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Management guidelines for many fjppeone ecosystems highlight the importance of maintaining
a variable mosaic of fire histories for biodiversity conservatitemnagers are encouraged to aim
for fire mosais that aretemporally and spatially dynami@clude all successional states of
vegetation, and_ also includevariation in theunderlying “invisible mosaic” of past fire

frequencies;.severities afide return intervals. Howevegstablishing and maintaining variable

mosaicsn econtemporary landscapes is subject to many challenges, one of which is deciding how

the fire mosaic should be managed following the occurrence of large, unpisitdfeds. A key
consideration“for this decision the exteh to which the effeds of previous fire history on
vegetation and habitafsersist after major wildfires, but thitepic has rarely been investigated

empiricallys

In this study wetestedto what extent a large wildfire interacted with previous fire ysto
affect the structure of forest, woodland and heath vegetation in Booderee Nadidnial $outh
eastern Australia. In 2003, a summer wildfire but@i3% of the park, increasing the extent of
recently burntwegetatiofx 10 years podfire) to more than Z% of the park area. We tracked
the recovery of vegetation structure fane years following the wildfire andound that the
strength~and persistence of fire effed#ffered substantially between vegetation types.
VegetationStructure wasodified by wildfire in forest, woodland and heath vegetation, but
amongsite variability in vegetation structure was reduaady by severe fire inwoodland
vegetation._Tere alsowere persistentlegacy effectsof the previous fire regim@®n some
attribues ef*vegetation structuracluding forestground and understorey cover, and woodland
midstorey ‘and‘overstorey cover. For example, woodhait$toreycover was greater on sites
with higher fire frequency, irrespective of the severity of the 2003 wildlite results show that

even after a large, severe wildfire, underlying fire histories can contribute substantially to

variation Invegetation structure. Thigghlights the importance ofnsuringthat efforts to
reinstate variation in vegetationfire age after large wildfires do not inadvertently reduce
variation in.vegetation structure generapydhe underlyingnvisible mosaic.
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Introduction

A dominantspremise in fire ecology is thmanagingecosystems$or pyrodiversity (variability in

the spatiotemporal distribution of firesjill promote and maintain biodivergi(Martin and

Sapsis 1992, Bradstock et al. 2005, Parr and Andersen 2006). This concept has led to the
“variable mosaic” approach to fire management, wines@taining variability in both the visible

fire mosaic (i.e/timssince fire, and fire size, severjtyeason and patchiness), and the underlying
invisible mosaic (i.elengths of pastinter-fire intervals,fire frequenciesacross a landscape
promoted(Bradsto& et al. 2005, Ponisio et al. 2016, Tingley et al. 20Y@}, translating the
variable mosaic conceptto management prescriptiorsschallenging as for most ecosystems,
critical questioensremain unanswered, includinghat temporal and spatial scale of variability

will promote.biediversitywhich elements of the fire mosaic will benefit which speaes, how

to managg tradeoffs between different componentsefire mosaic (e.g. time since fire, fire
intervals andife frequecy)Parr and Andersen 2006, Driscoll et al. 2010, Kelly et al. R&bf
example managemenguidelines focused ofire intervalshaveoften been derived from tHee
responsesf a few, wellstudied plant specigdlenges and Hawkes 1998, Bradstock and Kenny
2003, Duff et al. 2013), and recent studies have found that such guidelines may poorly represent
the ecologieal.requirementsf other taxaparticularly those which rely on loagnburnt habitats

(Berry et al. 2014, Robinson et al. 2014, Croft et al. 2016).

A further challenge to maintaining variable fire mosaics is the occurrence of large, unplanned
wildfires (Kelly et al. 2017) Large wildfirescreateextensiveareas ofvegetation withuniform

fire ageandwinglandscapes previously managed with a variable mosaic approactrecaly
reducevariability in thedistributionof fire ages (thevisible mosaic)available in a landscape
Howevereven vergevere wildfires aresually heterogeneous, with different areas burning at
different severitiegTurnerand Romme 1994, Perry et al. 2011, Leonard et al. 2014, Berry et al.
2015, Tingley et al. 2016)meaning that while large wildfiresan homogenie fire age, there

may not be a coincident reduction in trerriability of vegetation structuresithin a landscape

Moreover, even inareas that areseverely burntby wildfires, legacy effects ofprevious
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84 vegetationon postfire vegetationstructurecan be substantigFranklin et al. 2000, Fontaine et
85 al. 2009, Johnstone et al. 2016, Rommale2016, Ton and Krawchuk 2016Ylany legacy

86 effects are likely to beefated to pevious fire history(the invisible mosai¢)meaning that

87 wildfires do not necessarilyerase the effects of areviously established fire mosaic on
88 vegetation_structureFor example, both Pereoglou et al. (2011, coastal heathland), and
89 Lindenmayer et al. (2012, fuldlled eucalypt forest)describe strong effects of pfiee

