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Abstract
Background: Fire suppression has altered ecological communities globally. Prescribed fire regimes strive to restore
function to these fire-dependent ecosystems by mimicking natural fire regimes. Although fire frequency is a widely
acknowledged component of fire regimes, the importance of fire seasonality for biodiversity is less clear but appears to
play a critical role for a variety of taxa, particularly in the North American Coastal Plain. In subtropical Florida, USA, fire
historically occurred primarily at the transition from the dry to wet season (early wet season: April to June) when dry fuel
accumulation coincides with a high incidence of lightning. We investigated the effects of fire frequency and season on
endangered Florida bonneted bats (Eumops floridanus [G.M. Allen, 1932]), a species endemic to a region that evolved
with frequent fires.
Results: We surveyed bat activity acoustically in 149 sites in fire-dependent vegetation communities (pine flatwoods
and prairies), and evaluated the effects of fire frequency and seasonality, using burn records from the previous 18 years.
Variation in bat activity was best explained by both fire frequency and season: bat activity decreased with early wet
season (April to June) burn interval and increased with dry season (November to March) burn interval. Bat activity and
foraging activity were highest in sites burned at > 3- to 5-year intervals during the early wet season.
Conclusion: Fires during the historic fire season at a moderate frequency (> 3 to 5 yr) appear to optimize habitat for bats
in both pine flatwoods and prairies, likely through increases in roosts, flight space, and insect prey availability. It appears
that Florida bonneted bats are fire-adapted and benefit from prescribed burn programs that closely mimic historical fire
regimes. We encourage consideration of both fire frequency and seasonality when managing ecosystems with fire.
Keywords: acoustic surveys, endangered species, Eumops floridanus, fire seasonality, Florida bonneted bats, foraging
ecology, prescribed burning, South Florida
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Resumen
Antecedentes: La supresión de incendios ha alterado las comunidades ecológicas a nivel global. Los regímenes de
quemas prescriptas son esfuerzos para restaurar el funcionamiento de ecosistemas dependientes de fuego mediante la
imitación de los regímenes naturales de fuego. Aunque la frecuencia de incendios es ampliamente reconocida como una
componente de los regímenes de fuego, la importancia de la estacionalidad de los mismos para la biodiversidad es
menos clara, aunque parece tener un rol crítico para una variedad de taxones especialmente en las planicies costeras de
Norte América. En la Florida subtropical, EEUU, históricamente el fuego ha ocurrido en la transición entre la estación seca
y la húmeda (estación húmeda temprana: abril a junio), cuando la acumulación de combustibles secos coincide con una
gran incidencia de rayos. Investigamos los efectos de la frecuencia y la estación del fuego sobre el murciélago con
bonete de Florida (Eumops floridanus [G.M. Allen, 1932]), una especie que se encuentra en peligro de extinción y es
endémico de una región que evolucionó con incendios frecuentes.
Resultados: Evaluamos acústicamente la actividad del murciélago en 149 sitios en comunidades vegetales dependientes
de fuego (bosques de pino de llanura y praderas) y evaluamos los efectos de la frecuencia del fuego y la estacionalidad,
usando registros de quema de los 18 años anteriores. La variación en la actividad de los murciélagos fue mayormente
explicada por la combinación de la frecuencia y la estacionalidad de los incendios: la actividad de los murciélagos
decreció con el intervalo de incendios en la estación húmeda temprana (abril a junio) y se incrementó con el intervalo de
incendios de la estación seca (noviembre a marzo). La mayor actividad de los murciélagos y su actividad forrajera fue en
sitios quemados a intervalos >3 a 5 años durante la estación húmeda temprana.
Conclusiones: Los incendios que ocurren durante la estación histórica del fuego y a una frecuencia moderada (>3 a
5 años) parecen optimizar el hábitat para los murciélagos tanto en bosques de pino de llanura como en praderas de Florida,
probablemente por un incremento en los lugares de percheo para descanso, en el espacio para volar, y en la disponibilidad
de insectos de presa. Parece entonces que los murciélagos con bonete de Florida están adaptados al fuego, y se benefician
de los programas de quemas prescriptas que se asemejan mucho a los incendios históricos. Exhortamos se considere tanto
la frecuencia de los incendios como su estacionalidad al manejar ecosistemas con quemas prescriptas.

