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Climate changés affecing the distribution of species and the functioning of ecosystems. For
species that are slow growing and poorly dispersed, climate change can force a lag between
the distributiors of species and the geographic distributions of tbknatic envelopes
exposing species to the risk of extinction. Climate also governs the resilienpeaxs and
ecosystemtordisturbance, such as wildfirelere weuse species distribution modelling and
palaeoecology to assess and test the impact of vegetéitttate disequilibrium on the
resilience 'of an endangered fsensitive rainforest community to faeFirst, we modelled

the probability of occurrencef Athrotaxis spp. andNothofagus gunnii rainforest in Tasmania
(hereon ‘montane rainforest’) as a functionctifmate We then analysed three pollen and
charcoal records spanning the last 7500 cal yr BP from within both high (n=19varid=2)
probability©f oceurrencareas. Our study indicates that climatic chabgeveen 3000 and
4000 cal yr BAnduceda diseqilibrium between montane rainforests and climate dnave

a loss of resilience of these communiti@srrent and future climate change are likielghift

the geographic distribution of thelimatic envelops of this plant community further,
suggesting.that current high resilience locations will face a reduction in resilience. Coupled
with the forecast of increasing fire activity in southern temperate regibiss heralds a
significantthreat to this and othslow growing, poorly dispersed and fire sensitive forest

systems that'are common in the southern taidhigh latitudes.

1. INTRODUCTION
Climate exerts a first order control over the functioning and distribution of esperid
ecosystems on Earth. Umdmurrentglobal climateprojections, ecosystems agperiencing
increased| climatiqpressureghat alter their function and their provisioning of services to
society (Milliennium Ecosystem Assement, 2005) The rate of recent climatic change
exceeds any period inferred from historic and geological records and the pobéntia
organisms .to._adapt to these changes is poorly underqidodows et al., 2014)
Compounding=the effects of climate change on ecosystgnamicsis the impact of
disturbance=events.li@atic change represents a ‘press’ perturbation on biological systems
that can_act synergistically witiscrete extreme even{$pulse’ disturbances), such as
wildfires, barkybeetles infestations or windstor(&eidl et al., 2014, Sall et al., 2016)
Indeed, a number of recent ecosystem collapses have occurred in response to the loss of
ecosystem resilienceesulting fromrecentclimate change and its impact on the ability of
ecosystem to recover from extreme evefiarris et al.,, 2018) Here, we use species

distribution modelling and palaeoecology to assess and test the influence td@rltongimate
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change onthe ecological resiliencdo disturbance from ffe of the UNESCGIisted and

endangered temperate montane rainforests in Tasmania, Australia.

Climate change over the last century is already affecting resilience and distrifigjmecies
(Batemanet-ali;*2016, Cheret al., 2011, Hirotaet al., 2011, Lenoir & Svenning, 2015,
Parmesan; 2006, Parmesan & Yohe, 2088)ongst all ecosystems, mountains and their

unigue biota are the most exposed to clinzatd landuse chang€Guo et al., 2018) given

the accentuation of climatic change by elevation and the diminishing area of land available

upslope in_massettings(Beniston, 2003, NoguéBravo et al., 2007, Theurillat & Guisan,
2001). The,_ montane rainforestbcated in the topographically complex landscape of
Tasmaniaghave a canopy dominated by {iwed (5001500 years) tree species that are
slow-growing, poorly dispersed and highly sensitive to disturbance fron(Guen, 1987)
Longevity, poor dispersal and complex topography facilitate the persisteecesyfstemm
situ following climate change, resulginin an increase in the potential for disequilibrium
between ecosystems and climateenoir et al., 2013, Loehle, 2018)Resilience to
disturbance.events varies in response to clifBéever & Belant, 2011, Crimmiret al.,
2011, Hirotaet al., 2011, VanDerWakt al., 2013) with a shift toward less favourable
climate f'conditions associated with a reduction in the rate of growth, recowery a
reproduction.ef tree species following disturbance @@hret al., 2015). Thus, shifts in
climate 'space following climatic changesydecrease the capacity of ecosysténmrespond

to disturbance, placing them at risk of loss patential extinction

Wildfires areone ofthe most important disturbance tgpeithin terrestrial vegetatio(Bond

et al., 2005, Bowmaret al., 2009), and are particularly imgiant inthe Australian landscape
(Hennessyet al.,, 2005) Recent climate change has intensified fire weather severity
worldwide/(Aldersley et al., 2011)which, coupled with a lengthening of fire seasons, has
resulted inbthman increase in ‘megaes’ (Stephenst al., 2014, Westerlinget al., 2006)
and an increase in the occurrence of lighiorgted fires(Mariani et al., 2018, Stygeet al.,
2018). In.this contextof changing fireregimes, promotinghe resilienceof fire-sensitive
speciesand “reducing the risk of extinction is a crucial task for modemyn ecosystem
managers (Seidit al., 2014, Seidkt al., 2016) This objective is especially clhenging in
ecosystems featuring lofiyed plant species, as historical recor@@anning the last
decadesare too shortor usto understand the full range of variability bese organisms and
how adaptable they are to climatic chafigeks et al., 2016, Willis & Birks, 2006). Thus, to
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adequately managecosystems, the projection of magnitude and direction of environmental
changes should be understood in the context ofoingterm history ofkey specieswithin