90 vegetation‘age on the availability of habitat structdioedaunaafter large wildfire. Similarly,

91 Fontaine etla(2009) found thatafter a large wildfiremixed evergreen forests that haldo

92 burnt 15 years priocontaineddifferenthabitat structures, and associated bird communities, than
93 forest that:hadwnot burnt for decades prior to the wildfireontras, Haslem et al. (2016nixed

94 eucalypt forest)found thatproperties ofa recent severe wildfireverrode most effects of

95 previous fire historyon vegetation structur@ here is therefore a need to better understand the
96 extent to which wildfire modifies the effects of the poess fire history on habitat structure, and
97 hence, whethelit is important for postwildfire management, and attempts to-imstate

98 variability imtime sincefire, to account for thestablishednvisible mosaic.

99

100 We useanine year study of vegetatioecovery following a large, severe wildfire to test the
101 effects of«wildfire on vegetation structural attributes that are important for fauna. Our study
102 addressed two key questiond) Do large, severe wildfires lead to reduced variability in
103 vegetation.gucture,compared with unburnt site$2) Are the effects opre-wildfire fire history
104 on attributes‘of,vegetation structure erased, modified or unaffected by the occofrarsmere
105 wildfire? Wewdiscuss our results in the context of peidfire managment decisions, and
106 particularly towhat extent fire managemeiatilowing large wildfire eventsneeds to account for
107 the prefire, mosaicto meet the needs of both fauna and flora
108

109 Materials;and Methods

110 Study site
111 We conducted this study in Booderee National Park, a ~ 6300 ha reserve located onl a coasta
112 peninsula approximately 200 km south of Sydney seasitern Australia36°40" S, 1540° E,

113 Fig. 18). The area has a temperate maritime climate and an average rainfall of 1240 mm spread
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evenlythroughout the yegAustralian Bureau of Meteorology 2016). Booderee National Park is
dominated by drysclerghyll vegetation, including foregB62 % of the park area), woodland
(12.9 %), heatl{15.3 %) and shrublands (9.5%%)ig. 1a, Taws 1997)Other, lessvidespread
vegetation formations include wet forestinforest and sedgelanthe distribution of vegetation
types in the.study region idetermined predominantlpy edaphic factors, wittire driving
differences, in ~vegetation within, rather thansitions amongthese broad vegetation types
(Beadle"194"Keith 2004).

In this study;”we focused on the three most widespread vegetation formations in Booderee
National Park: fores{trees lave touching crowns), woodlarftiees have separated crowaryd

low stature)=and heath (treeless, shrubs usuallgn<all) (Taws 1997) The forest overstorey is
dominateds=byEucalyptus pilularis, Corymbia gummifera, andE. botryoides, the midstorey by
Banksia serrata, Acacia longifolia, andMonotoca eliptica and the understory is dominated by
Pteridium esculentum andLomandra longifolia. The woodland overstorag typically comprised

of Eucalyptus sclerophylla, Corymbia gummifera, and Banksia serrata, the midstorg is
dominated-byB=serrata andC. gummifera andthe understory is comprised Bf esculentum, B.

serrata, Lambertia formosa, Acacia longifolia, A. suaveolens, andLomandra longifolia. Heath
comprises both wet and dry heath and is dominated by shrubs that are usually less than two
meters tall, including@anksia ericifolia, Allocasuarina distyla, 1sopogon anemonifolius, Hakea
teretifolia and other_eptospermum or Melaleuca speciesOverstorey species in the forest and
woodland ‘egetation typegEucalyptus sp., Corymbia sp. andB. serrata) are able to resprout

from abovegreund epicormic budsafter fire (meaning even severe fires ar@ely stand
replacing)while:the dominant species in heath vegetation regenerate fromBseeitifolia, A.

distyla, H- teretifolia), or from underground lignotubers. @nemonifolius, Leptospermum and
Melaleuca species)Kattge et al. 2011)For more detadd descriptions of the vegetation types
seeTaws (1997) and Lindenmayer et al. (2008b).

Fire in Booder ee National Park

Booderee National Park has a waticumented fire history and records of fire perimeters and
cause (wildfire or prescribed fire) have been maintained since 1957. A total of Z3@dse
recorded between 1957 and 2012 (average of 4.18 per year), with a median fire size of 7.02 ha.

This article is protected by copyright. All rights reserved



145 Most areas of the park have experienced between one anfirésun 55 yeargequating to one
146 fire every 1355 years Fig 10, which is lowmoderatecompared withmany studies of fire
147 frequency in this region, vene high fire fequency sitesften havefire frequenciesequating to
148 more tharpne fire every five year@.g. Morrison et al. 1995, Bradstock et al. 1997, Watson and
149 WardelkJohnason 2004, Penman et al. 2008). There have beefivenligrge (>500 ha)wildfires
150 recorded since 1957, and these occurred in 1962, 1@6Xfi(es, 2002and 2003 Since 1980,
151 there have™been more prescribed fires than wildfires within the parld, tiedtwo largefires of
152 2002 and2003re excludedmore area has burnt ungeescribedire than wildiresin this time
153 (Appendix S1: Fig. S1).

