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The rise of megafires and extreme fire behaviors poses a
significant threat to insect populations, affecting their survival
and postfire recolonization. Megafires threaten the entire insect
communities by changing fire regimes and habitats. These fires
are now burning non-fire-prone ecosystems, endangering non-
fire-adapted insects and habitats. While implementing
prescribed burn programs can reduce the chances of megafires
from developing, some megafires will be unpreventable. Land
managers can mitigate the fire impacts by creating refugia and
promoting heterogeneity in burn severity through fire control
measures. Last, these post-megafire landscapes can provide
an opportunity to restore historical fire regimes through
subsequent prescribed burn management. This will revitalize
ecosystems, benefit insects, and reduce the likelihood of future
megafires and subsequent insect loss.
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Introduction

Recent megafires have reached unprecedented sizes, con-
suming millions of hectares rapidly with high intensity [1],
penetrating areas of fire refugia [2], and leaving large con-
tiguous patches of severely burned land [3]. Megafires are
wildfires that burn over 10 000 ha [4e]. Historically, mega-
fires were a rare phenomenon occurring within fire-prone

ecosystems, but recent global changes in climate, land use,
fire suppression strategies, and the spread of invasive species
have led to an increase in megafire frequency, including in
non-fire-adapted ecosystems such as tundra [1,5,6]. The
increasing frequency of megafires imposes an emerging
threat for the exceptionally diverse group, insects. These
more frequent and intense megafires have placed non-fire-
adapted insects and their habitats at risk [7] and alter the fire
experiences for fire-adapted insects compared with historical
fire regimes.

Megafires and accompanying abnormal fire behaviors
disrupt historical insect responses to fire. Many insects
benefit from and depend on wildfires or prescribed burns
to maintain their habitats, including pollinators, herbi-
vores, and decomposers [8-10]. However, these positive
effects of fire can be reversed when fire regimes are al-
tered [7]. With such drastic alterations of natural fire
regimes, extinctions and changes in insect communities
and their ecosystem services (i.e. decomposition, polli-
nation, nutrient cycling, and soil respiration) can be ex-
pected. Recent reviews and meta-analyses summarize
the specific impacts of fire on insects [8,11®¢ 12], how-
ever, research on the effects of megafires is an emerging
field. Here, we review studies documenting insect re-
sponses to megafires and discuss factors by which
megafires deviate from historical fire regimes to threaten
insects. We also address knowledge gaps in our under-
standing of how megafires affect insects and propose
needs for conservation.

Insect survival

The massive extent of megafires and their associated
extreme fire behaviors prevent insects from escaping. To
survive a megafire, insects must travel greater distances,
for longer periods, and often at increased speeds com-
pared with fires of historical regimes. Insects with lim-
ited dispersal ability are likely to be caught in the flames,
while those able to disperse risk moving beyond their
habitat range. Additionally, exposure to smoke of large
fires can impair insect flight ability such as by reducing
butterfly flight distance and speed [13] or by causing
insect disorientation [l14e]. Furthermore, the scale of
megafires alters fire behavior, generating powerful up-
drafts and firestorms [15] that impede escape. Such fire-
weather effects pushed insects out to sea during an
Australian megafire, resulting in masses of dead insects
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2 Global change biology

washing up on beaches [16°]. As megafires become more
frequent, we can anticipate significant insect losses due
to their inability to escape and being forced outside their
habitat ranges.

During fires, insects seek refugia, such as unburnt pat-
ches of vegetation, logs, duff, or by climbing up trees
[17]. Refugia play an important role in increasing insect
diversity postfire [18-20]. However, the increased fire
severity, large contiguous burn areas, and increased
crown fires in megafires result in less refugia [3,21,22].
Not only are there less refugia, but those that remain are
highly degraded in quality [23], leading to decreased
insect diversity [22]. Intense fire weather can also
overrun topographic controls, making refugia less pre-
dictable [24], thus, historically safe places no longer offer
protection. The consequences of lost refugia will be
long-lasting. Nine years following a European—Russia
megafire, insects had recovered in areas with low-in-
tensity surface burns but remain affected in areas with
high-intensity crown fires [25].

