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Can plants keep up with fire regime changes

through evolution”

Luke T. Kelly ® '*, Ary A. Hoffmann?, Craig R. Nitschke®, and Juli G. Pausas*

Patterns of fire are rapidly changing across the globe and causing mismatches
between plants and their environment. These mismatches have ecological and
evolutionary consequences, but the latter are often overlooked. A critical ques-
tion is whether plant populations can evolve quickly enough to keep up with
changing fire regimes. Fire-related traits, such as canopy seed storage with
fire-stimulated seed release, vary within species and can enhance fitness and
be heritable - the preconditions for adaptive evolution. Here, we develop a
framework that recognizes mismatches between traits and fire based on varia-
tion within and among conspecific populations and that opens new ways of fore-
casting environmental changes and conserving plants. Advances in genomics
enable evolutionary potential to be estimated even in wild, long-lived plants.

Plants and rapid environmental changes

An important way that fire contributes to global plant diversity is by producing selection pressures
on populations [1,2]. Plants have evolved traits, such as fire-released seed dormancy [3,4],
resprouting [5,6], serotiny (see Glossary) [5,7], and thick bark [8,9], that provide phenotypes
matched to prevailing fire regimes (Figure 1). However, phenotypes that enhance fitness
under one fire regime may not enhance survival and reproduction under another [10,11].
Human activity is modifying when, where, and how fires burn [12,13] — directly altering fire impact
on plants and indirectly changing the environmental conditions they rely on —and this is putting an
estimated 28% of threatened gymnosperms, 19% of threatened legumes, and 18% of threat-
ened monocots at greater risk of extinction [14].

Plant populations can counter modified patterns of fires and associated environmental changes in
three main, nonexclusive ways. First, plants can disperse to areas with suitable fire patterns and
environmental conditions [15]. Second, they can respond through phenotypic plasticity and
epigenetic changes [16]. Third, plants can adapt by changing their genetic makeup through evo-
lution [17]. Of these, genetically based evolutionary responses are the most likely means for plants
to adapt in situ to environmental conditions beyond those under which they evolved [18]. While
there are observations of rapid evolution in plants under contemporary climatic changes [19], the
capacity for plants to adapt to difficult-to-predict changes in fire regimes merits specific attention.

Here we develop the concept of ‘trait—fire mismatch,” a type of phenotype—environment mismatch
that brings together ecological and evolutionary fire science and supports forecasts of fire-driven
environmental changes. We first identify fire-related traits, their variation within species, and
heritable basis. We then describe how mismatches between traits and emerging fire regimes
can reduce plant fithess and lead to selection. Fire science will benefit further from evolutionary
insights. Fire-related adaptation in turn reveals how evolutionary changes can occur in re-
sponse to disturbance.
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Highlights

Mismatch between plant traits and their
environment will reduce survival and re-
production but also increase selection
pressure for adaptation.

While mismatch is often studied in the
context of climate change, fire-related
mismatches merit specific attention,
given fire’s global nature, rapid shifts,
and far-reaching impacts on plants and
biodiversity.

Variation in fire-related traits — such
as resprouting, serotiny, and bark
thickness — is widespread within plant
species, from grasses and herbs to
shrubs and trees. This intraspecific
variation provides fuel for evolutionary
adaptation.

Recasting fire-driven evolution as ongoing
offers new ways of forecasting contem-
porary environmental changes, reducing
mismatches and conserving plants.
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Evidence of fire-driven evolution across species

Studies of interspecific variation (variation between species) provide one line of evidence that fire-
driven selection acts on plant traits [1,20]. Tree species in fire-frequent savannas have bark that is
three times thicker than in fire-infrequent forests, because thick bark insulates vascular tissues
from lethal temperatures during fires, preventing topkill or plant mortality [9]. In the genus Pinus,
comparative research shows that serotiny, involving storage and postfire release of seeds, is
more common of species in ecosystems with frequent crown fires; this adaptation enables ger-
mination and recruitment when resources are available [21].

Dated molecular phylogenies provide information on how fire has driven the development of traits
across species and higher taxonomic levels, including fire-stimulated resprouting, flowering, seed
release, and germination [5]. For example, fire likely preceded the evolution of woody cones with
fire-stimulated seed release (i.e., serotiny) in the genera Banksia (Australia) and Protea (Africa)
[22]. While variation at the species level and higher taxonomic levels provides insights into fire-
driven adaptation, it is intraspecific variation (variation within species) that primarily determines
the potential for contemporary adaptive evolution [23].