the ecosysteraof interest

In this paperwe take advantage of the walidied longterm climatic history of Tasmania
through the last 750@ears which indicates a shift from a stable wet climate to a variable and
overall drier climatebetween 3000 and000 cal yr BP,to asses and test howlimatic
changeinfluences the resilienceof montane rainforesh Tasmaniao fire. We use species
distribution_maodelling to estimate thgrobability of co-occurrence of two key montane
rainforest tree tax@throtaxis spp. and\Nothofagus gunnii) as a function of climate. We then

use palaeoecology to reconstruct montane rainforest and fire historiesheveast 7500
years from siteés of higlprobability of occurrence(Lake Wilks) and lowprobability of
occurrence(Lake Osborne and Owen Tarn) in an attempt to understand the process of
montane rainforestecoveryfrom fire disturbanceunder varying climatic contexi$ig. 1c,

Fig. 2). We predictthata combination othe extreme longevity of key species in this system
(>1000 years)s-landscape heterogeneity lamg-term climaic change will have created a
situation inwwhich stands of this highly fragmented forest type are either at the limits of their
climatictrange or indisequilibrium with climateThus, we predict thatthe probability of
occurrence_produced byur climatebasedspecies distributionmodel will provide a good
approximation of the climate equilibrium state of existing montane rainforest stands in
Tasmaniawhich, in turn, will provide an indication of thgotential resilience of this forest
typeto disturbance om fire (sensu Hirotaet al., 2001) We hypothesize thaiteswith alow
probabilityof occurrencewill display areducedresilience to disturbandeom fire andsites

with ahigh probabilityof occurrencewill display ahigher degree of resiliende disturbance

from fire (i.e. high resilience)

2. MATERIAL AND METHODS
2.1 Study Area

Fireand montanerainforestsin Tasmania

Today,Athrotaxis spp.N. gunnii montane rainforests cover <5% of the Tasmanian landscape,
mostly as small pockets of forest confined to the Central Plateau, the Tyndall Range and
scattered mountain tops in the southwe&gj.(1a). These species, and related rainforest taxa,
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124  were more widespread across Tasmania and continental Australia during theof€ainoz
125 part of the secalled Gondwanan flora that dominated the southern latitudes (Hill, 1991). The
126 modernday restricted distribution of these species has resulted from a combination of
127  increasing aridity, fire and the radiation of fmdapted and firpromoting plant taxa through

128 the Cainoezoicto present (Bowman, 2000). Humans colonised Tasmania duribhgsthe
129  Glacial Cycle (340,000 years ag(Josgrove, 1999)mparting a substantial imprint on the
130 vegetation‘landscape through the use of-ficale fire management that further restricted the
131 distribution of firesensitive plant¢Fletcher & Thomas, 2010, Mariaet al., 2017). Today,

132 treeless pyrophytic vegetation dominates the landscape (inclu@ymnoschoenus

133  sphaerocephalus/and species dilelaleuca and Leptospermum), with fire-sensitive arboreal

134  communities Jargely restricted to topographic fire refugia in Tasmania’s west arfd sout
135 (Wood et al.; 2011). Key among the fire sensitive communities are the iconic and now
136 endangered montane rainforests. Montane rainforest in Tasmania forms at Vaglorelea.

137  700-1000 m a.s.l.) and is dominated by endemic tree species, such as the UNESCQ heritage
138  listed trees, Athrotaxis cupressoides, A. selaginoides and Nothofagus gunnii (syn.

139  Fuscospora.gunnii) (Harris & Kitchener, 2005). Here, we retain use Nuthofagus to

140  maintain consistency with $sil recordgsensu Hill et al., 2015).

141

142 Athrotaxis spp=andN. gunnii display several life history attributes that suggest they are
143  poorly adapted to disturbance by fire: (1) they are long lived (>1000 yearfshimtaxis

144  spp.; >500. years fdx¥. gunnii) and slowgrowing (Allen et al., 2011, Ogden, 1978§2) they

145  are obligate seeders that display almost complete-stzaid mortality following firgCullen,

146 1987, Cullen & Kirkpatrick, 1988, Kirkpatrick & Dickinson, 1984B) they display an

147  apparent posdire regeneration faire following moderate to severe fire events that indicates
148 low postfire soil seedbank survivorshiplolz et al., 2014, Kirkpatrick & Dickinson, 1984)

149 and (4) they. have relatively large and poorly dispersed seeds, which are oftecegratiu
150 irregular, suprannual intervaldCalais & Kirkpatrick, 1983, Cullen, 19% Despite the

151  apparent hypesensitivity and poor adaptation to fire, slow (>800 years)-fp@stecovery of

152  montane_rainforest is evident in the palaeoecological record (Flettlatr, 2014, 2018

153  Caddet al., in.review), with firedriven elimination of this community considered a product
154  of decreased resilience in response to repeated and more frequent burning antbashif
155  climate less hospitable to the pdise regeneration and growth of m@ane rainforest species
156  through the Holocene (Fletchetral., 2014, 2018).