154

155 The 2003 wildfire occurred in early summerid-December), anturnt 49.86 of the parkarea
156 (total fire extent was more than 2600 ha, FiQ). Area calculationdased onmapped fire
157 perimeters_(using ArcMap version 10.4.1) revealed tmat2003 wildire redue@d the areaof
158 vegetationwith long (> 30 years since firgndmoderate time since fir€l0-30 years postire)
159 within thesparkby 496 and 69% respectively, and incread the extent of recently burnt
160 vegetation(< 10 years posdire) to more than 2% of thevegetatedarea(Fig. 2). The 2003
161 wildfire particularly impacted areas bkath vegetationwith the extentof moderate and long
162 time sincefirdheathreduced by 92% and 61% respectively (Fig. 1, 2).

163

164 Data collection

165 We measuredichanges in vegetation strucati@/ sites which were established in 20®3or to
166 the wildfire)tesmonitor biodiversity responses to fire (Lindenmayer et al. 2008a, Lindenmayer et
167 al. 2008b, Lindenmayer et al. 2018)hese sites were selected using a stratifiaddomizd
168 approach, with, the goal of distributing sites widely throughout the park, while imgpsur
169 representation.of all major vegetation types. The parkwsasadivided into polygons that were
170 homogenous.ibroadvegetation type (Taws 1997), atiche-sincefire (four classef time-
171 since fire,astof early 2003), and stratifiedrandom sample of polygonsawselectedforest =
172 20, woodland,= 22 and heath = 25). Each site conghase00 m transect which was placed so
173 that the full transect was situated within the selected polygimaenmayer et al. 2008ayVe
174  surveyedvegetation intwo 20 x 20 m quadratwhich were located one on easlde of the
175 transect 20 m apafite. betweer20 - 40 m and 60 - 80 m).
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176

177 For each of the 67 sitewe calculated théime-sincefire (pre-wildfire fire interval) and fire
178 frequency based on thmapped fires since 1957. These calculations were made as of°the 21
179 December2003 (the eve of the 2003 wildfire), so that interactions between theildfee fire

180 history, and.the 2003 wildfire could be tedt&ites that had not burnt in the record period were
181 assigned the maximum interval of 46 years. Following the 2003 wil(#i6 weeks following
182 fire), we'visited each of the 67 sites to assess fire severity. Each site was assigned tbreae of
183 categories based on the péis vegetation state: unburnt, moderate gnstbrey burnt,
184 midstoreymay be scorched bwome gree material remaining or severe Ifhidstoreyleaves
185 totally consumed and/or evstoreyburnt). None of theforest sits were recorded as burning at
186 high severity in the 2003 wildfire. For heath sitesgrstoreyandmidstoreyare usually absent,
187 and so th003wildfire severity was assessed based on the patchiness of the burn (moderate =
188 patchy burnsevere =whole siteburnt). None of thé&7 sites used in this studyave beerburnt
189 since the 2003 wildfire.

190

191 One limitationswith using longerm fire history data to investigate effects of fire regime on
192 vegetationsis thahe occurrence of fire (and hence fire regime variables) canrbelated with
193 underlying=environmental factors such as topography andypal Therefore, thereis potential
194 for fire effectsto be confounded with these undenlg factors. However, in our studguch
195 confounding is unlikely athe fire history variables used in this studiye(frequency and time
196 since firg are*notstrongly correlated with underlying environmental variables (Appendix S1)
197 likely due ‘testhe consistent prescribed burning and active wildbrerol program within our
198 study area.

199

200 We measured. vegetation structural attributesaath site five times between Ji@04 and May
201 2013 Surveys.were repeated one to four year interva(snedian = 1.6 yeargnd all were led
202 by the samerfield ecologist (CMDue to thelarge number of sites steyed, not all sites could
203 be surveyed within the same seaddawever, survey timings were balanced acnosgetation
204 types and fire histories to ensure aonual or seasonal bias amamgatmentsWe selected
205 structural variables for measurement basedheir established importance as habitat for fauna,

206 andthe ablity to measure these variablesnsistently over timefFor each surveywe visually
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estimated the projective foliage cover of the enstbrey(0 - 2 m), midstorey(2 - 10 m) and
overstorey(> 10 m) strata in eac®0 x 20 mquadrat.Using four 1x 1 mplots in each quadrat
(one in each corner of the 20 x 20 m quadnag also estimated the percentage coverané
earth inthe groundayer. Bare eartltoverwas choseasit is aninversemeasuref groundlayer
habitat structureand becausdeaf litter cover can be highly variable at small scales dubeto
presence obther (important)habitatfeaturessuch as logs, rocks amgglassesin the firstsurvey
(2004-200%and lastsurvey (2012 - 2013)teaeach site we also record#dte number of Igs
(diameter>"10"cm, length > 1 m), and the number of live woody stems (in the classes < 15 cm,
15 —-30 cm and > 30 cm diameter at 1.3 m above ground)]emetach quadrat.ogs and stems
that were erossing the quadrat boundary were included in thésébiine mid-point was located
within the ‘quadratWe averaged all cover estimates at the site level, and convertedrsidoy

counts tadensitiesnumber rif and number harespectively) prior to analysis.

