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Abstract

Question

Frequent severe wildfires have the potential to alter the structure and compofitoests

in temperate biomes. While temperate forests dominated by resprouting trees are thought to
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be largely invulnerable to more frequent wildfires, empirical data to support this assumption
is lacking. Does frequent fire erode tree persistencenbryeasing mortality and reducing
regeneration, and what are the broader impacts on forest structure and understorey

composition?

Location
Subalpine . openEucalyptus pauciflora(’'snow gum’) forests, Australian Alps, Victoria,
Australia.

Methods

We examinedree persistence and understorey compositidh @aucifloraopen forests that
were unburned; burned once, twice or three times by-geghrity wildfires between 2003
and 2013. At each of 20 sites (5 per fireguency class) we assessxtent of topkill and
mortality of eucalypt clumps, spatial configuration of surviving and dead clumps,iegdit
new and lignotuberous eucalypt seedlings, and shrub and grass cover.

Results

At least two years after the last wildfire, proportions oftkdled E. pauciflora stems were
significantly greater, and densities of live basal resprouts significantly lower, at sites burned
two or threestimes compared to once burned or unburned sites. Clump death increased to 50%
of individuals at sites burned by three shaterval wildfires, which led to changes in live

tree patchiness as indicated by neanesghbour indices. Increased tree mortality was not
offset by seedling recruitment, which was significantly lower at the twice and-thuroed

sites relative™to, singlburn sites— although seedling recruitment was also influenced by
topograjy and«coarse woody dehris addition to changes in the trkzger, the prominence

of understorey shrubs was substantially reduced, and the frequency of grasselymarke

increaségaftertwo, and particularly three wildfires.

Conclusions

Our studywsprevides strong empirical evidence of ecologically significant chandge in
pauciflora forests after shoiihterval severe wildfires, namely, erosion of the persistence
niche of resprouting trees, and a shift in understorey dominance from shrubs to grasses. Our
findings highlight the need to consider the impacts of compounded perturbation on forests
under changing climates, including testing assumptions of-temmg persistence of

resproter-dominated communities.
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Keywords. alternative stable states; compounded disturbances; cumulative impacts;
eucalypt;Eucalyptus pauciflorafire regimes; fire frequency; forest degradation;-algine
forest; temperate forest; wildfire

Nomenclature: Costermans (2009) for vascular plants

Runningrhead:*Frequent fire erodes resprouter persistence

I ntroduction

Globally, fire is.a key factor influencing ecosystem composition and chH@uwoyenanet al,

2009) Trends in\global temperature and assessments of changes in fire weather under recent
and projected”climate change indicate likely increases in fire activity for many forested
regions of the world (Nitschke & Innes, 2008; Lét al, 2010) Increased fire activity
increases the potential for shorter fireemvials, and for increased extent of more frequently
burned forest (Nitschke & Innes, 2013). Repeated sghtatval fires can be viewed as
‘compounded“perturbationgPaineet al, 1998), which can have negative impacts not only

on forest structure and c@wsition, but also forestependent specigdoneset al, 2016)

The prospect of such impacts has inspired analysis of forest and fire mana(/edaens,

2013; Bowmaret al, 2013; Stephenst al, 2013),and intensified concerns for forest health

during an“era of emerging mega-disturbance’ (Millar & Stephenson, 2015).

The"persistence of forests after disturbances largely depends on plant traits such as
resprouting and reseediignrightet al, 2014; Pausas & Keeley, 2014); however, changing
disturbanceregimes can reducdrait effectiveness. For example, in obligaseeder
communities, shortening of the interval between disturbances (such as fire) can lead to
extirpation of dominantree specie¢Bowmanet al, 2014a). The vulnerability of obligate
seedes to. changing fire conditions has underpinned emerging concepts like ‘interval
squeeze’, where a combination of climatenge factors- more frequent fire, warmer and
drier envirenments- can reduce the likelihood that woody species will persist witheir t
current distributions (Enrigldt al, 2015)

Resprouting has been recognised as a trait that ensures a plant’'s ‘persistence niche’
(Bond & Midgley, 2001)by allowing established individuals to survive andestablish
rapidly after disturbances, paularly fire (Burrows, 2013; Clarket al, 2013a) The ability
of resprouters to withstand disturbances means they have been considered more resistant to
transformational structural and compositional changes tharsdisitive obligateseeder
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forests tlat have long juvenile phaséBowmanet al, 2013; Fairmaret al, 2016) Fre-
tolerant resprouter forests hateereforebeen considered likely replacementsaturally, or
artificially — for fire-sensitive forests under climate char{@®lloff et al, 2016). However,
assumptions of persistence of fimerant resprouters under emerging fire regimes have
rarely been=tested. Recent studies have indicated increased mortality -tilefiamt
resprouting trees under extreme fire conditigBsnnettet al, 2016; Prioret al, 2016a;
Nicholsonetal, 2017) however, interactive effects of multiple fires, particularly under-igh

severity cenditions, remain largely unquantifiéthslemet al, 2016).