Abbreviations
BICY: Big Cypress National Preserve
BWWMA: Fred C. Babcock-Webb Wildlife Management
Area
FPNWR: Florida Panther National Wildlife Refuge
FSPSP: Fakahatchee Strand Preserve State Park
Background
Fire is a critical process in maintaining and shaping many
of the planet’s biomes (Bond et al. 2004; Bond and Keeley
2005). Anthropogenic suppression of fire often leads to
altered ecosystems via shifts in vegetation structure and
species assemblages (Waldrop et al. 1992; Lorimer 2001;
Nowacki and Abrams 2008; Darracq et al. 2016). To
restore vegetation structure, species assemblages, and
ecological function to fire-suppressed ecosystems, fire has
been widely reintroduced through prescribed burn
programs. However, the success of fire restoration efforts
requires an understanding of how fires historically burned
across the landscape such that prescribed fire can be
applied to mimic those conditions in which fire-adapted
species evolved (Bond et al. 2004; Platt et al. 2015).
Depending on their evolutionary history, particular patterns of burning - or fire regimes - can enhance or suppress populations of vertebrates (Darracq et al. 2016). Two
key characteristics of fire regimes are fire frequency and

season. Variation in these characteristics influences the intensity, extent, and ecological consequences of fire regimes
(Knapp et al. 2009; Fill et al. 2012). The season in which
fires historically occurred was typically when the
greatest frequency of lightning strikes or indigenous
human-induced fires coincided with an accumulation of
flammable fuels, leading to greater fire spread (Snyder
1991; Knapp et al. 2009). However, many prescribed burns
are conducted outside the historical fire season due to operational and liability constraints (Knapp et al. 2009;
Hardin 2010). Disagreement remains regarding the ecological benefits conferred by burning within the historical
fire season versus simply maintaining an appropriate fire
frequency (time interval between fire events) (Hiers et al.
2000; Brockway and Lewis 2004; Robertson and Hmielowski 2014; Platt et al. 2015). This disagreement is likely
because some taxa respond to burn season, while others
respond to frequency, and the responses of most vertebrates appear to be indirectly related to fire through
changes to vegetation structure (Russell et al. 1999; Kirkpatrick et al. 2006; Knapp et al. 2009).
One region in which fire ecologists and land managers are
trying to better understand how variation in fire regimes influences wildlife populations is the North American Coastal
Plain (Knapp et al. 2009). This region is a global hotspot of
biodiversity and lightning (Noss et al. 2015, Nowacki and
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Abrams 2015), with over 85% of endemic plant species associated with fire-dependent communities (Estill and Cruzan
2001; Noss et al. 2015), and a variety of taxa exhibiting positive responses to fires conducted during the historical fire
season (Knapp et al. 2009). Like other endemic wildlife species in the region, the federally endangered Florida bonneted
bat (Eumops floridanus [G.M. Allen, 1932]) may be particularly sensitive to changes in fire regimes. Endemic to South
Florida, USA, the Florida bonneted bat is a large subtropical
bat (Ober et al. 2017b) whose entire geographic range occurs
within this fire-adapted landscape. Although it appears to
use fire-dependent vegetation communities for roosting
(Belwood 1992; Angell and Thompson 2015; Braun de
Torrez et al. 2016) and foraging (Bailey et al. 2017; Braun de
Torrez et al. 2018b), and may actually be attracted to
recently burned areas (Braun de Torrez et al. 2018a), we
know little about how fire regimes influence this species on a
broader scale. Because Florida bonneted bats do not migrate
or hibernate, and likely have an extended period of
reproduction in which non-volant young are present in
roosts for much of the year (Ober et al. 2017a), the habitats
of these bats are exposed to fire management year round.
Bats in other regions appear to tolerate or benefit from certain aspects of fire (Loeb and Waldrop 2008; Buchalski
et al. 2013; Cox et al. 2016; Lacki et al. 2017; Austin et al.
2018), but we still have a limited understanding of how specific components of fire regimes, such as frequency or season of fires, influence bats over the long-term (Perry 2012).
Fire may have direct positive effects on bats by opening
flight space under the canopy and creating new snags and
cavities in live trees for roosting (Boyles and Aubrey 2006;
Armitage and Ober 2012; O’Keefe and Loeb 2017). Or, fire
may harm bats through destruction of roost trees (Morrison and Raphael 1993; Rodrigue et al. 2001; Dickinson
et al. 2010). Fire may also indirectly affect bats by altering
their insect prey base (Swengel 2001; Lacki et al. 2009;
Armitage and Ober 2012; Perry 2012; Cox et al. 2016).
We investigated the relationship between fire regimes
and Florida bonneted bat activity (a metric of relative
habitat use) within fire-dependent vegetation communities
to determine effective long-term burn management strategies for this critically endangered species. Because Florida
bonneted bats have evolved in a region adapted to fire, we
hypothesized that these bats would select habitat based on
both the frequency and season of fires. We predicted that
bat activity would increase with increasing burn
frequency, particularly with burns occurring in the early
wet season that mimic lightning-strike fires.

