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ABSTRACT

Fire is a major ecological process in ecosystems globally. Its impacts on fauna can be
both direct (e.g. mortality) and indirect (e.g. altered habitat), resulting in pioputacovery
being driven by several possible mechaniseparating direct from indirect impacts of fire
on faunal'population recovery can be valuable in guiding management of biodiversity in fire-
prone environments. However, resolving the influence of dinedtindirect processes
remains a'key challenge because many processes affecting fauna can change concomitantly
with time since fire.

We explore the mechanisms influencing bird respaad&e byposingthe question:

Can tempaoral changes in vegetation structure predict changes iméitdrenceonsites,

and can these be separated from other temporal changes using the surrogate of time since
fire? We conducteda 12-yearstudy of bird and vegetation responses todire24 sites

across six vegetation classadBooderee National Park, Australia. Approximately lo&lf
thesesites established in 20Q2vereburnt by a large (> 3000 ha) wildfire in 2003
disentangleollinear effectof temporal changes in vegetation afiictct demographic

effects orpepulation recovery that are subsumediime sincefire, we incorporated both
longitudinakand crossectional vegetation effects in addition to time since fire within logistic
structural equation models

We identifiedtemporal changes in vegetation structure and richness of plant and bird
species thatharacterized burnt and unburnt sites in all vegetation classes. For nine bird
speciesa significant component of the year trend was driven by temporal trends in one of
threevegetation variables (numbefr understory or midstgrplant speciesor midstory
cover). By contrast, we could not sepatataporal effects betwedime since fireand
vegetation attributefor bird species richnesgporting rateand the occurrence of 11 other
bird species.

Ourfindings help identify species for whialdirect effects of vegetation dominate
recovery andthus may benefit from vegetation management where conservation egtions a
required andyeconversely, thasgeciedor whichdirect effects of time since fire drive
recovery, wherasimply leaving a system to recover following the last disturbance will be

sufficient

Key words: biodiversity conservatiomisaggregation, multiple regression, occurrence,
vegetation, wildfire, MODMED
INTRODUCTION
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Fireis a key ecological process tltain have substantial impacts on biodiversity
(Bowman et al. 2009, Moritz et al. 2014, DellaSala and Hanson 2086y studies
document temporal trends in animal populations following fire, particularly in respmnse
one \ariable—time since the last fir€Smucker et al. 2005, Kelly et al. 2015). Inddgede
since firevistoften considered the key descriptor of disturbance history in sucdssstoh
perspectives on disturbance ecology (Nimmo et al. 2012) (reviewed by Pulsford et al. 2016).

Although the effects of time since fire are frequently examined in studies of taena
ecologicalymechanisms underlying faunal responses are rarely explicitly examined. Fire can
have directimpacts andividuals through mortalitgither at the time of the event or
immediately following(Bell et al. 2001 Thonicke et al. 2001), with subsequent temporal
patterns of‘papulation recovery (‘time since fire’ effects) limited by the rate of recolonization
of burnt sites or growth of populations that survived the fire (Banks et al. 2011) or
colonization of burnt sites by early successional sp€8ieanson et al. 2011). An alternative
mechanism is that habitat suitability is altered by fire with subsequent effects on food
availability(Whelan 1995)the availability of shelter sit¢sindenmayer et al. 2013) or
alteredsusceptibility to predatiofWoinarski et al. 2015)Under this indirect fireeffect
mechanism, temporal patterns of faunal population dynamics associated with time since fire
are mediated by post-fire temporal changegdgetation structure, cover and plant species
composition (Monamy and Fox 2000, Morrison et al. 2006, Swan et al. 2015, Pulsford et al.
2016).

Separating indirect habitat effects from direct demographic effects of time since fire is
critical to understanding the broader role of fire in shaping biodiversity paed for
guiding management, but such work is challenging because potential drivers of tempora
responses in biodiversity can beaccurring and stragly collinear(Dormann et al. 2013,
Swan et al. 2015). For instance, vegetation typically changes in structure asdydive
corcomitantly. with time since fir@\oble and Slatyer 198Baslem et al. 201 1Swanson et
al. 2011). Furthermore faunal responseajectory,such as species occurrence on sites, may
change simply=due to demographic limitation on recovery rate or change in response to both
vegetationsand time since fire demographic processes (see the conceptuahrhaiekil).
This is a problenbecause conventionalultiple regression techniguasay have difficulty in
separating thdirectdemographic (time since fir@ersus indirechabitat (change in
vegetationeffects on species occurrence.

In this studywe aimed to quantify the contridoh made bytemporalchanges in

vegetation structure tome since fireeffects orbirds. Quantifying the contribution of
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vegetation change time since fireeffectshas important implications for vegetation
management and wildlife conservation. Thibégause it helps determindaether managing
disturbance to maintain vegetation structure and plant species compiosiiierprone
ecosystems also will cater for faurkr example, it can help identify whetlaetive
vegetation manipulatiosuch as skhing)or alternativestrategies like prescribed burning
might be theébeststrategy for conserving biodiversity fire-prone environment8aker
2000, DellaSala'and Hanson 2015).