157
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Importantly, it is unclear whether the loss of resilience to disturbance frenmfmontane
rainforest is solely the product of a synergistic interaction between the effecpeated
burning and climatic change, or whether climatic change alone is sufficient to reduce the
capacity of this plant community to respond to fBeth Athrotaxis spp. and\. gunnii have
suffered®major-firedriven landscapscale losses across their entire range over the last 200
years (the/postolonial period) (Brown, 1988, Cullen, 1991, Hetzl., 2014, Kirkpatrick &
Dickinson,"1984)with an estimated firdriven range reduction of >30% féthrotaxis in

this time (Brown, 1988; Figure la). To date, no pbst recovery of these stands has been
observed. It is, unclear whether this is the result of 1) an insufficient recowadow
following fires or 2) the underlying press of climate change now precludes the recovery of
these species to fire (pulse) disturbance. This knowledge is critical for theletomg
management of montane rainforest under current andcfgddrends in climate and fire
regimes. A case-point is the catastrophic landscegmmale 2016 wildfires that decimated

the largest remaining patch Af cupressoides vegetation in Tasmania (Harris et al., 2018).
Futureproofing these systems from dirin the remote Tasmanian landscape requires
enormous financial and logistical resourcing and there is an urgent need tstamdi¢he
relative roles'of/the various factors that influence resilience to fire of these systemassuc

fire histary and climtac change, to guide effective and efficient environmental management.

Climatevariability in Tasmania over thelast 7500 years

Overall, the extensive palaeoclimate data from the region indicates an early high moisture
period with a broadly stable temperature regime between ca:-4l&00cal yr BP, with a

shift toward a more variable moisture and temperature regime after 400@B¢al There is a
general agreement that the period between 7500 cal yr BP and 4000 cal yr &P (mi
Holocene) .was relatively weacross the southeast sector of southern Australia as a
consequence.of an increase in precipitation delivered by a stronger zonal icimc{deé
Fletcher &=Mareno, 2012, Mariani & Fletcher, 2017, and references th€Feg)3d).
Temperatures=are thought to have been relatively stable through this periodt({Mas.,

2013), altheugh sesurface temperatures (SST) in the region suggest a decline in temperature
from a Holocene optimum at ca. 7500 cal yr @Rilvo et al., 2007). In contrast, the late
Holocene (ca. 4000 cal yr BPpresent) was characterised by a shift toward a more variable
and overall drier moisture regime over Tasmania and surrounding(&faaani & Fletcher,

2017, Reest al., 2015, Stahlet al., 2017, Xiaet al., 2001), likely in response to the onset of
ENSOlike climate variability in the Pacific region leading to more frequent El Ndig)
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phasegDonderset al., 2008, Fletcher & Moreno, 2012), which drove an increase in wildfire
across Tasmanié-letcheret al., 2015, Mariani & Fletcher, 2017Fig. 3d). Estimates of
temperature change though this period indicate high varialf\igrcott et al., 2013)Fig.

3e), while SSTs in the region suggest a continued decline toward the {fesleotet al.,
2007).

Study sites

Owen Tarn(1-OT; 42.0998S, 145.6094E; 970 m a)sd. a smallsukalpine lake, located on

the eastern_flank of Mount Owédfh,146 m a.s.l.)n central western Tasmania. Total annual
rainfall is 2804 mm/yr and th@nnual mean temperatui®8.4°C. Today, he lakecatchment

is mogly characterisedy exposed bedrock and small patches of western subalpine scrub
(including Leptaspermum nitidum, Eucalyptus vernicosa, Monotoca submutica, Agastachys
odorata andCenarrhenes nitida). The presence of tree stumps in the catchment indicate that
the lake was formerly more densely vegetdtéddgsonet al., 2000), but no individuals of

montane rainforest trees occur today.

Lake Osborne (2-0; 43.2159S, 146.7589E; 924 m a)ss.a smdlmorainebound subalpine
lake, located inthe Hartz Rangén soutlvest Tasmanialotal annual rainfall at the closest
meteordogicalsstation isl443mm/yr and theannual mean temperature94s/°C. Dominant
species in the modern landscape Buealyptus coccifera, Nothofagus cunninghamii (syn.
Lophozonia cunninghamii), Eucryphia milliganii, Gahnia grandis and a variety of Protaceae
shrubs. Only a few firscarred individuals oAthrotaxis selaginoides are graving on the

shore of the lake, although heing individuals are present around the catchment.

