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Summary

1. Wildfires are increasing in both frequency and intensitpany ecosystemsvith climate
change models predicting furthescalationsn fire-prone environment$et against this
background.is,the global decline of amphibians, with up to 40% of species facing extiration fr
multiple additive threatDespite these disturbing figures, it is currently unclear how increasing
fire frequency'may impact the lotgrm persistence of frog populations.

2. Followinga‘severe wildfire in south-eastern Australia in 206l surveysindicatedhealthy
treefrog populations. However, the 2008 had significant impacts on genetic disigy,

including increased levels of inbreeding and declines in effective population size

3. Using stechastic population modelling under a range of fire-frequency scenarios, we
demonstrate that amphibian populations in fire-prone environments may be indyeasing
vulnerable to extinction, particulanlyhere rates aimmigrationare low

4. Synthesis.and applications. This study of amphibian population genetics before and after a
major wildfireemphasizes the importance of integrating both ecological and genetic data into
population‘'medels. This will help managenmakemoreappropriate conservation decisions
regarding-fire management of natural environments, especially those containatgrbde
populations: Priorities for agencies involved in planning controlled burns should consider
carefully the timing of controlled burns, along with maintaining habitat connectivity.

Key-wordsyamphibiansextinction risk field surveys, fire management, frogstoria,

population‘genetics, population modelling, wildfire

Introduction

In the past thirty years, wildfires have increased in both frequency and intensigny
ecosystemgparticularly in environments already strongly influenced by fire such as thermwest
United States (Westerlyet al. 2006)and eastern Austral@indenmayelet al. 2011) In

addition, climate models have predicted an increase in the frequency and severity of wildfires
into the futurgFlannigan, Stocks & Wotton 2000; Westerletgal. 2006; Pitman, Narisma &
McAneney 2007)Like other ecological disturbances, wildfires can drive spatial and temporal
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variation in the abundance of species and the composition of communities éBanikZH13).
However, the impacts of wildfire on the genetic diversity of populations and speeipsorly
understood. As genetic diversity has a fundamental influence on individual fithesstioopul
viability and species adaptability to environmental chgBgakset al. 2013) this limited
understanding.hampers our ability to predict how increasing fire frequency whtlopogenic
climate change will influence the persistence of species.

Amphibians are believed to be particularly vulnerable to changing environmentaiausdit

with more than 70% of frog species predicted to be negatively impacted by climate ichange
some regions*(Wake 2012). Although research into the impacts of anthropogenic diiamage c
on amphibians‘has often focused on changes in temperature and rainfall that may legel to ra
shifts(Ealy & Sax 2011), associated changes in wildfire regimes may also have profound
effects on species persistence in-prene environments. Specifically, impacts of wildfire on
population.connectivity and genetic diversity has been severely understudied in thit conte
Many studies*have already shown a decline in the genetic diversity of frogs due to habitat
fragmentatioffAndersen, Fog & Damgaard 2004; Lesbarretes. 2006; Haleet al. 2013),
howeverthere are currently no engal data on the impacts of fire on genetic diversity in
amphibjans using pre- and pdse estimatesResults of the few studies on other faunal groups
have been mixed, with one finding evidence of changaBdle frequenciebut not of
population.bottlenecks pofite (Suarezt al. 2012) and another finding both increasing and
decreasingrgenetic diversiggmithet al. 2014). Surprisingly, numerous studies estimating post-
fire abundanee using count and call surveys lradieatedthat frog species are resilient to fire
(Bamford(1992; Fordt al. 1999; Greenburg & Waldrop 2008; Engbrecht & Lannoo 2012;
Westgate, Driscoll & Lindenmayer 2012). These studies have concluded that wiltHiyesot

be as important as other ecological disturbancesdgs(Westgate, Driscoll & Lindenmayer
2012).