The role of changing fire regimesparticularly abrupt shi in frequency- in the
development and maintenance of alternative stable gtatdeffer & Carpenter, 20033
increasingly being recognised imany biomes around the world (Warman & Moles, 2009;
Hirota et aly=2011; Scheffeet al, 2012) Wildfires have been identified as a key driver of
alternativessstates in woody communities, at times decoupling tree cover from the
environmental variables thattherwisedetermine tree presen¢@bis & Brovkin, 2017)
Alternative“states have been identified in tropical forest and savanna ecosydtepisy &
Bowman, 2012Wwhere grasdire feedback cycles drive the elimination of fsensitive trees
(Bowman et al, 2014b) Similarly, conceptual models indicate the potential for
fragmentation.of the tree layer in temgker resprouter forests under repeat simberval fires
(Fairman=et_al 2016), as seen in tropical fore@@dvério et al, 2013); however,
contemporary empirical evidence to underpin such models is la@Ketgheret al, 2014)

This study examineeé effects of shofinterval repeat wildfires on the structure and
composition of 'a temperate forest ecosystem dominated by resprouter trees. Our focal
ecosystem Is open forest in the Australian Alps dominateBumgalyptus pauciflorsSieber
ex Spreng.(‘snow gum3 a longlived tree that vigorously resprouts from a partially buried
lignotuber’in_response to partial or complete-kdp(death of aboveground stems) by fire
(Coates, 2015)xThe understorey of this ecosystem is characterised by aofahetps and
grasses with-ebligate seeder and resprouter fire responséwWflitens & Costin, 1994)As
such, like.many other open eucalypt forests of temperate southern Australia,¢hees of
E. paucifloradominated communities has invariably bedramed by the presence and
frequency of fire (Barker, 1988). However, the nature Eof pauciflora community
interactions with fire seem set to change given expectations of more frequent and severe fire
weather in souteastern Australia based on recent olmons (Clarke et al., 2013b;

Sharples et al., 201@nd future predictions (Clarket al, 2011).Large mixedseverity fires
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in 2003, 2007, and 2013 burned a cumulative area of ~2.3 keffares in the Australian

Alps (Williams et al, 2014), meaninghitsections oE. paucifloraopen forest were burned
once, twice, and three times between 2003 and 20&8tably shorter intervals than the
historic norm of once every BID0 yeargWilliams et al, 2008) This natural experiment
provided=an=epportunitfo examine the impacts of shanterval wildfires on the initial
structure and composition of fitelerant temperate forests, by examining effects on a)
potential erosion of the dominant tree’s persistence niche via increased mortality and
decreasediregeration (both vegetative and sdwsed); b) changes in stand structure; and c)
changes in.the understorey composition as indicated by the balance of shrubs to grasses. Our
overarching objective was to improve the empirical basis for assumptions abburitdhéo
tolerance (of fireolerant forests, particularly those at or near the-lineein temperate

biomes.
Methods
Study area

Our study/encompasses an area of ~250ikrthe subalpine and alpine regions of Victoria,
southeastern Australia (37°01147°08"). The present climate is characterised by low
temperaturesy,(mean annual maximum 8.0°C; mean annual minimum 1.9°C), and high
precipitation (mean annu#dtal 1421 mm), the majority falling as winter snoWi(liams &

Costin, 1994),which typically persists from June until Octob@990-2016, Bureau of
Meteorology, Mt. Hotham, VIC Australia; http://www.bom.gov.a&pils throughout the
Victorian alpine,region are variable with climate, parent material, topography, gethtien

type all influencing soil typgKirkpatrick et al, 2014) although shallow friable brown
gradational soils are predominant at higher elevations (Land Conservation Cbang)l

Subalpine forestsare dominated b¥e. paucifloraandits subspecies, which occurs
between 1400-and900 m ASL at the altitudinal tree limit in Australia, covering
approximately=300,000 ha of mountainous ter(&erraret al, 1988; Slatyer & Noble, 1992;
Costermans; 2009; Green & Venn, 2Q1R) pauciflorastands are generally classified as
open forests, reaching maximum heights of320m with 30-70% foliage projectiveover,
although they also often form sparser -@@ cover) low open woodlands at higher
elevations(Specht, 1970; Williams & Costin, 1994; Costermans, 2009). The understorey of
E. paudflora forests can be grassida hothamensi¥ickery or P. hiemataVickery) with a
shrub stratum to 35 mof species such &rostanthera cuneatBenth, Bossiaea foliosa.
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155  Cunn.,Phebalium squamulosuient. and Orites lancifoliaF. Muell (Williams & Costin,

156  1994) The composition ofunderstorey species reflscsite attributes &ast disturbance

157  history, such as fire and cattle grazing (Williams & Ashton, 1987; Wahren et al., 1994), and
158 are comprised of both obligate seeders (Acacia sp.) and resprouters (e.Bossiaea

159 foliosa) (Kaselet'al, 2017).

160 Our study sites werg. paucifloraopen forests within or near the boundaries of single

161  and multiplesrecent wildfires in two areas of the Victorian Alps: Mount HotaachMount

162  Useful FiguresS1& S2). Here, combinations of large, mixseverity megafires (>100 000

163 ha) between 2003 and 2013 created mosaic&.opauciflora forests that were either

164  unburned, or burned once (254,775 ha), twice (32,548 ha), or three times (3,622 ha) in that
165 decadeFKigure 1; Figure S).