Data analysis

Question 1;7Does severe wildfire reduce variation in vegetation structure among sites?

We testedthevweffect 0f2003 wildfire on amongsite variation in vegetation structuresing a
multivariate, approachand analyzing each of the three vegetation types separatéhe
performedstwo multivariate tests for each vegetation type; a PERMANOVA (Permutational
Analysis of Variance) to test for differences in multivariate ced$r@among groups, and a
PERMDISP analysis (test of homogeneity of multivariate dispersions) téotedifferences in
within-group variability among groupall multivariate analyses were based on-site distance
matrices (onesfor each vegetation typejing data from the first (2062005) and last (2012
2013) surveys at each site. Analysesre peformedusing the Vegan packag®ksanen et al.
2015) in R version 3.2.3R Development Core Team 2015).eV¢alculated three separate
distance maices (one for each vegetation type), uskglidean distanceand includingthe
following variables: oerstoreycover,midstoreycover, unérstoreycover, bareearthcover, log
density, andrthe dengiof small (0-15 cm), medium (15 30 cm) and large (> 30 cm), live
woody stemsn _heath sites, the variablesergtoreycover, medium stem density and large stem
densitycontained mostly zero valuebhereforewe excluded oerstoreycover, and combined all

stem counts into a single stem density varigioier to calculating the distance matrix for heath
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sites.We standardizeagach variable prior to calculating the distance matrices to ensure equal
weighting of each variable.

We usel a PERMANOVA PermutationalAnalysis ofVariance function- vegan::adonisyvith
999 permutationso test for differences in the centroids of groups of sites, accordiag(8
burn severity, the survey year, and their interactrsignificant difference among groups in
this analysis'would indicate that fire altered the relagivailability of different components of

veg etation structure.

We performedsa PERMDISP analysis (test of homogeneity of multivariate simperfunction
vegan::betadispgi(Anderson et al. 2006, Anderson and Walsh 2@&3gst for differencem
multivariatedispersion amongroups of sites that were: unburnt, moderately burnt, or severely
burnt in the_2003wildfire, for both 2004 and 2012 surve{8 groups total)Differences in
dispersion.among groups in this analysis would indicate that burniv&tegither more or less
variable ipmvegetation structure than unburnt siM#here differences in dispersion were
detected, w then performed a permutation test §99%ermutations) of pairwise comparisons
among the,six groups (functionvegan::permutest)\We used principal componentsadysis
(function.-vegan::rda) to visualize multivariate resy@ksanen et al. 2015).

Question 2:_Are effects of previous fire history on vegetation structure modified by severe
wildfire?
We used linear mixed models testwhether the longerm fire historyaffected vegetation
structural (attributesand whether these effects persisadidr, or were modified bythe 2003
wildfire. Qur analysis comparedcandidate set afine modelsfor each vegetation typghich
werebased.on three competing hypotheses
1. Noeffectof previous fire historyonce accounting for thgeverityof the 2003 wildfire
(FSO3; and temporal chang@ime), previous fire frequency or fire intervalas not
related,tovegetation structural attributes
Base nodel (one model)FS03time
2. Persistent effects: the previous fire history was associated with differencegetation
structural attributesandthis efect was not modified by 2003 fire severity.
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Additive models (three modglsFS03*time + fire frequency (and/or) + fire
interval
3. Interactive effects:prewildfire fire history variablesaffected vegetation structural
attributesandat least one of these effegtas modifiederased, reduced or amplificloly
2003 fire severity.
Interactive modelsfive model3: FS03*time + fire frequencyFS03 (and/or) +
fire“interval*FS03

We performed this analysis for each of the vegetation tygesately, for theesponse variables
overstoreyeover (forest and woodland onlyhidstoreycover, unérstoreycover, baresarth log
density (forest‘and woodland only), and total stem density (counts summed across theethree s
categories).We\ transformed variableéwvhere required to meet model assumptions (logit
transformation for cover variables, log or square root transformation for deasiples).We
standardizedboth predictor and response variablésen fit linear mixed modelausing the
function “lmer’ (“Ime4” package), with site as a random effect to accounttdéanporal
dependency due tepeated measured each siteFor variables measured in all five surveys
time (years,since 2003) was fitted as a continuous variable andirfezthand quadratic effects
were includédi.e. time + timé). For variables measurexhly in the first and last surveys (log
and stem densityjime was fitted as @&ategorical variablé/Ve compared the three additive and
five interactive models to thease model usinthe Akaikelnformation Criterioncorrected for
small samplessizefAICc, using“dredge” in the package “MuMIn”jBurnham and Anderson
2002) Wediseussadditive or interactive models only when theyl l@AICc value atleast two
points lowerthan the base modéArnold 2010) We made predictions (with 95% confidence
intervals) from the topanked model for each variable using the “predictinterfaittion in the

package “merIools”.