Methods
Study areas

We conducted research in 2015 and 2016 in four conservation areas within the core range of Florida bonneted bats in
Florida, USA (USFWS 2013; Fig. 1): Big Cypress National
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Preserve (BICY; 720 000 acres in Collier, Miami-Dade, and
Monroe counties, managed by National Park Service) Fakahatchee Strand Preserve State Park (FSPSP; 74 000 acres in
Collier County, managed by Florida Department of Environmental Protection), Fred C. Babcock-Webb Wildlife
Management Area (BWWMA; 66 000 acres in Charlotte
County, managed by Florida Fish and Wildlife Conservation Commission), and Florida Panther National Wildlife
Refuge (FPNWR; 26 400 acres in Collier County, managed
by US Fish and Wildlife Service). These study areas experience a range of fire regimes and contain a mix of slash pine
(Pinus elliottii var. densa Little & Dorman) flatwoods, cypress (Taxodium ascendens Brongn. and T. distichum [L.]
Rich) communities, freshwater prairies, ponds, and hardwood hammocks. We focused on two fire-maintained vegetation communities: upland pine flatwoods (mesic, hydric),
and prairies (wet, dry, marl). Recommended prescribed fire
return intervals for these vegetation communities are: dry
prairie (1 to 2 years), wet prairie (2 to 3 years), pine flatwoods (2 to 4 years), and marl prairie (2 to 10 years) (Florida Natural Areas Inventory 2010).
Within the subtropical climate of South Florida, there
are two primary seasons characterized by precipitation and
temperature: dry and wet seasons (Duever et al. 1994; Slocum et al. 2010). A third season, the historical fire season
(or the early wet season), occurs at the transition of the
dry and wet seasons when conditions are most favorable
for fire spread (Platt et al. 2015). During this season
(April–June), the number and extent of lightning-caused
and anthropogenic wildfires are much greater than the rest
of the year, likely similar to fires occurring during
pre-Columbian times (Snyder 1991). High temperatures,
frequent lightning, and an accumulation of low-moisture
fuels combined with the onset of summer rains and vegetation in the active growth phase contribute to a period
when the ecological benefits of burning may be highest
(Knapp et al. 2009). Burning in this season tends to be
most effective at controlling understory woody biomass
and regenerating herbaceous plant cover (Robbins and
Myers 1992; Waldrop et al. 1992; Streng et al. 1993). In
contrast, fires during the dry season tend to favor woody
plant regeneration due to the ability of such plants to
mobilize carbohydrates stored in roots while plants are
dormant (Robertson and Hmielowski 2014).
Experimental design

We used acoustic surveys to sample Florida bonneted
bat activity across a landscape exposed to varying fire
regimes. Acoustic surveys are routinely used to monitor
patterns in bat activity and habitat use (Hayes et al.
2009; Parsons and Szewczak 2009). They are particularly
effective for high-flying species not easily captured, such
as Florida bonneted bats (Braun de Torrez et al. 2017),
which have distinct, high-intensity echolocation calls
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Fig. 1 Four conservation areas in Florida, USA, where we conducted acoustic surveys to evaluate effects of prescribed burning on activity of
Florida bonneted bats, Eumops floridanus, in 2015 and 2016: (a) Fred C. Babcock-Cecil M. Webb Wildlife Management Area (BWWMA), (b) Florida
Panther National Wildlife Refuge (FPNWR), (c) Fakahatchee Strand Preserve State Park (FSPSP), and (d) Big Cypress National Preserve (BICY). Gray
shading depicts the consultation area for Florida bonneted bats as defined by the United States Fish and Wildlife Service (USFWS 2013)

