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Prescribed fire promotes colonization 
by the Florida bog frog
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Abstract 

Background  Understanding the link between prescribed fire and occupancy dynamics can aid in managing at-risk 
species. Knowledge of how fire return interval influences rates of colonization and persistence is essential to effec-
tively mitigate extinction risk, particularly for species endemic to fire-maintained habitats with restricted geographic 
ranges. The current geographic range of the Florida bog frog (Rana okaloosae, hereafter bog frog) is largely restricted 
to one military installation in the Florida panhandle. The bog frog is currently listed as a state species of special 
concern owing to its inherent rarity and habitat loss across its limited range. We conducted call surveys for bog 
frogs at 151 stream-associated sites on Eglin Air Force Base from 2006 to 2022 to map their distribution and evaluate 
the effectiveness of habitat management. We constructed a spatially explicit, dynamic occupancy model to iden-
tify habitat characteristics associated with bog frog presence and quantify the effect of prescribed fire on turnover 
dynamics.

Results  Historical fire return interval was the only predictor of initial site occupancy; sites that burnt every 2 years 
on average from 1985 to 2005 were twice as likely to be occupied in 2006 as sites that burnt once every 10 years 
in that time period. Additionally, we found that colonization rates were a function of proximity to neighboring sites 
and burn frequency. Most dispersal events occurred between sites less than 0.33 km apart and unoccupied sites more 
than 2 km from their nearest neighbors were never colonized. Colonization rates were higher at sites that had seen 
an increase in burn frequency during the study period compared to the preceding two decades.

Conclusions  The bog frog benefits from frequent fire in its native stream habitat. Conservation activities should 
focus on protecting high-quality sites and targeted burns to restore fire-suppressed sites near occupied sites. More 
broadly, our study highlights the value of long-term monitoring to ensure management activities for at-risk species 
match the scale of dynamic biological processes.

Keywords  Burn frequency, Detection, Habitat management, Rana okaloosae, Metapopulation dynamics, Occupancy 
analysis, Prescribed fire

Resumen 

Antecedentes  Conocer la(s) interacción(es) entre las quemas prescriptas y la dinámica de la ocupación del terreno 
puede ayudar a manejar especies en riesgo. El conocimiento sobre cómo el intervalo de retorno del fuego influencia 
las tasas de colonización y persistencia, es esencial para mitigar el riesgo de extinción, especialmente para aquel-
las especies endémicas de hábitats mantenidos por el fuego, y con rangos de dispersión geográfica restringidos. El 
rango de ocupación geográfica actual de la rana de okaloose (Rana okaloosae), está casi totalmente restringido a una 

*Correspondence:
George C. Brooks
gbrooks4@wisc.edu
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42408-025-00358-3&domain=pdf


Page 2 of 14Brooks et al. Fire Ecology           (2025) 21:21 

instalación militar en el Panhandle de Florida. Esta rana está listada como una especie de especial consideración en el 
estado de Florida debido a su inherente rareza y la pérdida de hábitat en su limitado rango de ocupación territorial. 
Condujimos relevamientos para determinar las ranas de okaloose ubicadas en sitios asociados a arroyos en la base 
aérea de Eglin desde 2006 y hasta 2022, mapear su distribución y evaluar la efectividad del manejo de su hábitat. 
Construimos un modelo espacial explícito y dinámico de ocupación para identificar características de hábitats aso-
ciados con la presencia de ranas de okaloose y cuantificar los efectos de las quemas prescriptas en la dinámica de su 
recambio.

Resultados  El intervalo de retorno histórico del fuego fue el único predictor de la ocupación inicial del sitio; sitios 
que fueron objeto de quemas prescriptas cada año en promedio desde 1985 hasta 2005 fueron dos veces más 
probable que fuesen ocupados en 2006, que sitios que fueron quemados una vez cada diez años en ese período 
de tiempo. Adicionalmente, encontramos que las tasas de colonización fue en función de de la proximidad de sitios 
vecinos y la frecuencia de quema. Los eventos más dispersos ocurrieron entre sitios a menos de 0,33 km entre ellos, 
y los sitios no ocupados a más de 2 km de los vecinos más cercanos nunca fueron colonizados. Las tasas de coloni-
zación fueron mayores en los sitios en los que hubo incrementos en la frecuencia de las quemas durante el período 
de estudio comparado con las dos décadas precedentes.

Conclusiones  Las ranas de okaloose se benefician con fuegos frecuentes en su hábitat nativo cercano a arroyos. Las 
actividades de conservación deberían enfocarse en proteger sitios de alta calidad, con quemas orientadas a restau-
rar los sitios en los que el fuego fue suprimido en cercanía de sitios ocupados por esa rana. De manera más amplia, 
nuestro estudio subraya el valor del monitoreo a largo plazo para asegurar que actividades de manejo para especies 
en riesgo alcancen la escala de procesos biológicos dinámicos.