Lake Wilks B-LW; 41.672%, 145.955F; 1060 m a.s.l.) is a small cirque lake located in
UNESCO World Heritage Arem northwest Tasmania. Total annual rainfalR82 mm/yr
and the annual'mean temperatureBi3°C. The presentlay catchment of Lake Wilks is
mostly occupied bythrotaxis-N. gunnii rainforest

A summary“of the information on the three sites used for the analyses presentedvorkhi

is shown in Table 1.
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Table 1 Summary information of the sites used for the lergn analyses in this work.

Asterisks(*) indicates extrapolated values frdBdlOCLIM predictorlayers(Fig. S1).

Site code 1 2 3
Site Name Owen Tarn Lake Osborne Lake Wilks
Latitude °S -41.451196 -42.099683 -41.672829
Longitude °E 145.961463 145.609434 145.956023
Elevation 969 920 1058
Temperature of the warmest

11.8 10.9 9.3
quarter (°C) - bio10
Precipitation of the warmest

593 234 388
quarter (mm) - bio18
Temperature seasonality (°C)

1.03 1.03 1.14
- bio04
Precipitation seasonality (%)

21 17 27

- bio15
Modern montane rainforest NO NO YES
MaxEnt value 0.437 0.301 0.826

Publications

Charcoal data

Mariani & Fletcher,
2017

Fletcher et al., 2014;
2018

Stahle et al., 2017

Fletcher et al., 2014;

Pollen data This study (partial) This study (partial)
2018
Mariani & Fletcher,
Fletcher et al., 2014;
Chronology 2017 (updated in this Stahle et al., 2017

study)

2018

2.2 Species distribution modelling

We used the MaxEnt v3.X3program(Phillips et al., 2004)implemented into RR Core
Development Team, 2013nd thedismo package(Hijmans et al., 2017) to model the

probabilityof occurrence omontane rainforesicrossTasmaniaas a function of climatelrhe
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MaxEnt algorithmis designed fospecies distribution modellingsing a set oénvironmental
variables(Phillips et al., 2004)and it was found to be more conservative than other models in
predicting probability of species occurreri@imaret al., 2009, Kumar & Stohlgren, 2009)

This algorithmuses presencand pseud@absence or background daté the variable of
interest (rer=speciesdistribution) to compare the values of the environmental predictors
associated with\ these presence points with those of a backgfoungseudeabsence
localities) This approach estimates the “maximum entropy” of sampling points compared to
background locations, by taking into account the constraints derived from the predictor
variablegBaldwin, 2009, Phillipgt al., 2004).

The probability 'of montane rainforesbccurrencewas modHded using the moderco-
occurrence oAthrotaxis spp. andNothofagus gunnii (757 datapoints)for 500 iterationsThe
two species were considereda@ocurring if located within 1 km distance between each other.
A total number of 10000 pseuddsence$BarbetMassinet al., 2012)from the convex hull

of the presence data were used for the MaxEnt runs to accouliggersal limitations of the
chosen taxan(FigS1). Presence and pseudbsence points were divided into two equal
groups to create training and testing dataSgatal analyses were undertaken using ArcGIS
10.4 (ESRY).Four BIOCLIM predictor variablegor temperatureand precipitation (bio16,
bio10, bio4 and biol59t 0.01degreeqca.1l km at the equatdrresolution were used in this
model (sedrig. S2 for climate variablesmapg. BIOCLIM climate predictors (Bootlet al.,
2014, Nix,, 1986)or Tasmaniavere derived using ANUCLIM 6 on the Atlas of Living

Australia (http://www.ala.org.au)The climatic variables were checked for collinearfyg(

s2.

2.3 Fossil data: coring and chronology

Owen Tarn.core was retrieved in 2015 using a Universal corer. The chronology ©ff th
sediment 'corewis based on a combination®¥Pb and‘C dating techniquesLead
radioisotope=activity was determined on six samples using -aipbeatrometry at the
AustraliansNuclear Science and Technology Organisation (ANSTO) after wet sieving the
samples to remove sand particles. Eleven radiocarbon dates were obtained on the OT core at
ANSTO and DirectAMS (Bothell, USA). Radiocarbon ages were calibrated to calgaisar

before present (cal yr BP; 1950 CE) using the Southern Hemisphere calibratieiHngg

et al., 2013). Agedepth modelling was performagsing linear interpolatiomn OxCal 4.2
(Ramsey, 2009).
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A combination of two sediment cores were retrieved from the deepest (10m) point of the
Lake Osbone basin in 2011. A total of 11 radiocarbon dates and %#®b dates were
obtained on these cores and ages were modelled against depth using clam (Blaauw, 2010)
Results wererecently published in Fletcéteal., 2018.

Lake Wilks core was obtained in 2000 with a modified Livingstone piston sampletal/ot

10 radiocarbon dates were obtained on the LW core and calibrated ages were modelled
against depth using clam (Blaauw, 2010). Results from these analyses weoeishyevi
publishedin Stahlet al., 2017.