(Belwood 1992; Bailey et al. 2017). We assumed that
sites with greater activity received greater use by bats
(Frick 2013).
We selected survey sites using a stratified random approach. We used ArcMap v10.2.2 (Esri, Redlands, California, USA), regional land cover maps (Florida Cooperative
Land Cover Map v3.1), and 18 years of fire history records
obtained from land managers to calculate historical fire
frequencies across our study areas. We categorized each
site as belonging to one of the following fire frequency
categories: high frequency (1- to 3-year fire return interval), moderate frequency (> 3- to 5-year fire return interval), and low frequency (> 5-year fire return interval)
(Darracq et al. 2016). We surveyed 149 sites stratified by
fire frequency (77 in 2015, 72 in 2016; Fig. 1). In each
study area, we typically surveyed 18 sites each year (9 in
pine flatwoods and 9 in prairies). We randomly selected
sites ≥ 100 m from the edge of each fire management unit

or vegetation community, and ≥ 300 m from all other
sites. We surveyed six sites simultaneously in each study
area that represented each vegetation and fire frequency
category, then moved to the next six sites until all sites
were surveyed. To account for temporal variation (Hayes
et al. 2009), we surveyed each site for two consecutive
nights four times between January and July, with each survey separated by ≥ 21 nights. This yielded eight detector
survey nights per site for a total of 1192 detector nights
(149 sites × 8 nights).
Acoustic surveys and species identification

We conducted acoustic surveys using full spectrum Song
Meter SM3BAT detectors and external SM3-U1 ultrasonic microphones (Wildlife Acoustics, Inc., Maynard,
Massachusetts, USA), extended to 3 m above ground
level. Once per month, we used an Ultrasonic Calibrator
(Wildlife Acoustics, Inc.) to verify microphone sensitivity
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and system performance. To maximize the quality of
recordings, we located detectors away from vegetative
clutter (Britzke et al. 2013; Loeb et al. 2015). We programmed detectors to record from 30 min before sunset
to 30 min after sunrise and defined each recorded file as a
sequence of calls separated by ≥ 3 s and lasting ≤ 15 s. We
used Kaleidoscope Pro 3.14B (Wildlife Acoustics, Inc.) for
automated noise (non-bat ultrasound) filtering, initial species classification, and to manually review the spectrograms of acoustic files. We identified all files that
contained ≥ 2 bat calls from Florida bonneted bats and
used the number of such files per night as an index of bat
activity (Britzke et al. 1999; Tibbels and Kurta 2003;
Davidai et al. 2015). We further examined all files identified as Florida bonneted bats to classify those containing
feeding buzzes, as a measure of foraging activity (Fenton
1970; Coleman and Barclay 2013). To reduce subjectivity,
two researchers independently confirmed all manually
validated files (program settings and call identification
protocol; Additional file 1). We eliminated all acoustic files
associated with nights when data were not recorded
throughout the entire night due to equipment malfunction
(10 detector nights).
Fire characteristics

We used ArcGIS and the statistical software R (v. 3.3.3)
with R studio (v. 0.98.1102) (R Core Team 2017) to calculate the number of fires (wildfires or prescribed burns) that
occurred at each survey site over the previous 18 years.
Fires were only counted once per season (i.e., a multi-day
burn was considered one fire) if they were > 40 ha and considered to be successful by fire managers. We calculated
BurnInterval (mean number of years between burns) and
TimeSinceLastBurn (number of years since the last burn);
if no burns occurred at a site during the 18-year period, we
assigned a value of 20 years for both variables. We assessed
seasonality using operational definitions of three seasons
from studies characterizing burn seasons in the region
according to rainfall and fire spread patterns: wet season (1
June to 1 November), dry season (2 November to 31
March), and early wet season (1 April to 30 June) (Slocum
et al. 2010; Platt et al. 2015). Although onset dates and
duration for these seasons vary annually depending on
climate conditions, we selected date ranges that were as
consistent as possible with the dates that local burn managers considered the start and end of each season across
our study areas (M. Wright, BICY, Ochopee, Florida, USA,
personal communication; G. Suszek, FPNWR, Immokalee,
Florida, USA, personal communication; S.Houseknect,
FSPSP, Copeland, Florida, USA, personal communication;
M. Kemmerer, BWWMA, Punta Gorda, Florida, USA,
personal communication). For each site, we assigned the
season of the last burn and calculated BurnInterval and
TimeSinceLastBurn for burns occurring during each
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season. Again, if no burns occurred at a site during the
18-year period within a given season, we assigned a value
of 20 years for both variables. Historical data from FSPSP,
FPNWR, and BWWMA were recorded according to
distinct fire management units; thus, we calculated fire
variables for each unit. Data from BICY consisted of GIS
shapefiles representing the estimated area burned by each
fire; thus, we calculated burn frequency at each site based
on the number of overlapping burn polygons.
Statistical analyses