Research following the recent Australian megafires
document catastrophic effects on insect survival. In a
single season, 30.38-39.8 million ha of vegetation burned
[26]. The fires spread rapidly at high intensity, leaving
little unburned and infiltrating areas typical of fire re-
fugia and neighboring non-fire-prone ecosystems such as
rainforest [27]. In 26% of the burned area, it was esti-
mated that 240 trillion arthropods died [26]. At this scale,
the entire host plant populations and habitats were de-
stroyed, causing the extirpation and extinction of an
estimated 50 host plant dependent insects, including
fire-adapted species [28¢,29]. The fires also resulted in
29 bee species becoming eligible for International Union
for Conservation of Nature (IUCN) listing [30]. Given
that only 30% of Australian invertebrates are described
[31], the true extent of the impact was likely far greater
than documented.

Similar results have been observed following other mega-
fires. In Borneo between 1997 and 1998, over 5 million ha of
forest burned, causing a major decline in native butterfly
species richness, and shifting the butterfly community from
specialist-rich to one dominated by large-winged generalists
postfire. These more mobile species had an advantage in
their ability to travel greater distances and utilize a broader
range of host plants [32]. Even after four years, only 43% of
the prefire species were found to persist postfire [33]. Over
100 butterfly species were temporarily extirpated, with these
species tending to be restricted in range, smaller, specia-
lized, and less abundant prefire [34]. Likewise, 16 months
after a Brazilian megafire, eight dung beetle species were
temporarily extirpated, with fire-sensitive species replaced
by more tolerant ones [35].

Postfire recovery, insects, and ecosystems
Megafires can decimate an insect’s entire habitat and
geographic extent [36°¢] destabilizing numerous insect
populations [28¢] Following the 2019-2020 Australian
megafires, it was estimated that ~400 invertebrate spe-
cies had their whole geographic range burned, and an-
other ~400 had over half their range burned [36°¢].
Insects surviving megafires face immediate resource
scarcity, likely causing further die-off from starvation
and exposure [9]. Late successional species are espe-
cially vulnerable to this postfire die-off, as it can take
decades for their habitat to recover (e.g. buildup of dead
wood, leaf litter, or old-growth plant architectures) [37].
Columbian dung beetles, which decline in diversity
following fire, demonstrate the vulnerability of late-
succession groups to fire [38]. Last, following megafires,
recolonization will be slower due to fewer and smaller
populations available to source recovery [39].

Post-megafire landscapes have fewer intact habitat pat-
ches, which are critical for the recovery of individual
species and ecosystems [19,23,40,41]. Since insect re-
colonization typically originates from the unburned
perimeter moving inward [22,42,43], larger burned areas
and reduced intact habitat surrounding post-megafire
landscapes prolongs recolonization. The ability of insects
to detect a suitable habitat is limited by distance, and
without habitat cues to guide insects, random searching
behavior for postfire habitat can increase mortality due to
predation and energy loss [44]. Additionally, longer
distances to isolated habitats reduce pollinator richness
and floral visitation rates, negatively impacting the re-
production of surviving vegetation [45], further dis-
rupting ecosystem recovery. Furthermore, large
intensively burned areas create high-contrast boundaries
between habitat patches [44] that may slow or dis-
courage insect dispersal [46,47]. Megafires also increase
the risk of recolonization failure. Marschalek et al. [48]
found only two cases of a rare butterfly’s recolonization
six years after two megafires in California coastal sage
brush. Burn size has been found to decrease the re-
colonization potential of some cockroaches, further de-
laying ecosystem recovery by limiting their contribution
to decomposition [43].