Research on the biology of tree frogs in the Kinglake region of Victoria, sastiern Australia
(Fig. S1), has spanned more than fifty years (Littlejohn 1965; Sarelh2013a; Smittet al.
2013b), and we have been studying the population genetics of these frogs since 2007. In
February 2009, this region was burnt by an extensive wildfire — the worst in Australiashegecor
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89 history (Cordner, Woodford & Bassed 201%gvere wildfires are not exceptional events in this
90 area with five significant fires in the last 100 years; climate change models preditidait
91 wildfires will increase in severity and extent in the future, with potentially devastating effects
92 (Pitman, Narisma & McAneney 20QAVe investigated the effects of this wildfire on the
93 population genetistructure of the tree frogduthern brown tree frdgtoria ewingii and
94  Victorian tree frod.itoria paraewingi in a study spanning seven years, two of which were pre-
95 fire. We'then'used these empirical genetic data in stochastic population models of each species to
96 determinehow wildfire frequency may influence the effective population sizextindtion risk
97 of populations of common frog species in the context of anthropogenic climate change. We
98 extended thissmodel to predict the effects of increased fire frequency ored tiathreatened
99 speciesLitortaraniformis (growling grass frog), which is federally listed as Vulnerable to
100 Extinction.
101
102 Materials and methods
103
104  Study System
105 We focused.,this study on comprehensively studied populatidrisooifa ewingii andLitoria
106 paraewingiytwo closely related porldreeding hylidrogs in the Kinglake region of Victoria,
107 Australia (~-37.50°S, 145.42°EHistorical studies have shown that the morphology, life-
108 histories, habitat requirements and breediielgaviours of these two species are almost identical
109 (Watson, Loftus-Hills & Littlejohn 1971; Littlejohn 1982; Sherwin 1988dth species are small
110 (20-45 mmeS¥YL), and breed during the southern winter in ponds, marshlands and streams. The
111 two species are common in a variety of habitats, including farmland and foreste(\\fatsams,
112 LoftusHills & Littlejohn 1971)
113
114 Field Surveys.and Population Estimates
115
116 We conducted.fieldwork between June and October over seven years (2007-2013), to coincide
117 with the breeding season loftoria ewingii andL. paraewingi. Each year, we sampled eleven
118 ponds across the Glenburn transect (Fig. 1). Two sites were unburnt in 2009, theer&strater

119 with varying degrees of intensity in early February 2009. We visited each site faur times
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per year, spaced equally across the breeding season. During each visit, we manerateve
acoustic recordingSmithet al. 2013a) once a breeding chorus had begun (approximately one
hour after sunset) using a Rode microphone and a Marantz PMD671 Solid State recorder
(Marantz, Kanagaa, Japan). Following this, we used a capgaswling technique to locate
frogs using.aeoustic cues and capture by hand by two trained personnel for a period of 30
minutes between 1830 h and 2200 h. A single toe clip was taken from each individual for

sulsequent'genetic analysis before release at the site of capture.

We captured a total of 680 individuals from thoria genus over the course of the study (Table

1). Recaptures,within a season were rare and not included in these counts. In the laboratory, we
used the software Syrinx (Burt 20G)create spectrograms, or visual representations of all
acoustic recordings. We then used both acoustic and visual means of counting the number of
breeding males calling in any one recording. Following the protocol of Smith, Oliver and
Littlejohn (2012) we identified individuals via their individual call frequencgll structure (i.e.
number ofsnotes in the calball rate al geographic position in the pond. We used the sum of
these counts to estimate the number of breeding males throughout the season atiaamiileit

to be cosistent with capture countall work was done within Museum Victoria and University

of Melbouine ethical guidelines.

Genetic Techniqgues and Analyses

We extracted"DNA from tissue samples using two methods; samples fror2@09Were
extracted using a standard chloroform: isoamyl alcohol procé@Gemmell & Akiyamal996)
samples from 2010-2013 were extracted using a Qiaxtractor and a standard prdf&G&N{
We then used the PCR-RFLP assay protocol described in Smith, Hale, Kehahgi2013b) to
identify whether, an individual wds ewingii or L. paraewingi by amplifying and digesting
mitochondrial DNA segments. This process also identified 35 individudldars verreauxii, a
third and clesely related species; these were removed from further analysis. We used PCR to
amplify eight microsatellite markers that have been described for these $Seuidset al.
2011) using a previously established laboratory prot®withet al. 2013b) We sent PCR
produds to Macrogen, Inc. (Seoul, Korea) for genotyping uaim@\BIl 3730XL. We scored
alleles using Geneious v. 6.1.2, screening manually to check for accuracy.
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We conducted genetic analysis on each species separately. Alleles were confirmed to conform
generdly to Hardy-Weinberg equilibrium using GenePop 4.2 (Raymonddusset 1995We