We conducted all graphical and statistical analyses using R.
All reported errors are standard error of the mean (± SE).
To evaluate relative habitat use by Florida bonneted bats in
relation to fire regimes, we quantified Florida bonneted bat
activity (number of call files) and foraging activity (number
of feeding buzz files) detected per night at each site. We
first tested for spatial autocorrelation among sites using a
Mantel test (permutations: 9999; Mantel 1967). We found
no indication of spatial autocorrelation (Z = 0.021, P =
0.32), and thus pooled all sites together for further analyses.
We used generalized linear mixed-effects models
(GLMMs; function glmmadmb from R package
glmmADMB; Skaug et al. 2012) with “site” (detector
location) as a random effect, which accounted for multiple
survey nights at each detector site. We first tested for an
effect of survey year (2015, 2016) or vegetation community
(pine flatwoods, prairies) on Florida bonneted bat activity
using a likelihood ratio test (function anova from R
stats package); as there was no effect of either variable
(year: χ = 0.12, P = 0.729; vegetation community: χ = 1.42,
P = 0.233), we pooled all survey data together and did not
include these variables in our final models. We fit a null
model and alternative models to a negative binomial
distribution (zero inflated) with the following predictors:
BurnInterval, TimeSinceLastBurn for all burns, and for
burns conducted during each season (WetBurnInterval,
TimeSinceLastWetBurn, DryBurnInterval, TimeSinceLastDryBurn, EarlyWetBurnInterval, TimeSinceLastEarlyWetBurn, LastBurnSeason; see Table 1). We created a suite of
40 models that included biologically relevant combinations
of single variables, and additive, interactive, and quadratic
fixed effects. To avoid collinearity, we only included
predictor variables in the same model that had correlation
coefficients < │ 0.5 │ (Spearman rank correlation matrices; Booth et al. 1994, Zuur et al. 2009). We used Akaike’s
Information Criterion (AIC) and Akaike weights (ωi) to
determine the relative support for each model (Burnham
and Anderson 2002). If models had equivalent support (≤
2 ΔAIC), we selected the model with the fewest parameters and calculated evidence ratios (ratios of Akaike
weights [ER]), which indicate the likelihood of one model
versus another (Burnham and Anderson 2002). All parameters were estimated using maximum likelihood (ML) and
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Table 1 Descriptions of variables used in generalized linear mixed-effects models explaining Florida bonneted bat (Eumops
floridanus) acoustic activity relative to a landscape gradient of burn regimes
Variable type

Variable name

Variable description

Response

BatActivity

Florida bonneted bat acoustic files recorded per night

Response

ForagingActivity

Florida bonneted bat acoustic files recorded per night
that contain feeding buzzes

Random effect

Site

Acoustic survey location

Fixed effect

BurnInterval

Mean number of years between burns conducted during
any season

Fixed effect

WetBurnInterval

Mean number of years between wet season burns

Fixed effect

DryBurnInterval

Mean number of years between dry season burns

Fixed effect

EarlyWetBurnInterval

Mean number of years between early wet season burns

Fixed effect

TimeSinceLastBurn

Number of years since last burn conducted during any
season

Fixed effect

TimeSinceLastWetBurn

Number of years since last wet season burn

Fixed effect

TimeSinceLastDryBurn

Number of years since last dry season burn

Fixed effect

TimeSinceLastEarlyWetBurn

Number of years since last early wet season burn

Fixed effect

LastBurnSeason

Season during which last burn was conducted

Laplace approximations to allow for model comparisons
(Bolker et al. 2009; Pinheiro et al. 2018).
To evaluate the effect of fire regime on bat activity in a
context relevant to existing prescribed burn management
programs, we divided the continuous burn interval variables that were included in our top model into three burn
interval categories: 1 to 3, > 3 to 5, and > 5 (Florida Natural
Areas Inventory 2010; Darracq et al. 2016). We constructed
a GLMM with burn interval category as the predictor and
bat activity as the response. To assess if bats were foraging
differentially among sites in different burn interval categories, we also constructed a GLMM with foraging activity as
the response. We tested the effect of categorical predictors
(EarlyWetBurnInterval and DryBurnInterval) by using a
likelihood ratio test to compare two nested models (LRT,
function anova from R stats package; significance
threshold α = 0.05). We conducted Tukey pairwise
comparisons between levels of significant factors using the
function glht (R package multcomp), which adjusts
significance values for multiple comparisons.