Specifically, we asked the questirCan temporal changes in vegetation structure

postfire predict.changes in bimccurrence osites, and can these be separated from other

temporal demographithanges using the surrogate of time since fiite&t is,canindirect

effectsof vegetation change Iseparaté from other temporal demograpluicanges that may

be subsumed by the simml&ect predictor of time since fird?sing a longterm studyof

birds and vegetation covergwested series of interelatedhypotheses (Figure 1, Table 1,
AppendixS]) that linked temporal changes in various measures of bird biodiversity with
temporal changes in vegetation cover and the time elapsedtseastmajor fire.The first
‘direct effect’;hypothesis was that the main driver of species differences over years was only
time sincefire (wheh might show simply as year trepdSssentially, turnover is limited by
demographic rates and not the impacts of fire on habitat suitability. The secorectindir
effect’ hypothesis was th#tetemporalcomponent of a trend species occurrence was
driven only by temporal changesplant species richness or various measureggétation
cover. Essentially, demographic rates do not limit occurrence in suitable habédast
‘combined effects’ hypothesis was that trends over time were due to tihénedion of direct
and indirect fire impacts with the latter mediated by vegetation responses.

We employed two techniquébatenhance inferences from multiple regression
analysis througlkeparatinghe caolineareffectsof time since fire and vegetatiohange Our
first approach.was to split each structural vegetation var{abth agpercent understory
cover) intoitsfloengitudinal (i.e. over time) and crosectional (i.e. across sitemponents
(Diggle et al=2002). This method enabled udisezriminate between the spatial and temporal
effects of each explanatory variable on bird populations and assemi@®agsscond
approach wasito useoderateemediation analysis (MODMEDIp separatéhe effect ottime
since fireinto directand indireceffects MODMED is a form of structural equation
modelling that allows manipulation cégression equatiorisom linear model¢Baron and
Kenny 1986, Preacher et al. 2007), linear mixed mo@zladr et al. 2006 andlogistic
regressionNlacKinnon et al2007). The application aftructural equation modellingnd in
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particular MODMED, ha®eencommon in psychometric analysis and more recently in
ecology éee Grace et al. 2009 for a rev)ewor exampleGrace and Keeley (2006)
examined the mediation of fire intensity on the effect of age of California shrubiahe o
degree of posfire recovery in plant diversitfHowever, MODMED has not yet been applied
in combinmationwith the disaggregation of a mediating variable into its longgtiuaial cross-
sectional componentBetween them, these two methods allowed us to address the issues of
confounding and collinearity of regressors that have traditionally limited ecologists’ attempts
to understand the effects of fire on faunal assemblages.
METHODS
Study area'and survey design

We€onducted this study Booderee National Park, a ~6500rkaervdocated 200
km south of Sydney, soutmastern Australialhe area has a temperate maritime climate.
2002, weestablished 24 permanent lontgrm sites across thexsnajor vegetation types
recognised throughout Booderee National Park (Lindenmayer et al. 26mpgrate
rainforest,eucalypt forest, eucalypt woodland, heathland, shrubland and sedgeland (Figure 2;
AppendcesS2andS3). We distributed survey sites widely across the estirdyarea to
limit geographic biasandreplicated sites within each vegetation type with the number of
samples proportional to the total area occupied by each class. Each sitpevamnent 100
metre long transect.
Firein Booderee National Park

Booderee National Park has a watlcumented historgf fire. Therehave been 198
fires since 1968 with two major largeale conflagrations in that tinti@ 1973 and 2003).
The majority of fires have beemall scale, lowntensity prescribed burns but small
uncontrolled wildfires also have been common. The median size of fires is 4 BieHast
major fire InBooderee National Park was in 2003 and it burnt approximately half of the
reserve. Fires.iBooderee National Paréire spatially heterogeneous and there are typically
patches of'unburnt vegetation left within the boundaries of any given fire event (Liaglemm
et al. 2009a):

Thesprimary fire variable of interest was time since the last fire, in part because it has
been foundtosbe important in studies conducted elsewhere in different ecosysteSeafe.g.
et al. 2007Kelly et al. 2015%. For this investigation, theariabletime sincefire

corresponded to the date of the survey at a sitéhentime elapsesdincethe 2003 fireA
total of 56 of our 124 long-term sites were burnt in the 2003 fire. Notably, none of the sites

burnt in 2003 have been reburnt since that tidhe.68 unburnsites encompassed
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representatives @il of the six majovegetation types. To account for this, we included the
variable2003 burn status to distinguish burnt and unburnt sites.

We also explored the effects of fire severity in our study as it also can have important
impacts on biodiversity (e.¢fotliar et al.2007, Fontaine and Kennedy 20Lihydenmayer et

al. 2014a).Fhecontinuousvariableseverity of the 2003 fire was based on a fire severity

category using on-the-ground field observations of the direct effects of the 20083 fire o
vegetation cover(@) no fire, (b) low severity fire in which none of the vegetation layers were
killed, (c) moderate severity fire in vith the understory and midstory were burat not
killed and the everstory remained unburnt, #ddhigh seerity fire in which the midstory
was killed'and the overstory was burnt (see AppeB@jxFor sites where there was a mix of
fire severities; we chose the one that was dominant.

The final primary fire regime variable we explored waes number of past firest a

site,a reflection of thdire history. The variableaumber of fires corresponded to the number

of fires at a site over the past 35 years (prior to the 2003 fire). Data on the number of fires at a
site were derived from extensive-tre-ground mapping of the location and size of each of
the 198 fires.khown to have occurred in Booderee National Park since 1968. Some of our 124
sites have experienced up to five different fires since fire records befy@68whereas
other have remained unbuigluring that timgLindenmayer et al. 2014Db).

