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Human activity is changing when, where, and how fires burn,
contributing to population declines of many species (Kelly
et al. 2025). Animal populations can respond to modified fire
regimes by dispersing to suitable areas, adjusting traits through
plastic responses such as behavioral or reproductive shifts, and
adapting through evolutionary changes in their genetic make-up
(Jones et al. 2023). Evolutionary adaptation may be required
when environmental conditions no longer match the traits an-
imals have evolved, and this warrants specific attention in fire
and global change research (Nimmo et al. 2021).

In this Perspective, we build on a plant-focused application of
the phenotype-environment mismatch concept, extending it
to animals to understand the evolutionary and ecological con-
sequences of altered fire regimes. Mismatches are primarily
studied in the context of climate-driven changes (e.g., Petrullo
et al. 2023), but trait-fire mismatches require dedicated inves-
tigation given fire's global reach, rapid and difficult-to-predict
shifts, and extensive direct and indirect impacts on animals.
Our framing brings into focus the role of fitness, variation in
traits within species, and selection in shaping evolutionary
responses to fire. By applying this phenotypic approach to

animals, we provide a framework for investigating fire-related
changes across a wide range of taxa and traits.

1 | Fire-Related Traits Vary Among and Within
Animal Species

Fire regimes have temporal and spatial attributes, including
the frequency and size of recurrent fires, as well as attributes
that characterize the magnitude of fires such as their intensity
(Figure 1). Many animal species thrive under particular fire pat-
terns, so changes to fire attributes can affect fitness. Fires di-
rectly influence survival and reproduction: exposure to heat and
smoke can cause mortality (Santos et al. 2025) or disrupt breed-
ing (Krieg 2025). Other effects on survival and reproduction are
indirect, developing through post-fire shifts in biotic interac-
tions, microclimate, and resource availability (Jones et al. 2023).

Ecological studies have generated important insights into fire-
related traits, including behavioral, life-history, morphological,
and physiological characteristics that influence fitness in fire-
prone environments. A common focus is interspecific variation
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FIGURE1 | Trait-fire mismatching. Panel A: Conceptual overview of how trait-fire mismatches are defined and measured. Panel B: Illustrative
examples where changes in fire patterns may reduce animal fitness (See: Krieg 2025; Potash et al. 2020; Santos et al. 2025). In each case, modified
fire regimes—shifts in the timing, spatial attributes, or magnitude of fire—are hypothesized to impose selection pressures. The evolutionary po-
tential of fire-related traits is represented by idealized phenotypes in transition and signals the possibility of adaptive change. Photo credits: House
wren: Cephas, CC BY-SA 4.0, via Wikimedia Commons; Eastern fox squirrel: U.S. Fish and Wildlife Service - Midwest Region, Public domain, via

Wikimedia Commons; Gall of the Boheman weevil: Jean Carlos Santos.

(between species) in fire-related traits. For example, traits such
as diet, foraging location, and nesting habits help explain bird
species’ distributions across stages of post-fire vegetation succes-
sion (Rainsford et al. 2023). Yet, understanding how animals are
affected by shifting fire regimes requires moving beyond static
trait-fire associations and considering how relevant traits them-
selves may evolve.

Intraspecific trait variation (within species) provides the raw
material for contemporary adaptive evolution, with growing
evidence of fire-related differences among individuals of the

same species. In Sweden, melanistic (black) pygmy grasshop-
pers (Tetrix subulata) are more common in burnt forests than
unburnt areas, likely because melanism enhances camouflage
in recently burnt vegetation (Forsman et al. 2011). A labora-
tory common garden experiment indicates that color variation
in pygmy grasshoppers has a heritable component, suggest-
ing rapid evolutionary adaptation (Forsman et al. 2011). A
Mediterranean lizard (Psammodromus algirus) in fire-prone
habitats reacts more frequently and intensely to smoke than
conspecifics from rarely burnt areas, likely an adaptive be-
havior that enhances survival during fire (Alvarez-Ruiz
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et al. 2021). In Brazil, Boheman weevils (Collabismus clitellae)
induce galls by manipulating plant growth, and within a re-
cently burnt area thicker gall walls improved larval survival,
potentially by reducing exposure to heat and flames (Santos
et al. 2025).

Key insights from this concise selection of studies are that fire-
related traits can vary within species, enhance fitness, and be
heritable. These are preconditions for adaptive evolution.

2 | Mismatches Between Animal Traits and
Emerging Fire Regimes

To examine the consequences of shifting fire patterns on
animal life, we develop a “trait-fire mismatch” framework
that focuses on how selection acts on phenotypes and high-
lights within-species trait variation as central to adaptation
(Figure 1). This builds on the concept of phenotype-envi-
ronment mismatch, which describes misalignment between
organisms and altered environments, and has recently been
applied to plant-fire dynamics (Kelly et al. 2025). While ex-
isting ecological frameworks often focus on a narrow set of
traits to assess fire-related vulnerability, trait-fire mismatch
enables examination of a wide range of traits and fire regime
characteristics within a single framework. This is particu-
larly useful given the diversity of animal traits that influence
fitness in fire-prone systems (Figure 1). Trait-fire mismatch
thus provides a common phenotypic currency for comparing
the effects of modified fire regimes across traits, populations,
and species.