Results
We identified 238 841 acoustic files that contained bat
call sequences. Of these, we identified 4783 files that
contained Florida bonneted bat calls (2.0% of total bat
files). We detected Florida bonneted bats at 145 of the
149 detector sites and on 65% of detector nights. Mean
Florida bonneted bat activity was 4.04 ± 0.21 files per
night, and mean foraging activity per night was 0.07 ±
0.01 feeding buzzes per night.
The best model that explained Florida bonneted bat
activity included two fixed effects: EarlyWetBurnInterval
and DryBurnInterval (ΔAIC = 0.0, ωi = 0.51; ER = 5.1;

Table 2). As we predicted, EarlyWetBurnInterval was negatively associated with bat activity (− 0.03 ± 0.01 files night−1,
P = 0.015; Fig. 2a). In contrast, DryBurnInterval exhibited a
quadratic relationship in which it was positively associated
from 0 to ~ 13 years (9.03 ± 2.97, P = 0.002) and negatively
associated after ~ 13 years (− 6.78 ± 2.91 files night−1, P =
0.020; Fig. 2a). In contrast to what we predicted, BurnInterval and TimeSinceLastBurn were not included in the top
models and were not significant predictors when tested in
single variable models (BurnInterval: 0.01 ± 0.02 files night−1,
P = 0.49, ΔAIC = 18.9, ωi = 0.00; TimeSinceLastBurn: − 0.04
± 0.03 files night−1, P = 0.200, ΔAIC = 17.7, ωi = 0.00).
When we partitioned the two predictors in our best
model into categories relevant to burn management
programs, we found that bat activity significantly
differed among the three burn interval categories for
each of the two seasons (EarlyWetBurnInterval LRT: χ2
= 10.98, P = 0.004; DryBurnInterval LRT: χ2 = 13.78, P
= 0.001). Bat activity was higher in sites burned during
the early wet season at a moderate frequency (> 3–
5 years) than at low frequencies (> 5 years; ß = 0.94
±0.29 files night−1, P = 0.003), with no significant differences between the other pairwise category comparisons
(Fig. 3a). Bat activity was higher in sites burned during
the dry season at a low frequency than moderate (ß =
0.53 ± 0.22 files night−1, P = 0.044) and high frequencies
(ß = 0.80 ± 0.24 files night−1, P = 0.002), with no significant difference between moderate and high frequencies
(ß = 0.27 ± 0.33 files night−1, P = 0.676; Fig. 3b). Season
and frequency of burns similarly explained variation in
foraging activity (EarlyWetBurnInterval LRT: χ2 = 6.53,
P = 0.038; DryBurnInterval LRT: χ2 = 6.75, P = 0.034),
although detections of feeding buzzes were low (n = 80).
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Table 2 Alternative models (generalized linear mixed-effects models; negative binomial distribution) and predictor variables
explaining Florida bonneted bat (Eumops floridanus) activity across 149 sites. Number of parameters (K), difference between Akaike
Information Criteria (AIC) score of each alternative model and model with the lowest AIC score (ΔAIC), and Akaike weights (ωi) are
listed for the top five models within 5 ΔAIC. All data were collected in 2015 and 2016 in South Florida, USA
Model

K

ΔAIC

ωi

DryBurnInterval^2 + EarlyWetBurnInterval

6

0.0

0.51

DryBurnInterval + EarlyWetBurnInterval

5

3.3

0.10

DryBurnInterval^2

5

3.9

0.07

DryBurnInterval + EarlyWetBurnInterval + TimeSinceLastBurn

6

4.0

0.07

DryBurnInterval*TimeSinceLastBurn

6

5.0

0.04

Foraging activity was higher in sites burned during the
early wet season at a moderate frequency than at a low
frequency (ß = 1.06 ± 0.46 files night−1, P = 0.048;
Additional file 2), with no significant differences between
the remaining pairwise comparisons. There were no
significant pairwise differences in foraging activity among
any burn interval categories for burns conducted during
the dry season.
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Discussion
Fire frequency explained variation in activity of Florida
bonneted bats only when considered in conjunction with
the seasonal timing of the fires. This is in contrast to