We alse'constructed thvariables date of the last fire (as at 2013andyears since

thelast firewhich corresponddto the number of years from the date of a given survey back
to thedate_ of the last fire. Associated with the variable years since the last fire, we also
included a variable which corresponded totye of fire (unplannedvildfire versus
prescribeddurn) that occurred on a site.
Vegetation surveys

We'established vegetation plots measuring 20 m x 20 m at the 20-40 m and 60-80 m
points alongeachof our 124sitesto gathewegetatiorcovariates for use modelling of the
response of'birds to fire and vegetation cover. We completed five repeateativagetveys
(in 2004, 200652007, 2009, and 201Phe same observer (CMdnducted all surveys. The
measured.vegetation variablesed in our analysegerevisual estimates dhe number of
canopy layersy(taking values 1, 2, or 3), percent cover of the understory midstory, and
overstory, and counts of the number of plant species in thestodemidstory, and

overstory
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Surveys of birds

Our survey design involved conducting five minptent interval count¢sensu Pyke
and Recher 1993n late Septemdr each year at the 20 m and 80 m points ag@ud)
transect. Each site was surveyefte on a different day by a different observer (four surveys
per site peryear) to reduce day effects on detection and overcome potential observer
heterogeneity problems (Cunningham et al. 1999). We recorded all birds seen or heard and
assigned observations to different distance cldssesa point — 0-25 m, 25-50 m, 50-100 m,
and > 100sm. Our survey protocol was specifically designed to quantifycsiierenceand
for our statistical analyses (see below) we did not assume that individual counts at the two
points on the same site were independent. We worked hard to account for known sources of
variation imour surveys in the most appropriate and feasible manngy lsing a large
number of sites and surveying multiple points per site (local spatial heteroggnigity),
surveying on multiple days (temporal heterogeneity)(@ndusing multiple observers
(observer heterogeneitgunningham et al. 1999, Lindenmayérak 2009.
STATISTICAL ANALYSIS
Temporal changes in plant species richness and vegetation structure

Welinvestigated how vegetation variables responded to time since the 2003 fire by
fitting PoissonGeneralized Linear Mixed ModeGLMMs (using gimmadmbjSkaug et al.
2013)to the number of plant species in each of the wstdrand midstory. We fitted
percent cover for each canopy class (i.e. wtdey, midstory and overstory) using a pseudo-
binomial response GLMM. We fitted this model using the gamm function in the mgcv R-
library (Wood 2006)ecause it allows a dispersion parameter to be fitted to account for the
fact that percent cover can be considered a pseindmial response variable in the quasi-
likelihood setting (Wedderburn 1974). To obtain a site by year value, we rounded up the
average value for a given vegetation attribute across the two 20 m x 20 m sutsey plo
(ranging from.1.to 100) to give a pseudo-binomial response variable.
Temporal changesin the bird community

Weranalysed three aspects of the bird community at each site: species richness; total
reporting rate; and species-specific reporting rate for the 20 most prevalent bies spe
Species richness was defined as the sum of species observed in that site and year
combination. Repaing rate was defined as the number of occurrences of a given species out
of the number of possible detection “opportunities” (Npo), i.e. the four surveys. Total

reporting rate was the sum of the reporting rates across all species.
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We electedhot to compétedetectabilityoccupancy analyses our studyof
individual species foa range okey reasondviost importantly, past detailed statistical
analyses on the topic of detection/occupancy (e.g. Welsh et al. 2@jgosts that the current
statistical methods for detection/occupantgy not improve model fit and in some cases can
make the"outcomes worse. Moreover, it is currently not possible to determine whéiomletec
occupancy improves model fit and when it dnes(Welsh et al. 2015).

We"'modelled each response variable at the site by yeamlighebLMMs (Bolker et
al. 2009), using either the gimédgtes et al. 20)4or gimmadmb (Skaug et al. 2013)
functions (R, Development Team 2006). These functions evaluate the marginiab bkietly
approximation of the integral of the conditional likelihood across the assumedaauss
distributionfor the site random effects (Skaug and Fournier 26d6yever, GLMMs failed
to fit for most of the species that we modelledthese cases we dropped the site random
effect term, simplifying model fitting to a standard binomial/logistic generalized linear model
(GLMs) (McCullagh and Nelder 1989).

Species richness and total reporting rate were count data without zero valuesend
treated as truneated Poisson response variables with an “offset” of log(Npo)dbRogson
rates.Welsh,et.al. (1996) used the truncated negative binomial regréssiwdelling count
data forwhich there ialogical absence of zero countdheveas we fittedising gilmmadmb
the truncated.Poissoa;special case oféhrabovanodel. We fitted the specispecific
reporting rate models using a binomial sample size of Npo.

Model 1: Direct Effects of Time Since Fire

Model 1 tested the hypothesisttloirect effects of time since fire predictieild
response to fire (Fige 1). Model 1 was fitted to all the above response variables in turn, and
incorporated timenvariant predictors of ‘vegetation type’ and ‘2003 burn status’ as additive
and interactie effects, and ‘fire frequency’ and ‘fire severity’ as additive effects. The time
varying prédictor was the interaction of ‘2003 burn status’ with ‘years since the 2€03 fi
(with values'ofid; 3, 4, 6, and 9 years), which we coded as a continuousezaiialested
for both linear-and quadratic effects of ‘years since 2003’ (Appendix S1, FigusiS2).

For simplieity, we hereafter refer to these interactions as ‘time since fire’ and report year
trends.

To investigate whether this simplified modelling framework adequately capgheed
gualitative and quantitative features of the relevant temporal dynamics, we compared Model
1 and a related model that investigated alternative aspects of the fire regipeadis6).

