Loeb and Blakey Fire Ecology (2021) 17:29 i
https://doi.org/10.1186/s42408-021-00109-0 F ire ECOIOgy

‘0
)‘ ) Association .
N /7 Fire

Ecology

o

REVIEW Open Access

Check for
updates

Bats and fire: a global review

Susan C. Loeb"” ® and Rachel V. Blakey?

Abstract

Background: Bats are important components of forested ecosystems and are found in forests worldwide.
Consequently, they often interact with fire. Previous reviews of the effects of fire on bats have focused on
prescribed fire effects, in part due to the limited number of studies on bat responses to wildfire. However, over the
past several years, studies on bat responses to wildfire and prescribed fire have increased considerably. We
reviewed this rapidly expanding body of literature to determine whether bats respond differently to prescribed fire
and wildfire, and the important factors driving those differences. We also examined regional similarities and
differences in bat response to prescribed fire and wildfire and identified areas in need of further research.

Results: Our review included 52 studies (29 prescribed fire, 23 wildfire) from North and South America, Europe,
Australia, and Africa, although studies from Europe, South America, and Africa were limited. In general, we found
that bats show positive or neutral responses to prescribed fire, whereas a greater proportion of negative responses
were reported for wildfire. However, some of the negative responses to wildfire are short-lived or local, suggesting
that bats may be resilient to the effects of fire. Factors such as fire severity, fire frequency, time since last burn, burn
extent, season of burn, and pyrodiversity were all found to be important drivers of bats’ responses to both
prescribed fire and wildfire.

Conclusions: The importance of the spatial and temporal aspects of fire suggests that these factors need to be
considered when designing future studies and interpreting results. Pyrodiversity may be a particularly important
concept to further our understanding of bats’ responses to fire. We found several gaps in our knowledge including
lack of information on direct effects of fire (e.g, mortality), regional and taxonomic biases, effects of wildfire on
roosting habitat, and the effects of climate change. Although current studies suggest that fire may be an important
management tool for improving bat habitat, the threat of more frequent, extensive, and severe wildfires may put
additional stress on some bat populations, particularly those being impacted by disease, habitat loss and
fragmentation, and climate change.
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Resumen

cambio climatico.

Antecedentes: Los murciélagos son importantes componentes de los ecosistemas boscosos y se encuentran en
todo el mundo. En consecuencia, a menudo interactian con el fuego. Revisiones previas de los efectos del fuego
sobre los murciélagos se han enfocado en los efectos de quemas prescriptas, en parte debido al nimero limitado
de estudios sobre las respuestas de los murciélagos a los incendios. Sin embargo, hace ya varios afos que estudios
de las respuestas de los murciélagos a los incendios y a las quemas prescriptas se han incrementado
considerablemente. Revisamos este cuerpo de literatura que se expande rdpidamente, para determinar si los
murciélagos responden en forma diferente a las quemas prescriptas y a los incendios, y la importancia de los
factores que producen esas diferencias. También examinamos similitudes regionales y diferencias en la respuesta de
los murciélagos a las quemas prescriptas e incendios, e identificamos dreas que necesitan mds investigaciones.

Resultados: Nuestra revision incluyd 52 estudios (29 quemas prescriptas, 23 incendios) de Norte y Sudamérica,
Europa, Australia y Africa, aunque los estudios de Europa, Sudamérica y Africa fueron limitados. En general,
encontramos que los murciélagos muestran respuestas positivas o neutras a las quemas prescriptas, mientras que
una mayor proporcion de respuestas negativas fueron reportadas para incendios. No obstante, algunas de las
respuestas negativas a los incendios son de corta duracién o locales, sugiriendo que los murciélagos pueden ser
resilientes a los efectos del fuego. Factores como la severidad del fuego, la frecuencia del fuego, tiempo desde la
Ultima quema, extension de la quema, temporada de la quema, y piro-diversidad, se encontraron como
importantes conductores de las respuestas de los murciélagos tanto para quemas prescriptas como para incendios.

Conclusiones: La importancia de los aspectos espaciales y temporales del fuego sugieren que estos factores
necesitan ser considerados en el disefio de futuros estudios y en la interpretacion de los resultados. La piro-
diversidad puede ser un concepto particularmente importante para entender mejor las respuestas de los
murciélagos al fuego. Encontramos varios huecos en nuestro conocimiento, incluyendo falta de informacion de los
efectos directos del fuego (por ej. mortalidad), desvios taxondmicos y regionales, efectos de los incendios en los
hébitats de descanso, y los efectos del cambio climatico. A pesar de que los estudios actuales sugieren que el
fuego puede ser una herramienta importante para mejorar el habitat de los murciélagos, la amenaza de fuegos
mas frecuentes, extensos y severos puede agregar un estrés adicional en algunas poblaciones de murciélagos,
particularmente aquéllas que estan siendo impactadas por enfermedades, pérdida de habitat y fragmentacién, y

Introduction

Bats are a highly diverse group of mammals, varying
broadly in morphology, life history, ecology, and conser-
vation status (Willig et al. 2003; Frick et al. 2020). They
are found on every continent except Antarctica and oc-
cupy a diversity of habitats ranging from deserts to rain-
forests and may be found from the equator to the Arctic
as well as in remote, urban, and agricultural areas. Des-
pite the diversity of habitats which bats utilize, most bat
species rely on forests to some extent as forests provide
critical resources for foraging, roosting, and drinking
water (Law et al. 2016). Because forests throughout the
world often experience fire, both natural and human-
ignited, bats often interact with fire.

Fire may have direct and indirect effects on bats (Perry
2012). Direct effects include immediate mortality as well
as carbon monoxide toxicity and tissue damage such as
ear burns (Dickinson et al. 2010). Fires may also result
in the need to abandon roosts (Moorman et al. 1999;
Dickinson et al. 2009; Jorge et al. 2021), making bats
more vulnerable to predation. Indirect effects result
from changes in the habitat and include the creation or

loss of suitable roost sites, changes in foraging habitat
structure, and changes in the insect prey base (Perry
2012). Indirect effects may be positive, neutral, or nega-
tive. For example, use or activity of some bat species in-
creases after prescribed fire or wildfire, while that of
other species declines or does not change (e.g., Inkster-
Draper et al. 2013; Austin et al. 2018a, 2018b; Law et al.
2018b; Ancillotto et al. 2020).

Due to the lack of research on bat responses to fire
prior to the early 2000s, Carter et al. (2002) reviewed
some of the potential effects of prescribed fire on bats in
the eastern USA and developed several hypotheses about
how fire may affect their roosting and foraging behavior.
Perry (2012) provided a more thorough review of the ef-
fects of fire on bats in the eastern oak region of the
USA, but most of the papers included in his review ex-
amined the effects of prescribed fire on bats. More re-
cently, Loeb (2020) synthesized the literature on effects
of silvicultural treatments including regeneration har-
vests, thinning, gap formation, plantation forestry, and
fire on bat activity and habitat use in temperate zone
forests. Like Perry’s (2012) review, most of the fire
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studies included in that review pertained to prescribed
fire. The reviews by both Perry and Loeb concluded that
although responses of bats to fire vary among species,
oftentimes in relation to their ecological and morpho-
logical characteristics, in general prescribed fire tends to
have either neutral or positive effects on bats. Due to the
low number of wildfire studies included in the previous
reviews, it is not clear whether bats respond to wildfire
as they do to prescribed fire. Wildfires are often larger
in extent than prescribed fires (e.g., 100,000s ha versus
100s ha) and more severe, causing extensive damage to
forests and human communities (Hunter and Robles
2020). Thus, their effects on bats may differ from those of
prescribed fire. Further, neither review examined the ef-
fects of fire parameters such as burn severity, time since
last burn, burn extent, fire frequency, or pyrodiversity on
bats.