166  Site selection

167 Sitef'selection was based on spatial data sets that indicated the vegetatién was
168  paucifloraopen-forest, and that the area had been burned once, twice, or three times by high
169  severity wildfire,between 2003 and 2013. Wildfire severity was as indicated by 1:25000
170  digital maps that were produced within two months of each wildfire, based on changes in the
171 Normalised*Burn Ratio as estimated from-paad posffire SPOT images in combination

172 with Lapdsat and high resolution aerial imagery (DSE 2009, P. Black pers. comm., 2015).
173 ‘High severity’ sites were burned by an intense overstorey fire that consumed. 0% of

174  both E. paucifloraand understorey crowns. After-field verification of vegetation type and

175 recent wildfiren(indiced by tree charring and regeneration as relevant), five sites were
176  selected toyrepresent each fire frequency class (‘Unburned’, once burned ;Siwgle’

177  burned ‘Double’, and thrice burned ‘Triple’), to give a total of 20 study sites. Sites of the
178  samefiré*history”were located at least 2.5 km apart, and sites of differing fire history were
179 located as close as possibkeglure S2. Our study sites were selected if a) their fire history
180 was unambiguous; b) they were clearly dominated (prior to fireft.lpyauciflorg c) they

181  represented a_continuous patch >3 h&.opaucifloraforest; d) did not include or cross the

182  tree line;.and e) there was no evidence of other anthropogenic disturbances, segioad fir

183  removal.Triple sites were burned by wildfiréis 2003, 2007, and 2013, but the distribution

184 and overlap of these wildfires constrained the choice of wildfire years in tlgée Sind

185  Double fire history classes, meaning that filgdry varied slightly ¢eeTable S1. Unburned

186  sites were selected faimilar vegetation type and structure, even distribution around the
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burned sites, and no evidence of fire (no stem charring, live overstorey canopy) since 1994
(one site) or 1939 (four sites).

E. pauciflora survival and regeneration assessment

All=sitesswere assessed between February and May 2015, approximately two years
after the last wildfire- an adequate interval for recovery and establishment of eucalypts and
associated understorey in comparable forest types else@Wraoeet al, 2016a) At each
site, a fixed area plot (10 x 50°n0.05 ha) was randomly positioned to be entirely within the
E. pauciflorapatch, at least 50 m from the patch edges, and with the length of the plot
running aleng _the contour. All ‘large’ eucalypt stems >10 cm diameter at breast height
overbark (dbhob, 1.3 m height) were assessed within the 0.05 ha plot, whereas ‘small’
eucalypt stems (2.5 10 cm dbhob), and eucalypt regeneration (<2.5 cm basal diameter),
which both occurred at higher densities, were assessed within two embedqdotsab 10
x 10 nf (0.02 ha total area).

The"design of our withiplot measurements was informed by our understandigg of
pauciflorahabit, particularly its podire regenerationE. pauciflorais a thirbarked eucalypt
species that is typadly top-killed after completecanopycombustion or scorch. Individuals
typically recover after tofill through basal resprouting from the lignotuber. This means that
E. paucifloraoften form a ‘woody clump’ habit (i.e. multiple stems arising from a singl
lignotuber Lacey & Johnston 1990Accordingly, we assessed each stem as either a singular
stem, or part of a larger ‘clump’ of multiple stems arising from a single lignotuber, which was
confirmed byphysicallychecking the base of the tree fignotuber presencerlhe following
attributes of,alldarge and small eucalypt stems wleearecorded: dbhob (cm); dead or alive
as indicated by the total absence or presence of live foliage at or above height agenarsi
clumped'with*other stems; numbermdstfire basal (lignotuber) resprouts; and number and
location ofpostfire epicormic resproutsBy assessing the extent of live foliage above and
below 1.3m, we were able to assess the exterd) agftem death (tekill) and b) clump
mortality, whereall stems and the lignotubbed died (for further information on assessment

of resprouting and togHl/clump mortality, seeSupporting Informatiohn

Eucalypt regeneration (<2.5cm basal diameter) that was not clearly sprouting from
‘large’ (>10 cm dbhob) sims was assessed in two ways. Firstly we counted ‘lignotuberous
seedlings’ as comprising of one or a clump of stems (all <2.5 cm basal diameter) arising from
a detectable lignotuberous swelling, which also had evidence of charring entams of a
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small burned stem. We grouped these individuals on the basis that it was highly likely they
were present prior to the most recent fire. In contrast, individual seedlitiggut any
significant signs of a lignotuberous swelling or charring that were predominantly single
stemmed were counted as ‘new seedlings’ and were assumed to have established after the

most recent-ire:
Fallen wood and understorey composition

Coarse woody debris (CWD), defined as fallen dead woody material >2.5 cm in
minimum crosssectionaldiameter, was assessed as an integrated indicator of fire effects on
woody fuel,consumption and tree collapse. Individual CWD pieces were assessed using the
line-intercept method (Van Wagner (19é8png two parallel 50n transects defining the plot
bounday (total transect length of 100 m per sid following the protocols dkponteet al.

(2014).

Shrubs and grasses were assessed to evaluate the effects of wildfire frequency on
vegetation“composition. Shrubs were defined as woody single or-stertime species,
excludingE. pauciflorg and were counted by genus along twemi@ransects starting at 10
and 30 m along a 5M line that bisected the plot. In addition, shrub cover was assessed by
estimating the, proportion of eachni portion of the 1dm trarsects covered by a vertical
projectionof the shrub crown. This was expressed as a percentage of the totdl leagtec
(20 m) by genus. For analysis, frequency and cover wWata convertedo prominence
values (PV) followingdouglas & Blisg(1977).