Losses of insect species from fire may weaken ecosystem
integrity [49] and cause changes to communities that dis-
rupt ecosystem functioning. A megafire in Portugal led to a
loss of mountain shrubland community resilience, where
nocturnal moth pollen transport networks became less
complex and robust, and moth abundance, species rich-
ness, and total pollen transport decreased despite an in-
creased flowering [50]. Similarly, following a megafire in
California, ecosystem network stability decreased for three
years post fire where the fire was most severe [51].
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Megafire duration and fire season expansion
Many insects are only fire-adapted within specific life
stages synchronized with historical fire seasons, such as
the Atala hair streak, which pupates belowground during
the fire season [52]. As megafires burn longer, often
extending beyond the typical fire season, insects are
experiencing fires during vulnerable life stages, which
can have devastating effects. For instance, preseason
fires that occurred before a skipper butterfly was in the
mobile adult stage led to the skipper’s local extirpation
[37]. Species with highly synchronized phenology or
short generation times are particularly vulnerable to
megafires occurring outside of historic fire seasons.
Changes in the timing of fires can reshape the entire
insect communities. After prescribed burns in Texas
grassland and prairie during the summer, there was a
170% increase in arthropods with a higher portion of
predaceous and herbivorous groups compared with pre-
scribed burns in the winter [53]. This shift in insect
communities may be partly due to the effects of seasonal
fire timing on resource availability. Historically, fires
occur during the growing season, creating bare soil pat-
ches for ground-nesting bees. These important nesting
resources are reduced with fire seasons expanding into
the dormant season [54]. The seasonal timing and fre-
quency of fires impacts the plant communities that
support insect communities. Fires outside of the fire
season can alter plant survival, reproduction [55], and
diversity [56], which in turn impacts insect herbivores
and pollinators. Last, megafires can reduce fire return
intervals beyond plant thresholds, risking ecosystem
collapse [2,57,58]. As increasing megafires alter fire re-
gimes, vegetation transitions will result in insect habitat
and host plant loss, coinciding with declines in insect
diversity.

Effect on non-fire-prone insect communities

Intense megafires can extend into non-fire-prone eco-
systems, such as wet sclerophyll forests, rainforests, and
alpine complexes [2,59] posing risks to non-fire-adapted
insects [7]. In these areas, fire avoidance behaviors may
be weak or absent, resulting in poor fire detection and
escape abilities [60]. Even in fire-prone systems, naive
behaviors have been observed. Gerson and Kelsey [61]
found that nocturnal pandora moths were attracted to
the fire light at night and flew into the flames. Those
disturbances or fire-naive individuals that survive, are
likely to be more vulnerable to postfire risks, such as
increased avian predation [60] or be unable to camou-
flage against charred landscapes [62]. Non-fire-prone
insects may also exhibit maladaptive behaviors in post-
fire environments. Social worker ant colonies are more
vulnerable to attack as they are less likely to defend
against threatening stimuli in recently burned habitats
[63¢]. Disturbance-sensitive insects may have more
difficulty recolonizing. For example, after a disturbance
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occurred in the wetland habitat of a Batrachedra species,
the butterfly was unable to find host plants just 200 m
away from its original, intact habitat. This disruption
nearly led to the collapse of the plant-herbivore inter-
action [64]. Henry et al. [65] found that fires can have
long legacies in non-fire-prone ecosystems, observing
postfire differences in insect and mite species composi-
tion persisting 54+ years in fire-sensitive vegetation.
Last, megafires can degrade and destroy non-fire-prone
habitats, jeopardizing the entire insect communities. In
the tundra, fires increase the risk of permafrost thaw
melt, converting tundra to forest or shrublands
[66], leading to the immigration of southern species
north

[67].

Effects beyond the fire

The impact of megafires extends beyond the flames, as
smoke plumes pollute air quality and affect insect health
and behavior. Smoke can reduce egg hatching, devel-
opment, and survival in some species while increasing
egg production and development in others [14®]. Smoke
drifts have been observed to agitate hibernating mon-
arch colonies and increase predation risk [68,69].
Anomalous sky polarization caused by smoke plumes
can impair insect navigation and migration [70]. In ad-
dition to affecting survival and behavior, smoke can also
affect resource quality. Tan et al. [71] found that cater-
pillars feeding on smoke-exposed plants had reduced
development and weight. Furthermore, smoke from a
Russian megafire was believed to have caused changes
in plant phenology and ozone damage to plants [72].
The ash and smoke of megafires can be contaminated by
burnt human infrastructure, which may have con-
sequences for insect health. Months after the Noter-
Dame fire in France, increased lead concentrations were
found in honey from bechives downwind [73]. Overall,
the severity and extent of megafire smoke impacts are
unknown; however, Australian megafire smoke reached
South America in a week and caused phytoplankton
blooms across the South Pacific Ocean [74], revealing
that significant impacts of megafires can be felt across
vast distances.