Trait-fire mismatch occurs when a population's trait distri-
bution diverges from that best suited to a given fire regime
(Figure 1). Such mismatches can be driven by shifts in fire
timing, spatial pattern, or magnitude. Large mismatches
create evolutionary crossroads: reduction in survival and re-
production to the point of local extinction or selection that
promotes persistence. We suggest that strong selection may
not be enough to counter fire regime changes if intraspecific
variation is low, few individuals have advantageous traits,
realized heritability is limited, or fire regime changes are
abrupt. Few studies have tested whether fire patterns drive
rapid animal evolution, but focus on intraspecific variation
and selection opens new opportunities for research. For exam-
ple, P. algirus from fire-prone habitats reacted to smoke more
frequently (93% of individuals) than those from non-fire-prone
areas (71%), but to what extent is recognition of smoke her-
itable? And how close are populations to “hard” evolutionary
limits—such as insufficient genetic variation—or to “soft”
limits imposed by lack of gene flow? Addressing such ques-
tions requires methods that quantify links between ecological
and evolutionary processes.

3 | Investigating Trait-Fire Mismatches

Quantitative genetics offers methods to estimate how fire-driven
selection shapes phenotypes. The breeder's equation provides a
starting point, predicting evolutionary change based on heri-
tability and selection strength, with extensions incorporating

multiple traits, phenotypic plasticity, gene flow, and demo-
graphic constraints (Kelly et al. 2025). Field studies, manipu-
lative experiments, and laboratory experiments can generate
the phenotypic and fitness data needed to parameterize these
models. Genome-wide association studies (GWAS) and geno-
type—environment associations (GEAs) can identify loci linked
to trait variation and fire exposure (Kelly et al. 2025). Coupled
with empirical or simulated fire and environmental data, these
approaches help determine whether populations can adapt as
fire regimes shift.

While quantitative methods deepen our understanding of
fire-driven evolution, studying animals presents distinct chal-
lenges. First, trait-fire mismatches can develop indirectly
through post-fire changes in habitat structure, microclimate,
or resource availability (Figure 1). Direct and indirect effects
may be examined by comparing trait distributions to optima,
but interpreting mismatches requires understanding how fire
mediates resources such as food and shelter. Clarifying these
pathways helps identify how ecological conditions shaped by
fire translate to selection on phenotypes. Second, species in-
teractions—including antagonisms, commensalisms, and mu-
tualisms—can shape evolutionary responses to fire (Nimmo
et al. 2021). Investigating how interactions between taxa are
shaped by modified fire patterns, such as insect pollination of
plants, will improve understanding of co-evolutionary dynam-
ics and disruptions to biotic relationships. Third, covariation
among traits may constrain or facilitate adaptation, including
when fire modifies other selection processes like predation
(Forsman et al. 2011). Quantitative genetic models provide in-
sights into these linkages but are challenging to parameterize.
Finally, fire-related traits span molecular to whole-organism
levels. While traits such as diet, foraging behavior, and shel-
ter selection are well-studied across species, examining their
variation within species will clarify their role in fire-driven
adaptation. Simultaneously, expanding research to underex-
plored traits—including those involved in fire detection, sur-
vival, and post-fire reproduction—is essential to uncover the
breadth of adaptive responses.

4 | Animal Conservation in a Fast-Changing World

Conservation can be improved by examining how mismatches
between animal traits and fire regimes arise, whether through
larger, more intense wildfires or reduced fire frequency. One
strategy is to manage fires to better align animal traits with
environmental conditions. For example, knowing how inter-
actions between bird traits and fire-generated patterns vary
across biogeographic regions can inform where and when
fire should be applied or moderated (Rainsford et al. 2023). A
second strategy fosters adaptation by managing phenotypes.
For instance, boosting population sizes, connectivity, and
gene flow will likely enhance adaptive potential in response
to changing fire patterns. While mismatches typically reduce
fitness, maintaining some mismatched phenotypes can pro-
mote persistence in unpredictable environments by support-
ing adaptive potential (Petrullo et al. 2023). A cornerstone
of effective management will be conserving conspecific an-
imal populations across the range of their fire-related trait
variation.
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5 | Conclusion and Future Directions for
Trait-Fire Research

Recognizing variation within species opens opportunities to un-
derstand evolutionary adaptation. Nevertheless, evolution is no
guarantee of persistence—many animal species may not adapt
fast enough to keep pace with emerging fire regimes. A pheno-
typic perspective helps assess how trait distributions match—or
mismatch—with changing fire regimes. To advance this ap-
proach, we suggest four key questions:

1. How much intraspecific variation exists in fire-related ani-
mal traits?

2. What is the likely heritability of these traits?

3. How does trait covariation shape adaptation under inter-
acting fire, climate, and biotic pressures?

4. Can the tempo of evolutionary adaptation match the rate of
fire regime changes?

More broadly, our perspective is that global change and evolu-
tionary research will benefit from recognizing fire as an im-
portant process that interacts with other global drivers to shape
animal diversity and adaptation.
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