Wildfires have been increasing in frequency, severity,
and extent throughout fire-prone regions of the world in
recent decades, and there is broad scientific consensus
that this is due to a warming and drying climate as well
as other anthropogenic disturbances including fire sup-
pression, increased human caused ignitions, removal of
grazers, and the cessation of indigenous fire manage-
ment (Jolly et al. 2015; Bowman et al. 2020). The use of
prescribed fire has also been increasing, in part to reduce
fuel loads to mitigate the effects of wildfires as well as to
restore ecosystems. However, increasing periods of
drought and monsoon may reduce the number of days
suitable for prescribed fire, thereby leading to more in-
tense wildfires (Chiodi et al. 2018). Megafires such as
those that occurred in Australia in 2019-2020 and else-
where in recent years can have devastating effects on
wildlife (Ward et al. 2020). For example, Bosso et al.
(2018) estimated that suitable habitat for the 12 bat spe-
cies in Vesuvius National Park in southern Italy declined
by approximately 40% for species that foraged in open
areas but up to 60-80% for species that were dependent
on interior forests after a severe wildfire burned roughly
40% (~ 3400 ha) of the park. Not only did the fire des-
troy habitat, but due to forest loss, it also increased frag-
mentation for species associated with closed forests.

Many bat species across the globe are endangered or
threatened due to habitat loss and fragmentation, dis-
ease, wind energy development, urbanization, and cli-
mate change (Frick et al. 2020). Currently, 23% of the
world’s bat species are considered to be globally threat-
ened (listed as critically endangered, endangered, vulner-
able, or near-threatened on the IUCN Red List) with
78% of species with either unknown or decreasing popu-
lation trends (IUCN 2020). Thus, understanding the ef-
fects of fire on bats is critical for developing effective
management guidelines and policies to prevent further
endangerment and foster recovery. Over the past few
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years, several papers have been published on the re-
sponse of bats to wildfires. Thus, we are better able to
compare and contrast bats’ responses to prescribed fire
and wildfire. Our objective was to review the literature
on the responses of bats to prescribed fire and wildfire
to address the following questions: (1) How do bats re-
spond to the occurrence of prescribed fire and wildfire?
(2) How do bats respond to various fire parameters in-
cluding (a) burn extent (area burned); (b) fire frequency,
fire return interval, and time since last burn defined as
the number of fires in an area over a given time interval,
the average number of years between fires, and months
or years since the most recent fire, respectively (Som-
mers et al. 2011); (c¢) burn season (often described as
growing season versus dormant season or wet versus dry
season); (d) burn severity (a fire’s effect on the ecosys-
tem, particularly the aboveground and belowground or-
ganic material) or intensity (energy released during a
fire; Keeley 2009); and (e) pyrodiversity (spatial and tem-
poral variability in post-fire landscape characteristics;
Jones and Tingley In Press)? (3) Do bats respond differ-
ently to prescribed fire and wildfire? (4) What drives re-
gional differences and similarities in bat response to
prescribed fire and wildfire globally? (5) What are
current information gaps and how can we best design
research to address these gaps?

Review approach and available literature

We used the ISI Web of Science and included the Web
of Science Core Collection, BIOSIS Citation Index, BIO-
SIS Previews, Current Contents Connect, and Zoological
Record to search for papers on responses of bats to pre-
scribed fire and wildfire through April 2021. Topic
searches were [“bat OR chirop*” AND “fire”], [“bat OR
chirop*” AND “burn”], [“bat OR chirop*” AND “wild-
fire”], and [“bat OR chirop*” AND “prescribed”]. We also
examined the literature cited sections of these papers for
additional references. For each paper included in the re-
view, we determined the type of fire examined (pre-
scribed fire or wildfire), the fire parameter(s) examined
(e.g., burn versus no burn, time since last burn, severity),
the response examined (foraging/commuting, roosting,
physiology, demographic, or range distributions), and
the response (positive, negative, or neutral) of each spe-
cies or species group (either foraging guild or genus).
Examples of positive responses included increased for-
aging or commuting activity or occupancy in burned
compared to unburned sites, greater activity or occu-
pancy in recently burned sites compared to sites burned
at a greater time interval, and selection of roosting sites
in or near burned areas compared to non-burned areas.
Negative responses included lower activity or occupancy
in burned areas compared to non-burned areas, lower
activity or occupancy in more severely burned sites, and
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avoidance of burned sites for roosting. Although higher
bat activity is often interpreted as a positive response to
a treatment such as a fire, it is possible that high activity
could be reflecting animals’ need to forage more in these
areas to obtain the resources they need, and lower for-
aging rates could reflect high efficiency. Further, we
recognize that other factors may also be contributing to
responses of bats to fire such as logging history, other
land uses, and invasive plants and have noted these
where appropriate. We also determined the foraging
guild (closed-space, edge-space, or open-space) of each
species based on the literature. We defined closed-space
foragers as species that forage primarily in interior for-
ests; open-space foragers as those species that forage pri-
marily in open habitats such as fields, forest gaps, or
forests with relatively open canopies and little mid-story;
and edge-space foragers as those species that can use
both open and closed forests and often use the edges be-
tween (Aldridge and Rautenbach 1987; Fenton 1990).
Open-space foragers are usually characterized by long,
narrow wings and large body sizes, whereas closed-space
foragers are usually small-bodied with short, broad
wings which makes them more agile in closed spaces.
Edge-space foragers tend to have intermediate character-
istics. We limited our review to echolocating bats be-
cause of the strong relationships between echolocating
bats and vegetation structure.

We found 49 published papers and three theses that
addressed the effects of fire on bats, 29 studies on pre-
scribed fire, and 23 studies on wildfire. We were not able
to find any studies that addressed the effects of fire on
bats prior to 2005, but the number of studies on both
prescribed fire and wildfire has increased since then,
particularly the number of wildfire studies in 2019, 2020,
and early 2021 (Fig. 1A). Eleven studies were from
Australia, one study was from Africa, two studies were
from Europe, two studies were from Brazil, and 36 were
from North America (one from Canada, the rest from
the USA). No studies from western North America ex-
amined prescribed fire, whereas only one study from
eastern North America examined wildfire (Fig. 1B and
2A). Four of the 29 prescribed fire studies and two of
the 23 wildfire studies were Before-After-Control-Impact
designs, while the remainder of the studies were either
space-for-time (e.g., retrospective, post-treatment versus
control experiments), or foraging or roost habitat selec-
tion studies conducted with radiotelemetry. Thirty-eight
of the studies (23 prescribed fire, 15 wildfire) examined
foraging responses of bats, and the majority of these (30)
used acoustic detectors while five studies used radiote-
lemetry and three used mist-net captures. Eleven studies
examined roost responses (including two that examined
both foraging and roosting responses), only three of
which examined roosting responses to wildfire. One

Page 4 of 18

study examined physiological responses of bats to wild-
fire, one study examined demographic responses to wild-
fire in addition to examining foraging responses, and
two studies used species distribution models of database
occurrences or range maps along with remotely sensed
burn layers to make inferences about associations be-
tween bat distributions and pyrodiversity across Africa
and southeastern Australia.