Further, we investigated a model that extended Model 1 by incorporating the iotecdcti
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‘time since 2003’ (as both linear and quadratic terms) and ‘broad vegetation class’ as well as
the 3way interaction between these terms and ‘burnt sensburnt in 2003’. However, both
these alternative model did not improve fit relative to our initial model (Model 1; see
Appendices S6 and S7), and so we do not discuss these models further in the main body of
this manusecript:
Model 2: Direct Longitudinal and Crossectional Effects of Structural Vegetation Variables
Model 2 tested the hypothesis that temporal change in structural vegetation attributes
drive bird eccurrence (Figure 1). We ran this model using as covariates eackhoéé¢neost
importantvegetation attributes identified during preliminary analysesAppendix S2)
number of plant speciés the undestory, number of plant speci@s the midstoryand
percent cover ofithmidstory, as well their logransformed counterparts to explore oasid
relationships. This model fitted the same timeariant predictors as Model 1, but replaced
the timevarying predictors with the interactions of ‘2003 burn status’ with two new linear
vegetation terms. These representediibaggregationf the vegetation structural attributes
into temporal (i.e. longitudinally or within site across time) and spatial compo(ant
crosssectionaler between sites).
We,derived the cross-sectional component by taking the value of the selected

variable'inthat site and year, and duplicating it across all years for that site. Theithngjiit
value was simply the initial value for that variable, minus the esgseonal value. (This
approach was derived from equation 2&.Diggle et al. (2002)seeAppendix S4for a full
description, and Figusss1 andS2for schematic representationghis disaggregation for the
vegetation variables was possible because these covaaaydsoth across sites and within
sites over timgwhereas théears since 2003’ avariatevaried only within sites across time
(Cunningham et al. 2014)Ve examinedhe level of support for eastkegetation variable
usingthe sign and statistical significancetbé coefficient of its longitudinal component.
Model 3;.Direct.and IndirecEffects of Time Since Fire Mediated by Structural Vegetation
Variables

Model-3:tested the hypothesis that the combined direct and indirect effects of time
since fire.and temporal vegetation change drive faunal response after a fire (Figure 1). For
each response,variable, we calculated Model 3 a number of times, to give separate models for
each combination of survey years (n=5) and vegetation structural variables @=6jai.
Nmodeis=30 per response. Each run of this model included the time-invareditiors in
Model 1 and 2, the interaction of ‘2003 burn status’ with ‘years since the 2003 fireheand t

interaction of ‘2003 burn status’ with the temporal and spatial vegetation components,
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thereby combining terms from Models 1 and\& then adjustethe coefficients from each
iteration of Model 3 usinghe MODMED approaclPreacher et al. 20D {Figure 1,
AppendixS1J). To do this, we incorporated a conditional indirect effect term resulting from a
corresponding ‘mediation’ model. This model usestémeporalcovariate (or its log
transformation;"Appendi®8) for a particular vegetation varialds the dependent variable in
a separaténear regression to estimate the effects of time since fire (ipetr and quadratic
termsfor ‘years since 200B8on temporal change in that vegetation attribMedel 3 thus
disaggregates the direct effects of time since fire and vegetation change and the conditional
indirect effects,of time since fire on vegetation. The standard error of the estimate of the
conditionalindirect effects wasbtained exactly using a second order Taylor series given by
Equation (3)of Preacher et a(2007) (see Appendi®5 andthesignificance level was
approximated by comparing the estimate divided by its standard error to nortical cr
values of 2 and+2 (seeAppendixS5H).
Model Comparison

We began our model comparison stage by deriving a single set of coefficient
estimates foer.each combination of predictor and response variables. This was necessary
because our method involvednstructing a separate model for each survey year (n=5). We
calculated *final"versions of Models 1, 2 and 3 by averaging coefficients amdhstberrors
across the fivewversions of each model (see Appesfgixx-rom this ‘averaged’ set of
coefficients and their standard errors, we were also able to calculatad? to give a
measure of the statistical significance of each variable across all survey years. Each of our
models tested different postulates (Tahlsee FigureS1 and SP but in terms of model
comparison, our interest was in whether there are significant direct and conditional indirect
effects of time since fire (as mediated in this last case by vegetation variables). Consequently,
if the terms.volved for both of these effects were significant, then Model 3 was by
definition.the best fitting of these models (due to nesting of each of Models 1 aridr2 wit
Model 3). This'was consistent with our analytiealphasi®n structual equation modelling
which focused-on attessing questions about caysacesses (as opposed to being focused
on selecting'@a parsimonious sepoédictors)see also Grace et al. 2009
RESULTS
Temporal changesin plant species richness and vegetation structure

We identified strong and consistent changes in measures of plant response over the 10
year duration of our study. For example, the number of stalgiplant species increased

unburntand burn sites between 2003 and 2013 (Figurg B¢ reanalysed our datasets to
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account for broad vegetatiatasseffectsand explore whether summarizing results for all
vegetation maskeldetweenrvegetation type responses to fire. The relative improvement in
residual deviancéor the broad vegetation claspecific year trend vermn of Model 1 was
1.7%, indicatinghat temporal changes in the number of ustbey plant species between
2003 and=2013characterised both sites burnt in 2003 and those wilibatttime and for
all six of the broad vegetation typ&¥e recorded simikafindings for the number of midstory
plant species and the percent cover of the midstory (Figure 3b & c).
Bird species richness and reporting rate