Grasses were defined as any weoody plant species, predominanBya spp.and
were assessed as either present (1) or absent (0) for -@agiodion of the 14n transect.
These values were then summed and divided by 20 to provide an indication of grass

frequencyper site, expressed as a propation
Statistical Analyses

Effects of wildfire frequency (Unburned, Single, Double, Triple) on percentage tree
stem death*(‘tojkill’), percentage clump mortality, number of live basal clumps (stems < or
>10cm dbhob) per hectare, resprouting counts, seedling and lignotuberuous seedling
regeneration counts, coarse woody debris piece counts, shrub prominence values, and grass
frequencies wer evaluated using ongay ANOVA, followed by poshoc Tukey’s HSD test.
Distributions of response variables were assessed for normality, and were-reguare
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transformedwhere necessarywWhere transformation did not improve the distributian,
Kruskal\Wallis test for nosparametric datavas usedollowed by Dunn’s Test for pairwise
comparisonsusing a Bonferroni correctiomn addition,we used a twsample Kolmogorov
Smirnov test,to compare sizelass distributionsof sound and rotten CWD across the

differentwildfire’frequencies.

Random/Forest analysé@Breiman, 2001were used to identify explanatory variables
that were mestiimportant in explaining plevel E. paucifloramortality and regeneration. A
total of 15wexplanatory variablesere considered, although this was reduced to 11 for
analysis after removal of highly correlatediables (Pearson’s correlation coefficient scores
>0.9; Table S2 Landscape and topographic data (elevation at plot centre, predominant
aspect and slope) were measuirefield using a compass and Garmin GPS 62s, and basal
area of trees=>10 cm was deriviedm standlevel measures. Aspect was transformed into
Cosine ofsaspectdOSo. = Northness; 1 = Northward,-1 = Southward, 0 = either East or
Westward) and Sin of asped/§a = Eastness; 1 = Eastward;1 = Westward, 0 = either
North or South; Roberts, 1986). Fire history attributes (e.g. frequency of fires since 2000;
time sine last fire) were extracted from the Victorian State Government data. Annual mean
temperature data were sourced fr@tewart & Nitschke 2017) and annual precipitation
from WorldClim_grids (http:www.worldclim.org). All Random Forest models were run using

the statistical package “rfPermute” (Archer, 2016).

We_used a noemetric multtdimensional scaling ordination (NMDS, R Vegan
package, “metaMDS” function with Bragurtis similarity matrix and 3 dimensions) to
examine whether the composition of shrubs guasses differed among wildfire frequencies.
Species of the same genera were pooled, and ordinations were based both on
presence/absence data of shrub (11 genera) and grass (1 genera), and on shrub g@grominenc
values and_grass frequencies per $itBpsesestimating standard error were drawn around
each fire »frequency using the “ordiellipse” function (Oksanen, 2011), sandarity
percentages-analyses (SIMPERarke, 1993)were used to quantify degrees of dissimilarity

among wildfire frequencies.

To compare the impact of wildfire frequency on the wipiot spatial configuration
of E. paucifloraclumps, we calculated Nearest Neighbour Index (NNI) and mean Nearest
Neighbour Distance (MNND) (CrimeStat IV prograbevine, 2015). NNI is a continuous,

unitless metric that provides an estimate of the degree of spatial aggregation, where scores
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close to O indicate a tendency towards a clustered spatial pattern, those approaching 1 a
random dispersed pattern, and those approaching 2.15 a more regular or paitiemm
(Levine, 2015) In contrast, mMNND provides an estimate of the average distance between
neighbours, presentedere as the distance (nrets, m) between live tree clumps (For
additional® iinformation on assumptions as part of Nearest Neighbour anabgss,
Supplementary Materipl Effects of wildfire frequency on NNI and mNND were then
assessed "using a oemway ANOVA. Statistical analyses were undertaken using the R
statistical software package (R Core Team, 2016), except for the SIMPER analysis, which
used the PRIMER statistical software (@arke & Gorley, 2006).

Results
Tree stem andcoarse woody debris size distributions

Mean.aumbers of total live and dead standing eucalypt stems were highest at Double
burned sités"(2;816 stems~ha 1384 SE), followed by Single (2,000 stems'ha474),
Unburned (17416 stems ha 159), and finally Triple burned sites (1,362 stems H%62),
though therewere no significant differences among wildfire frequencies. The majority of
stems £95%) were <35 cm dbhob at all sites irrespective of wildfire frequencies (Figure 2).

Live stem densities were relatively even across size classes at Unburned, Doubligland Tr
burned sites, but skewed towards the smallest size classes at Single burnédesites
densities of standing dead eucalypt stems did not differ among wildfire freqaidfigar e

2). However, proportions of tekilled stems were significantly greatat Double (98.8% =+

0.8) and Triplesburned sites (98.2% * 1.8) than Single burned (55.0% + 11.1) and Unburned
(36.8% = 10.8)sites.

Mean total numbers of CWD pieces and mean numbers of sound CWD pieces did not
vary significantly among wildfire frequencies. However, mean numbers of rotten CWD
pieces weressignificantly greater at Unburned (20.6 + 8.3 piecBstren Triple (4.2 + B)
and Doublesburned sites (3.4 = 1.8), but not Single burned sites (81. &K8Imogorov
Smirnov _Tests (D = 0.14, 0.17, 0.15; P<0.05) indicated significant differences in ¢he siz
class distribution of sound CWD pieces between Double sites and Unburned, Single, and
Triple sites, quite likely due to the absence of large sound CWD at Double burned sites
(Figure 2). Similarly, trere were significant differences in the sctass distribution of rotten
CWD between the Unburned and Double burned sites)82; Figure 2).
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Clump mortality and regeneration