Bat responses to burned versus unburned sites
Most bat species respond in either a positive or neutral
way to prescribed fire (Additional file 1). However, some
edge- and edge/open-space foraging bats in two studies
in northern Australia (Inkster-Draper et al. 2013;
Broken-Brow et al. 2020) show negative responses to
prescribed fire although in one study, this only occurred
after high-intensity fires (Additional file 1). Reduction in
vegetation clutter or the creation of small gaps due to
prescribed fire most likely contributes to the increase in
bat use in response to prescribed fire compared to con-
trol sites (e.g., Smith and Gehrt 2010; Cox et al. 2016;
Griffitts 2016; Silvis et al. 2016; Burns et al. 2019; Blanco
and Garrie 2020; Smith et al. 2020). Foraging efficiency
is higher in more open habitats, particularly for edge-
and open-space foragers (Aldridge and Rautenbach
1987; Fenton 1990). However, in some studies, the pre-
scribed fires may not have been intense enough to re-
duce clutter, resulting in neither positive nor negative
responses (Austin et al. 2018a). An increase in the insect
prey base after prescribed fire may also contribute to
positive responses to prescribed fire in some areas (Lacki
et al. 2009) but not in others (Cox et al. 2016). The rela-
tionship between insects and fire is complex and de-
pends on the local insect community as well as many
other factors including time of year that sampling oc-
curs, time since the burn, and burn severity (Perry
2012).

Positive responses to prescribed fire are particularly
evident in terms of roost responses. In six of the eight
studies that examined roost responses of bats to pre-
scribed fire, bats were more likely to select roosts in or
near prescribed burn sites than unburned sites, and in
the other two studies, there was a neutral response (e.g.,
Johnson et al. 2009, 2010; Thalken and Lacki 2018; see
Additional file 1). For example, Myotis sodalis (Miller
and Allen) in northern Arkansas select mature forest
stands that had been burned at least once for roosting
and avoid unburned forests (Perry et al. 2016). Large
canopy gaps or low clutter resulting from prescribed fire
may increase solar radiation on roost trees, resulting in
lower energetic costs for thermoregulation (Boyles and
Aubrey 2006).

Compared to prescribed fires, a greater number of bat
species show negative responses to wildfire (Additional
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file 2). Some of the species that show negative responses
are closed-space foragers (e.g., Nyctophilus spp., Rhinolo-
phus ferrumequinum [Schreber], Plecotus austriacus [].
B. Fischer]) but some are edge-space (Vespadelus dar-
lingtonia [G. M. Allen], V. vulturnus [O. Thomas], Hyp-
sugo savii [Bonaparte]) or open-space foragers
(Saccolaimus ~ flaviventris [Peters]). However, even
though the number of bat passes by R. ferrumequinum
and P. austriacus significantly declined 1 year after a
wildfire in Southern Italy, they either recovered to pre-
burn conditions or showed positive responses 2 years
after the fire compared to pre-fire activity (Ancillotto
et al. 2020). Similarly, the proportion of reproductive

female H. savii in this same study declined in the year
following the fire but returned to pre-fire levels 2 years
after the fire. This suggests that time since last burn is
an important variable to consider in studies of responses
of bats to fire as discussed below.

Two studies compared roosting behavior of bats in
areas that experienced wildfire to non-burned areas. My-
otis evotis (H. Allen), a closed-space forager, roosts far-
ther from burned areas than randomly located roosts in
southwestern Colorado (Snider et al. 2013). Insect abun-
dance was also higher in unburned areas, suggesting that
bats may have selected roosts in unburned areas to de-
crease foraging costs (Snider et al. 2013). In contrast, M.
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Fig. 2 A Global distribution of studies that examined relationships between bats and fire, and B inset of North American studies showing
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evotis and M. lucifugus (Le Conte) in Montana roost al-
most exclusively (91% of roost days) within mixed sever-
ity burn sites in Montana 1-2 years post-fire (Schwab
2006). In further contrast with the Snider et al. (2013)
study, insect abundance was almost twice as high in
burned areas compared to unburned areas. The differ-
ences between the two studies may have been due to the
environmental conditions and insect communities expe-
rienced by bats in the two study areas. The southwestern
Colorado study area was in the semi-arid Upper Sonoran
Desert, and the authors speculated that bats selected un-
burned areas because they represented less harsh condi-
tions (higher humidity, less variable and extreme
temperatures) compared to burned areas. In contrast,

the Montana study was conducted within two river
drainages, and thus, the environmental conditions may
have been less harsh and more favorable for bat roosting
and foraging. Further, the responses of the insect com-
munities to the wildfires may have varied between the
two sites due to fire severity, seasonal timing, previous
management, and the insect community (Swengel 2001).

Effects of fire parameters on bats—burn extent

Austin et al. (2018b, 2020) found no significant effects of
the extent of either prescribed fires or wildfires on bat
habitat use in the central Appalachian Mountains of Vir-
ginia (Additional files 3 and 4). Prescribed fires ranged
from 1 to 8years old but the areas covered by the
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prescribed burns were not reported. In contrast, the
wildfires ranged from 3 to 85 years old and wildfire burn
extents ranged from 20 to 9322ha The authors sug-
gested that the time since fire for many sites was so long
that the structural changes to the forest were no longer
biologically relevant (Austin et al. 2020). In contrast,
Law et al. (2020) found a positive relationship between
burn extent and activity of several edge- and open-space
foragers for wildfire burns <5 years old as well as burns
that were 5-15 years old. Only one species, Chalinolobus
picatus (Gould), an edge-space forager, showed a nega-
tive response to the extent of recent burns (<5 years);
however, this species did not have a negative response to
the extent of older burns. Further, the presence of C.
picatus at the landscape scale was relatively stable over
the 5 years (Law et al. 2020) and its distribution across
the Murray Mallee Region of southeastern Australia is
not affected by burn extent (Senior et al. 2021), suggest-
ing that the negative effects of recent wildfire extent are
local for this species. However, the distributions of sev-
eral other species of bats in the Murray Mallee Region
are negatively associated with burn extent (Additional
file 4). Blakey et al. (2021) related bat species richness
in mixed-conifer forests of the Sierra Nevada, Califor-
nia, to extent of areas burned by wildfires in the 30
years prior to the study, measured as proportion of
circular buffers with 1-10-km radii, and found that
bat species richness was positively associated with
burned area extent across all buffer sizes. They con-
cluded that bat communities of the region were resili-
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heterogeneous forest structures that likely occurred
prior to the era of fire suppression.