Background
Understanding the interplay between occupancy dynam-
ics and landscape attributes is crucial for effective 
conservation and management strategies aimed at main-
taining population viability in the face of environmental 
change (Kéry et  al. 2013; Chandler et  al. 2015). Knowl-
edge of patch dynamics is necessary for species that 
depend on habitat maintained by drivers such as fire or 
grazing (Askins et al. 2007). In the longleaf pine ecosys-
tem, changes to historical fire regimes have altered these 
dynamics resulting in changes to plant populations and 
declines in endemic wildlife species (e.g., Palik et al. 2002; 
Brockway et al. 2005; Winiarski et al. 2017; Mugnani et al. 
2019). Although there is recognition of the importance 
of fire regime and patch dynamics to bird and butterfly 
populations (Fuhlendorf et al. 2006; Cayton et al. 2023), 
the role of fire-maintained habitat patches for amphibian 
populations using riparian areas needs further explora-
tion (Pilliod et al. 2003, dos Anjos et al. 2021).

Patch persistence and dispersal capabilities determine 
metapopulation dynamics (Amarasekare and Possingham 
2001). Dispersal plays a fundamental role in determin-
ing the colonization potential of species across habitat 
patches, influencing both local population size and over-
all range size (Lester et  al. 2007; Alzate and Onstein 
2022). Species with greater dispersal abilities are more 
likely to colonize new patches, facilitating population 
expansion and connectivity among fragmented habitats 
(Hanski 1994; Amarasekare and Possingham 2001; Alzate 

and Onstein 2022). However, the success of dispersal in 
sustaining populations also hinges on the availability of 
suitable, unoccupied patches (Amarasekare and Possing-
ham 2001). If the number of suitable patches is reduced, 
it could jeopardize metapopulation dynamics and overall 
species persistence (Hanski 1994).

Dynamic occupancy modeling provides a robust 
framework for assessing a species’ presence and distribu-
tion across changing landscapes (Kéry et al. 2013; Miller 
and Grant 2015). By integrating field data with statisti-
cal models, researchers can estimate the colonization 
and extinction dynamics that generate spatial patterns 
of occupancy (MacKenzie et  al. 2003; Kéry et  al. 2013). 
The number of occupied sites can be considered a meas-
ure of current status for a species in relation to the overall 
distribution of populations (Johnson 1998; MacKenzie 
et al. 2006; Miller and Grant 2015). Discerning changes in 
occupancy over time is particularly important for micro-
endemic species with restricted ranges, because a reduc-
tion in the number of occupied sites will have a strong 
bearing on the risk of range-wide extinction (Johnson 
1998; Harris and Pimm 2008; Newsome et  al. 2020). 
Moreover, occupancy models help to identify key habi-
tat features and management actions influencing spe-
cies dynamics, facilitating informed decision-making in 
conservation planning and resource management efforts 
(Kéry et al. 2013; Chandler et al. 2015).

Prescribed fire is a common management tool used 
to maintain habitat quality and biodiversity in various 
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ecosystems (Fernandes et al. 2013; Ryan et al. 2013; Hiers 
et al. 2020). Through controlled applications, the goal of 
prescribed fire is to mimic natural fire regimes, promot-
ing ecosystem processes such as nutrient cycling, seed 
germination, and vegetation rejuvenation. By reducing 
fuel loads and controlling nuisance species, prescribed fire 
helps create and maintain diverse habitat structures, ben-
efiting a wide array of plant and animal species (Darracq 
et al. 2016; Saab et al. 2022; Brooks et al. 2023). Moreover, 
prescribed fire plays a crucial role in ecosystem restora-
tion efforts, particularly in fire-adapted ecosystems where 
fire suppression has led to vegetation encroachment and 
habitat degradation (Brooks et al. 2023).

Prescribed fire carries both potential benefits and risks 
for amphibians and their habitats. When applied judi-
ciously, prescribed fire can create and maintain suitable 
habitat conditions for amphibians by promoting veg-
etation diversity, enhancing breeding sites, and reduc-
ing habitat encroachment by woody vegetation (Pilliod 
et  al. 2003; Schurbon and Fauth 2003; Gorman et  al. 
2013; Brooks et al. 2023). In fire-prone ecosystems, peri-
odic burning can mimic natural disturbance regimes, 
fostering ecological processes that support amphibian 
populations, such as nutrient cycling and habitat heter-
ogeneity (Schurbon and Fauth 2003; Hossack and Corn 
2007). However, the effects of prescribed fire on amphib-
ians can vary depending on factors such as fire intensity, 
burn frequency, and habitat characteristics (Darracq 
et al. 2016; Lindsay et al. 2023). High-intensity fires may 
pose direct threats to some amphibians, including habi-
tat destruction, mortality, and increased predation risk 
(Schurbon and Fauth 2004, Rochester et al. 2010, Flores 
et al. 2011, Hossack and Pilliod 2011; but see Means et al. 
2004). In the context of amphibian metapopulations, fire 
may restore patch connectivity and promote the natural 
recolonization of extirpated sites or render certain sites 
unsuitable and increase patch extinction rates. Develop-
ing a better understanding of how fire impacts amphibian 
occupancy dynamics is important for effectively manag-
ing at-risk species.