Variation in fire-related traits within species
Variation in fire-related traits is widespread within and among conspecific populations, spanning
life forms including grasses, herbs, shrubs, and trees (Figure 2).

Several studies have identified intraspecific variation in fire-related traits that influence plant sur-
vival. Coastal populations of Monterey pine (Pinus radiata) in North America have thicker bark
in areas with a long history of Indigenous burning and thinner bark on islands where planned
fire has been absent or rare [24]. Mediterranean gorse (Ulex parviflorus) exhibits higher flammabil-
ity in fire-prone areas, which, despite reducing mature plant survival, may produce heat shock
that breaks seed dormancy and enhances offspring recruitment [25]. Candlestick banksia
(Banksia attenuata) in southwestern Australia resprout from underground lignotubers in environ-
ments with frequent crown fires, while epicormic resprouting occurs in areas with infrequent
crown fires — interpreted as a form of plasticity that enhances survival [26].

Fire-related reproductive traits also vary within species. Seeds from fire-exposed populations of
tassel heath (Erica coccinea) in South African fynbos and common heather (Calluna vulgaris) in
Norwegian heathlands exhibit strong smoke-induced germination, whereas those from fire-free
populations respond more strongly to seasonal temperature cues [27] or lack this response
[28]. Jack pine (Pinus banksiana) in Canadian forests display high levels of serotiny in areas
with frequent wildfires, while populations in less fire-prone areas adopt a bet-hedging strategy,
with variation in serotiny supporting recruitment both postfire and during fire-free intervals [7]. In
the Mediterranean basin, Aleppo pine (Pinus halepensis) reaches age of first reproduction more
quickly in populations subject to shorter fire intervals [29].

Intraspecific variation in recolonization traits is less studied than other traits that help plants respond
to changing fire regimes [15]. However, within-species variation in traits related to seed dispersal
and shifts in dispersal ability occur under other forms of global environmental change [30]. This sug-
gests that fire could also shape recolonization traits, offering a promising area for further research.

Intraspecific variation in phenotypic traits arises from mechanisms acting within and between
generations [31], including genetic changes, plastic responses within generations, and cross-
generational plasticity including epigenetic effects. These mechanisms differ in how quickly and
effectively they drive adaptation [23], making it important to understand the contribution of
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Glossary

Epigenetic changes: modifications in
gene activity that do not alter the DNA
sequence itself. These changes,
influenced by environmental factors, can
occur in individuals within and between
generations.

Fire regime: the temporal and spatial
dimensions of recurrent fires and their
characteristics.

Fire-related traits: phenotypes that
enhance the fitness of organisms
subject to recurrent fires.

Genotype: the genetic composition of
an organism, including nuclear and
extranuclear components.

Heritability: a measure that explains
how much variation in a phenotypic trait
within a population is due to genetic
differences among individuals. Ranges
from O (all variation due to environmental
effects) to 1 (all variation due to genetic
differences).

Phenotype: the observable
characteristics of an organism, including
morphological, physiological, and
behavioral characteristics, which can
interact with the environment.
Phenotypic plasticity: the ability of
genotypes to express different
phenotypes, depending on
environmental conditions.

Serotiny: the retention of mature seeds
ina canopy seedbank, with seed release
triggered by environmental cues such as
fire.
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Figure 1. Plant traits through the lens of fire science. Fire-related traits are those traits that enhance the fitness of plants subject to recurrent fires. We distinguish
between three groups of traits that shape plant fitness in fire-prone environments — those related to fire survival, postfire reproduction, or recolonization after fire — while
shaping conditions under which evolutionary processes operate. Some traits contribute to more than one of survival, reproduction, and recolonization. The graphic is a
stylized Banksia with the trunk and some stems burnt.

heritable genetic differences, environmental conditions, and cross-generational plasticity to
predict plant adaptations to changing fire activity.

Genetic variation in fire-related traits

Several approaches are helping to estimate the genetic component of fire-related intraspecific
variation in controlled environments and wild populations and to distinguish the effects of fire
from other influences on trait variation.