Effects of fire parameters on bats—fire frequency,
time since last burn, and fire return interval
Temporal aspects of fire such as fire frequency, time
since last burn, and fire return interval are important
drivers of bat responses to both prescribed fire and wild-
fire (Fig. 3). Three studies examined the effects of pre-
scribed fire frequency and two studies examined the
effects of wildfire frequency on bat habitat use (Add-
itional files 3 and 4). In southeastern Australia, the effect
of prescribed fire frequency varies with logging history
(Law et al. 2019). Bat activity in sites that have been pre-
viously logged, and thus represent thick regrowth, is
higher where prescribed fires are more frequent (burned
every 2 years compared to every 4 years). In contrast, in
unlogged sites activity is higher in those sites burned
every 4 years compared to every 2 years. Higher fre-
quency burns in the logged sites are more effective at re-
ducing stem density than routine burning (every 4
years). Nonetheless, the effect of fire frequency is small,
and logging history and its effect on forest structure
have a greater effect on bat activity and species richness
than fire frequency (Law et al. 2019).

In Florida, the effects of prescribed fire frequency on
Eumops floridanus (G. M. Allen) vary with season of
burn and, consequently, fire intensity (Braun de Torrez
et al. 2018b). Overall activity and foraging activity are
higher in sites burned every 3-5years (moderate fre-

ent to wildfire and potentially adapted to the quencies) compared to sites burned at low frequencies
(> 5years) during the early wet season (April-June), but
50-100 m 90 m 250 m 345m 5760 m 0.25-10 km 10 km

Bats respond to fire edge
structure after prescribed burns
(Broken-Brow et al. 2019).

Occupancy of 6 species
increased with burn severity
(Steel et al. 2019).

Activity of bats with high
frequency calls decreased
with burn severity
(Starbuck et al. 2020).

__FIRE EVENT

1 day - 7 months 4 months

<5 years 5 years

Clutter-tolerant bats select roosts
away from areas burned in wildfire
(Snider et al. 2013).

Movement of a clutter-tolerant bat
was restricted to infrequently burned
patches
(Lopez-Baucells, 2021).

Activity of bats with low frequency calls
increased with burn severity
(Starbuck et al. 2020).

Bat richness was positively associated with pyrodiversity
(Steel et al. 2019; Blakey et al., 2021).

10 years 5-15 years 16 years 50 years

|

TIME | |

High severity wildfire
stimulates booms in aquatic
emergent prey for bats
(Malison & Baxter, 2010).

Shorter torpor bouts follow
high severity wildfire
(Doty et al. 2016).

A Neotropical bat community
shifts from predator-
dominated to frugivore
dominated after wildfire
(Santos et al. 2020).

Negative effect of wildfire burned area
extent on activity of one bat species;
positive effect on activity of others
(Law et al. 2020).

temporal (bottom) components of the relationship between bats and fire

A clutter-tolerant species was more
likely to occupy sites with higher burn
frequencies over a 10-year period
(Starbuck et al. 2015).

Fig. 3 Examples of studies from various regions and fire types (wildfire and prescribed fire) that have directly examined the spatial (top) and

!

Period after fire with highest
occupancy probability for an
edge species
(Blakey et al. 2019).

Neutral or positive effects of
burned area extent on activity,
no influence of burned area
extent on bat occupancy
(Law et al. 2020).

Without fire, rainforest pioneer plant
species reduce quality of bat habitat
(Baker et al. 2020).
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for sites burned during the cool, dry season (January—
March), activity is higher in sites burned at low frequen-
cies than at moderate frequencies. As discussed below,
the most effective burn schedules for managing bat for-
aging habitat in an area may be those that best mimic
the historical fire regime, which in south Florida is the
early wet season based on burn seasons prior to Euro-
pean colonization (Braun de Torrez et al. 2018b). Star-
buck et al. (2015) also found a positive relationship
between evening bat (Nycticeius humeralis) (Rafinesque)
habitat use and frequency of prescribed fires but found
neutral effects for all other species analyzed (Additional
file 3). Evening bats are often associated with savannas
(grass, forb, and shrub dominated ecosystems with
widely spaced trees) and woodlands (open forests with >
50% canopy but little mid-story and a ground layer dom-
inated by forbs and woody species; Dey and Kabrick
2015), both of which can be maintained with frequent
low-intensity fires (Greenberg and Collins In Press).

Responses to wildfire frequency appear to vary with
species. Milne et al. (2005) found that a community of
bats made up primarily of edge-space foragers in north-
ern Australia was positively associated with wildfire fre-
quency, whereas other bat communities were neither
positively or negatively associated with fire frequency. In
contrast, P. austriacus, a clutter-tolerant bat, avoids
areas that have burned more than three times in the past
30 years, though these areas make up most of the land-
scape in northeast Iberia (Lépez-Baucells et al. 2021).

Bats in the eastern USA respond in either a neutral
way to time since last prescribed fire (Austin et al.
2018b) or are positively associated with more recent
burns (Armitage and Ober 2012; Burns et al. 2019). For
example, activity of open-space foragers and two edge-
space foragers (Lasiurus borealis [Muller] and L. semino-
lus [Rhoads]) is higher in recently burned sites com-
pared to sites burned >8years before sampling in
Florida (Armitage and Ober 2012). Perimyotis subflavus
(F. Cuvier), an edge-space forager, is also more likely to
occupy more recently burned stands in the Cumberland
Plateau (Burns et al. 2019). Because vegetation often re-
grows after burns and becomes dense after several years,
bats may prefer more recently burned stands due to
lower clutter in those stands.

Time since wildfire also appears to be an important
factor in assessing wildfire effects on bats. For example,
activity of two closed-space foragers in southern Italy
decreased in burned areas the year after a wildfire but
recovered to pre-burn levels 2 years after the fire (Ancil-
lotto et al. 2020). Demographic responses of H. savii
followed the same pattern. Similarly, activity of many
species of Australian bats returns to pre-burn levels 4
years after a wildfire after showing significant decreases
1-year post-fire (Law et al. 2018b). In the Pantanal forest
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of Brazil, burned forests are used by sanguivorous, car-
nivorous, frugivorous, and gleaning insectivorous bats 3
months after a wildfire but primarily by frugivorous bats
only 3 months later (6 months post-fire) (Santos et al.
2021). The authors suggested that reduction in vegeta-
tion clutter immediately after fire facilitates hunting and
gleaning activities by predators for a short period, after
which regeneration of fruiting plants provides resources
for frugivorous bats.

While the above studies examined bats’ responses in a
relatively short period of time after wildfires (3 months
to 4 years), Blakey et al. (2019) examined bats’ responses
to burns where time since last burn was 3-107 years.
They found that in the montane forests of California, oc-
cupancy of M. lucifugus declined as time since last fire
increased, while occupancy of Eptesicus fuscus (Palisot
de Beauvois) increased up to about 30 years post-fire,
leveled off at its highest point from about 30-60 years
post-wildfire, and then decreased at about 70 years post-
fire. Fire return interval had no effect on occupancy in
the same study. However, other factors such as insect
outbreaks, succession, and land use change could also
have influenced occupancy across the landscape.