Results

Wildfire effectsion variation in vegetation structure

The 2003 wildfire altered vegetation structure across all three vegetation types (PERMANOVA:
all P < 0.05, Fig. 3)Differences between sites that did ad not burn in the 2003 fire tended to

be larger in 2004 than 2012 (Fig. 3), although this was significant only for heath sites (P =
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0.019). Bare earthcharacterizedecently burnt sites in all vegetation types (2004 surveys of
moderate or severe sitedjlowever associations between fire severity and other vegetation

structural variables differed among vegetation types (Fig. 3).

While wildfire, altered multivariate vegetation structure in all three vegetation types, fire
significantly_affectecamongsite variability in vegetation structure only in woodland vegetation
(test forrhomogeneity of multivariate dispersioRoddiand= 0.006, Reain= 0.105 Prorest= 0.222).

In 2004, 'one“year pofire, there was ncsignificant difference in multivariate dispersion
between unburnt and moderatélyrnt (P = 0.16) or severely bur(P = 0.18)woodlandsites.
Between 2004, and 2012, variation ama®ayerely burnt sites declined slightlsniltivariate
dispersion‘changed from 1.5 tB)l while the structure of unburnt woodland sitescame more
variable (multivariate dispersiomf unburnt sites in 2012 was 3:2nore than double that for
severely burnt sites in 2012 = 0.01, Fig. 3b).

I nter actions'hetween wildfire and previous fire history

The effect'of the pravildfire fire history on vegetation structyrand the extent to which wildfire
modified“these effectdiffered between structural elemerdad vegetation typedn forest
vegetatiopsprevious fire history influenced understorey and ground Iayerctures but not
midstorey or canopy covéfable 1). Frequently burnt forest simgpportedgreater understorey
cover and.lower woody stem density than rarely burnt sites, but this effect was eraked by t
2003 wildfire"(Rg. 4a, d). By contrastforestsites that were lorgnburnt and rarely burnt prior

to the 2003wwildfire had higher understorey cover miode bare ground respectively, regardless
of whether a site burnt in the 2003 wildfire (Fig. 4b,c).

Previous fire history affected both the overstorey and midstorey cover of woodlandivageta
and these_effects persisted in sites that were burnt in the 2003 w(tHinke 1) Sites with a
long prewildfire fire interval had greater overstorey and midstorey cover shias with a short
prewildfire“interval, irrepective of whether a site burnt in the wildfire (Fig. Ba, Woodland
midstorey coverlso wasgreater in high fire frequency sites, again regardless of the 2003 fire

severity (Fig. 5b). By contrast, the density of logs in woodland sites was higher ondow fir
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frequency sites, and this effect was only evident on sites that did not burn in the RG08 wi
(Fig. 5d).

In heath vegetation, the severity of the 2003 wildfire had a dominant effect on vegetation
structure, andhere were no persistent effects of previous fire histdable 1, AppendidS2).

The only strong association between heath vegetation structure and previous fire hastary w
greaterdensity“of woody stems long-unburnt sitesand thiseffect was evidenbonly in sites

that did net"burn in the 2003 figig. 6), indicating a timaince fire effect, rather thanfie
intervaleffect

Discussion

Wildfires can create large areas of vegetation of unifiirenage However whether or not such
fires reduce=variation irvegetation structure (and hentdee diversity of habitat structures
available tofauna)will vary depending on ecosystems, fire behavior, and previous fire history
(RusselHSmith et al. 2003, Turner et al. 2003, Loepfe et al. 2010, |-Bpeza et al. 2014We
studied the effects of a large wildfire on vegetation structure wilynsderophyll forest,
woodland and_heath vegetation typesere a variable mosaic of fire histories had previously
been establishedVe found that while wildfire modified vegetation structure in all vegetation
types, amongite variability in vegetation strture was reduced only in severely burnt
woodland,vegetation. In addition, analysis of individual vegetation structural attrilevtsed
associations between vegetation structure and-temmg fire history that persisted even in
severely burnt sites. Ouesults demonstrate that bothriation in wildfire severity (including
vegetationthat escapes wildfire)andvariation inthe invisible mosaic ofegetationthat das
burn, can contribute substantially tamongsite variability in vegetation structuref®llowing
large wildfiresg=ldentifying actions that can be implemented between large wilttiresth
allow areassof«wvegetation to escape wildfjendto maintain spatiavariability in longterm fire
history, will*help to maintain variability in vegetian structures in landscapes facing large,

unplanned wildfire events.