The Florida bog frog (Rana okaloosae, hereafter bog 
frog) is in the species group Rana catesbeiana (Anura: 
Ranidae; Austin et  al. 2003) and endemic to northwest-
ern Florida with most of the species’ range occurring 
within the boundaries of Eglin Air Force Base. The spe-
cies was discovered and described in 1982 (Moler 1985), 
and many aspects of its natural history and ecology 
remain unknown (Jackson 2004; Florida Fish and Wildlife 
Conservation Commission 2013). Oviposition sites typi-
cally comprise slow-moving, shallow water patches with 
relatively open canopy and dense herbaceous vegeta-
tion (Gorman and Haas 2011; Florida Fish and Wildlife 
Conservation Commission 2013), like those of another 

stream-breeding anuran, mountain yellow-legged frog 
(Rana boylii; Kupferberg 1996, Lind et al. 2016). Stream 
characteristics related to sediment deposition are inte-
gral to the formation of egg-laying habitat, and regular 
burns are necessary to maintain the appropriate vegeta-
tion composition at breeding sites. The bog frog is listed 
as threatened within the state (Florida Fish and Wildlife 
Conservation Commission 2022) owing to its inherent 
rarity and habitat loss due to inadequate fire mainte-
nance. Prescribed fire is a management practice currently 
being used by land management agencies in the south-
eastern United States as part of a long-running effort to 
restore the longleaf pine ecosystem (Lewis and Harsh-
barger 1976; Schurbon and Fauth 2003; Brockway et  al. 
2005; Darracq et  al. 2016). The predominant manage-
ment activity on Eglin Air Force Base is prescribed fire 
but has, until recently, been concentrated in upland areas 
to support forest health and red-cockaded woodpecker 
(Picoides borealis) populations. The impact of this burn 
regime on non-target species in lowland habitats has yet 
to be evaluated.

Despite being relatively coarse scale, this study is an 
example of using available data sets to address important 
questions about amphibian response to fire. Records of 
fire history are available on Eglin within burn blocks of 
approximately 500  ha in size. We paired this data with 
data we collected from roadside call surveys. Specifi-
cally, we used 17 years of call surveys for the bog frog to 
document long-term population trends and the impact of 
prescribed fire on occupancy dynamics across space and 
time on Eglin Air Force Base. We constructed dynamic 
occupancy models to (1) describe the distribution of the 
bog frog across Eglin Air Force Base, (2) identify habitat 
characteristics associated with the probability of a site 
being occupied, (3) estimate rates of population turno-
ver for the 17-year study period, and (4) test for a link 
between habitat management and turnover dynamics. 
Specifically, we were interested in whether prescribed 
fire had facilitated the colonization of historically fire-
suppressed sites. We discuss our findings in the context 
of viable bog frog metapopulations and more broadly as 
they relate to longleaf pine restoration.

Methods
Study area
The study area was located at Eglin Air Force Base (Eglin) 
in the counties of Okaloosa, Santa Rosa, and Walton in 
northwestern Florida. Eglin is a large military installa-
tion (187,375 ha) that plays an integral role in the nation’s 
defense because it is a base that develops and tests weap-
ons (Hardesty and Kindell 1997). However, Eglin is also 
one of the most biologically diverse Air Force bases in 
the nation (Hardesty and Kindell 1997). Eglin is situated 
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in the Coastal Plain physiographic province and, overall, 
the topography of the study area has little relief. However, 
there are numerous steep ravines associated with head-
water streams (i.e., steepheads) where slopes can be > 30% 
(Means 1975). Riparian areas were dominated by black 
titi (Cliftonia monophylla), sweetbay magnolia (Magno-
lia virginiana), white cedar (Chamaecyparis thyoides), 
swamp titi (Cyrilla raceformia), and blackgum (Nyssa 
sylvatica). Beyond the riparian areas, the study area was 
dominated by a longleaf pine (Pinus palustris) and turkey 
oak (Quercus laevis) sandhill community.

Data collection
We conducted call surveys to document presence/
absence of bog frogs at 151 sites on Eglin Air Force Base 
from 2006 to 2022 (Fig.  1; Scott and Woodward 1994). 
These surveys were part of a more extensive survey effort 
across the base that was scaled back in 2009. Survey 
points for the long-term monitoring program were estab-
lished using the following criteria: Points were readily 
accessible by car or required no more than a 5-min walk 
from the car. Points were located on all stream drainages 
with known occurrences and originally on drainages in 
intervening areas. We established survey points at loca-
tions where roads crossed streams or came close to likely 
habitat patches. Because bog frog calls can be detected 
confidently at distances up to 50–100 m (Gorman 2009), 
the point locations do not themselves reflect bog frog 

habitat. But, if bog frogs are detected, we know that they 
are occupying habitat within a 125  m buffer width  (see 
Environmental covariates). This approach did not 
exhaustively survey all potential breeding locations. From 
walking transects (Gorman 2009), we know that there are 
sometimes occupied sections of drainages that are too 
far from the road to be heard. Based on recommenda-
tions by Bishop (2004), surveys were conducted primarily 
from May to July on nights without rain. Each site was 
surveyed three times a year, typically once in May, once 
in June, and once in July, but always separated by at least 
2–3 weeks. Surveys started 0.5 h after sunset and ended 
before 2 am. Surveys were standardized to 5  min and 
observers recorded air temperature, relative humidity, 
sky condition (i.e., cloudiness), and wind speed. Because 
not all sites were sampled every year, we filtered the road 
surveys to include only those that had been continuously 
surveyed and for which environmental covariates could 
be extracted, resulting in the 151 focal sites (Fig. 1).