Common gardens, where plants from different provenances are grown under the same condi-

tions, are one method [32]. Pitch pine (Pinus rigida) plantings from across eastern North
America, grown in uniform conditions, showed that plasticity in litter flammability varied by source
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Figure 2. lllustrative cases of intraspecific variation in fire-related traits across different plant forms. Each example illustrates how within-species variation in
traits aligns with different fire regimes. Some cases highlight adaptive variation, where heritable traits likely underpin fitness differences, and others may reflect
phenotypic plasticity, which can also confer survival or reproductive advantages under different fire patterns. (See [7,25-29,33,51,69-72].) Photo credits from
Wikimedia Commons: Mediterranean gorse — Tylwyth Eldar, CC BY-SA 4.0; Pitch pine — bobistraveling on Flickr, CC BY 2.0; Canary Islands pine — Krzysztof Ziarnek,
Kenraiz, CC BY-SA 4.0; Candlestick banksia — Anagoria, CC BY-SA 3.0; Manzanilla de cerro — Tubifex, Public domain; Aleppo pine — Balles2601, CC BY-SA 4.0;
Manuka — Krzysztof Ziarnek, Kenraiz, CC BY-SA 4.0; Tassel heath — Mahendran Moodley, CC BY-SA 4.0; Jack pine — Doug McGrady, CC BY 2.0; Common heather —
Josep Gesti, CC BY-SA 4.0; Downy brome — lefnaer, CC BY-SA 4.0; Maritime pine — Les Meloures, CC BY-SA 3.0.

locations, indicating heritable differences in a plastic trait [33]. Similarly, a common garden exper-
iment on P. halepensis in Spain showed heritable differentiation in seed storage, with higher levels
of serotiny in populations from areas with higher fire activity [34].

Experimental manipulation (phenotypic selection) can help pinpoint the role of fire and the herita-
ble basis of variation in fire-related traits. Experimental fires revealed that awn length in the clonal

grass Hyparrhenia diplandra from a Cote d’Ivoire savanna influenced seed burial and survival,

666 Trends in Ecology & Evolution, July 2025, Vol. 40, No. 7


Image of &INS id=

Trends in Ecology & Evolution

with heritable differences present among the clones across a generation suggesting an evolution-
ary response to fire intensity [35]. By contrast, another experiment did not detect heritable differ-
ences between grasses exposed to different fire patterns; instead, intraspecific variation in
growth and flowering was likely due to developmental plasticity following burning [16].

Advances in genomics enable studies of evolutionary changes in wild and long-lived plants and
help identify whether genetic changes are involved in selection. Sequencing technologies provide
molecular markers such as single nucleotide polymorphisms (SNPs) that can be used to estimate
relatedness among individuals and genetic contributions to phenotypic variation [36]. This ap-
proach has been used to quantify heritability of serotiny in two Mediterranean pine species,
with field heritability estimates of approximately 10%, indicating some genetic variance in this
trait that could lead to a selection response [37]. Further evidence of the genetic component of
intraspecific variation comes from quantitative trait locus (QTL) markers and genome scans. A ge-
nome scan indicated that a significant proportion of phenotypic variation in flammability of
U. parviflorus was explained by specific loci [38], while in blue gum (Eucalyptus globulus), QTL
analysis provided evidence for genetic control of fire-related epicormic resprouting [39].

Genetic markers associated with traits or showing extreme differentiation among populations
may point to candidate genomic regions and processes underlying adaptive shifts. A survey of
approximately 10 000 SNPs in B. attenuata populations sampled across fire, precipitation, and
temperature gradients identified SNPs in four candidate genes potentially linked to fire interval
and climate [40]. In P. halepensis, 251 SNPs in the coding regions of targeted candidate genes
for fire adaptation provided evidence for genetic differentiation in three of these SNPs between
stands with high or low frequency of crown fires [41].

In summary, there is growing evidence that fire-related traits vary within species, enhance plant
fitness, and are heritable — the preconditions for adaptive evolution. We now explore the ability
of plants to adapt to contemporary environmental changes through these traits.