We found strong evidence for a significant (P < 0.05) temporal increase in bird
species richness, both fournt and unburrgites(2003 fire)(Figure4; see Appendix S1fdr
a species list/and scientific namneBhe pattern of this increase differed between burnt and
unburnt sites: whilst richness was higher on unburnt sites, the rate of incredsiglvea on
burnt sites. For this response variable, we found no significant conditional treffest of
vegetation variables (Table 2). We found similar trends in total reporting rate, with
significanttemporal increases in burnt and unburnt sites, but no significant coriditiona
indirect effeet.of vegetation (Table 2).
Temporal responses of individual species of birds

We discovere@ wide range dfime since firaesponsegas judged by the
significance_of:the regression coefficients in TablarBpng the 20 birdpecies that we
modelled (Table 2). These includdd) positive across all sites (e.g. Eastern Spinebill
[Figure 5a] and Red WattlebirdR) negative across all sites (e.g. Spotted Pardalote [Figure
5b] andCrimson Rosella)3) positive on burnt sites but unchanged on unburnt sites (e.g.
Little Wattlebird [Figuresc] and Variegated Fairwren),(4) positive on unburnt sites but
unchanged on burnt sites (e.g. Eastern Bristlebird and Grey Shrike-ti{Bystegative on
burnt sites'but unchanged on unlsites (e.g. Eastern Yellow Robin, Whiteoated
Treecreeper),.an@) unchanged over time both on burnt and unburnt sites (Grey Fantail and
White-browed Serutavren) (see Tablg).

Changerin vegetation variables was linearly associated with increasan@s per
the patterns‘quantified in FiguB3. Most bird species also showed significant changes in
prevalence over.time. For 11 of the 20 species we modelled, it was not possiblevto resol
whether time since fire or one of the vegetation variables was the primanyafrtiie
temporal changes in bird species. For the remaining nine species, MODMED analyses
revealedhatthe conditional indirect effect of yeansse the 2003 fire was mediated by one

of the structural vegetation variables (i.e. number of wtderplant species, number of

This article is protected by copyright. All rights reserved



12

midstory species, and percent cover of midstory species), with three spspi@sding to

each otthese variablegTable 2; Appendis7). Of these nine species, six exhibited

significant (P<0.05) indirect responses only on the burnt sites. In addition, féeltbes-

faced Honeyeatewe identified significant positive trends with time since fire quantified by
both direet and-conditional indirect coefficients for both linear and quadratic components
That is, indirect effects mediated by vegetation structure effects do natreafplof the trend
patterns over time, suggesting that other (unmeasured) factors are importahg. tGaa

display standardised coefficients for each of Models 1 and 3 for each of the 20 bird species
are given in.Appendices S9 to S12.

DISCUSSION

Documenting temporal responses of biodiversity to natural and human disturbances
has long been @ major topic of study in ecology (Bradstock et al. RelldSala and Hanson
2015, Pulsford et al. 2016)isturbances such as fire can have large impacte@etation
structure and plant species composi{ieranklin et al. 2002Haslem et al. 20)1which are
major predictors of habitat suitability for a widenge of animal§MacArthur and MacArthur
1961, Morrisen.€t al. 2006). Yet, identifying the specific ecological processes underlying
temporal patterns of recoveoy animal populations aftdire remains a kegoncern
(Engstrom et al. 1984, Barton et al. 2014).

We used structwal equation modelling and enhanced regression analyses to examine
longitudinal’ and crossectional effects of disturbance. This approach aimed to address the
underlying. causal processes influencing bird response (rather than selett@sg model”
comprising a parsimonious setpmedictors(Grace et al. 2009 and enabled us to
distinguish betweer(a) those species farhichthere was a direct effect of time since fire,
and(b) taxa for which there was an indirect effect of time since fire mediated through
temporal changes in vegetation (see Table 3). For those species with direct effects, a potential
mechanismunderlyingoccurrencanay be theéime required to coloniza site or for residual
populationsremainingrsiteto recover following fire. In contrast with indirect mechanisms,
direct mechanisms may operatespective othe structure and composition of the
vegetationsat that site

Our long-term study yielded five key findings. First, we documented major temporal
changes in plant species richness and vegetdtaih on burnt and unburnt sites in all
vegetation classesiffure 3).Second, we documented major temporal changes in bird species
richness and the occurrence of many bird species, although the trend were highlysearied (

Table 2). Thirdthere was aignificant positive temporal trend with vegetation (ignoring
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years since firgfor 10 of the 2(ird species and the two aggregate measuofrepecies
richness and reporting rate (Model 2, Table 3). Fourth, testing of competing
postulates/models (Table 1) revealed that the answer to our key overarchingnqu€sin

temporal changes in vegetation structure post-fire predict changes atbindence osites,

and canithese'be separated from other temporal changes using the surrogate of time since

fire? —was' complexandmulti-faceted This was becausevaried marledly depending on
whether a‘composite (aggregate measure) (i.e. species richnespatidg rate) or the
occurrence of individual speciassthe response variable (Table 3). The driver of year
trends coulde separated between time since éifects and ggetation attribute effects for
ninebird speciesThat is, a component of the year trend was driven by temporal trends in one
of the threg'vegetation variables (number of usttey plant species, number of midstory
plant species, or percecdver of the midstory) (see Table 2 and Table 8).tResenine
speciestheindirecteffect of vegetation variables weedwayspositive and statistically
significant a result broadly consistent with the findings of analyses on mammals and fire
resposes(e.g. by Swan et al. 2015). Howevire directeffect ofyears since 200fge on
these species.differedjth a strong increasing trend for tifellow-faced Honeyeateno
detectable trend for the Grey Shrike-thrush, White-browed Scrubwren, Littteelda and
Lewin’slHoneyeater, and a strong declining trend for the Grey Fawthaite-throated
Treecreeper,.and Spotted Parda(@@bles2 and3). Fifth and finally,it wasnotpossible to
detect a significant conditional indirect effect of vegetation attributes) asiy of the three
variables measured for bird species richnegsrting rateand the occurrence of the
majority (N=11)of individual specieg¢see Table 2)Thisresultundescoral the inherent
difficulty in attributing direct versus indireeffects for either or both change in vegetation
structure or time since fire on biotcurrence