Mortalities of E. paucifloraclumps were significantly affected by wildfireefjuency
(P<0.01;Figure 3A). Total clump mortality at any one site varied from 0% (Single burned
site) to 84% (Triple burned site), reflecting considerable variation in the numbers of live
clumps per.hectare particularly those comprised of ‘small’ steth® ¢m dbhobFigure
3B). Mean total'clump mortality was greatest at the Triple burned sites (50% + 9%), which
was significantly: greater than mean mortalities at the Single burned sites (9% + 7%), but not
Double burned«(19% + 8%) and Unburned sites (2594t Figure 3A). However, while
relatively high mean clump mortalities at Triple burned sites reflected significantly greate
mortality of clumps comprised of at least one large stem (>10 cm dbhob; 56%), mean
mortality patterns at Unburned sites were dotaddy relatively high mortality of clumps of
small stems=«(67%¢igure 3A)

The mNND of live E. paucifloraclumps was greatest at the Triple burned sites (2.7 m
+ 0.43), which was significantly different from the Unburned (1.65 m + (kiigire 3C). In
contast, the meamNI of live clumps was significantly lower at the Triple burned (0.69 %
0.04) than Unburned sites (0.84 + 0.6%gure 3C), indicating stronger spatial clustering at
the Triple"burned sites. Numbers of new seedlings were significantly gegaengle than
Double and_Friple burned sites, although there were no differences among ewildfir
frequencies in the numbers of lignotuberous seedlikggu(e 3D). Similarly, mean basal
resproutson remaining live clumps were significantly greater atg&in(13.4 + 0.92) than
both Double (8.6 £ 0.40) and Triple (9.3 = 0.90) burned skegu(e 3E), leading to the
greatest numbers of basal resprouts per hectare at Single (6064 + 1'96ghdeDouble
(10038 £ 3989) burned sitésigure 3F).

Most important'explanatory variables for clump mortality, top-kill and seedlings

ThesRandom Forest analyses confirmed the overriding influence of wildfire frgquenc
on tree mertality, with the frequency of fires in the 260013 period having a positive
relationshipsith both percentage clump mortality and 4, explaining 20% and 26% of
the variationirespectively. Time since fire was also important in explaining percentage top

kill (24% variance explained, negative relationsHigble 1).

Fire-history variables we not the most important variables for explaining seedling

counts. The volume of coarse woody debris and slope explained 14 and 13% of the variation
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in new seedling counts respectivelyhile the most influential firdnistory variable (Time
Since Wildfirg explained only 8% (allnegative relationshipsiTable 1). Similarly,
“Eastness” was identified as the most important variable in explaining counts of

lignotuberous seedlings (24%, positive relationshghle 1).
Understorey.Composition

Wildfire frequencysignificantly affected both shrub prominence values (P < 0.001)
and grassgoccurrence (P < 0.05). Mean shrub prominence values increased after a single fire
(65.1 £ 15.4) relative to the Unburned (40.9 + 11.7) sites, but then were dramatically reduced
with subsequent fires, particularly in the Triple burned sites (1.05 + Gidfire 4a). In
contrast, thef/mean frequency of grasses increased with the number of wildfires to be
significantly“greater at Triple (0.83 + 0.04) than Single (0.18 + 0.11) and Unburned (0.22 +
0.1) sites Figure4b).

Shrub genera varied in their persistence with fire freque@tgaria and Acacia
species (resprouter and obligate seeder, respectively) were present at Unburned sites, and
persisted after three wildfires although with @&sing prominencd-{gure 4c). In contrast,
other genera were either absent after one fieug¢opogon Podocarpus resprouter and
obligate seeder respectively), or were eliminated by tmdtanthera Tasmannia both
obligateseeders), or thre€gssinia Pimelig both obligate seeders) wildfireBigure 4c).
Still others were only evident after one fire but decreased with fire frequencihéo be
absent after three wildfire®¢lycias Bossiaeaboth resprouters) or to persist with decreased

prominenesPodolobium resprouter).

NMDS ordinations and SEllipses based on presence/absence data, clearly indicated
differences. in shrub and grass composition among wildfire frequereis € 5a). Each of
the wildfire frequencies occupied a distinct NMDS spaexcept for the Double burned sites,
which supported an intermediate composition between Single and Triple burngd site
Similarity jpereentage analysis of preseatsence data supported these observations,
indicating_the greatest dissimilarity betweemburned and Single burned sites (73.0%),
followed by*Unburned and Double (69.6%), Single and Triple (65.9%), Single and Double
(60.7%), Unburned and Triple (58.2%), and finally Double and Triple burned sites (43.6%;
data not shown). Separation of wildffrequencies was also evident in the NMDS ordination
of shrub prominence values and grass frequendiegurie 5b), although with greater
differentiation of the Single and Triple burned sites. Similarity percentages were higher than
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376  those for the presence/absence NMDS, and indicated greatest dissimilarity between Single
377 and Triple burned sites (97.5%), and least dissimilarity between Double and Tripésl bur
378  sites (82.7%; data not shown).