Mismatches between phenotypic traits and emerging fire regimes

Insights into plant vulnerability to changing fire regimes have come largely from studies of popu-
lation dynamics, offering valuable insights into demographic responses [42]. An influential ap-
proach considers time to reproductive maturity and lifespan, highlighting immaturity risk, when
fire intervals are too short for plants to mature and accumulate seeds, and senescence risk,
when intervals exceed the lifespan of seeds and plants [43]. Other ecological approaches link
seed traits to the risk of altered fire seasonality [44], bark thickness to fire frequency [9], or com-
binations of fire-related traits to components of fire regimes [45,46]. However, trait-based predic-
tions largely neglect evolutionary changes, incorrectly assuming that phenotypes are always
static over time and across environments.

To examine consequences of shifting fire patterns on both plant demography and evolution,
we present a framework — ‘trait-fire mismatch’ — that recognizes variation within and among
populations of single species and its critical role in adapting to fire-related environmental
changes (Box 1). This framework is based on the concept of phenotype—environment mis-
match, which explores misalignment of organisms and human-altered environments [47],
and is also informed by research on phenological mismatch, which examines climate-driven
asynchrony in consumers and their resources [48]. Trait—fire mismatch arises when a popula-
tion’s trait distribution differs from that best suited for a given fire regime. Large mismatches,
which are likely when fire regimes shift, result in two main outcomes: demographic changes
and increased selection.
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In some cases, trait—fire mismatches will reduce survival and reproduction to the point where a
population declines or is extirpated. In others, the selection promoted by mismatches may lead
to adaptation that helps to counter fire regime changes — a process called ‘evolutionary rescue’
[49]. Strong selection alone may not save a plant population if realized heritability is limited or
quickly plateaus to near zero, if few individuals are well adapted, and/or if evolution cannot
keep pace with rapid changes [47]. For instance, short fire intervals increase precocity in
P. halepensis, lowering the age of reproduction from 13 to 9 years [29], but to what extent can
this be further reduced? Put more broadly, how effective is adaptive evolution in stabilizing or re-
covering populations under emerging fire regimes? Answering this will require using a variety of
methods (Box 2), including those that quantify interactions between population size, adaptive re-
sponses, and rates of evolutionary change.

There is widespread evidence that mismatches between plant traits and fire activity contribute to
demographic changes and population declines [14]. Notable cases include reduced recruitment
of serotinous obligate seeders following short intervals between wildfires in eastern Australia [50]
and western North America [11], where repeated fires occur before canopy seedbanks have de-
veloped. Few studies have tested whether fire patterns drive rapid plant evolution, but a pioneer-
ing example comes from research on the herb manzanilla de cerro Helenium aromaticum in the
Chilean matorral [51,52]. In this ecosystem, human activity has increased fire frequency since
the 19th century and has been linked to evolutionary changes in seed traits: populations in fre-
quently burnt areas have more rounded and pubescent seeds — traits shown to be heritable
[51] — and one way these traits may function is by conferring resistance to heat and smoke
[62]. This rare example, alongside extensive evidence of intraspecific variation in fire-related traits
(Figure 2), highlights the need for further research at the intersection of ecology and evolution to
predict plant responses to environmental changes.

Evolutionary responses to fires are complex, and additional patterns and processes should be
considered. First, covariation among fire-related (and unrelated) traits and trade-offs between
traits associated with different syndromes [53] may constrain evolutionary responses. A range
of mathematical and statistical models are available to examine these linkages (Box 2). Second,
while directional selection is critical, stabilizing and disruptive selection are also likely to play a
role in fire-driven evolution of plants [52] and other biota [54] and can be explored using nonlin-
ear modelling [23]. Third, gene flow and the genetic mechanisms underlying plasticity are often
overlooked in fire-related models and should also be considered. Finally, fire interacts with

Box 1. Traitfire mismatch

‘Trait—fire mismatch’ occurs when a population’s phenotypic trait distribution differs from that best suited for a given fire regime (Figure l). The size of a mismatch is the
distance between the peak of the current trait distribution and the optimum (i.e., the distribution where fitness is highest). Large mismatches between phenotypes and
fire-prone environments will reduce survival and reproduction but also increase selection pressure for adaptation [47]. Whether plants can successfully adapt to modified
fire regimes through key traits can be quantified using mathematical and statistical models (Box 2).