There may be many underlying causes for the varying responses to time since fire and
vegetation'structure and plant species richness in this study. For exampléyarestauch
as the Yellowfaced Honeyeater coutéspondo nectar availability as the indirect effect of
years since=2003 mediated by either number of species or midstory vegetatiofwbever
most nectarresources occludr all nine specieshé conditional indirect coefficientgere
often as strong,(or stronger) than the direct coefficients related to the trend in time since fire
andwerealso all positiveindicating thepositive effect of recovery of vegetation after fire on
occurrenceA positive trendn indirect effectould be due to increased availability of food
such as increased invertebratassmall insectivorous bird species (Whelan 1995) like the

White-throated Treecreeper and Spotted Pardalote.
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Finally, we acknowledge that a potential limitation of the analyses underpinning our
study was that was assumed detectability was equal between burnt and unburnt sites.
However, detectability magliffer. For example, in burnt habitats bird detection may be
higher than in unburnt as sound travels further and birds may need to come to the ground
more to fegd:

Life history attributes and bird responses

There do not appear to be any general life history attributes commspedi@s that
displayed similar responsgsfire or vegetatiorfe.g. consistency with Models 1, 2 and 3).

For exampletwo of thespecies that declinegiith time since firethe Crimson Rosella and
Spotted Pardaletshare very fevlife history attributesThreeof the specieexhibiting

strong temporalincreases over flteyearduration of ouinvestigation (Eastern Spinebill,
Red Wattlebirdand New Holland Honeyeateserehoneyeaters. Howevastherspeciesin
this large group either did not exhibit a temporal response (Lewin’s Honeyeaterjearsed
over time only on burrgites (Little WattlebirgFigure 5, Table 2YOne factor that appears to
play a roleiin direct effects is site fidelity, with the epien that one declining species was
sedentary rather than being migratory or nomadic (Table 2).

Ouranalyses also identified species for which there was no evidence of temporal
trends associated with either vegetation or time since fire on sites b@0@3nAn example
was theEasternWhipbirdTable 2). We suggest that these kinds of patterns might arise if,
for example, thesgpecies maintain high levels of site affinity and persist at sites irrespective
of disturbance and vegetation cover (Lindenmayer et al. 2014a). These varyinguebelts
suggest there are likely to be an array of different factors influencing the temporal changes
among the various species that we modelled and their temporal responsesa@iipdze
readily predicted on theaiis of life history attributes.

Temporal changesin vegetation

Thepositive trends in plant species richness and vegetation cover across both unburnt
and burnt sitestand among all six broad vegetation clasgggest that withisite ecological
changes driven‘by fire were weaker than the changes across the whole lapdssapkhe
reasons forthesatriguing park-wide, and cross vegetation-type changes in vegetation cover
remain unclear, They are not associated with obseifferences as the same experienced
botanist (CM) completed all five repeated vegetation surveys that underpimed th
investigation. Notably, there have been no increases in invasive plant species over the
duration of this study. It is possible they are linked with broader cligftgets that have not

been examined here.
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I mplications for management

The results of this study have important implications for management as they can
inform approaches to managing disturbance to maintain vegetation structure anpquesst s
composition that will also cater for the requirements of fa@tarke 2003. We were able to
identify a'range“of species for which increasing vegetation coveplantspecies richness of
the understory and midstory layers made an important contribution to their temporal
trajectory (Tables 2 and 3). Suatsults showing bird responses to multiple vegetation
attributes,fire attributes and survey year effects sudee the critical importance of long
term studies of biodiversity and fire (Pons and Clavero 2R66her et al. 2009Indeed, we
argue that'the complex array of temporal and other responses observed in this investigation
would not have been identifiedtv traditional crossectional (spacéor-time) analyseghat
are generally the norm in ecological studies of fire and biodiversity.

Second, our analyses can help identify those species which appear to be responding to
key drivers in addition to time sie fire and vegetation. Such species may need management
actions beyond those linked with vegetation manipulation and/or fire control to dmsiure
conservation=kor example, we found strong evidence that the Spatalote was
declining aerass the &re study area — botim burnt and unburnsites,andin all vegetation
types Reservewide changes in predation regimes might be a possible cause of the temporal
dynamics of this species. We hypothesize that because the Spotted Parda atebnesiws
in the groundt may be particuldy susceptible to ecosystewide changes predation
pressure exerted by animals such as sndkisther studies were to result in this hypothesis
being upheld, then species such as3petted Pardaloteay need mamgement actions
beyond those linked with vegetation manipulation and/or fire control to ensure their
conservation.