used the program STRUCTURE v 2.8Rtitchard, Stephens & Donnelly 20G8)confirm the
species identity of each individual and identify &mtpria ewingii-paraewingi hybrid
individuals,(methods described in Smétal. 2011; Smithet al. 2013b). All 80 individuals

identified as hybrids were removed from subsequent analyses. To determine tbé level
population-wide inbreeding we used Genodive 2.0 (Meirmans & Van Tienderen 2004) to obtain
G-indices|(Gis- the mean observed heterozygosity in relation to expected heterozygosity within
each site for asgiven ydaand allelic richness (ARthe number of times an allele is found in the
population‘divided by the sum of the count of all different alleles in the popul&tiotine entire
metapopulationieach year from 2007-2013. We then used Genodive to estimate pairwise Fst
values between each pond for each year. We used STRUCTURE to eahrmad®&vidual’s
membership in a population each year and also to estimate the number of disgtict gen
groupings«(populations) before and after the fire (FIgSTRUCTURE uses a Bayesian

approach to analyze microsatellite data sets withgutori assimptions of population structure.
Each individual is placed in one out of a numb&rdf estimated populations with a likelihood
percentage‘based on their genetic profile. We va¢igdm 1 to 11 (number of pond®r

analyses of all populations and usetinixed origins of populations. The bumwas set at

100,000 with 100,000 runs, with each dataset runtiimes to check for consistencyhe most

likely valugrofik,was determined by observing where values of R Klateaued (Evanno et al
2005). Theeswalues were compared to similar estimates made in the program GdGidiod,
Mortier & Estoup 2005; Guillot 2008), which also maps the probability of population

membership geographically.

We used NeEstimator V2.01 to obtain an estimate of year-wide effective popuizdidNe)
from the mierosatellite daf@o et al. 2014). We chose a Linkage Disequilibrium model with
random mating, temporal estimation and molecular coancestry, intordetain the most
accurate estimatder our systen{Gilbert & Whitlock 2015) Unfortunately, sample sizes from
each pond for each year were too small to gain accurate estimates of Ne fabgagukation,
therefore Ne was calculated for the entivetgpopulation each year.
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The effects of wildfireon population countas observed in field surveyable 1) were then
estimated using a Bayesian regression model in the program OpenBUGS version 3.3.2
(Spiegelhalter 2006sing year as a predictive variabléne models included uninformative
priors as wellkas a random site effect to account for geographic location cudgaipulation.
Thismodel estimated the mean, standard deviation, and 95% credible intervals of model
coefficientsfrom 100,000 samples from the posterior distribution after discarding an initial
‘burn-in’ of' 100,000 samples to check for convergence. Using these same pesamethen
used a Bayesian orveay ANOVA with pre-fire levels (from years 20®@008) as a reference
class and eompared these with values obtained in the years immediately following fufe€post
2009-2010)and in a recovery period (2011-2013) to andlyweallelic richness, Gis and Ne

may have beenaffected immediately piost and during the recovery period.

Stochastic Population Models

We constructed stochastic population modeld_ftoria ewingii, L. paraewingi andL.

raniformisin OpenBUGS Spiegelhalter 2006; Appendix S1), using information on annual
migrationrate and effective population size (Ne) at equilibrium from treeptestudy and a
populationgénetic study ok. raniformis in northern Melbourne. While. ewingii andL.

paraewingi are hybridizing sister species, we chose to model them separately as our results
indicated important differences in annual migration rate. We also constaiptapulation model

for L. ranifermisas a representative threatened species within the genus that is also affected by
wildfire. DatasSed in the model bf raniformiswere a combination of unpublished and
published/data, based on 10 microsatellite (Heileet al. 2013).