Plant traits are likely shaped by different characteristics of fire regimes. To date, ecological frameworks have focused primarily on single traits or small sets of traits to
describe fire-related risks associated with fire regimes. For example, age to maturity has been linked to immaturity risk when fire intervals are too short [11,42,43],
and germination timing has been linked to the risk posed by altered fire seasonality [44]. The concept of trait-fire mismatch enables exploration of interactions between
traits and fire regimes — including others beyond those shown here, such as those arising from reductions in fire activity — within a single framework (Figure I). By incor-
porating intraspecific variation, the adaptive potential within species to modify the degree of mismatch can be considered, offering new opportunities for forecasts, man-
agement, and conservation that incorporate evolutionary responses.

We consider that specific attention on trait—fire mismatch is merited because of the widespread and variable nature of fire, its broad impacts on plants with implications
for the rest of biodiversity, and the rapid pace of changes in fire activity. While much research on phenotype-environment mismatch has focused on adaptation to climate
change, and in particular to temperature, fire regimes generate selection pressures different from those associated with climate alone because of their variation in fre-
quency, intensity, seasonality, and size. We also consider that fire-related adaptations, such as fire-released seed dormancy, serotiny, and thick bark, provide insights
into how organisms evolve in response to disturbances more generally.
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Figure . Trait—fire mismatching. llustrative examples of mismatch are shown where anthropogenic shifts in fire patterns have plausibly reduced plant fitness. The first
example highlights a mismatch and accompanying shift in phenotype distribution that may have occurred thousands of years ago, and the other two illustrate more
recent, human-driven changes in fire regimes and resulting selection pressures. In each case, different fire-related traits are likely under selection from fire regime
changes. The evolutionary potential of fire-related traits, represented here by idealized phenotypes that are in transition and hypothesized to be under directional
selection, is uncertain even for relatively well-studied species. (See [24,60,61].) Photo credits: Monterey pine — Luke Kelly; Alpine ash: Neil Blair, CC BY-NC-SA 4.0;
Lodgepole pine — Retama, CC BY-SA 4.0, via Wikimedia Commons.

multiple biotic and environmental processes that can amplify its direct impacts, create new in-
direct impacts, and hinder plant recovery. To understand how plants adapt to contemporary
fire regimes, it is essential to examine traits also influenced by climate [8,55] using common gar-
dens, manipulative experiments, and field studies of wild plants. This includes traits under se-
lection during climate-driven ‘interval squeeze’ [42], where shorter fire intervals and drier
conditions challenge plants, as well those influenced by processes such as herbivory [6] and
seed predation [56].
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Box 2. Measuring the pace of adaptation

Quantitative genetic methods can be used to predict how plant traits respond to fire-driven selection.
As a simple starting point, the change in a single fire-related trait per generation (R) can be explored using the breeder’s equation [62]:

R=HS [1]

where Ris the change in the mean trait value in the next generation; h? is narrow-sense heritability, the proportion of variation in the trait that has an additive genetic basis;
and S is the selection differential, calculated as the difference between phenotypes before and after selection or determined using regression of the relationship of fitness
and the trait.

Consider a grass population where the mean awn length is 50 mm and heritability is high (h” = 0.4). Long-awned seeds may be more likely to survive high-intensity fires
by burying deeper and avoiding heat [35]. After high-intensity fire and death of individuals with shorter awn lengths, the mean awn length shifts to 55 mm. Using the
breeder’s equation, the predicted change in awn length is:

R = h?S = 0.4 x (55 - 50 mm) = 2 mm ]

Thus, a 5-mm increase in the selected population’s mean awn length (S) results in an expected 2-mm increase in the next generation. If another population experiences
the same selection but with lower heritability (h° = 0.2), the predicted change would be 1 mm. The response (R) is proportional to heritability (h?).

Extensions of the breeder’s equation improve predictions of evolutionary responses to fire-driven selection. These include approaches for quantifying changes in mul-
tiple traits [63], making it possible to assess how selection on one trait might influence another, as well as expansions for incorporating demographic factors such as
population size, gene flow, physiological constraints, and plasticity [64,65] — all of which can potentially be analyzed in a spatially explicit framework [66]. The pace of
evolutionary adaptation — underpinned by response to selection and generation time — can then be compared with empirical or simulated fire data to better understand
if plants can keep up with fire regime changes.

Additional genomic approaches can be used to examine how plant traits with monogenic or oligogenic architecture respond to fire-driven selection [67,68]. Candidate loci under-
lying adaptation can be identified using genome-wide association studies (GWAs), which link genotypes to variation in phenotypic traits, and genotype-environment associations
(GEASs), which relate genotypes to environmental variables such as fire and climate measured where samples were collected [67,68].