2.4 Fossil data: ‘pollen and charcoal analysis

Pollen, spores and microscopic charcoal sample preparation followed the standeddg®
(Faegri & Iversen, 1989). Pollen analysis was undertaken on the OT core at 0iBroals

for the top.40 cm and 1 cm intervals for the remaining bottom 30 cm. LO was sampled for
pollen at 1.em.increments, while a variable resolution between 2 and 8 cm was usad for
Relative pollen_data were calculated from a basic pollen sum that included at least 300
terrestrial_pollen grains per sample (excluding wetlands and ferns). Onlyothleined
percentages.ef'montane rainforest trééhrotaxis spp. and\othofagus gunnii - wereusedin

this study.

Macroscopic charcoal content was analysed to document the local fire history. A volume of
1.25 cni was taken at continuous 0.5 cm intervals at OT and LO. Lake Wilks core was
sampled at 1.0 cm intervals and 2°cmere analysed for charcoabntent. Charcoal analysis

was performed following the method described by Whitl&ckarsen (2001), involvig a
sediment. digestion in 10% hydrogen peroxide for a week (or 5% Sodium Hypochlorite for
two weeks):=After digestion, sediment was then sieved usinguh?®esh diameter
(Whitlock &=lzarsen, 2001) and the residues were counted under a stereomicros4Ope at
magnification. Charcoal concentrations and deposition times were calculatedrsedted

to charcoal'aceumulation rates (CHAR; particle$ grif).

2.5 Numerical analyses
Box-andwhiskers plots were used to show the maximum, minimum, the first and third

guartiles and median of the montane rainforest pollen fdata the three study site$wo
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time periods— pre and post 4000 cal yr BPwere chosen based on the reconstructed fire
history rom these sites and the regional climate changes from regional Tasmania (Bariani
Fletcher, 2017). Percentage pollen data were converteddores prior to plotting to reduce
skewness due to intsite differences. Sites located on the ‘edge’ of the climate gpace

low resilieneessites) OT and LO- were combined to simplify the message.

3. RESULTS
3.1 Modélling species distribution

There wasno detectable collinearity amongst the climate predictors usedeimM#axEnt
model Fig. S3).. The climate variables with the highest percent contribution to the model
were the totalsprecipitation and the mean temperature of the warmest quarter (summer
season) with.an explanatory power of 24% and 72% respecthiiglyS@4) the importance of
these variablesis as also highlighted in the response cliige$h, S6).The MaxEnt model
was found“to“perform satisfactorily (AUC=0.877 (training dataset); AW®B53 (testing
dataset); random prediction AUC=0.5) when predicting the probability of monsamforest
occurrence based on the four climatic variabkeg.(S7). The MaxEnt model highligled the
areas with th@robability of Athrotaxis spp. and\. gunnii co-occurrencéeingin the western
portion ef*Tasmaniavith low annual temperatures of the warmest quarter (mostly <12°C)
and relatively high precipitation amounts during this period (between 300 andne0Bign

S8). The highesprobability of co-occurrencg>0.5) werefound in the Central Plateau, in the
Tyndall andrinthe Southern Rangé€Big. 2).

3.2 Fossil data: chronology

The Owen Tarn record spans the last 7535 cal yr BP over 6Figng9. The list of
radiocarbon and'b dates obtained on this core is presented in Table Sla,b. To better
constrain the chronology at the bottom of #eguence, the sample at 67.75 cm was dated
twice, but a large difference (>1,000 years) was found between the two runs. The older
radiocarbon age of 7810 years was considered an outlier due to its impact on the pegforma
of the agedepth model. The oldest radiocarbon age of 6537 years (7401 cal yr BP) was
obtained at a depth of 67.75 cm. The-dgpth model (FigS9 is showing a sigmoid curve,
highlighting slower accumulation rates in the mg&ttion of the core (between 45 and 50 cm)
and faster at théottom and top sections. Accumulation rateee relatively high in the
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333 uppermost 17 cm of this sequence (median = 0.14 cm/yr). However, throughout the rest of

334 the sequence, sediment accumulation rates stevewith a median rate of 0.01 cm/yr.

335 The chronologies of LO and LW were previously presented and discussed hrefFéet .,

336 2018 (LO).and Stahle et al., 2017 (LWespectivelyand agedepth modelsvere presented
337 in Fig. S1Q_These records extend back to ca. 14000 cal yr BP (LO) and ca. 1200@fal yr
338 (LW), however,/in this study we only focon the last 7500 cal yr BP to compare them
339  with thesOTurecord.

340

341 3.3 Fossil data: pollen and charcoal analysis

342 A total of 112 samples from Owere analysed fopollen and 138 samples for macroscopic
343 charcoal. The median pollen and chargahple resolutiors 50 and 49years,respectively

344  In this coremaontane rainforest pollen sleoMaigh abundances between-20% through the
345  period from«#500 and 3500 cal yPBFig. 2). A gradual decline in montane rainforest pollen
346 wasdetected from 3500 cal yr BP up to the British settlement period (ca. 150 ca). yrHasP
347 gradual decrease in the abundance of montane rainforest pakenoncomitant with a
348  persistent/increase in macroscopic chardeéig. @).