current thinking for many other wildlife taxa, for which
fire frequency is considered to be more important than
season (Knapp et al. 2009), including for small mammals
(Kirkland et al. 1996; Keyser and Ford 2006). Overall activity and foraging activity of Florida bonneted bats were
highest in sites burned at a moderate frequency (> 3- to
5-year burn interval) during the early wet season and a
low frequency (> 5 years) during the dry season, which is
consistent with the historical fire season and within the
estimated fire frequencies for this fire-adapted region
(Wade et al. 1980; Florida Natural Areas Inventory 2010;
Platt et al. 2015). In contrast, burning frequently (1 to
5 years) primarily during the dry season appeared to
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Fig. 2 Association between relative activity (acoustic files per night) of Florida bonneted bats (Eumops floridanus) and fire frequency (burn interval =
mean number of years between burns) conducted within: (a) the dry season (2 November to 31 March), and (b) the early wet season (1 April to 30
June). Solid lines represent fitted values (solid) and dashed lines represent 95% confidence intervals generated from our best fit model (generalized
linear mixed-effects; negative binomial distribution). Points represent mean bat activity recorded at each site during eight nights. Two points (35 files)
were omitted from this plot, but included in analyses. Data were collected in four conservation areas in South Florida, USA, in 2015 and 2016
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Fig. 3 Relative activity (acoustic files per night) of Florida bonneted bats (Eumops floridanus) in 149 sites exposed to fire in three burn interval
categories within: (a) the early wet season (1 April to 30 June), and (b) the dry season (2 November to 31 March). Letters indicate significant
differences in bat activity among categories. Two points (35 files) were omitted from this plot, but included in analyses. Data were collected in
four conservation areas in South Florida, USA, in 2015 and 2016

have negative effects on Florida bonneted bat activity;
however, at very high burn intervals (> 13 years), activity
again began to decline. Our results support previous studies demonstrating that fire-adapted species respond most
favorably to burns conducted during the historical fire season (Knapp et al. 2009; Fill et al. 2012; Platt et al. 2015).
Such patterns have also been documented within the
North American Coastal Plain for herbaceous plants (e.g.,
wiregrass, Aristida stricta Michx.; Sparks et al. 1998), and
several bird species (e.g., Bachman’s sparrow, Peucaea aestivalis [M.H.K. Lichtenstein, 1823]; wild turkeys, Meleagris
gallopavo [Linnaeus, 1758]; red-cockaded woodpecker,
Picoides borealis [Vieillot, 1809]; Knapp et al. 2009). Consistent with our findings, Cox et al. (2016) documented
higher overall bat activity in open longleaf pine (Pinus
palustris Mill.) stands that were burned in the spring (late
March) than in stands burned in the fall (October), but
did not address this observed seasonal difference. Our
study complements previous findings of short-term
increases in Florida bonneted bat activity following
prescribed fires (Braun de Torrez et al. 2018a), further
implicating the importance of appropriate fire management for this species.
Fire regimes can have complex direct and indirect effects
on volant organisms. Bats use habitat three-dimensionally
for roosting and foraging; in response to fire, their habitat

use could change spatially (e.g., shifts among local foraging
areas across the landscape), vertically (e.g., shifts in flight
altitudes), or temporally (e.g., shifts in the relative importance of various prey from one season to another). Thus,
fire regimes may influence bats via a variety of mechanisms and time scales post fire. We hypothesize that the
changes to vegetation structure and composition from
burns conducted in the early wet season lead to long-term
maintenance of habitat for bats across a landscape of pine
flatwood and prairie communities through enhancement
of a combination of three factors: open flight space, roost
availability, and a robust insect community as prey. In the
early wet season, conditions are most favorable for fire
spread (Platt et al. 2015), regrowth of herbaceous vegetation, and suppression of woody biomass encroachment
(Knapp et al. 2009; Fill et al. 2012). Within pine flatwoods,
large-bodied, less maneuverable bat species such as Florida
bonneted bats (Ober et al. 2017b) may respond favorably
to this reduction of woody vegetative “clutter” as fire clears
flight space below the canopy for less restricted foraging
and access to roost trees (Armitage and Ober 2012). Further, fires during the early wet season can cause greater
mortality and damage to overstory trees due to high
temperatures and fully hydrated vascular tissues that reach
lethal temperatures when burned (Brose and Van Lear
1999), which may lead to creation of more snags and tree