Nyctophilus geoffroyi (Leach), a closed-space forager in
Australia, exhibits contrasting responses to time since
last burn at the local (Doty et al. 2016) and range-wide
scale within southeastern Australia (Senior et al. 2021).
Torpor use is significantly lower 4 months after a wild-
fire compared to 2 years post-fire, which the authors at-
tribute to an increase in vegetation on the forest floor
over time. Nyctophilus geoffroyi hawks insects in mid-air
but also captures prey from the forest floor. Thus, a re-
duction in ground vegetation may facilitate prey capture
on the forest floor, thus reducing the need to use torpor
to compensate for energy deficits. In the drier and more
sparsely vegetated Mallee region, occurrence of N. geof-
froyi is associated with areas that had not burned for up
to 100 years at the landscape scale (100,000 km?) likely
due to slow regeneration times of suitable roosts.

Several studies have also examined the short-term
(hours to days) effects of fire on bat habitat use. Activity
of E. floridanus increases significantly during the 24 days
after prescribed fires in Florida compared to the 12 days
before the fires and peaks 9 days after the fire (Braun de
Torrez et al. 2018a). While structural changes to the
habitat may have been responsible for this immediate ef-
fect, the authors speculated that bats were most likely
attracted to burned areas because of an increase in prey
availability or accessibility. In contrast, bat species rich-
ness and diversity increase gradually one night to 7
months after a wildfire in a gallery forest of the Brazilian
Cerrado most likely in response to recovery of the forest
canopy and a gradual increase in available resources (de
Oliveira and Aguiar 2015). In tropical northern
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Australian forests, bat activity doubled at burned sites
2-39 days after prescribed fire, coupled with a commu-
nity shift towards edge- and open-adapted species (Ink-
ster-Draper et al. 2013). Immediate responses of
roosting bats are of particular interest because bats are
most vulnerable while they are in their roosts. In Ken-
tucky, two M. septentrionalis (Trouessart) left their
roosts within 10 min of a spring prescribed fire being ig-
nited during the late afternoon approximately 20 m from
their roosts (Dickinson et al. 2009). Similarly, one L.
seminolus and one L. borealis flushed approximately 10
min after a prescribed burn was ignited near their roost
(also during the late afternoon) in Florida (Jorge et al.
2021). Both the L. seminolus and L. borealis flew to roost
trees in nearby mesic forests. In contrast, five other bats
in the Florida study did not evacuate their roosts but
presumably survived after ignition of a prescribed fire
near their roosts, but these bats roosted in taller trees
and the fires that were set near their roosts were much
lower intensity with lower mean flame heights.

Only one study examined the effects of prescribed fire
return interval. During winter, L. seminolus in northern
Florida select day roosts in areas with longer mean fire
return intervals particularly in mesic sites (Jorge et al.
2021). Since prescribed fires are usually conducted in
winter in this area, the use of areas with longer fire re-
turn intervals may reduce the need to evacuate roosts
during burning.

Effects of fire parameters on bats—burn season

Prescribed fires in the southeastern USA are usually
conducted during the non-growing season, although
growing season burns are becoming more common in
the Coastal Plain (Knapp et al. 2009) and other regions
such as the eastern broadleaf and Appalachian forests
(Arthur et al. In Press). In the western USA, prescribed
fires are often conducted during spring or early summer.
Spring and fall are also typical times for prescribed fires
in southern Australia (McCaw 2013), while prescribed
burns are mostly conducted in the early or late dry sea-
son in northern Australia (Broken-Brow et al. 2020).
Prescribed fire seasons often do not coincide with the
historical fire season due to operational considerations
as well as concerns about the direct and indirect effects
on wildlife (Knapp et al. 2009). However, E. floridanus
respond most favorably to prescribed fires conducted
during the historical season which is April to June (early
wet season) (Braun de Torrez et al. 2018b). In the Cum-
berland Plateau of Tennessee, foraging activity of several
species is greater in sites that are burned in the spring
compared to the fall but amount of thinning is also a
factor (Cox et al. 2016). Seasonal differences in bat re-
sponses to fire are likely due to timing of fire in relation
to bat and prey life cycles as well as intensity of fires in
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various seasons. For example, in northern Australia,
early dry season fires are usually low severity, whereas
late dry season fires are usually high severity (Russell-
Smith and Edwards 2006; Broken-Brow et al. 2020).

Effects of fire parameters on bats—burn severity
or intensity

Two studies examined the effects of prescribed fire se-
verity on bats of the Cumberland Plateau of Kentucky
and Tennessee with contrasting results. Lacki et al.
(2017) found no effect of burn severity on bat activity in
Mammoth Cave National Park, whereas occupancy of
medium-severity burn sites by P. subflavus and Mpyotis
spp. is significantly lower than occupancy of low-severity
burn sites in Big South Fork National River and Recre-
ation Area (Burns et al. 2019). Burns et al. (2019) sug-
gested that medium-severity fires may reduce clutter
below a threshold that is preferred by some closed-space
foragers. Differences between the studies may be due to
differences in measures of use (activity versus occu-
pancy) or because Lacki et al. (2017) grouped all bats
with echolocation frequencies >34 kHz, thus obscuring
species-specific responses. For example, Myotis spp. and
P. subflavus, whose echolocation calls are ~40kHz,
would have been included in the >34 kHz group. Be-
cause populations of Myotis spp. and P. subflavus have
declined considerably in this area due to white-nose syn-
drome (Thalken et al. 2018), the >34 kHz group was
probably made up primarily of L. borealis and N. humer-
alis, both edge-space foragers who may be less likely to
be negatively impacted by higher severity fires.

In tropical northern Australia, two prescribed burn in-
tensities are commonly used by land managers: low-
intensity burns, which are generally applied in the early
dry season, and high-intensity burns, which are generally
applied in the early wet season for weed control
(Broken-Brow et al. 2020). In a BACI experiment,
Broken-Brow et al. (2020) found that 2—4 weeks post-fire,
edge/open-space foragers respond negatively to high-
intensity prescribed fires but respond positively to low-
intensity fires (Additional file 3). In contrast, open-space
foragers respond positively to high-intensity fires but have
neutral responses to low-intensity fires.

The effects of wildfire burn severity on bats in the
western USA vary considerably across studies. Based on
a trait analysis, Blakey et al. (2019) concluded that bats
with traits consistent with clutter tolerance in mixed-
conifer forests of California are associated with less fre-
quent fires and less severe burns, whereas bats with
traits adapted to open areas are positively associated
with frequent, high-severity burns. However, in another
study of the effects of wildfire severity on bats in mixed-
conifer forests of California, two closed-space foraging
species or groups (M. thysanodes [G. S. Miller] and
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Myotis with echolocation calls in the 40 kHz range) were
positively ~associated with higher severity burns
(Buchalski et al. 2013). Similarly, Steel et al. (2019) found
positive associations between six bat species (closed-
space, open-space, and edge-space foragers) and burn
severity in mixed-conifer forests across four national for-
ests in California. In southeastern Arizona, open-space
foragers show a moderate positive response to burn se-
verity, whereas closed-space foraging bats with high-
frequency calls show a negative response to burn sever-
ity (Saunders 2015; Starbuck et al. 2020). However, Star-
buck et al. (2020) found that landscape variables such as
elevation and water density are better predictors of bat
habitat use than burn severity. Saunders (2015) also ex-
amined roost selection in this landscape and found no
effect of burn severity on selection of roosts. Variations
in bat responses among these studies may be related to
differences in times since fires or differences in land-
scape composition and environmental conditions. For
example, in the arid southwest USA, water availability is
particularly important and may override burn factors
(Starbuck et al. 2020).