379  Discussion
380  Clump mortality increased by shadriterval wildfires

381 Thissgudy has illustrated thaafter thee successive fires in a decatles ability of

382  resproutinges-pauciflorato persist and survive is severely curtailed to such an extent that on
383 average 50% of clumps died compared to 25% in long unburned forests, avithitynrates

384 as high as 80% on some Triple burned sites. The ohtgeathare substantially higher than

385  mortality ratesafter high-severity fire inresprouterdry eucalypt forests (25%Prior et al,

386 2016a),in forest(8%) and savanna ecosystems (7Blaffmannet al, 2009), or following

387 extreme drought in other eucalypt forests in southern Australia (26%osicket al, 2013)

388 Mean clump mortalities among wildfire frequencies reflected contrasting trends in
389  clump motality. by size classComparativey high mean clump mortalities at Unburned sites
390 (25%) were largely due to high percentage mortalities in the smaller size classes (67%).
391  Coates [(2015)"measured a mean stand density of 665 trédsrtia paucifloraforests70

392 years after wildfireelsewhee in the Australian Alps, which was markedly lower than the
393 1072 trees"H&teasured 23 years after wildfire by Ashton and Hargreaves (1983). This
394  suggests potential for ongoing s#ifnning of E. paucifloraforests decades after fire, which

395 might be ‘exeerbatedby overstorey suppression smmaller size classes (Barker, 889

396 Stoneman et al. 1994). Othdisturbancesuch agdrought (in particular, a ‘very long’ rainfall

397 deficit from 1996 to 2010 in soutast Australia; BOM, 2010) could haventributed to

398  seemingly high percentage clump mortasitandtop-killed stems (37%) at Unburned sites,
399 as has heen recently recorded for other resprouter fanestgithern Australia (Prioet al,

400 2016a). In=eontrast to Unburned sites, high overall percentage aluontalities at Triple

401  burned sites=(50%) reflected elevated mortalities of ‘large’ clumps (56%). This portends
402  significantpotential for structural changé E. paucifloraopen forests after three short

403  interval fires:

404  Tree regenerative capacity erodeg two and three shoriterval wildfires
405 Our study confirms thaE. paucifloracan regenerate from both resprouts and seeds

406  after a single firgGreen, 2009; Coates, 201%)aking it a‘facultative seeder’ functional
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407 type(Pausaet al, 2016) However, ve detected a significant decrease in the number of basal
408  resprouts per surviving tree after two and three successive wildfires compared with just one
409  wildfire. While the magnitude of the change was not particularly large, and lignotisber

410 resprout numbergare known to vary widely in eucalypts (Noble, 2001), a reduction in
411  resprouting'may indate a depletion of viable budsuggesting physiological limitation to

412  the persistence niche &. pauciflora We also detected a significant decrease in the total
413  number of basal resprouts per hectare between Double and Triple burned sites, reflecting
414  decreasesyithe number of resprouts and in the numbkliving clumpsat Triple burned

415  sites due to.elevated mortality.

416 Significant decreases in the densities othbwew seedlings, in addition to reduced
417  basal resprouts, could portend reduéedpaucifloraregenerative capacity and decreased
418 potential te=eempensate fdncreased tree mortalityThe potential vulnerability ofE.

419 pauciflora seedlings to higlintensity fire has been considered for some tirf example

420 Jacobs (1955) suggested a seedling’s develdgngtubercould beless protectedy soil

421 thanolder"stemsQOur analyses indicated that sleel factors couldalso playa role inE.

422  paucifloraseedlig dynamics. While not significantly different among wildfire frequencies
423  (data not shownpur model indicated a negative relationship between CWD volume and new
424  seedling abundance, reflectilayver seedling countandmarginally higher CWD volumes at
425  both Unburned and Triple burned sites. This finding is couimtteitive, asshelteringhas

426  been shown tdenefitE. paucifloraseedlings (Egertoet al, 2000), althouglCWD might

427 act as a barrieto seedling establishment by physically obstructing substeatd/or the

428 relationshipeould be associative (low seedling numbers reflecting an absence of fire at
429 Unburned sites; and too much fire at Triple burned sites) rather than cauSkapes and

430 aspect were identified as importasite variables in explainingnew and lignotuberuous
431  seedling densities, respectiveljhere were fewer @aw seedlings on steeper slopes, which
432 may be related to less available water in the soil profile, as indicated for seedling
433  establishment oE. pauciflora(Ferraret al, 1988) andther eucalypt species (Bailey et al.,
434  2012). Lignotuberous seedlings were mabbeindanbn easterly slopes, which may be related
435  to greaterprotection.These two findings suggest reducatbw gum regeneration on steep,
436  unprotected sites, and illustrateat several interactive factors (including pfisté drought;

437  Harvey et al., 2016) will likely determine seedling abundance irafpibe forests in addition

438  to fire effects.
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439 Indications of reduced resprouter and seedling regeneration after two andlgréytic
440 three wildfires could have serious ramifications for the future formation andteers: okt.

441  paucifloraopen forests. Our findings suggest tBapaucifloraseedlings in certain landscape
442  positions may be prone to the ‘immaturity risk’ that clctéerises obligate seeder
443  communities(Keeley et al, 1999),where young stems are more vulnerable than mature
444  stems to the return of disturbance before they have developed regenerative ¢apatitgr

445 that is via 'seeds or, in our example, the abilitgeprout from a fully developed or protected

446  lignotuber)

447  Signs of faltered structure and understorey composition with repeated-isteovial

448  wildfires?

449 Elevated clump mortalities after three shaterval wildfires indicate potential
450 disruption to thecanopy structure of these salpine ecosystems, including significant
451  changes in_the spatial configuration of surviving clumps. Analyses based on efstanc
452  between surviving clumps and their spatial aggregation indicate an ‘opening g’ wéé¢

453  canopyaftershorinterval fires, suggesting a shift from a forest to a woodlandavanna

454  like vegetation structure

455 In addition to an openingp of the canopy layer, we detected a general trend in the
456  understorey away from shrutp grassdominance followingrequent fire. Decreased shrub

457  dominance was not solely due to elimination of seeder shrubs, since some neg@owi

458  species were also absent after thfeasginia Pimelia, PolysciasandBossiaeaand in some

459  cases twodfeucopogon Prosthanthera, dsmanie) fires. This contrasts with findings

460 elsewhereof greater resilience of resprouter than seeder shrubs to changing fire regimes
461  (Enright et'al, 2014), and implies that frequent fire may test the persistence niche of the

462  broader“ecosysterand notyist the overstorey trees.

