regions are predicted to experi-
ence reduced wind speeds along with increased tem-
peratures. By incorporating microclimate data and bio-
physical simulations, they determined that wind will
likely interact with solar radiation and organismal traits
such as body size and solar absorptance to influence
water loss and the realized temperatures that terrestrial
plants and animals experience. Thus, wind is expected

to be an important and largely neglected environmental
variable that should be incorporated into future models
to better predict organismal responses to rapidly chang-
ing environmental conditions.

As highlighted above, changing environmental vari-
ables are often expected to interact to influence organis-
mal responses to climate change, but these interactions
are less well understood. For example, both temperature
and atmospheric carbon dioxide concentrations (CO2)
are increasing in response to climate change. Here, Den-
ney and Anderson (2025) experimentally manipulated
both environmental variables in a growth chamber and
examined the potential effects on several ecologically
important traits in Boechera stricta (Brassicaceae) ac-
cessions sourced from populations along an elevational
gradient in Colorado. Interestingly, they found that the
phenotypically plastic responses of some of these traits
(e.g., root-to-shoot ratio and leaf dry matter content)
to these environmental variables did not align with the
direction of selection, suggesting that plasticity is not
always adaptive. Nevertheless, the direction of plastic-
ity did align with patterns of natural selection in some
traits, such as root mass fraction, which is a key resource
allocation trait. In that case, the plasticity in response to
temperature variation is likely adaptive. Taken together,
these results underscore the idea that plastic responses
to multiple changing environmental variables are likely
to be complex and do not always have positive effects on
fitness.

As environments change rapidly, the ability of organ-
isms to flexibly change their phenotypes may be a crit-
ical fitness determinant. In this issue, Taff et al. (2025)
highlight flexibility in the glucocorticoid stress response
as a potentially important mechanism of adaptation
to temperature variability. Although individual varia-
tion in the speed of responsiveness and the scope (i.e.,
how much glucocorticoid levels increase), has been sug-
gested to be important, it has been difficult to test these
ideas empirically because large sample sizes are neces-
sary. In the current paper, Taff et al. use a large compar-
ative dataset to test for species-level differences in glu-
cocorticoid flexibility. They found differences among
species in reaction norms for baseline corticosterone,
corticosterone produced in response to a standard-
ized stressor, and the speed of corticosterone increase
in relation to temperature. Across species, the speed
of the glucocorticoid response increased when mini-
mum temperatures were lower than 0-2°C, whereas el-
evated temperatures had less of an effect. With sufficient
sample sizes, cross-species or cross-population compar-
isons of glucocorticoid flexibility may be helpful for pre-
dicting resilience to the effects of climate change.

Traditionally, to determine how sensitive organisms
are to climate change, performance has been measured
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across different body temperatures to assess the thermal
sensitivity of performance and then, to calculate the fit-
ness implications of climate variability. One limitation
of this approach is that it does not account for potential
acclimation to prior thermal stressors. Here, Buckley et
al. (2025) test how recent thermal stress may affect cur-
rent thermal responsiveness, including damage, repair,
and carryover effects by applying a model to an exten-
sive dataset of experimental manipulations of realized
temperatures for English aphids (Sitobion avenae). Heat
stress was observed to start at the upper limit of per-
formance and intensified with increased temperatures
and duration of exposure to elevated temperatures. Im-
portantly, aphids were able to extensively utilize repair
mechanisms near the thermal optimum. These results
highlight the potential for more accurate assessments
of the fitness consequences of climate variability by ac-
counting for recent thermal history, damage, recovery,
and repair.

Continuing the theme of recovery from stressors, Ru-
juta et al. (2025) extend this approach to document the
time course of the cellular heat shock response in a
marine copepod, Tigriopus californicus. At the cellular
level, the responses to heat stress can involve changes in
gene expression, which is what is typically quantified,
but may also include changes in exon usage through dif-
ferential expression. The gene expression and exon us-
age of copepods were different at each time point after
heat shock (30 min, 1 h, 2 h, and 24 h) with the great-
est effects observed at the time points closest to the heat
stress. A minority of genes, primarily those that code
for peptidases and chitin synthesis, responded to heat
shock by altering both gene expression and exon us-
age. Most genes altered only one of these mechanisms.
Genes for heat shock proteins, as well as those related
to cellular growth and differentiation, altered their ex-
pression levels in response to heat stress. Conversely,
genes related to cellular metabolism and cytoskeletal el-
ements changed their exon usage. These results high-
light the need to incorporate more qualitative analyses
of changes in exon usages to better understand how or-
ganisms respond to environmental change.

Physiological mechanisms can be influenced by both
environmental and genetic factors and predicting how
organisms will respond to climate change will require
careful experimental approaches that can tease apart the
relative importance of these two processes, such as com-
mon gardens and reciprocal transplants. In egg-laying
vertebrates, this can involve artificially incubating de-
veloping embryos. Although this is often done in non-
avian reptiles, and precocial birds like chickens, quail,
and ducks, this is notoriously difficult in most altri-
cial bird species. Here Names and Heidinger (2025) use
house sparrows (Passer domesticus), a widespread song-
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bird, as a case study and demonstrate an approach that
can be used to optimize aspects of artificial incubation,
including temperature, humidity, egg mass loss, and
egg turning to achieve very high hatching success. This
study is expected to expand the possibility of adopt-
ing experimental approaches that require artificial in-
cubation in songbirds to shed new light on the mecha-
nisms that mediate responses to rapidly changing envi-
ronmental conditions and may also aid in the conserva-
tion management of threatened songbird species.