Effects of fire parameters on bats—pyrodiversity

In the same way that heterogeneous habitats provide a
breadth of niches for species with different habitat
needs, pyrodiversity is hypothesized to lead to higher
biodiversity by providing a range of habitat structures
and resources resulting from spatio-temporal variation
in fire characteristics (Jones and Tingley In Press). Be-
cause bat responses to burned landscapes are variable
among species based on ecological and morphological
differences, it follows that bat diversity is likely to be
positively associated with pyrodiversity in fire-prone re-
gions (Blakey et al. 2019; Burns et al. 2019; Broken-Brow
et al. 2020). This is supported by studies in Africa where
bat species richness is positively associated with pyrodi-
versity in wet regions (Beale et al. 2018) and in the
western USA where two studies in the Sierra Nevada
found positive relationships between bat richness and
pyrodiversity across scales from 250 m to 10 km (Steel
et al. 2019; Blakey et al. 2021). However, when consid-
ered at the species level, bats have variable responses to
pyrodiversity, with only three species showing a positive
association with pyrodiversity in a western USA assem-
blage of 17 species (Steel et al. 2019) and 8 out of 9 spe-
cies in semi-arid Australian woodlands being negatively
associated with pyrodiversity (Senior et al. 2021). The
overwhelmingly negative relationship between bat spe-
cies and pyrodiversity in the Australian landscape (mea-
sured by diversity in post-fire age classes) is likely
because bat roosting habitat is limited in this environ-
ment and takes >40years to regenerate after severe
wildfires (Senior et al. 2021). In other landscapes such as
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the Sierra Nevada of California, pyrodiversity results in a
heterogenous landscape consisting of stands of differing
structure and suitable roosting, and foraging habitat is
provided for a wide range of species with varying life his-
tories and morphologies (Steel et al. 2019; Blakey et al.
2021).

Bat responses to fire—prescribed fire versus
wildfire

Most studies included in this review indicated that pre-
scribed fire had neutral or positive effects on bats,
whereas a greater proportion of negative responses were
reported for wildfire. However, where bat responses to
wildfire were studied over time, they appeared to be
largely resilient to the effects of wildfire, often recovering
from any negative effects within a few years. Further,
this review suggests that the characteristics of fires and
their interactions with environmental factors may be
more important in driving bat responses than the dis-
tinction between prescribed fire and wildfire.

The scales of the fires and the designs employed in
studies that examined them relative to the home range
of the bats also need to be considered when comparing
prescribed fire and wildfire (Fig. 3). For example, many
of the studies that have tested the effects of prescribed
fire have been conducted at the stand scale (10-20 ha,
Loeb and Waldrop 2008; Cox et al. 2016; Smith et al.
2020), whereas those examining wildfire are often con-
ducted at the landscape scale (8000—> 463,000 ha, Jemi-
son et al. 2012; Steel et al. 2019; Ancillotto et al. 2020;
Austin et al. 2020; Law et al. 2020; Blakey et al. 2021).
Although some bats have relatively restricted foraging
ranges (~0.5km from the roost, Waldien and Hayes
2001), others such as Brazilian free-tailed bats (Tadarida
brasiliensis [I. Geoffrey Saint-Hilaire]) or spotted bats
(Euderma maculatum []. A. Allen]) can fly 30-56 km
per night (Best and Geluso 2003; Chambers et al. 2011).
The vagility of bats suggests that we should not make
direct inferences or comparisons between the results of
stand and landscape-scale studies. For example, while C.
picatus activity is negatively related to the extent of re-
cent burns at the stand scale, its presence across the
landscape is relatively stable over time suggesting that
the effects of fire are localized (Law et al. 2020). None-
theless, at the community scale, relationships between
bat richness and wildfire extent, configuration, and pyro-
diversity are relatively consistent across scales from ~ 3—
30,000 ha (Blakey et al. 2021).

It is evident from our review that bat responses to
both prescribed fire and wildfire are complex and vary
with a number of factors including burn extent, timing
(season and time since fire), severity, and pyrodiversity
and environmental factors such as forest type, structure,
and health as well as topography, ecoregion, and climate,
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as well as the ecology of the bats themselves. Further,
many of the fire parameters are not independent. For ex-
ample, in a managed forest of the Sierra Nevada, Califor-
nia, burned area extent is highly correlated (|R| >0.7)
with mean burned patch area, edge density, and pyrodi-
versity across scales from ~300 to 30,000 ha (Blakey
et al. 2021).

Understanding the spatial, temporal, and taxonomic
dimensions of relationships between bats and fire is
likely to help unravel the differences between prescribed
and wildfire, as well as regional differences across envi-
ronments, fire regimes, and bat communities. Studies
that deal directly with spatial and or temporal aspects of
the bat-fire relationship are valuable for making these
links (Fig. 3). For example, at smaller spatial scales (~ 1
ha), bats are likely to respond to fine-scale features such
as basal area (Blanco and Garrie 2020), but at larger
spatial scales (80,000 ha), bats are more likely to respond
to factors such as configuration of burned areas (Blakey
et al. 2021). Furthermore, the scale at which bats re-
spond most strongly to fire varies among species, likely
due to varying levels of mobility. For example, closed-
space bats with high-frequency calls are negatively asso-
ciated with burn severity at fine (90-m radius) spatial
scales, while edge- and open-space bats with low-
frequency calls are positively associated with burn sever-
ity at coarser spatial scales (5.76-km radius) (Starbuck
et al. 2020) (Fig. 3).

Knowledge gaps

Bat mortality from fire events

Although it has been suggested that bats may suffer dir-
ect mortality during fires resulting from being burned,
smoke inhalation, heat exposure (Dickinson et al. 2010;
O'Shea et al. 2016), or as a result of predation when
evacuating roosts (Hovick et al. 2017), few data are avail-
able on the magnitude of this mortality. Based on la-
boratory experiments of Australian and U.S. bat species,
bats may take > 20 min to respond to smoke and sound
cues of fire when in torpor, with longer times to arousal
at lower ambient temperatures (Scesny 2006; Layne
2009; Doty et al. 2018; Geiser et al. 2018). Nonetheless,
bats in both Kentucky and Florida evacuated their roosts
within approximately 10 min after prescribed fires were
set nearby (Dickinson et al. 2009; Jorge et al. 2021).
However, the temperatures under which these field ex-
periments took place were warmer than the laboratory
experiments. These few examples suggest that bats may
experience significant mortality from high-intensity fast-
moving fires if they are not able to arouse in time to es-
cape. Because bats are most likely to be in torpor during
morning (e.g., Klug and Barclay 2013), it has been sug-
gested that prescribed fires be set later in the day when
they are more likely to respond to audio and olfactory
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cues (Layne 2009; Doty et al. 2018). Because controlling
the timing of wildfires is not possible, risks of mortality
from wildfires may be greater than those from pre-
scribed fire.