Small sample sizes meant that yeayear estimates of Ne far paraewingi fluctuated
substantially. Fherefore,avestimated effective population size at equilibriumtiied. ewingii
andparaewingi modelsfrom the average Ni®r L. ewingii observed across the six nfire years
of our study=(2007-8, 2010-13Fffective population size at equilibrium for raniformis was
estimated from a detailed study of this species in northern Melbourne (@, Keglblished
data).We modelled the number of immigrants into the population each year as a Poisson
function withiA =5 (for the L. ewingii model) and A = 1 (for the L. paraewingi andL. raniformis
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models), and ran each model for a period of 100 years. These values were drathe freean
and variation in annual Nm values estimated by Genepop using the originasaediite data.
We estimated maximum population growth rate and the standard deviation in gatendle to
environmental stochasticity using a combination of published data, unpublished datpeahd e
opinion on vital rates in the closely relatedspenceri (for theL. ewingii andL. paraewingi
models) and.. raniformis (for theL. raniformis model).

The probability“of fire was expressed as a Bernoulli function, with each fadméeto a 95%
reductionin effective population size. This reduction was based on the change in Neépllowi
fire observedqdn,the present studlye ran the model under four fifeequency regimes; an

average of'l fire in 100 years, 1 in 50 years, 1 in 25 years and 1 in 10 years. This range was
based on estimates that firedfuencies will increase by 25% by 2050 and a further 20% by 2100
in southeastern Australia (Pitman, Narisma & McAneney 20@testdan our study region have
experienced at least six significant fires in the last 100 years, in 1926, 1939, 1962, 1983, 2006
and 2009 Callins 2008; Lindenmayeat al. 2011) Thus, with predicted increases in fire
frequencies, an average fire frequency of 1 in 10 years represents a plausibieme

scenarioFer. each firdrequency, we estimated the mean, standard deviation, and the 2.5th and
97.5th pereentiles (to give a 95% credible interval) of expected minimum populagon si
(expressed as a proportion of the initial effective population size (Ne) at equilibrium)}eand th
probability.of extinction over 100 years. We used 1,000 samples drawn from the posterior
distributionsafter discarding 1,000 samples as an initial ‘burn-in’ and checkigrfiwergence

via visual inspection of the MCMC chain histories in OpenBUGS. These values ameishow
Tables S2 and S3.

Results

Using traditignal survey methods to estimate frog abundance, we found minimal ohtreect

2009 wildfire .en populations dfitoria ewingii (LE) andL. paraewingi (LP). We used

recordings of calling males from across the elgu@mds to estimate abundance during each
breeding season (June-October) from 2007-2013. Estimates of maximum abundance based on
acoustic recordings indicated a small effect of fire on breeding males (Table 1). There were
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approximately 2% fewer males recorded in each of the two yearsfpeghan in each of the

two years prdie (mean effect of fire on abundance estimate®.25, 95% Cls = -6.33, 1.86).
Immediately post-fire (2009), we detected only a ~4% decrease in the numbsedihgrmales
(mean difference in abundance estimates between 2008 and 2009 = -0.56, 95% Cls = -1.44,
0.32).

However, 'genetic data showed that both speters more inbred posire than prefire (Fig. 2).

LE showed an‘increase in inbreeding of approxétya21% (mean increase ing<postfire =

0.042, 95% Cls = -0.049, 0.133), whilP showed an increase in inbreeding of approximately
13%% (mean increase = 0.12, 95% CIg03, 0.26) over the two years pdise, compared to

the two years prére (Fig. 2). Coupled with thesmcreasedevels of inbreeding, effective
population sizes (Ne) declined pdse. Effective population size afE populations decreased

by 98% immediately following the fire in 2009, and then showed steady recovery in subsequent
years; that.,oLP populations decreased by 74% in 2009 followed by a further decrease of 99%
from originalwpréefire levels in 201{Table 2 Table 3, Figure 3), with populations not fully
recovered at'the completion of the study. See Table 2 for all other genetic divaisigtes for

each yean

These patterns were confirmed with the gust analyses by time period: statistics can badou
in Table 3.The95% credible intervalef the posterior probability distributiongerewide (Table
3) due to pooling of data into one meta-population each($ea Appendix S2 for estimates
using eachwpond as a populatiodpwever, results demonstrated that allelic richnet&iand
LP declined by 27% after the fire and returned to gnee levels within the study period,

although this decline was more pronouncetdRrthan inLE (Table3).