Another consideration is that the fitness conse-
quences of exposure to adverse environmental condi-
tions may carry over across generations when maternal
physiology during gestation is altered by the demands of
thermoregulation and hydroregulation, as seen in ter-
restrial ectotherms. Brusch et al. (2025) test the con-
sequences of elevated temperatures and water depriva-
tion on the offspring of the common lizard (Zootoca
vivipara) and found that warmer daytime tempera-
tures increased offspring growth and survival. How-
ever, warm temperatures at night were more challenging
for both mothers and offspring, and offspring survival
was reduced when both day and night temperatures
were warm. Although water deprivation challenged
maternal homeostasis, both mothers and offspring
were resilient to water restriction. This study high-
lights the importance of considering how future climate
change may have cascading effects across generations
to make more accurate predictions of potential fitness
consequences.

Future directions and conclusions

We highlight several reoccurring and overlapping
themes that emerged from the symposium as foci for
future research. One general theme centered around the
complexity of rapid environmental changes. We need a
much richer understanding of how interactions among
environmental variables are changing in response to cli-
mate change (e.g., precipitation, humidity levels, CO,,
and wind speed) and shaping organismal responses.
Furthermore, the degree of variation in many of these
environmental variables is also increasing and may be
even more significant in shaping organismal responses
than mean changes. However, this variation has been
largely neglected. Some of the specific questions related
to this general theme that were generated during the
roundtable discussion include: (1) How do multiple en-
vironmental drivers (e.g., temperature and CO;) and
spatial and temporal variation in these factors influence
evolutionary potential? (2) How do other environmen-
tal factors such as habitat fragmentation and pollution
influence organismal responses to climate change? (3)
What are we missing when characterizing changing en-
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vironments (that is, how are we constrained by our own
umwelt)? (4) How much do environmental means ver-
sus variation matter and how do we account for this
when measuring physiological responses?

Given that the intensity of climate change varies dra-
matically across both small and large spatial and tem-
poral scales, it will be critical to better characterize how
these different scales of variation influence organismal
responses. Significant advances in understanding in this
area are expected to be made through the formation of
collaborative networks focused on longitudinal, across
population-level studies. Some specific questions in-
clude: (5) How can we best match scales of spatial and
temporal variability to organismal sensitivity to predict
organismal responses? (6) How do we support and fund
networks for large-scale comparisons across time and
space? (7) How can we increase cross-institution collab-
oration to address the effects of climate change? (8) How
can we better utilize historical data from museums, as
well as large-scale collaborative research projects (e.g.,
NEON) and citizen science data, to address questions
related to physiological mechanisms? (9) How can we
best use modeling, and in some cases historical collec-
tions, to hindcast and forecast to better predict organis-
mal responses?

Another general theme that emerged is that organis-
mal responses to rapidly changing environmental con-
ditions are complex and involve coordination across
multiple physiological systems and varied life stages.
We need much more information about the mecha-
nisms that mediate these responses, including the de-
gree to which this variation is due to phenotypic plas-
ticity and/or microevolutionary change. We need to in-
crease our capacity to link differences in thermal per-
formance, stress responsiveness, and other physiologi-
cal mechanisms for coping with changing environmen-
tal conditions to fitness. Some of the specific questions
include: (10) How does environmental variability influ-
ence phenotypic plasticity, and how often are organisms
inhabiting high-variability environments less plastic?
(11) Does the evolutionary history of a specific popula-
tion impact its evolutionary potential or plasticity? For
example, might refugial populations behave differently
than those in a new part of the species range? (12) How
polygenic is heat tolerance, and how does the number
of genes associated with heat tolerance compare across
taxa? (13) How do we integrate across multiple differ-
ent responses to better understand whole-organism re-
sponses? (14) When do behaviors constrain physiolog-
ical responses and vice versa? (15) How do we deal
with multivariate climate changes given the sampling
constraints of physiology? (16) What is the most effi-
cient mix of omic and physiological approaches to un-
derstand and anticipate phenotypic change? (17) What

are the best proxies for physiological performance?
(18) How does life stage influence thermal sensitivity?
(19) How do temperature regime differences across life
stages interact to shape thermal tolerance? (20) Across
plants and animals do certain life history stages respond
differently to ecological stressors than others? (21) How
do we incorporate life history effects into climate change
resilience models? (22) How does fitness scale with dif-
ferent traits? If traits respond differently, how do we
know which is most important?

Going forward, taking a more integrative approach
to understanding the physiological mechanisms that
mediate organismal responses to rapidly changing en-
vironments will be essential for accurately predicting
long-term responses to climate change. For example,
future integrative research in this field would benefit
from including understudied environmental variables,
such as wind, as well as variation in climate variables
and their averages. Moreover, environmental variables
are likely to interact with consequences for organismal
adaptation, making this another area where an integra-
tive, physiological approach will be beneficial. Integra-
tive approaches may also involve incorporating various
types of study methods, including common gardens, re-
ciprocal transplants, simulations, models, cross-species
comparisons, transcriptomics (and other -omics), and
museum studies, among others. Finally, several authors
are utilizing diverse approaches across levels of orga-
nization to demonstrate how recent thermal, light, and
hydric challenges impact damage, recovery, and repair
within and across generations. Together, the sympo-
sium and this issue highlight important future chal-
lenges and opportunities in understanding and antici-
pating organismal responses to climate change.
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