Regional variability in the relationships between bats and
fire

Our literature search did not reveal any studies investi-
gating relationships between bats and fire within Asia or
the Indo-Pacific, and only two empirical studies in the
Neotropics, two empirical studies in Europe, and one
study in Africa (Fig. 2A). Africa and Asia contain vast
areas that experience frequent fires (Archibald et al.
2013) and increasing fire seasons are predicted with glo-
bal climate change (Jolly et al. 2015). Additionally, fire
has been identified as a risk factor to the speciose bat
communities of both regions (Suyanto and Struebig
2007; Edirisinghe et al. 2018; McCleery et al. 2018). The
only study that has investigated the relationship between
bats and fire in Africa was based on species’ range maps
rather than direct observations (Beale et al. 2018). It is
of considerable importance to global bat conservation to
support local efforts to study relationships in these
understudied regions, as they constitute a large propor-
tion of global bat diversity.

The Neotropics contain the highest number of mam-
malian species in the world, including a highly rich bat
fauna (Burgin et al. 2018). Fire is important in many
neotropical ecosystems but is also an increasing threat
in many regions due to increasing incidents of drought
(Aragdo et al. 2018). Further, 63% of the Neotropics con-
sist of fire-sensitive ecosystems (defined as ecosystems
where most of the organisms have not evolved in the
presence of fire; Shlisky et al. 2007). Thus, understand-
ing the response of bats to fire is critical to conservation
of this highly diverse fauna. To date, only two studies
have investigated the relationship between bats and fire
in the Neotropics (de Oliveira and Aguiar 2015; Santos
et al. 2021) with somewhat conflicting results. It is not
clear why so few studies have examined the effects of
fire on bats in the Neotropics as many studies have ex-
amined the effects of logging and deforestation on neo-
tropical bats (Meyer et al. 2016). However, due to
increasing droughts accompanying climate change, fires
are likely to play a greater role in the ecology and con-
servation of neotropical bats and the need for more re-
search on its effects is needed.

In the Mediterranean region of Europe, wildfires burn
frequently and are a key driver of the rapid conversion
of forest to shrubland (San-Miguel-Ayanz et al. 2012).
Additionally, megafires are becoming more frequent in
the region due to climate change and land use changes
such as movement of people into fire-prone areas, intro-
duction of fire-prone invasive species, and establishment
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of plantations of highly flammable tree species (Moreira
et al. 2020). Model-based assessments in the region indi-
cate that such fires can significantly reduce and fragment
the habitat of entire bat communities (Bosso et al. 2018).
The two recent empirical studies in the region have indi-
cated that high-frequency fires can restrict movements
of a clutter-tolerant bat species (Lépez-Baucells et al.
2021) and high-severity wildfire can lead to reduced
reproduction and lower body condition in the short term
(Ancillotto et al. 2020).

In Australia, there are roughly equal numbers of stud-
ies investigating prescribed and wildfire (Fig. 1B).
Australia is the most fire-prone of all continents (Mur-
phy et al. 2019), and though certain ecosystems are
adapted to fire, Australian wildfire events have been in-
creasing in size and severity, most notably the 2019-
2020 fire season which burned 5.8 million ha of temper-
ate broadleaf forests (Boer et al. 2020). Australia also has
a long history of prescribed burning, which has been
practiced by Indigenous Australians for many genera-
tions to increase landscape productivity, to assist hunt-
ing, and for cultural reasons (e.g., Yibarbuk et al. 2001).
Australian studies concerning bats and fire range from
the temperate southeast to the southwest, which is char-
acterized by a Mediterranean climate, to the tropical
north. Studies across regions using prescribed fire
mostly show positive responses by bats with mostly posi-
tive to neutral responses to wildfire. However, only one
study examined the influence of fire on bat roosting
habitat (Burgar et al. 2015), and more research is needed
to understand the trade-offs between roost creation and
destruction as a result of fire (Parnaby et al. 2010). No
studies have examined the influence of fire on the two
bat species of New Zealand, which, compared to
Australia, has historically less frequent fires, a shorter
history of fire management, and fewer fire-adapted plant
communities (Perry et al. 2014; Baillie and Bayne 2019).

Although the greatest number of studies on bat re-
sponses to fire have been conducted in North America
(Figs. 1B and 2A), there are large regional differences in
our knowledge of bat responses to prescribed fire versus
wildfire. For example, to date, no studies have been pub-
lished on bat responses to prescribed fires in western
North America, and although there are many published
studies on responses of bats to prescribed fire in eastern
North America, there is only one study of responses to
wildfire. This dichotomy is in part due to the relative
lack of prescribed fire being conducted in the western
USA compared to the eastern USA (Kolden 2019). How-
ever, due to differences in climate, topography, forest
types, and fire seasons, responses of bats to both pre-
scribed fire and wildfire may vary across geographical
and ecological regions. Prescribed fires are usually con-
ducted during winter, spring, and fall in eastern North
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America and during spring and fall in western North
America (Ryan et al. 2013). These time periods may or
may not align with the historic fire season which vary by
region. Further, wildfire seasons differ between the east
and west. While winter is the season with the greatest
probability of wildfire in eastern North America, the
greatest risk of wildfire in western North America is
during late spring, summer, and fall (Short 2017; Fig. 4).
As bats, insects, and flora are at different stages of their
life cycles when both prescribed fires and wildfire occur
in the various geographical regions of North America,
the responses of bats are likely to be different based on
their phenology. Thus, predictions based on results of
studies conducted in one region may not apply in other
regions. Further, extrapolating from North America to
other parts of the world could also be problematic.

Understudied bat taxa

The majority of research concerning bats and fire has in-
volved two widespread families of bats, the Vespertilioni-
dae and, to a lesser degree, the Molossidae. As noted
above, very little research has been conducted in the
Neotropics, and therefore, the highly diverse Phyllosto-
midae family has been understudied. Phyllostomid bats
play key roles in forest regeneration due to the high di-
versity of seed dispersers (frugivores) and pollinators
(nectarivores) in this group. Therefore, they are likely to
contribute to post-fire vegetation recovery in the region
(de Oliveira and Aguiar 2015). While our review focused
on echolocating bats, Old World fruit bats are another
understudied group of bats who are impacted by fire.
Fire can trigger dispersal or fragmentation of fruit bat
colonies in the short or long term via modification and
destruction of colonial roosting sites (Jenkins et al. 2007;
Baranowski et al. 2021). Furthermore, fire can greatly
impact availability of seasonal nectar and fruit resources
(Law et al. 2000). For example, during the 2019-2020
Australian bushfires, 33.7% of grey-headed flying fox
(Pteropus  poliocephalus [Temminck]) habitat area
burned, including areas of critical winter foraging habitat
(Baranowski et al. 2021).