Spatial population genetic analyses in Geneland demonstrated that the gdpretiveen
populationssdecreased in the two years fiost22). STRUCTURE analyses supported these
results, identifying that the most likely number of genetic populations increaseddur (E)
and two [P) before the fire, to seme(LE) and five [P) after the fire (Fig3). In 2012-2013,
STRUCTURE identified three populationsldt and two populations @fP, which is very
similar to prefire population structures, however with markedly less admixtuséould be
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275 noted that Ne ¢snates may reflect population structuirethis case, the increased

276 differentiation between populations may have contributed to the dramatic chauges i

277 estimates observed pdse.

278

279 Stochastic pepulation modelling indicated an important effect of fire frequenoygration rate
280 and variatien in the population growth rate due to environmental stochasticity on theepeesis
281 of populations‘over time, expressed as expected minimum population size and theifyralbabil
282 extinction'overa 100-year period (Fig. Hable S1). For all three species, expected minimum
283 population size/decreased and the probability of extinction increased with ingriaesi

284 frequency.s However, these effediffered substantially between species. For example, with an
285 average fire'frequency of 1 in 100 years, the expected minimum population szevat 0.33
286 of the effective population size at equilibrium (95% CI: 80297), decreasing to 0.073 (0.063-
287 0.083) with an average fire frequency of 10 in 100 years (Big. Zhe corresponding EMP sizes
288 for LRwere 0.046 (0.036-0.055) and 0.0041 (0.0018-0.0067), with thok® fatermediate

289 between thestwo. The probability of extinction of tiepopulation waselatively low, but

290 increased from‘0.01 (0.00-0.04) to 0.12 (0.06-0.19) with increasing fire frequency from an
291 average of.l to 10 fires per 100 years. In contrast, the probability of extinctionLdt the

292 populatiopsincreased from 0.40 (0.31-0.50) to 0.91 (0.86) with the same increase in average
293 fire frequency (Fig. 4pbTable S2. The combination of more variable population-growth rate
294 and a lowimmigration rate appear to make populatiohfkdahe most vulnerable to increasing
295 fire frequencyof théhree species modelled, while a lower immigration rate miaResore

296 vulnerablethamE.

297

298 Discussion

299

300 Impact of Wildfire: Field Surveys and Genetic Data
301

302 Acoustic and count surveys detected only a small effect of wildfire on the nunitrereding

303 males ofour study species. This is consistent with a number of previous studies suggesting t
304 frogs are resilient to fire, based on high pirgt-count datgKeyseret al. 2004; Greenburg &

305 Waldrgp 2008; Engbrecht & Lannoo 2012; Hossack, Lowe & Corn 2013). Explanations for this
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resilience include the concurrent resilience of food items (e.g., freshwater invertebrates)
(Dunhamet al. 2007), behavioural adjustmeriisngbrecht & Lannoo 2012)nd increased
immigration of individuals from nearby source populati¢8seenburg & Waldrop 2008)n

fact, it has been suggested that the warming of soils and other changié® postadvantageous

to some anurans, resulting in increasing numbersfpegt-Hossacket al. 2009; Moorman,

Russell & Greenberg 2011; Hossack, Lowe & Corn 2013). On the basis of count data we might
conclude thabur study species are also resilient to severe wildfire, and possibly well adapted to

such recurring ecological disturbances.