349

350 A sum of 118samples frolxO were processed for pollen analysis and a total of 208 samples
351 were analysed for macroscopic charcoal. The median resolution for pollen saraple$

352  years, whereas the median resolution for charcoal sam@le85 years. Montane rainforest
353 pollen showedthree alternating phases of high and low abundances through the period from
354 7500 and 2500, cal yr BFFig. 2). The oldest two declines in montane rainforest pollen
355  percentages,during this phase clearly coirttid&h two charcoal peakd=(g. 2). The third

356  (youngest) decline in montane rainforest percentage (ca. 3000 cal yr BPgdosiogintly

357  prior to the most recent charcoal peak (2700 cal yr BP). In the period between thegrdsent
358 2500 cal yr BP, montane rainforest abundamas maintained below 10%. For more details

359 about pollen and macroscopic charcoal records from LO see Fleteher2018.

360 Pollen wasranalysed ob8 samples from th&W core, while macroscopic charcoal was
361 counted onl94.intervals. The median resolution for pollen samples 83 years, whereas
362 charcoal samples Ha median resolution @4 years. High abundance of montane rainforest
363 pollen was detected throughout theiensequence with values rarely below 308tg( 2).

364  Around 40004500 cal yr BP, a series of two charcoal pgailexedd a longtermdecline in
365 montane rainforest pollen percentages down 16%at 2700 and 2300 cal yr BRereafter,
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we usethe period between 3000 ad@00 cal yr BP as a boundary of significant change in
the record. This reduction is followed by a relatively prompt(Q9 years) increase back to
the precharcoal peak valuedt ca. 2000 cal yr BHFor more information on th@acroscopic
charcoal recoréfom Lake Wilkssee Stahlet al., (2017).

3.4 Numerical analyses

Box-andwhiskers plotsfor the period between 7500 and 4000 cal yr BP slosimilar
montane rainferest data distributions between OT+LO and EM). 4a left pane). In both
cases, during «this phase we obsdnositive deviations fromthe mean.Whiskers
(representing minimum and maximum valuesgre substantially shorter in LW in
comparison to"OT+LO. During the period pd§t00 cal yr BP, data distributionsvdrge,

with LW maintaining a positive median value, while OT+LO show a tight range of values
below zero Fig. 4a, right panel). Whiskers in LWvere broader than OT+LO during this

phase.

4. DISCUSSION

4.1 Climatespace and montane rainforest resilience
Climate exerts a firsbrder control over the growth, regeneration and reproduction of biota,
with changes in climate associated with an impact on the ability of species to tolerate and
respond to disturbangg&nright et al., 2015, Scheffeet al., 2015) The species modelling
resultsindicate a goodaverall performancef our model basegbrincipally on climateinput
data, highlighting a relatively broad area of suitable climate conditions for tbecoorence
of Nothofagus gunnii and Athrotaxis spp. (i.e. montane rainforest) in Tasmarihis area is
primarily.restricted to the mountainous landscape of Tasmania’s west ahd(Sigutlb),
where a cool@and wet climate is produced by the interaction between topognaghy
orographic=rainfall. Theapparent failure omontane rainforesto fill all of the available
climate space predicted by the mobgghlights the limitation of this approach for fiseale
mapping and predictive studies, andatibutable to theale of variablessuch aglispersa
limitation, hydrology, geology, aspectslope, biotic interactionsand fire history in
determining thelocalscale vegetatioristribution (Pradervandet al., 2014, Wiszet al.,
2013) Nevertheless, our cliatebased predictive model allows us to interrogate the role of

climatechangan determining the response of montane rainforest to disturbance from fire.
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The probabilityof occurrencaletermined from climatbased species distribution models ha
often been interpreted as an indication of how resilient an ecosys(Beuischet al., 2008,
Hirota et al., 2011, Hueyet al., 2012). Most notably, Hirotat al., (2011) modelled the
probability ef-finding rainforest as a function of mean annual precipitation in the ¢xmaz
concluding that'the vast areas of this important forest tiygedisplaya low probability of
occurrenceverelow resilience forests at risk of localised extinction following disturbance.
Whilst theglimitations of SDMs means our model reflects only part of the tohe space of
our systemthe model allows us interrogate the role of climate in influencing tiesilience

of this system to fire in the modern landscape. Our model identified areas as dhighg
probability#(>0.5), of occurrenceas a function of climatéhat are spatially restrictedo the
cool and wet mountain tops the west and far souflrig. 2). These areaare likely to foster
higher rates of)growth and reproductibor montane rainforest tregselative to areas
identified as_having lovprobability of occurrencg<0.5) — i.e.they arehigh resilience areas
Moreover,the cooler and wetter climate thesehigh resilience zonesire alsolikely to
impact the.intensity and severity of fire via the control that climate exerts over fuel moisture
content and fire intensity/severity in cool temperate landscapes (M&ridfietcher, 2016,
McWethyetal.,; 2013, Styger & Kirkpatrick, 2015)n contrastareas of lowprobability of
occurrencg<0:5) are those that are warmer and/or drier, factors thdiketg to negatively
impact thegrowth, recovery and reproductioh montane rainforest specjés turnreducing

the ability of montane rainforest to recover from disturbartagrthermore, ese sites will

also bemore prone to fuel desiccation and fire occurrence.