Environmental covariates
To assess the influence of vegetation structure and 
landscape metrics on the probability of occupancy, we 
extracted land cover types from the Florida Natural 
Areas Inventory (FNAI 2010). Using GIS, we created 
a 125  m buffer surrounding each survey location and 
quantified the proportion of various habitat types within 
each buffer. Specifically, we calculated the proportion of 

Fig. 1  Map depicting the study area in northwest Florida and the 151 survey locations (black points) monitored from 2006 to 2022
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upland habitat (which includes sandhill, hardwood forest, 
and pine production), wetland habitat (which includes 
mixed forest wetlands, floodplain swamps, dome 
swamps, wet prairies, and seepage slopes), and flatwoods 
habitat (including mesic, wet, and scrubby flatwoods) 
occurring within each 125  m buffer. We chose 125  m 
because this was approximately the maximum known 
distance moved by an individual bog frog (Gorman et al. 
2009). Because these three metrics are proportions of a 
defined habitat area, they will inherently covary. How-
ever, all pairwise correlations had r < 0.7, and we felt com-
fortable including all three predictors in the same model 
(Dormann et al. 2013).

Additionally, we included stream sinuosity as a predic-
tor of bog frog occupancy. Stream sinuosity is a meas-
ure of variability in fluvial geomorphology (Braun et  al. 
2012; Allan et  al. 2021). As stream sinuosity increases, 
the sediment erosion and deposition process results in 
greater habitat heterogeneity, creating multiple patches 
of varying flow/depth regimes suitable for egg deposition 
(Braun et al. 2012; Allan et al. 2021). Greater stream habi-
tat heterogeneity is associated with a higher biodiversity 
of macroinvertebrates (Baattrup-Pedersen et  al. 2018; 
Karna et  al. 2018), potentially increasing an available 
food source as aquatic invertebrate larvae metamorphose 
into adult stages. While a higher biodiversity score may 
not necessarily equate to higher abundances, increased 
species richness will raise the probability of adult insect 
emergence occurring across several months, potentially 
serving as a consistent food source for the extended 
breeding season of bog frogs (Moler 1992). We calculated 
sinuosity of the streams within each buffer by dividing 
the total length of the stream by the straight-line distance 
between the farthest points within the buffer (which 
never exceeded 250 m, the diameter of the buffer).

Lastly, we calculated the fire return interval for the 
burn block that contained each survey location using 
data (on prescribed burns and wildfires) provided by 
the Eglin Natural Resources Branch. Although avail-
able data are not at a scale to show whether a given burn 
penetrated the riparian zone near a given survey point, 
the frequency of fire within the burn block can be taken 
as the maximum number of times that fire could have 
occurred in or near the riparian zone during the study 
period. Fires within the block may also have some effect 
on water chemistry. This data set contains continuous 
records dating back to 1985; thus, we could look at fire 
return intervals before and during the study. We calcu-
lated the average fire return interval for each site from 
1985 to 2005 and used this quantity as a predictor of 
initial occupancy status in 2006. We then calculated the 
average fire return interval for each site from 2006 to 

2022 and used this quantity as a predictor of colonization 
rates during the monitoring period.

Occupancy model
We constructed a multiple-season occupancy model that 
comprises both ecological process and observation pro-
cess sub-models (Mackenzie et al. 2003; Bailey et al. 2004; 
Mazerolle et  al. 2007). We employed a spatially explicit 
formulation that treats colonization as a function of dis-
tance between sites (Sutherland et  al. 2014; Chandler 
et  al. 2015). The multiple-season framework produces 
estimates of site- and year-specific occupancy (ψ), colo-
nization (γ), extinction ( ε ), and detection probability ( p ). 
Following Zylstra et al. (2019), we modeled the true occu-
pancy state ( z ) of site i in the first year as a Bernoulli ran-
dom variable with probability ψ1:

For all subsequent sampling occasions, occupancy 
probability is conditional on the state of the previous 
sampling occasion, with transitions between states con-
trolled by colonization ( γ ) and extinction ( ε ) parameters:

In this formulation, we included a pseudo-rescue effect 
in the parameterization (1− γi,t) to account for sites that 
go extinct and are instantly recolonized by close neigh-
bors (Chandler et al. 2015). We allowed colonization ( γ ) 
to vary as a function of distance from neighboring occu-
pied sites, such that:

Si,t is a measure of connectivity that describes the 
cumulative influence of neighboring patches that were 
occupied in the previous year, di,j represents the euclid-
ean distance between sites i and  j , θ describes how con-
nectivity between sites declines as a function of distance 
(Sutherland et  al. 2014), and δi is the baseline coloniza-
tion rate (Zylstra et al. 2019). Our choice to use Euclidian 
distance stems from a previous genetics study that failed 
to find support for more nuanced patterns of popula-
tion structure and connectivity (Austin et  al. 2011). We 

zi,1 ∼ Bern(ψi,1)

ψi,t = 1− zi,t γi,t + zi,t(1− (εt × (1− γi,t))

zi,t+1|zi,t ∼ Bern(ψi,t)

γi,t = 1− e−Si,t

Si,t =
∑

i �=j

δi · zj,t−1e
−θdi,j
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measured the spatial autocorrelation of survey sites to 
infer long-term patterns of dispersal and connectivity 
(i.e., metapopulation dynamics; González-Megias et  al. 
2005).