Managing plants in a changing world

A consideration of trait—fire mismatch can help identify species with limited adaptive capacity and
inform effective conservation actions. Understanding how intraspecific variation is distributed
geographically and across spatial scales and how it promotes adaptive capacity enables man-
agers to promote strategies that assist fire-driven evolution and enhance levels of adaptive diver-
sity necessary for population persistence.

One strategy to reduce trait—fire mismatch involves actively managing fires to align plant traits with
their environment. For example, understanding when plants mature or produce seeds helps iden-
tify when and where fire should be applied or suppressed [13]. Knowledge of intraspecific varia-
tion in these traits can then guide fire management decisions tailored to specific locations [57]. A
range of actions, including prescribed burns and fire suppression efforts, can be used to adjust
the timing, location, and type of fires to support plant populations.

A second strategy focuses on managing phenotypes to promote adaptation. Enhancing the size of
plant populations and improving connectivity and gene flow can build resilience and adaptive potential
in response to shifting fire patterns [58]. In some cases, translocating individuals to reinforce genetic
diversity within a species’ geographic range could be beneficial [58]. Postfire restoration will be im-
proved by understanding the genetic basis of traits and selecting appropriate source material. This
may include using preadapted genotypes from conspecific populations suited to emerging fire re-
gimes, such as seeds from high-frequency fire areas favoring greater precocity [29]. More radical ap-
proaches, such as moving populations or species to areas matching their historical fire regimes, may
be required, given the rapid pace of change. Identifying areas with high evolutionary potential in fire-
related traits, such as genetic hotspots or even fire refugia, could help prioritize conservation efforts.
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Ultimately, we recommend conserving plants across the full range of their fire-related trait varia-
tion [59] and maintaining fire patterns that promote environmental heterogeneity and adequate
selection pressure for adaptation.

Concluding remarks

Mismatches between plants and emerging fire patterns can reduce fitness while driving selection
and adaptation. Recasting fire-driven evolution as an ongoing process and recognizing variation
within species offer new ways of forecasting ecosystem changes and conserving plant diversity.
However, recognizing the role of evolution in shaping plant responses to fire should not imply that
all species will adapt to rapid changes — evidence to date indicates many will not. The urgent task
is to quantify whether plant populations can evolve quickly enough to keep pace with these
changes and to ensure that our predictions and conservation strategies do the same (see
Outstanding questions). We reason that fire science will benefit from insights provided by evolu-
tion and genomics and, in turn, that these fields can be enriched by the fascinating and diverse
ways fires shape contemporary plant evolution.
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Outstanding questions

What is the extent and nature of
intraspecific variation in recolonization
traits potentially influenced by fire?
Studies of seed number, mass,
morphology, and release height, for
example, will help reveal the ability of
plants to disperse in fire-prone ecosys-
tems, how strongly recolonization traits
are shaped by fire-driven selection, and
how gene flow influences adaptation.

What is the heritability of fire-related
traits that influence plant survival, re-
production, and recolonization? Do
some fire-related traits have greater
evolutionary potential than others?
How does evolutionary potential in
fire-related traits vary across taxa, eco-
systems, and locations?

What is the relative importance of
heritable genetic differences, within-
generation plasticity, and cross-
generational plasticity, including epige-
netic effects, in shaping plant responses
to fire regime changes? Answering this
will require consideration of plasticity that
may be genetically controlled.

How does covariation among fire-
related (and other) traits shape evolu-
tionary adaptation under modified fire
regimes and associated environmental
changes? Which traits are under selec-
tion as fire regimes and other factors,
such as climate, pathogens, pollina-
tors, and predators, shift?

Trait—fire mismatches are likely wide-
spread. What are the most common
forms, and where and when are these
mismatches most pronounced? For
which species, and under which condi-
tions, will evolutionary rescue occur?
What are the limits to fire-driven evolu-
tionary changes?

Is the full range of fire-related trait vari-
ation adequately protected for most
plant species? How can conservation
actions be informed by this variation
and adjusted to support it? How effec-
tive are translocations, sourcing pre-
adapted genotypes, and population
relocations in dealing with shifting fire
regimes — and what are the risks of ac-
tion versus inaction?
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