463 Frequent:fires also reduced the number of shrub genera presitst three wildfires,

464  only three,genera of shrubs were detec@edria, AcaciaandPodolobiun); compared with

465 eight, nine.and sixgenera in Unburned, Single and Double burned sites respectimely.
466  addition some,shrubs that were only detected after a singleBoss{aeaand Polyciag —

467 implying a dependence on fire for regeneration from the seedbank (Camac et ak; ®e1§')

468 then eliminated after subsequenbrtinterval fires. This indicates that frequent fires will not
469  only rearrange the structure of the understeregpicouraging grasses at the expense of shrubs
470 —but also alter the initial composition of the understorey following disturbances. In @stuthe
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Australia, vegetation communities typically adhere to the Initial Floristics model (Egler,
1954) where species are-e@stablished soon after fire through ssivred seed, serotiny or
resprouting, allowg persistence over time (Cremer & Mount, 1964; Raréi Slatyer,

1976). Whether subalpine woodland ecosystems adhere to this model after a single fire
remainsunclear, although our results indicate potential for new floristic pathways in the first
decade after multiple shariterval wildfires. Similarly, vinether relay floristics (Egler, 1954)
allow species extirpated frosomesub-alpine forests after frequent fires to recolonise after
long fire-free intervals remains to be se#moughsome of the species found in our study

sites are known for thelimited dispersatapacity (Morgar& Venn, 2017).

Our study indicates that more frequent fires could add to the complexity of expected
vegetation dynamics in temperate treeline communities under climate change. It is generally
expected thatmdepending on the type of vegetation commuraigy (and shub-) lines will
either entirelyadvance upslopeshift upslope but only within thepeciesexisting range; or
collapse and recedas climates warnfBreshearset al, 2008; Kelly & Goulden, 2008)
Global metaanalyss of treelines over the last 100 years found that there were substantially
more instances, of treelines advancing (52% of surveyed studies) than re(Eding
however, those recedirghowed evidence of disturbandgtarschet al, 2009). IndeedE.
pauciflora forests are known to expand into nibee alpine areas under long firee
intervals«(€. > 40 years) in favourable environmental conditions (Wearne & Morgan, 2001;
McDougall, 2003).Our study illustrates the possibility that climate chaagsociated
changes in\largseale disturbance regimes (such as fire) could override the putative effects of
increased .C®wand temperature on vegetation composition in alpine andalpiie
environments(Jdarradet al, 2008; Camacet al, 2017), leading to ‘ecologitaurprises’
(Noble, 1993; Paineet al, 1998; Kim & Lee, 2015) such as a relative increase in the
proportion of receding treelines. There is, therefore, a need to acknowledge and incorporate
the effects of stochastic wildfires wihortreturn intervad into predictive models of future

vegetation structure and composition.
Changing.trajectories or state shifts for E. pauciflora forests?

Our findings indicate a multitude of ways in which multiple stioterval wildfires
can impact on the structure and compositiorEofpauciflora open forests, including: a)
increased clump mortality; b) increased spatial clustesfngurviving clumpsc) decreased

numbers of new seedlings; adyl compositional change in the understorey from shtab
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grassdominance. Togther theestructural and compositional changes indicate that frequent
fires may act to fragment and to change the recovery trajectories of catpsub forests

ecosystems, leading to more open structures reminiscent oflisime savannas’FHgure

s3.

Whether our different podire states translate to ‘state shiftScheffer & Carpenter
2003) towards imore open and potentially more flammable communities cannot yet be
determined==Burning experiments on alpine shrub and grasses have indicateduihat sh
species aresgenerally more flammable than densmtiked grasses, which tend to retain
moisture more effectively than aerated shrubs spdEeseret al, 2016); however, these
field experiments did not address whether increased curing—r#ttesanmial grassdeath and
drying cycle, expected to be amplified lblimate change- would increase the relative
flammability-efigrasses in alpine areas, making them similarly flammable to other grasslands
in Australia((Prior et al, 2016b). Other studies d&. pauciflora subalpine forests have
indicated that burneB. paucifloraforest is more likely to burn again, and more extensively,
in subsequentfires (Zylstra, 2013). This has analogies with the ‘landscape trap’ bigoothe
for other montane ecosystems outhern AustraligLindenmayeret al, 2011) where fire
severity is arguably higher in yousigstands (Tayloet al, 2014) however, thishypothesis
is contestedin.tall montane forest ecosystems, with evidence that extrinsic factors such as fire
weatherand climate override intrinsic stand age factors when it comes to determining area
burned(Bowmanet al, 2016). Thus, whether the extent of doulaled triple burned forest
is likely tosincrease, or exist as a historic landscape anomaly, is likely & doenplex

interplay between staridvel changes and extrinsic factors like fire weather and climate.