Model implementation
We modeled the dynamics of bog frogs on Eglin Air 
Force Base from 2006 to 2022 using 17 years of call sur-
veys. Input data consisted of yi,k ,t = 1 if bog frogs were 
detected at site i during survey k in year t , and yi,k ,t = 0 
if not. We assume closure within years such that differ-
ences in input data at a site within the same year can be 

attributed to imperfect detection. We modeled detection-
nondetection data using a Binomial distribution with the 
number of trials equal to the total number of surveys ( K  ) 
conducted at site i in year t . True occupancy states are 
linked to observations through the probability of detec-
tion, p , such that:

We modeled initial occupancy, colonization, extinc-
tion, and detection probabilities as logit-linear func-
tions. For each component, probability on the logit scale 
is modeled with an intercept ( α ) and a set of fixed or 
random effects. Extinction and detection were assigned 
a random effect of year, such that each year’s ( t ) values 
were drawn from normal distributions with hyperparam-
eters describing the mean ( α ) and standard deviation ( σ ) 
of those distributions.

Although several site characteristics likely influence 
demographic rates and hence the probability of extinction 
(e.g., area of egg-laying habitat, average hydroperiod), we 
did not believe that our coarse measures of habitat suf-
ficiently capture these nuances and thus chose not to 
include them as predictors of extinction. Similarly, mul-
tiple environmental factors influence surveyors’ ability to 

yi,,t ∼ Binomial(ptzi,t ,K )

logit(εt) = αε + βε.t

βε.t ∼ N (0, σ 2
ε )

logit(pt) = αp + βp.t

βp.t ∼ N (0, σ 2
p )

detect bog frogs. However, given that our primary inter-
est was in occupancy trends over time, we treated detec-
tion as a random effect for simplicity. We modeled initial 
site occupancy ( ψ1 ) as a function of stream sinuosity, and 
historical fire return interval, and the proportion of the 
buffer area classified as wetlands, uplands, or flatwoods. 
We employed the inverse-logit transformation to obtain 
a probability of occupancy and model the occupancy of 
each site ( zi,1 ) as a Bernoulli trial with mean ψ1 . The five 
parameters controlling the effect of covariates, along with 
the intercept term ( β0 ), were assigned weakly informative 
logistic priors, such that:

To test the hypothesis that dispersing animals are more 
likely to colonize recently burned sites, we allowed colo-
nization rates to vary by site as a function of current fire 
return interval:

We acknowledge that by using fire return interval 
across the contemporary period we lose the ability to 
attribute direct causation of fire to changes in occupancy 
states. However, given that our prescribed fire records 
only include their general location, and a crude measure 
of acres burnt, there are potentially fires in our dataset 
that did not impact bog frog breeding habitat. Further, 
there is likely considerable variability in how quickly bog 
frogs respond to fire; species specific dispersal dynam-
ics, distance from source populations, or delays in veg-
etation response will all influence the lag-time between 
fire and colonization (Hossack et  al. 2013; Barrile et  al. 
2022). Given these uncertainties, we opted to use a sim-
ple metric of burn frequency. In addition, although there 
are potentially myriad factors that impact bog frog move-
ment, we lacked the detailed demographic data needed 
to explicitly test additional hypotheses related to disper-
sal and thus chose to only include fire return interval and 
distance as predictors of colonization.

We used weakly informative priors for all parameters. 
Following Northrop and Gerber (2018), we assigned the 
intercepts in each logistic model a logistic prior, L(0,1), 
which equates to a Uniform(0,1) prior when all covari-
ates equal zero. We assigned all regression coefficients 
describing the effects of covariates N(0,10) priors. Ran-
dom effects were assumed to follow a normal distribution 
with mean 0 and standard deviation, σ . We assigned σ 
a vague gamma prior, Gamma(1,1). Finally, we assigned 
a Gamma(1,1) prior for θ , the scaling parameter of the 

logit(ψ1) = αψ + βψ .wetland(wetland)+ βψ .upland(upland)+ βψ .flatwoods(flatwoods)+ βψ .sinuosity(sinuosity)+ βψ .fire(historic_fire)

logit(δi) = αδ + βδ.fire(fire)
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dispersal kernel. All analyses were performed in JAGS 
and R using the jagsUI package (Plummer 2003; Kell-
ner 2021, R Core Team 2022). Three chains of MCMC 
(Markovian Chain Monte Carlo) samples were generated, 
each of length 20,000 with the first 4000 values being 
discarded as burn-in. To minimize autocorrelation, only 
every 80th sample was drawn for posterior summaries. 
Calculated R̂ values for all parameters were < 1.1, indicat-
ing adequate mixing (Gelman and Rubin 1992). Visual 
inspection of the trace plots also confirmed convergence 
within and between chains. All reported parameter esti-
mates are posterior medians with 95% credible intervals. 
We determined to what extent covariates explained vari-
ation in initial occupancy and colonization probabilities 
by whether 95% credible intervals excluded zero.