However, genetic data showed that effective population sizes of batingii (LE) andL.
paraewingi(LP)'were lower, populations were more inbred, and there was a drop in allelic
richness following the fire. While the genetic diversity of populations of both spectsered

in the years podire, genetic diversity ofP populations had not recovered to fire-levels

after five years. The 2009 fire caused not only a decrease in genetic diversity but also marked
changes instherspatial structure of frog populations in the regievioBs studies that have
attemptedto quantify effects of fire on genetic patterns in vertebrate$ouanecontrasting
results(Schreyet al. 2011). Of those focusing on samplindgdre and after a specific firene
study on.ehaffinched=¢ingilla teydea polatzeki) found no impact on population inbreeding or
genetic richness (Suaretzal. 2012), and another on lizardsnfphibolurus norrisi and Ctenotus
atlas) a decrease in genetic diversity but no concurrent effects on gene flow or population
genetic structuréSmithet al. 2014). While census data on the chaffinches indicated a major
population‘decline, genetic results (collected only fios}-indicated a healthy genetiiversity
(Suérezt al. 2012).These results providevidence that discrepancies in population estimates
based on field-survey counts and genetics following wildfire, although a growing body of
evidence suggests that genetic data may be awowgate and more useful from a conservation
standpoint (Beissinger & Westphal 1998; Storfer 2003; Palsbgll, Bérubé & Allendorf 2007).

Estimates of population size made from ecological field surveys are often found to differ from
those made using genetic datastudies where both methods are ugtaistra & Fraser 2012)
Count data (using acoustic recordings or capture techniques) of amphibians ulgvartay be

a poor reflection of actual population siBrown et al. 2007; Elphick 2008; Corat al. 2011).
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In order to accurately quantify the effects of fire on populations in the long temra,data must

be incorporated; the inclusion of genetic data in studies to estimate ttis effdisturbances on
population viability in the past has proven valugl@torfer 2003; Palstra & Fraser 201Zhe
differing conclusions about théasus ofLitoria populations postire based on our field surveys
and genetic.data suggest f@assible scenarios. First, while calling males may have recovered
postfire, females may have been more severely affected, resulting in a larggisdias ad

lower population sizes in subsequent years as reproduction dealioedsed sampling of

females would"be required to test ti®cond, while adults may have survivedfitres

reproduction may have been affected by high egg/larval fai{Dméscoll & Roberts 1997) or
predation ef eggs or larvae. Third, insulated populations may have had a high sumival rat
during thefire#but dispersal (i.e. movement between ponds) may have been impeded and
inbreeding may:have risen pdse, resulting n the observed increase in spatial genetic structure
(Fig. 3). Lastly, mortality due to fire could have been restricted to adult individuails, w
tadpoles present at any time of yearemained safe and matured to lor@ethe winter after the
fires. This mortality bias would then mean that allghessent in the populatian the year after

the firewould'likely be a diminished sample, representing only those present in the cohort that
was at a larval stage at the time of the fire. Indeed, clagedsurvival and reproduction post-

fire presentingvith a similar genetic structure and differentiation patterve been observed in
other taxgPiersonet al. 2013). Any of these scenarios may account for the low genetic diversity

observed In the burnt populations of both species in the years following the fire.

Extinction Risk'with Increasing Wildfire Frequency

While natural widfire plays anmportantecological roleén southerrAustralia(Burrows 2008),
climate models predict thatrrent and future climatic changes will have unprecedented impacts
on the frequency and seitgrof fires in thisregion(Hennesset al. 2005).Stochastic
disturbances.may contribute to biodiversity in ecosystems where fire natuaiiblgit
infrequently=occurs(Morrisonet al. 1996). However, it is difficult to predict how changing fire
regimes might.impact populations and spetigbe coming centuriegyven those¢hat have

evolved inecosystemthat benefit from natural fire over the lotgym (WestgateDriscoll &
Lindenmayer 2012). In the context of global chariige,important to consider hodistinct
humanactivities(e.g., changing climate, landscape modificatimawve synergistic impacts on
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natural systems. Understanding how predicted changes might contribute to a keldesd
of local extinctionor persistences vital for making informed decisions about management and

conservatiorof native wildlife in fireprone areas of the world.