Numerous conceptual models are being developed to identify the impacts of frequent
disturbancegEnrightet al, 2015)and to build ecosystem resiliencga the future adaptive
management._ofl many ecosystel@®hnstoneet al, 2016), including our study region
(Colloff etraly=2016; Doherty et al., 2017). Mamf theseframeworks, particularly in the
Australian=context, are predicated on a limitless resilience of resptgpeerforests to
rebound frem single and compounded disturbances. Our study, combined with recent
evidence oftincreased mortality of resprouter eucalypts after singleséngity wildfires
(Bennettet al, 2016; Fairmanet al, 2016; Pror et al, 2016a) suggests that even
comparatively hardy forests dominated by strong resprouters cannot safely be assumed to be

invulnerable to emerging fire regimes.
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Appendixrand=Suppor ting | nfor mation

Appendix L=Additional methodological information for assessment of resprouting, and

near est neighbour analyses.
Appendix 2: Additional Figures
Figure S1: Map of broader landscape and extent of recurrent wildfires 2003 — 2013

Figure S2: Map of plot locations, extent of E. pauciflora and Australian Alps bioregion
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Figure S3: Stylised representation of changes in E. flaugiopen forest after recurrent

fire.
Appendix 3: Additional Tables
Table SI=Plotdata including fire history and site characteristics.

Table S2: 'Summary of explanatory variables used in Random Forests analysis

This article is protected by copyright. All rights reserved



820 Table 1. Significant explanatory varialde(pvalue < 0.05) in order of importance from
821 Random Forest models of clump mortality, stemkilp and new seedling and lignotuberous
822 seedling counts. +/indicates positive/negative relationship between explanatory and

823  response variable.

Response variables Most important explanatory Variance explained (%)
variables
Clump mortality: (%) + Fire Frequency (0.02) 19.7
- Time Since Fire (0.04) 12.0
Top-kill (%) + Fire Frequency (0.01) 25.5
- Time Since Fire (0.01) 241
New seedlings{(no. 0.01 - Coarse Woody Debris (0.05) 13.9
ha™) - Slope (0.02) 13.4
- Time Since Fire (0.05) 7.9
Lignotuber ous + Aspect (Eastness) (0.01) 23.7

seedlings (M6=0.01 ha™)
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Figure 1. Examples ofE. paucifloraforest in four fire history categories: a) unburned,
showing live stems of mature overstor&y paucifloraabove a discontinuous and mixed
understorey of shrubs and grasses; b) burned once, showing substantial development of shrub
layer and regeneratirtg. pauciflorabasal resprouts and seedlings; c) burned twice, showing
reduced shrub cover amongst grasseskanhuciflorabasal resprouts; and d) burned three
times, showing.predominance of whetlgad eucalypts and heavily reduced regeneration and

shrub cover.
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Figure 2. Mean numbers of live (black) and de@rey) stems per dbhob class, and, as insets,
mean number of sound (black) and rotten (grey) coarse woody debris (CWD) pieces per
diameterclass;, across A) Unburned, B) Single, C) Double, and D) Triple wildfire
frequencies. Values are the means (+ SEjJiwd sites per wildfire frequency. Diameter
intervals are=5=em, except for the smallest size class, which spanned 2.5 to 5 cm. Note that
‘dead’ stems represent stems that were dead above breast height (1.3 m), but may have been
resprouting frem a basaglotuberNote for CWD,decay was scored a value betwé&xh—

D5, wherefD1—D3 represent ‘sound’, and D4 D5 represent ‘rotten’Remaining cross

sectional arewasto nearest 5% (assuming the piece was originally circular).
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843  Figure 3. Effects of wildfire frequencies oi\) percentage mortality (dead main stem, no

844  signs of live leaves or resprouting) of ‘small! paucifloraclumps (stem dbhob 2.5 cm

845  10cm, white bar), ‘largeE. paucifloraclumps (stem dbhob >10cm, light grey bar) andeall

846  pauciflora’dumps combined (dark grey barfg) number of live clumps and stems per

847 hectare, as per aforementioned ‘small’ and ‘live’ definitions, and totabayr@) nearest

848 neighbour index (NNI; where scores close to O = clustered spatial pattern, 1 = random
849  pattern 2:15 = uniform pattern) and mean distance to nearest neighbour (MNND) Bf live

850 pauciflora clumps; D) new seedling and lignotuberous seedling densities (only live
851 individuals);E) number of live basal sprouts per live clump; &ydotal number of livébasal

852  resprouts per hectare across fire frequencies. Note that for live basal sprouts (D), Unburned
853  values are presented but were not included in the statistical analysis as our primary interest
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854 was examining the patterns of fileduced resprouting as it was influenced by fire frequency
855 (not fire absence). Values are the mean of five sites (+ Blalues are from oneay

856 ANOVAs applied to transformed variables, with different letters indicating that wildfire
857  frequencies were significantly different ak®.05 (Tukey HSD); for non-parametric dateR-

858 values are from'Kruskalallis tests with different letters derived from Dunn Tests.
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860 Figure 4. Changes in understorey composition among wildfire frequencies as a) melan shr

861 prominence values; b) mean gragequencies(as a proportion from G 1), and c)
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prominence values of shrub genus groups. Values are the means of five sites (x Sk), and i
4c) [R] indicates a fire response trait of resprouting, and [S] indicates seeding.
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Figure5. S nd grass compositions as influenced by wildfire frequency. Figures are non
metric multidimensional scaling (NMDS) ordinations (stress value = 0.09; dimensions = 3)
based ora) and grass genera presence/ absence data (11 shrub and 1 grass genera); and
b) shrub ce values and grass frequencies. Points represent individual sites, with the
legend wildfire frequency. Axis values are arbitrary and distances indicate
similarity b n points, as per the rdvdsed approach of the NMDS. Ellipses intBca
standar nd shading indicates wildfire frequendynburned (grey); Single (red);

Double (green); Triple (blue). Note some sites overlap so that not all sites are clearly visible.
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