Results
From 2006 to 2022, we conducted 6994 surveys at 151 
sites. All sites were surveyed a minimum of 10 times over 
the study period. Bog frogs were detected at least once 
at 86 sites. The average probability of detecting bog frogs 
during a single call survey, conditional on a site being 
occupied, was 0.56 (95% CI: 0.52, 0.61; Fig. 2). Thus, given 
that the current monitoring protocol for bog frogs on 
Eglin Air Force Base involves three surveys per year, the 
annual detection probability for an occupied site is 0.92 
(95% CI: 0.86, 0.94). However, we observed some vari-
ability in detection across years, with the probability of 
detection being lowest in 2007 at 0.44 (95% CI: 0.35, 0.52) 
and highest in 2010 at 0.71 (95% CI: 0.63, 0.79). As such, 
the probability of detecting frogs calling in 2007 during 
the three standard surveys was 0.83 (95% CI: 0.73, 0.86) 
and in 2010 was 0.98 (95% CI: 0.95, 0.99).

Across all sites, initial site occupancy probability was 
0.31 (95% CI: 0.23, 0.41) and was higher for sites with 
a shorter historical fire return interval (Table 1, Fig. 3). 
Specifically, sites that had burned 10 times between 
1985 and 2005 were twice as likely to be occupied 

Fig. 2  Detection probability for a single survey across years. Points are mean estimates and bars indicate the 95% credible intervals

Table 1  Posterior medians, standard deviations, and credible 
intervals for a spatially explicit occupancy model for Florida 
bog frogs on Eglin Air Force Base, USA. Intercept terms are 
represented by for logistic regression models of initial occupancy 
( ψ ), extinction ( ε ), colonization ( δ ), and detection ( p ). Regression 
coefficients are denoted by β ’s and random effects are denoted 
by σ’s. θ represents the scaling parameter of the dispersal 
function. Parameters for which the 95% CIs did not include zero 
are highlighted in bold

Parameter Mean SD 95% CI

Initial occupancy

  αψ −0.79 0.21 −1.21, −0.37
  βψ .upland −0.20 0.42 −1.13, 0.62

  βψ .wetland 0.07 0.44 −0.83, 0.94

  βψ .f latwoods 0.04 0.28 −0.44, 0.59

  βψ .sinuosity −0.20 0.26 −0.75, 0.25

  βψ .f ire −0.48 0.24 −1.03, −0.03
Extinction

  αε −2.34 0.19 −2.76, −1.99
  σε.year 0.36 0.25 0.02, 0.94
Colonization

  θ 3.90 0.23 3.45, 4.37
  βδ.f ire −0.59 0.17 −0.89, −0.24
Detection

  αp 0.26 0.10 0.08, 0.45
  σ p.year 0.34 0.09 0.19, 0.55



Page 8 of 14Brooks et al. Fire Ecology           (2025) 21:21 

in 2006 compared to sites that had only burned two 
times in those preceding years ( βψ .fire = − 0.48, 95% 
CI: − 1.03, − 0.03). In contrast, we found no evi-
dence that stream sinuosity ( βψ .sinuosity = − 0.20, 95% 
CI: − 0.75, 0.25) or the proportion of wetland ( βψ .wetland 
= − 0.07, 95% CI: − 0.83, 0.94), upland ( βψ .upland 

= − 0.20, 95% CI: − 1.13, 0.62), or flatwoods ( βψ .flatwoods 
= − 0.04, 95% CI: − 0.44, 0.59) within a 125 m buffer of 
the site were related to initial site occupancy (Table 1, 
Fig. S1).

The number of sites occupied remained relatively stable 
for the first 8 years of the study before dropping slightly 

Fig. 3  Initial occupancy probability as a function of historical fire return interval. Sites that had been burned every 2 years on average during 1985–
2005 were twice as likely to be occupied in 2006 compared with sites that had only been burned once every 10 years

Fig. 4  Predicted number of sites (out of a total of 151 surveyed) on Eglin Air Force Base occupied by bog frogs from 2006 to 2022. Points are mean 
estimates and bars indicate the 95% confidence intervals
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from 2014 to 2016, and then consistently increasing from 
2016 to 2022. The maximum number of sites occupied in 
any given year was 56 (95% CI: 52–60) in 2022, and the 
minimum was 39 (95% CI: 35–43) in 2016 (Fig. 4). Over 
the 17  years of monitoring, the median extinction rate 
was estimated to be 0.09 (95% CI: 0.06–0.12; Table 1, Fig. 
S2). The probability of extinction was highest in 2007 at 
0.13 (95% CI: 0.04, 0.23) and lowest in 2021 at 0.07 (95% 
CI: 0.03, 0.12). Colonization rates varied as a function 
of distance from neighboring sites and burn frequency 
(Table 1). Specifically, colonization of an unoccupied site 
was more likely when the distance to the nearest occu-
pied site was low (< 1  km). Unoccupied sites further 
than 2  km from the nearest occupied sites were never 
colonized (Fig. 5), and the average dispersal distance esti-
mated was 0.30  km (95% CI: 0.23–0.37  km). However, 
we did find evidence for spatial autocorrelation between 
sites up to 20 km apart when considering occupancy pat-
terns across the entire study region (Fig. S3).