4.2 Climatic change, fire and montanerainforest resilience
Montane rainforestvas extant orseveralmountains across southern Tasmania where it is
absent today.during thearly to mid-Holocene (ca. 12006000 cal yr BP)Fletcheret al.,
2018, Macphail; 1980, Macphail, 197%urther, palaeoecological data indicates tha
plant communitywas ableo recover fronfire during thistime (Fletcheret al., 2018, Fletcher
et al., 201447Cadd et alin review). Drawing on this datd&letcheret al. (2018)arguethata
broadly stable,cool wet climathroughearly to midHolocenefacilitated the posglacial
establishment of montane rainforest across the regmh provided conditions in which
recovery from firewas possibleThe fossilpollen and charcoal data analysed and compiled
for our present studyndicatethat (1) montane rainforestas extanat each of our study sites

at ca. 7500 cal yr BP, under the wettest and most stable climate regime of fe0pagtars
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and (2) that each site experiencaameburning after ca. 4000 cal yr BFig. 3). Critically,

only the Lake Wilks catchmentwithin the zone of highmodelinferred resilience today
(0.829 still supports montane rainfore€fable 1) Indeedwhile clearly affected by fire, the
local montane rainforest atis sitedisplayed a remarkable resiliende burning(Fig. 2). In
contrasttheseatchments @dwenTarn (0.437)and Lake Osborng@.301) within zones of low
modelinfefred resiliencdéoday currently supportife-adapted vegetatiomt Lake Osborng

the diest Site todayrepeated burningpetween ca. 7508000 is followed by recovery of
montane rainforest, with agventual collapse of the fordsétween ca20003000 cal yr BP
(Fletcheret al.,,2014). At thesubstantiallywetter Owen Tarrsite, montane rainforesdlso
collapsel injresponse toepeatedurning between ca. 2068D00 cal yr BPyet, unlike Lake
Osborne,the precedingd000 years were markedy dow to absent fire activityand no
evidence for an impact of fire on the vegetation. This difference in-femg fire histories
between the sites suggests that-fireeen collapse of this forest system is rsaiely a
product of aloss of resilience in response to repeated burning through multiple millennia
(sensu Fletcher et al., 2014). Rather, it indicates that that fire events undeigthte set of
climatic conditions can be sufficient to cause the localised extinction of this community

irrespective,of langerm disturbance history.

The agreemenbetween themodelinferred resilienceand the empiricalresponse to firef
montane rainforesat our study sites is consistent with the role of climate in governing both
the severity of fire and the ability efegetation to recover from firesghsu Enright et al.,

2015) and supports the use of the climbssedspecies distribution model as a proxy for
resilienceto fire iin this systemFires became more frequent in western Tasmania after ca.
4000 cal yr BPFig. 2d), a period characterised by a highly variable and overall drier climate
over southern Australia(Mariani & Fletcher, 2017, Wilkingt al., 2013) These regional
longterm ¢limatic changes likelgreatedunfavourableconditions forpostfire regeneration

and growthof*N:gunnii andAthrotaxis spp, thus,limiting their ability to recover from fire.
Very longlived=Species, such as these, pamsistin situ for extended periods following a
shift in climate(Talluto et al., 2017), resulting in a dequilbrium with climate following
climatic changgLenoir & Svenning, 2015, Loehle, 2018)his effect is exacerbated i
topographically complex landscapes such as Tasmania where fine scale heterogeneity of
microclimates can providesfuge for the persistence of species and communities outside of
their broader climate nich@.enoir et al., 2013). Weinterpret the pattern of widespread

establishmentf montane rainforegshrough the eagtmid Holocene(under awetter climate
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regimeg, followed bythe subsequertollapse of montane rainforest from OT and LO (low
resilience sitesin response to burning, as a consequendbdexbnset of more variabland
drier climatic conditions athe geographic locations response to regional climatic change
over the past cal000 yeargFig. 4c). Further, we contend that the extreme longevity of key
species fin this‘ecosystem and the complex topography of the region havetddcitli
persistenceé of montane rainforest stands in disequilibrium with climate and at riskifbf a sh
to an alternate fire'adapted vegetation state in response {sd@Eig. 4b for a conceptual