We found that while wildfire modified vegetation structure in all vegetation typesngsite

variability in vegetation structure was reduaady in seveely burnt woodland/egetation Our
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finding that unburnt woodland vegetation had greater arsdegvariability in vegetation
structure than severely burnt woodlands supports the idedhatapacity for longinburnt
vegetation to escape large wildfire may deimportantdeterminant of thaliversity of habitat
structures_ available to faun&roft et al. 2016) The effects of fire orvariability in forest
vegetation_structure were likely limitdsbcauseno high severity (crowning) fire was recorded
for forest vegetatiom the 2003 wildfire and also because tlsanopytree speciesof forests in

our studyarea“(edominantlyE. pilularis and C. gummifera) are rarely killed by firgBenson

and McDougall"1998)The result that the 2003 wildfire had strong effects on heath vegetation
structure, butdid not affectamongsite variability that structre, may be due to the strong
influencethatsprefire vegetation condition can have on the gost structure and composition

of heath vegetation (Keith and Tozer 2012), and well as the simpler structureto¥égetation

in general, where most vegetation is in a single, dense ¢Batton et al. 2014)Overall, a
large, severe wildfire had only limited effects on amsitg variability in vegetatiostructure
Further, as.there were differences in vegetation structures associated with wildfiity,ssvié
possiblethatthe heterogeneous severity of the wildfire may have actually increased vegetation

heterogeneity-at the landscape scale.

We foundthere were many effects of thpre-wildfire fire history (the invisible mosaic) on
structural attributesf forest and woodland vegetatitimat wereunaffected by the severity of a
major wildfire. For example, high fire frequency was associated with low &arth cover in
forest vegetation, irrespective of the 2003 wildfire seveMghile it is possible that this
associationswas due to high ground cover (caused by environmental factors sucht@® mois
availability) driving higher fire frequency, weelieve this is unlikelydueto the low correlatios
between fire frequency and environmental varialobesur study(Appendix S1). Rather, this
association,is_ likely to be driven bgngterm effects of fire on litter dynamicélthough fire
increases ya ground in the shoterm by consuming leaf litter and grass cover, this effect last
only a fewwsyears in drgclerophyll vegetation (Figdc, Append&2), (Price and Bradstock
2010) In the longeiterm, high fire frequencycanreduce litter decomposition ratbyg altering
the soil microclimate, reducing the nitrogesntent of litter, and/oby reducing the abundance

of litter-dwelling and litterforaging faungaYork 1999, Brennan et al. 2009, Penman and York
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2010, Nugent et al. 2014), all of which could increase litter accumulation, and cowdthehpl
reduced bare earth cover we found on frequently burnt sites.

Prewildfire fire history also had effects aregetationcover that wex not modified by the 2003
wildfire. Increasing length othe prewildfire fire interval was associated withincreasing
understorey_cover in forests, amtreasingoverstorey and midstorey cover in woodlands. Fire
frequency also“was positively associated with midstorey cover in woodlands. Both the
associations‘between vegetation comed fire history and the differenceis theseassociations
between vegetation types are likely to be underpinnedifigrences invegetation omposition

and associated differences in the fire response traits of sg8cadstock and Kenny 2003,
Clarke et al. 2015)For examplea long interfire intervalin woodlands likely allow a greater
proportion ofplants(and particularly obligate seeding speciesieach heights where they enter
the midstorey, while high fire frequency may faparticularmidstorey speciethatsurvive fre,
such asBanksia serrata (Bradstock and Myerscough 198&ersistent effects of longerm fire
history onsvegetation structyrdespite the occurrence of a large, severe wildfidicatethat
variability ‘in ‘the invisible fire mosaic may be an important factor in maintaining vegetation

heterogeneity in our study system.

We alsofound evidence that wildfire overroade erased the effects of previofue history for

some attributes dbrest and woodland vegetatistructure In forest sites thawvere notburntin

2003, high-fire, frequency sites had higher understorey cover and a lower density of woody
stems potentially dueo ahigh cover of brackef(Pteridium esculentum), and low woody shrub
densityrespectively Bracken is an early successional speciesrésgionds positively to fire as it

is able to regrow rapidly from underground rhizomes, compared with many shrub species tha
must regenerate from seadd so may be disadvantageyl frequent fire(Spencer and Baxter
2006, Foster.et al. 2019)ligh bracken coveand low shrub density could also be maintained by
macropod._browsingn frequently burnt sitesas macropodshave been found to preferentially
feed on burnt. forest siteand to promotédracken dominancen our study aredFoster et al.
2015).1n sites thaburntin the 2003 firewe detectedho associatiorbetween fire frequency and
understorey variables result that is not surprising given that the understorey strata would be
most affected by the modéeaintensity fire we recorded in this study. Itpessiblethat the