Braun de Torrez et al. Fire Ecology

(2018) 14:9

cavities for roosting than are created during fires at other
times of year. Finally, because structural complexity of
vegetation influences niche space for insects (Murdoch
et al. 1972; Knops et al. 1999), the insect community may
respond favorably to the diverse herbaceous understory and
ground cover associated with early wet season burns within
both pine flatwoods and prairies. Arthropod communities
may also experience fewer direct negative effects from
burns conducted in the growing season, when more species
are in a winged life stage and able to escape fires (Hermann
et al. 1998). Based on our finding of no difference in bat
activity between two structurally different vegetation
communities, we suspect that either different mechanisms
are acting in each community (roost availability and flight
space in pine flatwoods and insect prey in prairies), or that
change in insect prey is the primary driver across both
vegetation types. Because these bats are likely capable of
flying long distances each night (Ober et al. 2017b), they
may select habitat on a broader landscape scale; for
example, bats may select habitat in pine flatwoods due to
the prevalence of roost sites but forage over adjacent
prairies that experience similar burn histories.
Our finding that both bat activity and foraging activity
were highest at a moderate burn interval of > 3 to 5 years
within the historical fire season aligns with a recent
meta-analysis in longleaf pine ecosystems in which vertebrate species richness was maximized at such an interval
(Darracq et al. 2016), although fire season was not differentiated in their analysis. Similarly, Dover and Payne (2018)
found that sites burned at a moderate burn frequency (4 to
8 years) in longleaf pine forests in Alabama, USA, had
higher insect abundance and diversity than sites burned at
shorter and longer burn intervals. Leaving areas untreated
by fire for 3 to 5 years allows for the development of pronounced hardwood midstory (Hiers et al. 2014; Lashley
et al. 2014), which may increase structural heterogeneity
and animal diversity relative to areas burned every 1 to
3 years. Higher foraging activity by Florida bonneted bats
suggests that insect availability may similarly be greater in
these sites. In contrast, shorter burn intervals may lead to a
homogenous landscape with fewer resources, due to a
sparse understory, less structure, and reduced establishment of fire-tolerant species (Ware et al. 1993; Engstrom
et al. 2001; Lashley et al. 2014). Longer burn intervals,
characterized by limited understory plant diversity and a
dense hardwood midstory (Varner et al. 2005), may lead to
reduced flight space for large bats in pine flatwoods
(Armitage and Ober 2012). A tradeoff may also exist
between creation of new cavity trees and destruction of
existing snags, depending on the frequency and intensity of
burns (Haslem et al. 2012; Stojanovic et al. 2016); burns
conducted too frequently may destroy more cavity trees than
are created or cause repeated roost disturbance that prevents
colony establishment by bats (Perry 2012). Considering
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seasonality, sites that are burned at moderate frequencies
within the early wet season may provide optimal habitat conditions for bats. Variables that we were unable to include in
our models, such as abiotic (e.g., weather, hydrology) and biotic factors (e.g., bat and insect prey reproductive cycles), and
variables associated with each burn (e.g., intensity, severity,
extent, vegetation structure) may explain some of the
remaining variation in our data. Accounting for these additional sources of variation may strengthen our mechanistic
understanding of the relationships we observed.

Conclusions
We suggest that Florida bonneted bats are fire-adapted and
benefit from prescribed burns that closely mimic historical
fire regimes over the long-term. Restoring fire to
fire-dependent ecosystems may improve habitat for this
critically endangered species if burns are conducted when
natural fires historically occurred across their range. We
recommend that burns be conducted on a > 3- to 5-year
burn interval during the early wet season in both pine
flatwoods and prairies to provide the greatest benefit to this
species. If burns must be conducted during the dry season,
they should be conducted less frequently: > 5-year burn
interval, up to ~ 13 years, at which point bat activity may
again decline. We encourage research on the mechanisms
driving responses to fire regimes by Florida bonneted bats
and bat assemblages worldwide to develop effective
long-term conservation strategies for this understudied
taxonomic group. Broadly, our results highlight the importance of considering seasonality, in addition to fire frequency, when evaluating the effects of fire on biodiversity.
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