Accounting for distance between neighboring sites, 
unoccupied sites were more likely to be colonized if they 
had been frequently burned during the study period 
( βδ.fire = − 0.59, 95% CI: − 0.89, − 0.24; Table  1, Fig.  6). 
Sites burned five times between 2006 and 2022 were 
twice as likely to be colonized as those never burned dur-
ing this period (Fig.  6). For example, the probability of 
being colonized by an occupied neighboring site 500  m 

away was 0.08 (95% CI: 0.08–0.09) at sites with zero 
burns during the study period and 0.17 (95% CI: 0.12, 
0.23) at sites burned five times during the study period. 
Sites burned eight times between 2006 and 2022 were 
three times as likely to be colonized as sites that had not 
burned (Fig. 6). The probability of being colonized by an 
occupied neighboring site 500 m away was 0.24 (95% CI: 
0.14–0.39) at sites with eight burns.

Discussion
Here we describe the occupancy dynamics of bog frogs 
on Eglin Air Force Base over 17 years of monitoring and 
habitat management. Despite significant site turnover 
during the study, the overall occupancy rate was relatively 
stable over time. Habitat characteristics did not explain 
bog frog occurrence, but sites with shorter historical fire 
return intervals were more likely to be occupied at the 
start of the study. Dispersal was limited to neighboring 
sites less than 2 km apart, and colonization rates of unoc-
cupied sites were highest at sites regularly burned during 
the study period. Understanding the habitat associations 
of bog frogs and how populations respond to prescribed 
fire is crucial to assess the status of the species and plan 
future management activities.

Our failure to find a relationship between habitat char-
acteristics and bog frog occupancy is surprising, particu-
larly given that prior studies have found an association 

Fig. 5  Colonization probability as a function of distance. The dispersal kernel is modeled as a decreasing exponential function, with parameter θ 
controlling the rate of decay. See methods for details
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with the same variables (Gorman 2009). This discrepancy 
may be due to the difference in the number of years sur-
veyed and/or the buffer being centered on the road point 
rather than the actual location of a calling frog. Distances 
between the surveyor and calling individuals varied 
across survey points, and thus, how accurately habitat 
conditions could be classified at actual breeding loca-
tions was not consistent. Alternatively, bog frogs may be 
responding to different scales and types of habitat char-
acteristics than we could assess remotely. The strong rela-
tionship between historical fire return interval and initial 
occupancy may be a result of the response of herbaceous 
vegetation cover to fire both in the uplands and in wet-
lands (Brockway and Lewis 1997; Glitzenstein et al. 2003; 
Martin and Kirkman 2009), and the species’ response to 
this microhabitat feature. Specifically, unoccupied sites 
may have adequate wetland habitat or suitable stream 
characteristics for bog frog reproduction but are heav-
ily degraded due to the absence of fire. Bog frogs select 
areas along streams with abundant emergent vegetation 
(Gorman and Haas 2011; Florida Fish and Wildlife Con-
servation Commission 2013). The eggs or larvae of sev-
eral other species of amphibians, including dusky gopher 
frogs (Rana sevosa), ornate chorus frogs (Pseudacris 
ornata), and reticulated flatwoods salamanders (Amby-
stoma bishopi), are also associated with the presence of 

fire-maintained emergent herbaceous vegetation, likely 
because it can provide structure for attachment and cover 
from predators, can increase oxygenation of water, and 
can provide a food source (Bishop and Haas 2005; Kopp 
et  al. 2006; Gorman et  al. 2013, 2014; Lance and Pech-
mann 2024). Fire can stimulate herbaceous seed produc-
tion and germination and reduce competition for light 
(Martin and Kirkman 2009; Stonecypher et  al. 2024). 
Fire can improve amphibian hatching success through its 
influence on water chemistry and dissolved oxygen levels 
by reducing decaying organic matter or influencing the 
type of litter deposited (Sacerdote and King 2009; Burrow 
and Maerz 2022).

Based on patterns of spatial autocorrelation in site 
occupancy, the bog frog occurs in what appear to be 
three distinct metapopulations on Eglin Air Force Base. 
Although two metapopulations appear well connected 
and resilient, the third has apparently gone extinct with 
no detections in the Titi Creek area since 2011. The risk 
of localized extinction increases with increasing isolation. 
Therefore, dispersal between sites is essential for long-
term persistence (Moilanen and Hanski 1998; Lawes et al. 
2000). Additionally, if the number of occupied patches 
falls below a threshold or the distance between patches 
exceeds a threshold, the metapopulation is likely to col-
lapse (Moilanen and Hanski 1998; Lawes et  al. 2000). 

Fig. 6  Predicted relationship between contemporaneous burn frequency and colonization probability. Note that probabilities are scaled 
to represent colonization pressure from an occupied site 500 m away from the focal site
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Studies investigating the demographics at individual 
sites, to elucidate source-sink dynamics, will help quan-
tify the vulnerability of metapopulations to future envi-
ronmental change (Nelson and Graves 2004; Stevens and 
Paszkowski 2004). Estimates of population size are avail-
able for only four populations, and these have all been 
small, ranging from no more than 8 to 28 adult males (da 
Silva Neto et al. 2014), suggesting there must be connec-
tivity between sites for such small populations to persist. 
Management activities directed at increasing the number 
of occupied sites may be warranted to safeguard the spe-
cies’ future.