This article is protected by copyright. All rights reserved



419 effects of fire frequency on understory cowvesuld againbecome evident in burnt sites with
420 increasingtime-sincefire, but our study did not include sufficient replication to test this three
421 way interactioni(e. time*FS03*FF).High fire frequency sites in woodland vegetation also had a
422 lower density of logsthan rarely burnt sites, which is consistent with othediss from dry
423 Eucalyptus forests(Spencer and Baxter 2006, Aponte et al. 2GiIH elsewheréDonato et al.
424  2016) This effect was evident only on unburnt sites, possibly because the 20@3njr@arily
425 increasedthe'supply of logs burnt sitedy Killing or injuringlarge shubs and tree@Bassett et
426 al. 2015).

427

428 Our finding:that many aspects of timeisible mosaidnfluenced forest and wadand vegetation
429  structurecontrass with the resultsof Haslem et al. (2016who found theeffects oflongterm
430 fire historyonvegetation structuref foothills Eucalyptus forestswas limited compared with the
431 effects of he most recent fire (severityime-since fire), and environmentalariables (e.qg.
432 rainfall) (Haslem et al. 2016)he stronger effects ddbng-termfire history onforestvegetation
433 structurethat*we recordedare likely related to thesmaller spatial extent (limiting climatic
434 influences)yand lower fire severity of sit@sour study compared witlHaslem et al. (2016)-or
435 example,"ng_high severity fire was recorded in our forest sites, while much of the rstadyf a
436 Haslem et-al. (2016)as forest thaburnt in a very high seerity fire. Biological legacies such as
437 logs, dead trees and surviving plants are more likepetsist following moderate severityan
438 high severity fire (Collins et al. 2012, Lindenmayer et al. 2012, Bassett et al. 2015, Johnstone et
439 al. 2016).

440

441 The strong influence of the invisible mosaicvagetation structurtha we detecteds consistent
442  with studiesof fauna in our study areahich have foundtrong associations betwelemg-term
443 fire history(not justtime-sincefire) and the occurrence afianyvertebrate specieor example,
444  bird species.richnessvas found to be negatively associated with high fire frequency
445 (Lindenmayer et al. 2008p)while some speciesf small mammad have been positively
446 associated"with high fire frequency sifgésndenmayer et al. 2016Yherefore, althougimany
447 recent studiesf vertebrate fauna from other Australian fmone ecosystentsave emphasized
448 the importance ofetaining areas olong-unburnt vegetatior(Kelly et al. 2015, Croft et al.
449 2016) our results suggest that this should not be done without reference to the irfirsible

This article is protected by copyright. All rights reserved



450 mosaic. Fire management decisions thaintainlong-unburnt habitatsbut reduce variation in

451 fire intervals or fire fregancy may consequently reduce variatiostiuctural attributesuch as

452 ground cover (e.g. Fig 4candthe cover of vegetation in thenderstorey(Fig 4b), midstorey

453 (Figs. 5b,c), or_owerstorey(Fig. 5a) which can be important determinants of fauna species
454  richness and.composition (Stirnemann et al. 2015a, Stirnemann et al. 2015b)

455

456 Managingcompeting prioritiesfollowing a large wildfire.

457 The occurrence of largeeverewildfires is both inevitable and unpredictable in many-firene

458 vegetation types worldwideWhile in some ecosystemsnanagers can have a substantial
459 influenceon the,incidence and extent of wildfires (Finney et al. 2007, Boer et al. 2009), in other
460 ecosystemg(including our studysystem, fuel management techniques such as prescribed
461 burning have only a very limited effect on wildficecurrencgPrice and Bradstock 2010, Price
462 and Bradstock 2011, Price et al. 2015, Cary et al. 200&uch aregsa key question for land

463 managersis how to manage fire in the time between large wildfisssstoe that the overall fire
464 regimepromotesdiverse plant and animal assembla¢f@sadstock et al. 2005)The answer to

465 this questionwwilllargely depend on the extent to which large wildfires alter patterns of
466 vegetation.and habitat structures established by thexisgng fire mosaicWe found that while

467 the 2003«~wildfire had submntial effects on vegetation structsirdboth the longerm fire

468 frequency, and the length of pneldfire fire interval (determined by the fire age of vegetation
469 prior to the wildfre) alsowerestrongly related tgarticularvegetatiomattributes Therdore, to

470 maintain arsdiversity of habitat structures for fauna, fire management following large wildfires
471 should aimsterboth reinstate variability in the fire age of vegetation (whichalsdldetermine

472 the fire intervals of the next large wildfirejnd to retain variability in the longterm fire

473 frequency.across a landscape.