Conservation

In ecosystems naturally prone to wildfires, historical re-
gimes are essential disturbances that maintain ecological
balance and are essential to insect communities.
However, in these ecosystems where fire suppression
practices have been in place for decades to over a cen-
tury resulting in the buildup of fuels and altering the
ecological trajectories of the insect communities.
Prescribed burns that restore historic fire regimes can
improve insect habitat [8,9] and control fuels, decreasing
the likelihood of megafire development and spread. Al-
though, some future megafires may be unavoidable.
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However, we may be able to reduce their impacts.
Where possible, land managers can create topographic
controls such as fire roads, cutlines, and green breaks, to
protect patches from burning and reduce burn severity.
These tools can increase refugia aiding in insect survival
during fire and ecosystem recovery. The use of fire
controls has proven successful in insect conservation.
During a Canadian megafire, cutlines burned at lower
severity protecting butterflies from fire [75]. Further-
more, green breaks (planted lines of fire-retardant ve-
getation) have been shown to increase postfire
biodiversity with lower maintenance costs than fire roads
[76]. Green breaks also provide immediate habitat and
food sources for insects postfire [37]. Creating anthro-
pogenic fire refugia has great potential for reducing
megafire damage, as even unburned patches as small as a
square meter can be beneficial in ecosystem re-
covery [23].

Incorporating insects into conservation plans is crucial.
Management plans should prioritize conserving at-risk
species, such as those with restricted ranges, smaller
body sizes, higher specialization, and lower abundances
prefire [34]. Additionally, postfire efforts can aid insect
recovery. Planting artificial bee nesting sites can increase
bee populations and reduce the risk of extinction when
minimal postfire habitat remains [77]. Fire management
plans often focus on vertebrate species, neglecting in-
vertebrates that are equally threatened and vital for
ecosystem functioning through pollination, decomposi-
tion, and linking trophic interactions.

Last, post-megafire landscapes may present us oppor-
tunities to restore historical fire regimes and revitalize
the health of long fire-suppressed ecosystems. Where
arcas have been fire-suppressed and vegetation has been
overgrown, megafires may return the habitat to a more
natural state, benefiting insects. After over 100 years of
fire suppression in a boreal forest, a large wildfire re-
sulted in increases in beetle assemblages postfire [78].
Megafires consume excessive fuels and overgrown ve-
getation, restoring historical fire regimes using pre-
scribed burns may be more feasible. Implementing
prescribed burn management will benefit insects and
their habitats [9] and could reduce the risk of future
megafires, minimizing further insect loss.

Conclusions

Megafires and extreme fire behaviors are becoming more
prevalent [1,5,79], yet research on their impacts on in-
sects and comparisons with historical regimes remain
limited. Most existing megafire—insect studies originate
from a single event, the Australian 2019-2020 bushfire
season, despite the global occurrence of megafires. Ex-
isting research is further constrained by a lack of prefire
data [16°,36°¢] including species descriptions, ranges,

and comprehensive inventories of insect communities.
This absence of these data leads to significant under-
estimations of megafire effects on insects [16¢] and
limits insect conservation efforts [37]. As megafires be-
come more common, we can expect losses of insect
species, shifts in communities, and altering ecosystem
functioning. These effects could potentially result in
ecosystem collapses. To better understand and mitigate
these effects, more research on insect responses to
megafires is needed, along with efforts to identify vul-
nerable species and communities, as well as assessments
of adaptive capacity in the face of changing fire regimes.
Additionally, comprehensive insect community in-
ventories of and species range descriptions are needed to
identify how megafires affect species populations and
ranges. These surveys could identify undescribed and
undiscovered species that play important roles in eco-
systems before they are lost. Finally, developing in-
novative solutions for insect conservation in the face of
megafires is essential for preserving ecosystems.
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