Within metapopulations, colonization of unoccupied 
sites was relatively common, despite documented daily 
movements of bog frogs typically less than 10  m (Gor-
man et  al. 2009). Only one movement over 100  m was 
observed for a marked individual at a study area moni-
tored for two seasons (Gorman et al. 2009). As with other 
ranid frogs (e.g., Martof 1956; Schroeder 1976), juveniles 
likely account for most of the between-site movement, 
but because the bog frog occurs predominantly along 
streams, tadpoles may also contribute to colonization 
(Kraaijeveld-Smit et al. 2005). Although we do not know 
what factors might favor dispersal or settling of dispers-
ing tadpoles, there is evidence that survival and growth 
of larval amphibians tends to be higher in areas with 
emergent herbaceous vegetation, so we could expect that 
tadpoles would be attracted to more frequently burned 
areas with more emergent vegetation (Burrow and Maerz 
2022). However, we have a limited understanding of how 
bog frogs interact with terrestrial upland habitat sur-
rounding breeding sites. In other species of amphibian, 
upland habitat does influence dispersal (Todd et al. 2009; 
Hossack and Corn 2007; Murphy et al. 2010; Youngquist 
& Boone 2014; Barrile et al. 2022). Because patch connec-
tivity is critical for maintaining local populations within 
a metapopulation, future research should be directed 
toward identifying the dispersal phase (either through 
genetics or tracking studies) to further understand move-
ment between sites.

Recurrent disturbance, such as fire, is important for 
patch connectivity and colonization in metapopulation 
dynamics (Zeigler and Fagan 2014). Here we show that 
for the bog frog, historical burn regimes predict initial 
occupancy states and sites with shorter fire return inter-
vals during the study period were more likely to be colo-
nized. Aside from maintained powerline right of ways, 
fire is the primary driver creating the conditions neces-
sary for successful breeding of bog frogs through con-
trolling woody vegetation and promoting the growth of 
herbaceous vegetation. Therefore, it is unsurprising that 
fire drives turnover dynamics in this system (Hossack 

and Corn 2007; Hossack and Pilliod 2011). For example, 
Barrile et al. (2022) found that dispersal of a boreal toad 
increased post-wildfire. While the authors suggest that 
dispersal away from occupied sites immediately post-fire 
could be attributed to reduced quality of breeding habi-
tat, they suspect that fire-induced habitat changes, such 
as increased bare ground, facilitated movement to previ-
ously unoccupied sites in the 2 years immediately follow-
ing the fire. While we cannot rule out ease of movement 
as a mechanism driving the relationship between fire and 
colonization rates in our study, Barrile et al. (2022) cau-
tion that experimental manipulations are needed to cor-
relate an increase in landscape permeability post-fire to 
increased dispersal.

Prescribed fire on Eglin Air Force Base did not histori-
cally target bog frog habitat, which may account for the 
wide credible intervals in the association between fire 
and colonization. The fire data we have is not at a scale to 
show whether a given burn penetrated the riparian zone 
and impacted bog frog habitat. As such, there is likely 
not a one-to-one translation between recorded fire and 
changes to bog frog habitat. If the benefits to habitat are 
more sporadic than the fire history suggests, this may 
help explain why bog frog populations appear relatively 
stable over the study period rather than increasing. Only 
in recent years has the burning of riparian habitats been 
a specific management priority, despite Eglin Air Force 
Base’s well-established prescribed fire program. Indeed, 
the instigation of burns explicitly targeting bog frog habi-
tat corresponds with a steady upward trend of occupancy 
rates starting in 2016 (Fig.  2). It seems likely, therefore, 
that bog frog populations could benefit from continuing 
these practices and, conversely, that without such direct 
management populations may decline.

Conclusions
Spatially explicit occupancy models can be used to assess 
long-term trends in range-wide occurrence and identify 
the scale and dynamics of metapopulations. Once such 
information is known, managers can delineate meta-
populations and scale management activities accord-
ingly, which can elucidate when assisted translocations 
or strategies to improve connectivity between sites are 
necessary (Semlitsch 2002; Seigel and Dodd 2002). For 
conservation to be successful, practitioners must be able 
to assess changes in populations of rare or endangered 
species in response to management strategies once they 
have been implemented (Chandler et al. 2015). In many 
management plans for at-risk amphibians, the response 
of populations to fire is simply assumed (Darracq et  al. 
2016). Explicitly quantifying population dynamics in 
response to fire, as demonstrated here, presents a far 
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more powerful assessment of management activities 
(Hossack and Corn 2007; Hiers et al. 2020). For the bog 
frog, fire appears to be an effective tool to improve and 
maintain habitat quality. We recognize that other factors 
besides frequency, such as seasonality or burn intensity, 
are likely to have important effects (Hossack and Pilliod 
2011; dos Anjos et al. 2021; Chergui et al. 2022), but were 
beyond the scope of this study. More detailed studies to 
assess the influence of fire on vegetation and structural 
components of habitat and how those components influ-
ence reproduction and survival would be valuable next 
steps. To maximize the effectiveness of targeted man-
agement, prescribed burns should be planned to corre-
spond with predicted dispersal patterns and directed at 
clusters of sites with high connectivity. More broadly, our 
work demonstrates how knowledge of the links between 
occupancy dynamics and landscape attributes can aid in 
decision-making related to the management of rare and 
endangered species.
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