representation

4.3 What isthe fate of Tasmanian montane rainfor ests?
Our interpretation of the results of this study imply tleagé parts of montane rainforest in
Tasmania today areither at the limits of their climatic range and/or aredisequilibrium
with climate fig. 1 and 3. The slow demography of montane rainforest tree species
disproportionally exposes them to a disequilibrium with climate following climatic change
relative to faster growing tre€$alluto et al., 2017) This situationresults inthe potential for
both a high.extinction debt (persistence under unsuitable conditions) and a high colonisation
credit (failure to capture new locationserfsu Talluto et al., 2017). Indeed, the extinction
risk (Loehle,2018) for species suchAthrotaxis And N. gunnii is high, given the gtential
for climatic_change to outpace the ability of species to capture new h@lugate et al.,
2009, Loehle, 2018, Tallutet al., 2017). This risk is further heightened nmountainous
landscapg.and on montane biota, given that steep environmental gradients force rapid
response timeand thee isdiminishing availability of habitat upslope in response to global
warming (Beniston, 2003, NoguéBravo et al., 2007, Theurillat & Guisan, 2001Pur
contentionthat longterm climatic change and the slow demographyAtbiotaxis and N.
gunnii have fosterea disequilibrium between montane rainforest vegetation and climate, and
that thisconveys a reduction in resilience to disturbance from fire is significans &ne
ubiquitoustin‘the Australian landscape and the past ca. 200 years has seen aninfirease |
activity in fFasmania that exceeds any point in the past 12000 years (Marthfiletcher,
2017). Increased efficacy of lightning as an ignition source, increased hutivéty aod the
continual vasion by firgpgromoting plants (such ag&ucalyptus) in to fire-sensitive
vegetation all herald a significant threat to the ltergn security of this endangered fire

sensitive plant community.
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Fire prevention and mitigation are complex and expensive operations that requiear
strategy.The response to the 2016 wildfires in the Tasmanian highlands, which destroyed
large areas dfire-sensitiveAthrotaxis cupressoides, was largely reactionary due both the
logistical complexities involved in fire management in this remote and ruggezhr and the
unusual 'eonfluence of largeale lightning storms and a very dry climékéarris, 2016,
Sharp, 2016) While our claimed high resiliencelocations currently act as an important
refugium formortane rainforestcontinued climatic change will see the gradual erosion of
resilience in these aredsiven the difficulties of fire preventigmmitigationand remediation

in this very remote and topographically complex landscape,coveéendthat resource
allocationand strategic planninghould be invested in fire mitigation strategies that further
bolster high resilience sites from potential wildfire, rather than investing in low resilience
sites for which“the longerm probability of survial is low;, even in a scenario of complete

fire absenceWe argue that similar approaches in other fire sensitive ecosystems that face
increasing pressure from a rapidly changing climate and increasing risk ofdineenable a

more realistic longerm stategy for survival.
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Fig. 1 Map showing the location of modern -oocurrence ofNothofagus gunnii and
Athrotaxis spp. (i.e. montane rainforest, green dots) and location of ddataxis
selaginoides patches (mange triangles, data from TasVeg3:.0Government of Tasmania,
2013). Black dots represent the study sites for the-termg charcoal and pollen analyses: 1
Owen Tarn(OT), 2.ake Osborne (LO) and Bake Wilks (LW).

Fig. 2 Summary plot showing macroscopcharcoal accumulation rates (black line) and
montane rainforest pollen % (green filled curve) spanning the last 7500 c&® fyol (a)
Owen Tarn,, (b) Lake Osborne and (c) Lake Wilks (location shown in Fig. 1). Blaclegross
in (a), (b) and (€) indicatére events as detected in Figure S11 (OT), Fletehal., (2014;
LO) and Stahleet al. (2017, LW). (d) Regional fire activity reconstruction from western
Tasmania (Mariani and Fletcher, 2017). Orargg fillings in (d) highlight inferred dry
periods, whereas shades of blue represent inferred wet phases. (e) Southephdiemis
temperatue stack from Marcottt al., 2013(black line), grey lines represent the 2o range. (f)
Number of _El Nifio events/100 years from Laguna Pallcacgbtay et al.,, 2002) Red
fillings in (f).represent periods with a frequency of El Nifio events higher treL@0 years.
The shading from blue to orange indicates the gradual nature of climatigechtiar 4000

cal yr BP.

Fig. 3 Map stowing the probability of ceoccurrence ofN. gunnii and Athrotaxis spp. (i.e.
montane rainforest) derived using MaxEnt species modelling (see Material ethddd).
Black dotssepresent the study sites for the {@mg charcoal and pollen analysesOwen
Tarn (OT), 2Lake Osborne (LO) and Bake Wilks (LW).

Fig. 4 a) Boxandwhiskers plots of the normalised montane rainforest pollen abundances (z
scores) from Owen Tarn (OT) + Lake Osborne (LO) and Lake Wilks (LW). Because of the
respective position of these lakes in the climate space for montane rdjrniFendLO are
defined as ‘lowresilience sites’ (yellow boxes), while LW is defined as ‘highilience site’

(green boxes); b) conceptual model depicting a shift in climate space suitable for montane
rainforest following the lat¢lolocene climatic transition ilasmania (after 4008000 cal yr

BP). Schematic edited from Ohlemidiller et al. (2011); c) simplified timeline for the fire and
vegetation changes occurred at the three study sites in this work. Red box in ghtighk

disequilibrium phase for OT and L®™MRF = montane rainforest.
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