474

475 The occurrence of a single extreme fire event typically alters the scale of the spatial mosaic and
476 substantiallysincreases the proportion of vegetation in a recently burntTstatgain variability

477 in vegetation,structures, pesildfire management may become focused on the persistence of
478 particularhabitats, andespeciallymid-successional and loagnburnt patcheg§Robinson et al.

479 2014, Kelly et al. 2015, Croft et al. 2016jowever, while ensuringhat long-unburnt habitats

480 are available both now and in the future is important, narrowing managenfeatisosolely on
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an idealized fireagemosaic is unlikely to providéhe longterm ranges of structural variability
necessary for diverse plant and animal assembl@gjaske 2008) Identifying ways for long
unburnt vegetation patches to escape large wildfibde promoting alandscape ofpatially
variable longterm fire history should therefore be tap priority for applied ecologist&nd land

managers alike.
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Supporting Information

Additional supporting information may be found in the online version of this article at
http://onlinelibrary.wiley.com/doi/10.1002/eap.xxxx/suppinfo

Data Availability

Data availablesfrom the Lorgierm Ecological Research Network data
portal: http://www.ltern.org.au/knb/metacat/ltern2.107.49/html

Tables

Table LaResults of the linear mixed models testing how vegetation structural attributes were
affected by therseverity of the 2003 wildfire (FS03), their previous fire higtioe frequency-

FF, prefire“interval — Fl), and their interaction over time. Showntle topranked model, as

well as AAICc between the base model (~FS03*time) and the top model (for models including

fire frequency and / or fire interval). Overstorey cover and log density maranalyzed for
heath vegetation due to zero values at mtess.s
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715
716

717

718
719
720
721
722
723
724
725
726
727
728
729
730
731

Forest Woodland Heath
Overstorey FS03*time FS03*time + FI
cover AAICc =2.30
Midstorey FS03*time FS03*time + FF + FI FS03*time + FF
cover AAICc =3.70 AAICc =1.09
Understorey  FS03*time + FS03*FF + FS03*time FS03*time
cover Fl

AAICc =2.33
Bare earth FES03*time + FF FS03*time + Fl FS03*time + FF

AAICc = 6.96 AAICc = 1.51 AAICc =0.24
Log density FS03*time FS03*time + FS03*FF

AAICc = 8.85

Stem density FS03*time + FSO03*FF FS03*time FS03*time + FSO03*FI

AAICc = 4.46 AAICc = 3.77

Figures

Figure &*Map_of Booderee National Park, showing (a) the distribution of major vegetation
types, (b) the mosaic of fire frequencies (1:284.2) within the park, and (c) the mosaidiofe-
sincefire prior.to the 2003 wildfire (colored shading), overlaid with the 2003 fire extent {cross
hatching) and fires occurrirtgetweer2003 and 2012 (hatching).

Figure 2. Fire"history in Booderee National Park, showing the proportion of the park area in
each of five classes dime-sinceas of; 2003 (previldfire), 2003 (postwildfire), and 2012.
Values are proportions of the total park area (excluding highly disturbedaaretéeskes), as well

as proportiensyof each of the three major vegetation types. Area calculations assume the full area
within each-fire"perimeter vgeburnt.

Figure. 3-Principal components analysis of structural variables for the three major vegetation
types in Booderee National Park; (a) forest, (b) woodland and (c) heath. Sitets)(zoe
grouped by year (one year post #2004, and nine yearosgtfire —2012), and the severity of

the 2003 wildfire (unburnt, moderate [rorowning or patchy fire], severe [crown fire]).

Structure variable scores (blue text) are overlaid to illustrate gratigble associations (note
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variable scores have been tpdal at a reduced scale for clarity). Axes show the proportion of
variation in the structural variables explained by each principal component.

Figure 4. Prediction plots for topanked models for forest vegetation structure where the top
model was at leagwo AICc lower than the base model. Plots show predicted values and 95%
confidence bands for the minimum and maximum fire frequency, @), and the lower and
upper quartiles for the length of the préddfire fire interval (years since fire, panel )y forest

sites that ‘were"unburnt or moderately burnt in the 2003 wildfire (no forest siasabihigh
severity in'the"2003 wildfire).

Figure 5. Prediction plots for top-ranked models for woodland vegetation structure wherp the to
model was: atrledagwo AlICc lower than the base model. Plots show predicted values and 95%
confidence*bands for the minimum and maximum fire frequenay)(land the lower and upper
quartiles for the length of the preldfire fire interval (years since fire, pased, c), for
woodland sites that were unburnt, moderately burnt or severely burnt in the 2003 wildfire.
Figure 6. Rrediction plots for topanked models for heath vegetation structure where the top
model was=atsleast two AICc lower than the base model. Plotg predicted values and 95%
confidence*bands for the lower and upper quartiles for the length of thalgfiee fire interval
(years sinee_ fire), for heath sites that were unburnt, moderately burnt or severely burnt in the
2003 wildfire.

[High resolutionfigure filesareuploaded separately]
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