Third, our analyses included data for the Eastern Bristlebird, and Booderee Nationa
Park is a.stronghold for this endangered species (Lindenmayer et al. 2009a). Wedeantifi
significant'pesitive temporal trend for this species in sites that escaped fire in 2003 (Table 2).
Notably, nenesof the vegetation variables we analysed proved to be important predictors for
the occurrence of this spesi This finding suggests that long unburnt areas (i.e. places not
burnt for ~ 10.years or more) will be important for the persistence of the Eastern Bristlebird
and efforts to exclude frequent fire will be an important part of the strategiopl
management for the reserve. In addition, where wildfire leaves patches if unb@tatioeg

it will be important for the conservation of the Eastern Bristlebird that such green areas are
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not subsequently damaged incaled “blackout” burning operationLindenmayer et al.
2008).
CONCLUSIONS

We have used a large lotgrm dataset to separate the effects of time since fire from
vegetation recovery after fire on faunal responses. This is a challenging ptoladddress
because key drivers of temporal responses in biodiversity candexooirg and strongly
collinear(Monamy and Fox 2000). We found that we could not septematpeoral effects
between time since fire and vegetation attribfe bird species richnesgporting rate, and
the occurrence.of the majoritf individual speciedHowever, we separatktime since fire
effects and,vegetation effedts ninespeciesandit was possible to tease apart the relative
importarceof different potential explanatory variables. Bonumber of bird species, we
found that a significant componaeuitthe year trend was driven by temporal trends in one of
threevegetation variable®etermining which (if any) species are influenced by indirect
versus direct drivers is critical for guiding management (Baker 2000, Clarke 2008k This i
because it'candtp identify for which species vegetation manipulation or prescribed burning
might be the best strategy for maintaining or restoring populations in disturbed eratsn
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SUPPORTING,INFORMATION
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stratify surves of longterm field survey sites

Appendix S3: Summary of experimental design

Appendix $4: Crosssectional versus Longitudinal Regression Coefficients for a Structural
Vegetation.Variable

Appendix Sb:'Direct versus Conditional Indirect Years since Fifeat with Mediation by
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Appendix S6.. Femporal changes in plant species richness and vegetation structure
Appendix S7: Tests of competing variants of Model 1 for individual species of birds
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guadratic terms'mediated by the longitudinal component of vegetation structusblevari
NMS

Appendix.S12: Conditional indirect effects of time since fire quantified as linear and
guadratic terms mediated by the longitudinal component of vegetation structuablesari
logCMS
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Table 1. Postulatelassociated with the trend for bird species occurrandeyears since

2003 (*v™"), the trend with increasing vegetation structural diversity or cover (i.e. nominal
vegetation variable denoted “V”), or indirect component of a positereltm years since

2003 as mediated by increasing vegetation structural diversity or cover ar@obdlidional

Park. The fimal*column in Table 1 corresponds to the model test results that are summarized
in Table 2

Siteburnt in Siteunburntin Model in
2003 (B) 2003 (U) analyses*
Positive year trengt) Pv+ig Pv+u Model 1
Negative year treng) Pv.s Py.u Model 1
Positivelongitudinal vegetation Pvs Pvu Model 2
trend ignoring any year trend
Positive indirect'year trerak Pviv)e Pvivu Model 3
mediated by=aignificant temporal
trend invegétation (MODMED)

20r alternativerhypothesis to the corresponding null hypothesis of no trend.

Table 2. Qualitative description of year trends and support for propositions fosjeaes
diversitytotal reporting rate, individual species reporting rate and structural attributes of
vegetation over the period 2004 to 2013 using fitted Models (1), (2), and (3) (see text). Model
(1) with terms of broad vegetation category (BVC), burnt vs unburnt in 2003 (B), their
interaction (B:BVC), wildfire frequency, burn severity in 2003, Years since 200Qrf8@3),

and interaction.B:YS03. Model (2) replaces YS03 and B:YS03 terms with longitudohal a
crosssectional covariate components for one of the vegetation strwettiadles of number

of undestoryplant species (NUS), number of midstory plant species (NMS), percentage
cover of midstory (CMS), and the interaction with B denoted in geneval ,&@: v, , vc and

B: vc, respectively. Firgelated ovariates in each model are outlined in the text. Model (3)
augments Model (1) with termvg, B: v, v, and B:vc. Blank cells in the table correspond

to an absence of significant effects. All effects shown in the cells for respective models are

significant at P<0.05.

Response Prev’ Year Trend® Structural vegetation variable(s)* for which the
Variable' proposal is accepted®and null hypothesis
rejected
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Mode (1) Mode (2) Mode (3)
PY+,B, PY+,U, PDeV PV,B I:’v,u P(V|Y),B P(V|Y),U
Pyv.s Py.u Burnt Unburnt Burnt Unburnt
Burnt | Unburnt
Number of + + 0.37 NUS, NUS,
Species NMS, logCMS
logCMS
Total + + 0.31 NUS, NUS,
reporting rate NMS, NMS,
logCMS logCMS
Grey Fantail | 0.478 0.11 NUS NUS
Eastern 0.429 |+ + 0.22 NUS, NUS
Spinehbill NMS,
logCMS
Eastern 0.394 - 0.07
Whipbird
Brown 0.385 | - + 0.21
Thornbill
Yellow- 0:361 | + + 0.32 NUS, NUS, logCMS
faced NMS, NMS,
Honeyeater logCMS logCMS
White- 0.3Z7 0.12 NMS NMS
browed
Scrubwren
Little 0327 | + 0.16 NUS, NMS NMS
Wattlebird NMS,
logCMS
White- 0313 | - 0.43 logCMS
throated
Treecreeper
Red 0.303 | + + 0.30 NUS, NUS
Wattlebird NMS
Spotted 0.302 |- - 0.36 logCMS logCMS
Pardalote
Crimson 0.251 |- - 0.21
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Rosella
Silvereye 0.246 | - - 0.24
New Holland | 0.246 | + + 0.31 NUS, NUS,
Honeyeater NMS, NMS
logCMS
Fantailed 0:241 | + 0.13 NUS
Cuckoo
Grey Shrikem=0:224 + 0.10 NUS NUS
thrush
Eastern 0.218 + 0.49
Bristlebird
Rainbow 0.217 + 0.26
Lorikeet
Variegated | 0.197 |+ 0.09
Fairy-wren
Lewin's 0.189 0.40 NMS NUS, NMS
Honeyeater NMS
Eastern 0.18 |- 0.14
Yellow
Robin