Stochastic_medels of population dynamics showed an important effect of firerfoycued on

the persistence of populations over time, but these effects differed between species. These inter
specific'differences are likely driven by the higher coefficient of variation in adult survival rate
leading toa“higer standard deviation in population growth rate in the more vulndrabiea
raniformis, aswell as a higher immigration rate linewingii than inL. raniformisandL.
paraewingi«(expected immigration rate of 5 versus 1 individual per y€an).modeling

indicated asprobability of local extinction > 80% tfarraniformis andL. paraewingi (the two

species with the lowest immigration rate) over 100 years if fire frequency reaches an average of
10 fires/100 years. .Thesesults indicate that isolatedgdations of frogs with low rates of
immigration are vulnerable to extinction under increasing fire frequencies expected in

southeasternAustralia with climate change.

Conclusions and Management rewoendations

Previous studies have shown an intricate relationship between climate change, habitat loss and
disease in‘the extinction risk of amphibigHef et al. 2011). Here, we provide evidence of an
additional eause of extinction risk in amphibians with anthropogginiate change. Our results
support thesdisturbing suggestion that, at least in some environments, extin@pnssult from
climatemediated causes other than increasing temperatures, long before the physiological
inability to,adapt to high temperatgrbecomes an iss€ahill et al. 2012). The data from our
models she.that one of the most important factors for decreasing extinction risk due to
increased wildfires is the ability of animals to move between habitat patchespnoine
environments. We recommend tipaéscribed burning regimes in threatened speciegakt&ab
should incorperate data regarding genetic connectivity rather than relying only ordataunt
when planning the timing and extent of controlled burns. Additionatigservation efforts
should focus on maintaining or re-establishing habitat conitgctincluding vegetation and
waterways)n fire-prone areas, so that animaksspecially amphibianscan move across the
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399 landscape in order to-establish genetically healthy populations after wildfifsch actions
400 will have a profound impact on the long-term persistence of frog populations in areas of
401 increasing humamediated disturbance.
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Additional,Supporting Information may be found in the online version of this article:

Table SIParameter estimates from the population modelstofia ewingii under various fire

frequencies and immigration rates.

Table S2. Parameter estimates from the population modeitoafa raniformis under various

fire frequencies and immigration rates.
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578 Appendix S1. OpenBUGS code for stochastic population models

579 Appendix S2. Population genetic data results as calculated by Genodive, using each pond each

580 year as a population within the system

581 Table 1."Count'and acoustic survey results over the sewgpar study period. Numbers
582 reflect only males, since surveying was dasig acoustic recordings of male advertisement
583 calls and frogs were located foapture using calls. Acoustic results are pooled for both species

584 (Litoria ewingii, LE andLitoria paraewingi, LP)due to the similarity of calls between species.

Sample sizes Acoustic count
(actual count estimates) estimates
LE LP Hyb Total Total
2007 42 31 8 81 70
2008 52 18 12 82 70
2009 75 17 13 105 89
2010 49 26 6 81 63
2011 61 27 16 104 83
2012 81 7 17 105 54
2013 62 9 16 87 84
TOTAL | 422 135 88 645 513
585
586

587 Table 2. Meannumber of alleles, corrected heterozygosity)(lhbreeding values (9,

588 effective population size (&), number of migrantdN,) and Fst valuebetween ponds for

589 Litoria populations during prére (200%2008), posfire (20092011) and recovery years (2012-
590 2013). 95%.Ceonfidence Intervals are given for all means exceptf¢d&ta unattainabje