Effects of fire on roosts and roosting habitat

Roosts are critical for bat survival and reproduction, and
more than one-half of all bats use trees or other plant
structures as roosts (Kunz and Lumsden 2003). Fire has
the potential to significantly affect the availability and
quality of roosts and roosting habitat and, consequently,
bat populations. However, fewer than one-quarter of the
studies we found examined the roosting responses of
bats to fire, and only three examined the roosting re-
sponses of bats to wildfire or its severity (Schwab 2006;
Snider et al. 2013; Saunders 2015). Snags are important
roost structures for a number of bat species, and both
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wildfires and prescribed fires can affect the availability of
snags (Horton and Mannan 1988; Stephens and
Moghaddas 2005; Holden et al. 2006; Bagne et al. 2008;
Parnaby et al. 2010). Little information is available on
the effects of either prescribed fire or wildfire on charac-
teristics of snags that determine their suitability as bat
roosts such as the presence and amount of bark, snag
height, and placement on the landscape. However, a re-
cent study on the effects of prescribed fire frequency
found that the density of snags suitable for bat roosting
(defined as pine snags > 15 cm diameter at breast height)
is not affected by fire frequency (Baldwin 2019). Under-
standing bats’ roost use and selection after wildfire and
how those habitats relate to foraging habitat is critical to
fully understanding the short- and long-term effects of
wildfire on bats.

The influence of climate change on relationships between
bats and fire

Changing climates along with changes in land use his-
tory and management practices are significantly influen-
cing the frequency, severity, and extent of wildfires
across the globe (Westerling et al. 2006; Dennison et al.
2014; Jolly et al. 2015; Abram et al. 2021). Warming cli-
mates and increased probability of drought may also de-
crease the ability to conduct prescribed fire (Kupfer
et al. 2020), further increasing the probability of wildfires

(Fernandes and Botelho 2003; Kalies and Yocom Kent
2016). It is unclear how the interaction between in-
creased fire frequency, fire severity, and fire extent will
affect bats at local and landscape scales. For example,
more than 23% of the temperate forest of southeast
Australia (~ 6.5 million ha) burned during the 2019-
2020 megafires (Abram et al. 2021), and fires of this se-
verity and extent may have larger impacts on bats and
their habitats, including mortality, than the wildfires
reviewed here. Since frequent and high-severity fires
favor bats with traits associated with open and edge hab-
itats, current wildfire trends in fire-prone forests could
lead to bat community shifts, with reductions in clutter-
tolerant species (Blakey et al. 2019). Further, because
wildfire seasons are beginning earlier and lasting longer,
there is greater probability that fires will occur during
bats’ reproductive period. Other effects of climate
change such as drought may interact with increasing
wildfire risk to exacerbate negative effects on bats (Pic-
cioli Cappelli et al. 2021). Drought significantly impacts
reproductive success of bats in arid regions (Adams
2010) and in many areas of the world, and increased fire
potential (Fig. 2) may coincide with increasing drought
(Dai 2012), putting further strain on bat populations.

A decrease in the number of suitable days for pre-
scribed fires due to increasing temperatures and drought
during prescribed fire seasons could have significant
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impacts on maintenance and restoration of habitat for
some species. For example, the endangered Indiana bat
(M. sodalis) relies on yellow pines (Pinus subgenus
Diploxylon) as their primary roosts in the Southern Ap-
palachian Mountains (Britzke et al. 2003; O'Keefe and
Loeb 2017), which are dependent on fire for their per-
sistence (Lafon et al. 2007). The inability to conduct pre-
scribed fires could prevent restoration of critical habitat
for this species. Because prescribed fire appears to im-
prove foraging habitat for many species, decreasing the
amount of prescribed fire may decrease the amount of
suitable foraging habitat for some species. While thin-
ning may be a suitable fire surrogate for improving bat
foraging habitat structure (Humes et al. 1999; Blakey
et al. 2016; Gonsalves et al. 2018a, 2018b), potential ben-
efits to roosting structures from thinning are likely to
take decades to develop and effects of thinning on bat
roosting may be negative in the short term (Loeb 2020).

Conclusions and management implications

This review highlighted the complex nature of the rela-
tionships between bats and fire whether those fires are
prescribed or wildland. Because bats appear to show
positive or neutral responses to prescribed fire, pre-
scribed fire may be an important management tool for
bat habitat management as well as restoration of habitat
for other species, control of invasive species, and reduc-
tion in the intensity and extent of wildfires. In contrast,
negative responses are more prevalent in response to
wildfire. However, some of these negative responses are
short-lived perhaps due to bats’ vagility and factors such
as fire timing, extent, and severity. Thus, we suggest that
focusing on characteristics of fires (e.g., burn extent, se-
verity, frequency) across landscapes over space and time
may be more informative than focusing on the presence
of fire and its type.

While some general patterns emerged from our re-
view, many questions remain unanswered. This is in part
due to the necessity of taking advantage of opportunities
as they arise (e.g., wildfires), the lack of truly replicated
studies, and the wide variation in ecosystems and study
approaches that are represented in the studies included
in this review. Further, most studies of bats are con-
ducted over relatively short time scales, substituting
space for time (Law and Blakey 2021). As several studies
in this review pointed out, responses of bats to fire may
change over time. Thus, future studies need to be con-
ducted over long enough time periods to detect these
changes. Many of the studies reviewed here relied on the
use of acoustic detectors to measure responses of bats to
fire. If the probability of detecting bats with detectors is
related to treatments (e.g., burn versus no burn, burn se-
verity), then the data may be biased (e.g., Burns et al.
2019). Other biases and caveats described by Loeb
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(2020) for studies on bats’ responses to silvicultural
treatments such as the assumption that greater activity
means better habitat and restriction of studies to the
summer months apply to studies of bats’ responses to
fire. Further, acoustic studies only measure habitat use.
As with silvicultural treatments, we know little about the
physiological and demographic responses of bats to ei-
ther prescribed fire or wildfire (Loeb 2020). Demo-
graphic responses including population genetic effects
are particularly important for determining population-
level effects and understanding the long-term and large-
scale impacts of fire on the status and management of
bats (e.g., Brown et al. 2009). Thus, we suggest that fu-
ture studies strive to address specific hypotheses about
population-level responses of bats to fire as has been
done for other silvicultural treatments (Law et al.
2018a).

Our review also highlights the importance of burn pa-
rameters in assessing fire’s impact on bats. Many of
these parameters are interrelated and must be addressed
in tandem. One way to do this is to further explore the
concept of pyrodiversity and its utility for understanding
bats’ response to fire at a range of spatial and temporal
scales. While questions remain about how to manage for
or even quantify pyrodiversity (Jones and Tingley In
Press), a range of long-used (indigenous fire manage-
ment) and emerging (pyrosilviculture) approaches may
be used to restore and maintain pyrodiversity in land-
scapes where it is beneficial to bats and other biodiver-
sity (Kelley et al. 2020; North et al. In Press). Taking an
adaptative management approach to both prescribed fire
and managed wildfire could provide an avenue to further
our understanding of how the different properties and
configurations of fire influence biodiversity, with atten-
tion to spatial and temporal scales (Driscoll et al. 2010;
Van Wilgen et al. 2014; Kelley et al. 2020).
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species were assigned based on the literature. Guilds for individual
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Open-Space [O] foragers).

Additional file 4. Responses of bats to various wildfire parameters in
Australian, Africa, Brazilian, European, and North American forests.
Responses were categorized as positive, neutral, or negative based on
relative activity, occupancy, or selection of sites in burned areas. Guilds
for individual species were assigned based on the literature. Guilds for
individual species were assigned based on the literature (Closed- [C],
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