! Species ordered from top to bottom in decreasing order of prevalence (i.e. proportien of sit

by year surveysihere present).

?Prevalencé. Proportion occupied out of the sum of plots within sites by year coomsinati

3 Significantly«(P<0.05Py. g, Py u, increasing trend: (+Ry.g, . Py.u, decreasing trend: (-) .
No detectable trend (i.e. accept null hypothesis associate®withPy.g andPy. y, Py-u)
(blank). Determined from the sign and size of the standardised coefficient fordimba
quadratic termgsee Appendices)

*Number of understory species, number of midstory species, and percent covestofymid
species.

>Determined (as above) from the sign and size of the standardised coefficient for linear and
quadratic termgsee Appendices).

® Proportion of deviancePDev)explainedvhich is the same as the coefficient of

determination in the case of Gaussian errors
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Table 3. Direct and conditional indirect unstandardized linear and quadratic coefficient

estimates as mediated bggetation variableumber of undestory species, number of

midstory species, and percent cover of midstory spémiespecies that have a significant

conditionaliindirect effect (sites burnt in Dec 2003, and regression coefficienates

corresponding t@, . All coefficient estimates obtaiddrom the fit of a linear model version

of Model (1) tov_ as a response variable (s) and Model (3) fitted to speciespecific

occurrence dataf

's) (see Appendi&dsand Sp

Species V.eg/Burnt Unstandardized Coefficient (SE)

(B) or Direct YS03 Conditional Indirect VL

Unburnt (U) Y S03 ,BL

Linear ﬁl Quadratic | Linear Quadratic
ﬁz &yéL &ZﬁL
Grey Fantail{-NUS-B -0.23"™ -0.5@" 0.548" 0.131™ 0.03"
(0.264) (0.148) (0.238) (0.078) (0.013)

Eastern NUS-B 1.117 -0.6444" | 0.642" 0.159° 0.038"
Spinebill (0.276) (0.157) (0.246) (0.022) (0.014)
Grey Shrike={*NUS-B -0.3%™ -0.1310° | 0.815 " 0.209 0.047"
thrush (0.309 (0.169) (0.271) (0.02) (0.015)
White- NMS-U -0.231™ -0.0371° | 0.288" 0.17™ 0.110"
browed (0.159) (0.155) (0.115) (0.088) (0.039)
Scrubwren
Little NMS-U -0.07™ 0.2816° | 0.276" 0.1%"™ 0.18™
Wattlebird (0.1) (0.155) (0.116) (0.089 (0.039)
Lewin’s NMS-B 0.340" -0.332° 0.36 0.119° 0.18"
Honeyeater (0.2473) | (0.227) (0.1%3) (0.089) (0.0%)
Yellow- logCMS-B 1.0% 0.483" 0.367 0.204™ 0.2%
faced (0.156 (0.149 (0.107%) (0.076 (0.0M)
Honeyeater
White- logCMS-B 0.013™ -0.950" 0.343" 0.203" 0.311"
throated (0.190) (0.183) (0.116 (0.083) (0.088)
Treecreeper
Spotted logCMSU | -0.54" -0.186° 0.241" 0.264" 0.208
Pardalote (0.169) (0.171) (0.109 (0.09) (0.089

™ P<0.001. P<0.01, P<0.05"P>0.05
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Figure 1. Conceptual diagram of potential intertationships between fire, time and
vegetation characteristics as drivers of site occurrbp@ebird species. Solid arrows indicate
direct effects, dashed arrows indicate indirect effects. Mathematical notati®hcat for

the models-are"provided in Appendix A.

Figure 2. The location of longerm field survey sites at Booderee National Park.

Figure 3. Temporal trends in a) the number of urstiery plant species, b) number of
midstory plant species, awyl percat cover of midstory species. All variables are shown on
the linear predictor (LP) showing SE bars (fine lines) at survey years and twice SE of

difference bars'(slightly offset for clarity).

Figure 4. Temporal trends in bird species richness on the lipestictor (LP) scale for

Model 1 showing SE bars (fine lines) at survey years and twice SE of differendsligutsy

offset for clarity). The total number of species recorded over the duratiba sfudy was

130 (see Appendi®$13. The linear predictr scale was used because it relates to the linear

and quadratic terms in the covariate years since the 2003 fire and allows the standard error of

difference to.be msented without transformation.
Figure 5. Temporal trends in the reporting rate of theEdstern Spinebill. B. Spotted

Pardalote. C. Little Wattlebird on the linear predictor (LP) scale for Model 1 showing SE bars
(fine lines) at survey years and twice SE of difference [&ightly offset for clarity).
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