591
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2007 2008 2009 2010 2011 2012 2013
Litoria
ewingii
Alleles 9.625:2.72 | 8.750:2.42 | 7.750:2.35 | 9.286+1.83 | 12.000-2.07 | 6.714:1.98 | 12.286:1.22
Hs 0.746:0.0561 0.747:0.0391 0.749:0.0191 0.785:0.022 | 0.774:0.0321 0.802:0.041 0.726:0.037
PretFire PostFire effect Recovery Period effect
Gis 0.19140.086 | 0.14Q:0.095| 0.136-:0.034 | 0.3170.060 | 0.249:0.038 | 0.208:0.043 | 0.13940.065
Ne 11.5:8meant 8k41.mean 1 25%Cl| 27.5%C1 | meany 2.526246.97 5%QH2.2
_ I\I_m 2.133 3515 9127 4.075 7.249 6.8 3813
Litoria Gi 0.1/98+ 0.042 | -0.049 0.133 0.016 | +0.021 0/053
Fst 0.03040.025 | 0.0290.027 | 0.018:0.011| 0.08:0.00 || 0.014£0.013| 0.008:0.005| 0.065:0.027
ewingii 0{07
Litoria na _ _
AR 9.17#& 0.66 6.98 5.71 1.16 4.65 6.93
paraewingi
Alleles 13.006-1.61 | 13.6251.49 | 14.25@2.24 | 12.1432.06 | 12.857%2.72 | 14.5710.70 | 14.5710.07
Hs 0.826:0.021 | 0.794r0.037 | 0.8010.056| 0.779-0.12 | 0.768:0.040| 0.7570.058 | 0.743-0.037
Gis 0.07G:0.03 | 0.089:0.13 | 0.088-:0.08 | 0.337%0.29 | 0.270:0.08 | 0.172:0.22 | 0.085-0.07
Ne 59.6:41.6 | 104.239.0 | 26.70.0 *too low 6.1+2.9 7.3:4.4 206.2:82.6
N 1.538 0.942 1.888 0.631 2.561 0.412 1.050
Fst 0.006:0.003 | 0.00:0.00 | 0.00:0.00 | 0.0170.035| 0.0270.018| 0.004:0.006 | 0.009-0.0(2

Table 3. Thesmean (+ sd) immediate effect of the fires (22020) and subsequent recovery
period (2011-2012) on the inbreeding levekjGllelic richness (AR) and effective population
size (N,) of theLitoria ewingii andLitoria paraewingi metapopulations, as determined by

Bayesian analysis. Table includes 95% credible intervals of the effects.
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2.30

Ne 42.1+ -30.81| -95.31 34.07 -24.93 | -83.91 | 33.91
23.2

Litoria Gis 0.08+ 0.115| -0.028 0.26 -0.028 | -0.089 | 0.033
paraewingi 0.005

AR 13.31+ -0.11 | -2.98 2.78 0.69 -1.94 3.31
1.05

Ne 80.58+ | -66.78| -287.3 158.2 -7.419 | -210.0 196.4
79.38

Figure 1. Map of the Glenburn transect, including the locations of each of the eleven sites
sampled 2007-201Filled circles indicate sites burned in the 2009 wildfires, open circles
indicate sites that remained unburned. Shaded areas indicate protected forested regions versus

cleared land(unshaded).

Figure 2.Inbreeding levels (Gs) and effective population &ze (Ne) over the study period for

L. ewingii (Le) and L. paraewingi (Lp). Both species show increased &hmediately posfire,
resulting inlow effective population sizes. Genetic diversity has not compitetalvered after

five years. \Values are not provided for LP in 2012 and 2013 because, although the total number
of frogs caughtdid not drop, the prapon of LP was too low to provide accurate estimates

(Table S1).

Figure 3. Population genetic structure forL. ewingii and L. paraewingi pre-fire, post-fire

and during thesrecovery period.Graphs presented are STRUCTURE pl@8,(where
individuals,areassigned probabilistically to populations, or jointly to two or more populations if
their genotypes indicate they are admixed, with each color representing a separate population.
The xaxis represents the NofBouth transect from lefight (Fig. 1). Ouresults indicate that

immediately postire, allele and genotype frequencies are significantly affected, with a return to
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predfire conditions inLP 2011-13, while irLE the fire appears to drive some spatial structure in
2011-2013.

Figure 4. Expected minmum population size (EMP) and the probability of extinction of
populations,efLitoria ewingii, L. paraewingi and L. raniformis over 100 yearsunder four

fire regimes. EMP is expressed as a proportion of initial population size, which was set at the
equilibriumeffective population siz&l€). Error bars show the 95% credible intervals around

the estimatedvalues.
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