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ABSTRACT

Context .��Climate-inducedchangesof alpinevegetationdiversity,coverandcompositionhavebeen
recordedglobally,but mostinsightshavebeengleanedfrom � eldstudiesoversmallspatiotemporal
scales.Aims .��We assessdynamicsin climate and vegetationof Australia’s highestand most
biologicallydiverse alpine area that surrounds Mount Kosciuszko (~455 km2), as well as
recoveryfollowingthe 2003wild� res. Methods .��Climaticchangeswere analysed usinggridded
climate datafor meanannualtemperature(1910–2019)andseasonalprecipitation(1900–2019),
andchangesin snowcoverwere assessedfrom snowcourserecords(1954–2021).A vegetation
cover time series(1990, 2000, 2010, 2020) was modelledwith an optimisedrandom forest
classi� cationusingrecursivefeature selection,andthe LandTrendralgorithm wasusedto detect
areasburnt during wild� res. Key results .��Over time, temperaturesand summerprecipitation
increased,whereassnow cover and winter precipitation decreased.Subsequently,vegetation
dynamicswere dominatedby the densi� cation of subalpinewoodlands at lower elevations,
replacing dry andwet heathlands.Therewastreelinestasisbut upslopeadvancement of dry and
wet shrublines but grassland vegetationtypes were relativelystable.However, in burnt areas
there wassuppressedupslopeadvancement of shrublines,treeline recession and relativelyless
expansionof subalpinewoodlands.Conclusions.��Alpinevegetationmaybe impactedby climate
changeincrementallythroughrelativelygradualchangesin climaticconditions,andtransformatively
through landscape-leveldisturbancefrom wild� res. Implications .��Higher temperaturesand
altered precipitation regimesincreasethe frequency and severity of wild� res, which may be
ampli� ed by increasingfuel loads and drynessfrom the proliferation and advanceof woody
vegetationin alpineareas.

Keywords: alpine vegetationcover classi� cation, alpine wild� re regimes, Australian Alps,
disturbanceattribution, land-coverchange,Landsat5/7/8 time series,LandTrendralgorithm,
multispectralremote sensing,optimisedrandomforest modelling, plant–climateinteractions.
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OPENACCESS

Alpine��vegetation��occurs��above��the��bioclimatic��treeline,��and��its��taxonomic��composition��and��
vegetation��structure��are��foremost��governed��by��low�� temperatures��and��relatively�� short��
growing��seasons��(Körner��2003,��2012).��However,��complex��topography,��microclimatic��hetero-
geneity,��varying��substrate��and��periglacial��disturbance��regimes��result��in��treeline��ecotones��
transitioning�� to��a��mosaic��of��low�� growing�� alpine��grasslands,��heathlands��and��fell � elds��
(synonymous��with��‘feldmark’)��that��support��high��biodiversity��and��endemism��(Körner��2004;��
Elsen��and��Tingley��2015;��Perrigo��et��al. 2020).��Most��alpine��plants��are��cryophilic,��slow��growing��
and��long-lived��perennials��that��are��resilient��to��� uctuations��in��weather,��but��respond��to��both��
extreme��climatic��events��(Williams��et��al. 2008;��Alatalo��et��al. 2016;��De��Boeck��et��al. 2016;��
Venn��et��al.��2017)��and��sustained��climatic��shifts��(Nagy��and��Grabherr��2009;��de��Witte��and��
Stöcklin��2010;��De��Boeck��et��al.��2018).��However,��anthropogenic��climate��change��has��caused��
rapidly��rising��temperatures,��declining��snow��cover��and��lengthening��growing��seasons��(Huss��
et��al.��2017;��Hock��et��al.��2019),��and��there��is��evidence��of��elevation-dependent��ampli � cation��of��
these��changes��in��climate��(Pepin��et��al.��2015).��Therefore,��as��the��climate��continues��to��warm,��the��
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stability�� of��alpine��ecosystems��and��vegetation��is��particularly��
vulnerable��(Grabherr��et��al.��2010;��Guisan��et��al.��2019;��Verrall��
and��Pickering��2020).��

With��disproportionate��exposure��to��climate��change��impacts,��
along��with�� particularly�� climate-sensitive��plants��(Dirnböck��
et��al.��2011),��climate-induced��vegetation��dynamics��within��
alpine��areas��have��been��broadly��reported��and��are��expected��to��
continue��with��climate��change.��Although��there��are��numerous��
other��factors��that��may��in� uence��alpine��vegetation��dynamics��
including��the��availability��of��water,��nutrients��and��light��as��well��
as��biotic�� interactions,��climate��change��is��widely�� attributed��
to��be��the��primary�� factor��causing��declines��in��snow��cover,��
variable��precipitation�� regimes,��longer��growing��seasons��and��
warmer�� temperatures��(Körner�� 2003;��Hock�� et��al.�� 2019).��
Treeline�� dynamics,��woody�� encroachment��and�� increasing��
competition��from��thermophilic��taxa��have��been��found��to��occur��
(Myers-Smith��et��al.��2015;��Lamprecht��et��al.��2018;��Hansson��
et��al.��2021),��as��the��amount��of��thermal��energy��available��to��
alpine��plants��has��changed��considerably��over��recent��decades��
(Grabherr��et��al.��2010).��Climate��change��has��also��seemingly��
resulted��in��the��loss��of��highly��specialised,��cryophilic��vegetation��
maintained�� by�� periglacial�� process,��such�� as�� snowpatch��
communities,��via��encroachment��of��thermophilic��and��generalist��
alpine��species��(Carbognani��et��al. 2014;��Sandvik��and��Odland��
2014;��Verrall��et��al.��2023).��

Climate-induced�� responses��of�� alpine�� vegetation�� and��
subsequent��implications�� for��ecosystem��processes��are��well��
documented,��with��an��array��of��methods��utilised��to��understand��
these��changes��(Grabherr��et��al.��2010;��Hock��et��al.��2019;��Verrall��
and��Pickering��2020).��Generally,��responses��of��alpine��vegetation��
to��climate��change��are��investigated��by��simulating��environmental��
changes��and��space-for-time��chronosequence��approaches��(e.g.��
Wieser��et��al.��2019),��as��well��as��investigating��historical��changes��
via��dendrochronology��(e.g.��Danby��et��al.��2011)��and��palynology��
(e.g.��Thomas��et��al.��2022).��There��has��also��been��an��increase��in��
the��use��of��long-term��ecological��monitoring�� techniques��in��
alpine��areas��(Verrall��and��Pickering��2020),��where��permanent��
vegetation��plots��are��resurveyed��through��time��(Pauli��et��al.��
2012).��However,��� eld��sampling��in��large,��remote��and��rugged��
alpine��areas��that��experience��extreme��climatic��conditions��is��not��
always��possible,��and��these��logistical��barriers��may��lead��to��a��
biased��understanding��of��these��changing��ecosystems.��In��response,��
alongside��technological��advances��over��the��past��few��decades,��
remote��sensing��techniques��have��been��increasingly��used��to��
assess��alpine��vegetation��(Verrall��and��Pickering��2020).��Remote��
sensing��has��a��distinct�� spatial��and��accessibility��advantage,��
leading��to��more��e� cient,��e�ective��and��comprehensive��moni-
toring��of��alpine��areas��(Peyre��et��al.��2021;��Mienna��et��al.��2022;��
Zandler��et��al.��2022),��yet��most��studies��focused��on��the��northern��
hemisphere��(Chhetri��and��Thai��2019).��

The��northern�� hemisphere��contains��the��majority�� of��the��
world ’s��alpine��ecosystems��(Testolin��et��al.��2020)��and��has��
received��disproportionate�� research��attention�� (Verrall�� and��
Pickering��2020).��However,��relatively��few��studies��have��focused��
on��the��equally��socially��and��ecologically��important�� alpine��

ecosystems��in��the��southern��hemisphere��(Körner��2003;��Körner��
and��Ohsawa��2005),��including�� in��the��Australian��Alps.��With��
relatively�� small��areas��high-elevation��mountain��ranges��and��
bioclimatic�� treelines��only��a��few��hundred��metres��below��the��
highest��peaks,��alpine��ecosystems��are��marginal��and��rare��in��
Australia��(Costin��et��al.��2000),��covering��less��than��0.02%��of��
the��continent�� (Green��and��Stein��2015).��Yet,��they��support��
high��species��richness��and��endemism��as��well��as��providing��
crucial��ecosystem��services��including��water��provisioning�� to��
much��of��south-eastern��Australia��(Slattery��and��Worboys��2020).��
However,��the��lack��of��alpine��weather��stations��and��consistent��
climate��data��records��have��resulted��in��a��poor��understanding��
of�� recent��climate�� changes��above��the��treeline.��Therefore,��
most��studies��only��assess��the��few��decades��worth��of��available��
data��(Verrall��et��al.��2021),��but��there��is��still��clear��evidence��of��
warming�� and��lengthening��growing�� seasons��(Fiddes��et��al.��
2015).��

Furthermore,�� Quaternary�� climate�� dynamics�� in�� the��
Australian�� Alps��show��that�� current�� temperatures��are��the��
warmest�� and�� snow�� cover�� is�� the�� lowest�� in�� 2000�� years��
(McGowan��et��al.��2018),��and��wild � re��activity��has��increased��
concurrently��(Thomas��et��al.��2022).��Generally,��pollen-based��
vegetation��reconstructions��in�� the��Australian��Alps��suggest��
that��vegetation��dynamics��were��responsive��to��past��climatic��
changes,��with�� the��decline��of��alpine��taxa��coinciding�� with��
rising��temperatures��(Martin��1986;��Thomas��et��al.��2022).��In��
response��to��the��rapid��climate��change��over��recent��decades,��
there��has��been��an��array��of��� eld-based��assessments��aiming��
to��understand��alpine��vegetation��dynamics��in��the��Australian��
Alps��(Venn��et��al.��2017).��Generally,��there��has��been��an��increase��
in��vegetation��cover��driven��by��thermophilic�� graminoids��and��
shrubs��(Verrall��et��al.��2021,��2023)��whereas��in��burnt��areas,��
most��alpine��vegetation��communities��are��relatively��resilient��
to��a��single��wild � re��event��and��have��been��found��to��recover��
rapidly�� (Camac��et��al.��2013;��McDougall��et��al.��2015;��Venn��
et��al.��2016).��Nonetheless,��wild � re��is��a��strong��demographic��
� lter��on��contemporary��alpine��and��treeline��dynamics��in��the��
Australian��Alps��(Naccarella��et��al.��2020),��as��pastoral��burning��
practices��have��been��linked�� to�� stand-densi� cation�� of�� the��
monospeci� c��Eucalptus��niphophila��treeline��(Martin��1999).��

Despite��the��importance��and��implications��of��alpine��climate��
and��vegetation��dynamics��in��the��Australian��Alps,��remote��sensing��
has��mostly�� been��used��to�� assess��changes��in�� snow��cover��
(Bormann��et��al.��2012;��Thompson��2016;��Rasouli��et��al.��2022)��
and��growing��season��phenology��(Thompson��and��Paull��2017),��
and��is��yet��to��be��utilised��to��model��vegetation��cover��dynamics��
over��large��areas��(McDougall��2003).��Furthermore,��given��that��
the��risk��of��wild � re��has��been��found��to��be��increasing��in��alpine��
areas��around��the��world�� (Hock��et��al.��2019),��the��Australian��
Alps��also��presents��an��opportunity�� to��assess��the��impact��of��
landscape-level��wild � re��on��alpine��vegetation��in��the��southern��
hemisphere.��Over��recent��millennia,�� large��wild � res��have��
occurred��every��few��hundred��years��in�� the��Australian��Alps��
but��land��use,��� re��practices��and��wild � re��regimes��changed��
dramatically��post-colonisation��(1788)��(Dodson��et��al.��1994;��

232



www.publish.csiro.au/bt AustralianJournalof Botany

Martin��1999;��Williams��et��al.��2008).��These��altered��regimes��are��
now��ampli � ed��by��climate��change��leading��to��more��severe��
and��frequent��impacts��from��wild � res��(Clarke��et��al.��2013;��
Kirkpatrick�� and��Bridle��2013;��Zylstra��2018).��Alpine��vegeta-
ion��is��experiencing��higher��temperatures��and��precipitation��
variability,��and��there��is��also��evidence��of��woody��encroachment��
and��densi� cation,��which��have��increased��� ammability�� and��
biomass��respectively,�� forming�� a�� positive�� feedback��loop��
(Camac��et��al.��2017).��Therefore,��wild � re��may��present��as��a��
major��threat��that��transforms��alpine��ecosystems��in��the��future��
as��the��climate��continues��to��warm��(Williams��et��al.��2008;��Fraser��
et��al.��2016;��Venn��et��al.��2017;��Thomas��et��al.��2022).��

By��assessing��recent��climatic�� and��associated��vegetation��
dynamics��in��the��highest��alpine��area��in��Australia,��this��study��
focused��on��three��primary��objectives.��The��� rst��objective��was��
to��test��dynamics��in��relevant��climatic��factors��such��as��tempera-
ture,��precipitation�� and��snow��cover��over��the��last��century,��
where��we��hypothesised��increasing��temperatures��and��precipi-
tation��variability��along��with��declining��snow��cover.��The��second��
objective��was��to��model��the��structural�� response��of��alpine��
vegetation��over��the��past��30��years,��where��we��hypothesised��
densi� cation��and��in-� lling�� of��the��subalpine��woodlands��at��
treeline��as��well��as��encroachment��of��dry��heathlands,��resulting��
in��an��advance��of��the��shrubline��over��time.��The��third��and��� nal��
objective��was��to��compare��burnt��and��unburnt��areas��from��the��
2003��wild � res,��where��we��hypothesised��that��the��dry��grasslands��
and��dry��heathlands��recovered��quickly��in��areas��that��burned,��
and��there��was��also��treeline��and��shrubline��suppression��in��
burnt��areas.��

Materials and methods

Study area

The��largest��and��most��diverse��contiguous��alpine��vegetation��
complex��in��Australia�� is��located��in�� the��Snowy��Mountains��
section��of��the��Australian��Alps,��surrounding��Mount��Kosciuszko/��
Kunama��Namadgi��(2228��m��above��sea��level,��a.s.l.),��which��is��
the��highest��mountain��on��the��land��mass��(Costin��et��al.��2000)��
(Fig.��1).��The��study��area��experiences��a��marginal��snowpack��
that��commonly��forms��in��June��and��becomes��discontinuous��
in��September��(Bormann��et��al.��2012;��Thompson��and��Paull��
2017;��Schwartz��et��al.��2020b),��with�� an��annual��mean��daily��
temperature��of��4.37°C��and��an��average��annual��precipita-
tion�� (rain�� and��snow)��of��2165��mm��(1976–2005��reference��
period��–��Xu��and��Hutchinson��2011).��Although��wild � re��is��an��
agent��of��disturbance��in�� this�� area��(Thomas��et��al.��2022),��
particularly�� in�� periods�� of�� extended��drought,�� large�� and��
severe��wild � res��burning��over��100��km2��of��alpine��vegetation��
are��rare��but��were��recorded��in��1939��and��2003��across��the��
Australian��Alps��(Williams�� et��al.��2008).��There��have��been��
several��other��smaller��wild � res��across��the��Australian��Alps,��
with��alpine��vegetation��in��burning��multiple�� times��in��recent��

decades��(Naccarella��et��al.��2020).��Although��large��swathes��of��
the�� surrounding�� landscape��burnt�� in�� the�� 2019/20�� black��
summer��bush� res,��the��study��area��remained��largely��unburnt.��

The��complex��topography,��microclimatic��heterogeneity��and��
geographic��isolation��of��the��study��area��has��given��rise��to��a��
species��rich��� ora��with��high��endemism��(Costin��et��al.��2000).��
The��alpine��treeline��ecotone��is��dominated��by��snow��gums��
(E.��niphophila),��forming��an��irregular��and��fractured��demarcation��
between��the��alpine��and��subalpine��zones��where��it��ranges��from��
1700–1900��m��a.s.l.��depending��on��latitude,��aspect,��topography��
and��soils��(Green��2009;��Green��and��Venn��2012).��For��the��purposes��
of��this��investigation,��the��study��area��covers��the��continuous��
~455.07��km2��above��1700��m��that��surrounds��Mount��Kosciuszko��
(Kosciuszko��Alpine��Area),��but��with��permanent��alpine��lakes��and��
areas��disturbed��by��human��activities�� (including�� ski�� resort��
infrastructure,��cleared��ski��runs��and��bitumen��roads)��masked��and��
excluded��from��analysis��(Fig.��1).��Previously,��there��have��been��
several��relevant��plant��community�� classi� cations��conducted��
(CSIRO��1972;��McDougall��and��Walsh��2007;��Mackey��et��al. 2015).��
These��plant��community��classi� cations��can��further��be��simpli � ed��
to��broad��vegetation��types��including��broad��vegetation��types��that��
formed��the��classi� cation��framework�� for�� this��investigation:��
subalpine��woodlands��(SW),��dry��heathlands��(DH),��wet��heathlands��
(WH),��dry��grasslands��(DG),��wet��grasslands��(WG),��fell � eld��scree-
lands��(FS)��(Walsh��and��McDougall��2004) (Fig.��1,��Supplementary��
Table��S1);��and��one��scarcely��vegetated��landcover��type,��rocky��
outcrops��(RO)��(Fig.��S1).��

Methods work � ow

An��overview��of��the��methods��used��in�� this��study��to��assess��
climatic�� and�� vegetation�� dynamics�� in�� a�� section�� of�� the��
Australian��Alps��is��shown��in��Fig.��2.��We��used��data��from��the��
Australian��Gridded��Climate��Data��project��(Jones��et��al.��2009),��
snow��course��records��(Snowy��Hydro�� 2022)�� and��Landsat��
satellite��imagery��sourced��from��the��Google��Earth��Engine��data��
catalogue.��By��� ltering��Landsat��collections��temporally��by��growing��
season��dates��(January��1st��to��May��31st)��and��geographically��by��
the��study��area��(091/085),�� growing��season��composites��were��
constructed��using��a��median��reducer��at��decadal��intervals��
(1990,��2000,��2010,��2020).��The��2020��composite,��along��with��
geolocated��training��data,��were��used��to��optimise��a��random��
forest��classi� cation��model��using��recursive��feature��elimination��
and��optimal�� model�� parameters��to�� improve�� classi� cation��
accuracy.��This��model��with��optimised��parameters��and��features��
was��then��used��to��hindcast��vegetation��cover��types��from��growing��
season��composites��for�� 1990,�� 2000�� and��2010.�� Temporal��
dynamics��in��cover��and��mean��elevation��weighted��by��area��
(zonation)��of��vegetation��types��were��then��calculated��across��the��
study��area,��as��well��as��in��unburnt��and��burnt��areas��that��were��
identi � ed��using��the��normalised��burn��ratio�� (NBR)��through��
the��disturbance��detection��LandTrendr��algorithm.��Vegetation��
type��cover��and��zonation��dynamics��were��then��assessed��and��
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Fig. 1. Locationandcharacteristicsof the~455km2 studyarea(a–c) includingreferencephotosof vegetationtypes(d–i) for theproposed
classi� cation.Maplocationsareshownin eastingsandnorthingsin plot (a).

attributed��to��dynamics��in��relevant��climatic��metrics��including�� (AGCD��v1.0.0)��(Jones��et��al.��2009).��Data��were��downloaded��as��
temperature,��precipitation,��snow��cover��and��burn��status.�� monthly�� two-dimensional�� raster��arrays��at��0.05°��(~5�� km)��

spatial��resolution,��and��were��clipped��to��16��grids��(~400��km2)��

Climate and remote sensing data that�� were�� located��within�� the�� study�� area.��Annual�� mean��
temperature�� was��calculated��by�� averaging��over�� monthly��

Temperature��(1910–2020)��and��precipitation�� (1900–2020)�� mean��temperatures.��Seasonal��precipitation�� was��calculated��
data��were��sourced��from��the��Australian��Gridded��Climate��Data�� as�� the�� sum�� of�� the�� three-monthly�� totals�� for�� summer��
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Fig. 2. Work � ow of themethodsusedto assessclimateandvegetationdynamicsin theAustralianAlps,whichcanbesplitinto threebroad
stepswith the platformuseddenotedfor eachstep(GoogleEarthEngineandR).The� rst stepoverviewsthe Landsatdataacquisitionand
� lteringto obtaingrowingseasoncollectionsat decadalintervals,anddemonstrateshow growingseasoncompositesweregenerated.The
secondstepoverviewstheprocedureto obtainanoptimisedrandomforestclassi� cationmodel,whichwasusedto classifydecadalgrowing
seasoncomposites.The third and� nalstepoverviewsthe temporalanalysisof dynamicsin vegetationtypesandclimatedata.

235

www.publish.csiro.au/bt


B.Verrallet al. AustralianJournalof Botany

(December��from�� previous�� year,�� January�� and�� February)��
autumn��(March,��April�� and��May),��winter�� (June,��July��and��
August),��and��spring��(September,��October��and��November).��
Snow��cover��(1954–2021)��data��were��sourced��from��the��Snowy��
Hydro�� Project�� Spencers��Creek��Snow�� Course,��which�� is��
located��at��1829��m��a.s.l.��in��the��south-east��of��the��study��area��
(� 36.4257°��S,��148.3470°��E).��To��re� ect��both�� depth��and��
duration�� of��snow��cover,��snow-metre��days��(md)�� per��year��
were��calculated��by��summing��the��snow��depth��multiplied�� by��
the��number��of��days��at��that�� depth��(Green��and��Pickering��
2009;��Sánchez-Bayo��and��Green��2013).��Annual��metrics��for��
temperature,��precipitation�� and��snow��cover��used��to��assess��
temporal��climatic��dynamics,��and��linear��regressions��were��� t��
via��the��base��package��‘Stats’��v4.1.3��(R��Core��Team��2022).��All��
climatic��variables��met��the��assumptions��for��linear��regression��
except��snow��cover,��which��was��log��transformed.��

Imagery�� data�� were�� sourced��from�� the�� United�� States��
Geological��Survey��(USGS)��Landsat��Program��via��the��Google��
Earth��Engine��data��catalogue��using��atmospherically��corrected��
surface��re� ectance��and��land��surface��temperature��collections��
(Collection��2,��Level��2,��Tier��1)��derived��from��Landsat��5��Enhanced��
Thematic�� Mapper�� (ETM),�� Landsat��7�� Enhanced��Thematic��
Mapper+��(ETM+)��and��Landsat��8��Operational��Land��Imager��
(OLI).��Several��studies��posit��that��time��series��extracted��from��
di� erent��Landsat��sensors��can��provide��an��accurate��and��compa-
rable��representation��of��temporal��vegetation��dynamics��(Banskota��
et��al.��2014;��Vogelmann��et��al.��2016).��Thus,��Landsat��collections��
(Path:��091,��Row:��085)��were��� ltered��consistently��by��date��
(01/01��to��31/05)��to��represent��the��snow-free��growing��season��
and��the��CFMASK��algorithm�� was��applied��for��cloud,��cloud��
shadow��and��snow��masking.��Google��Earth��Engine��was��then��
used��to��generate��composite��images��that��were��clipped��to��the��
extent��of��the��study��area��at��decadal��intervals��(1990,��2000,��
2010,��2020)��using��a��median��reducer.��Landsat��5��ETM��was��
used��to��generate��growing��season��composites��in��1990��and��
2010��(striping��present��in��2010��composites��generated��with��
Landsat��7��imagery��due��to��the��scan��line��corrector��malfunction),��
and��Landsat��7��ETM+��and��Landsat��8��OLI��were��used��to��generate��
composites��for��2000��and��2020,��respectively.��Digital��elevation��
model��(DEM)��data��at��2��m��spatial��resolution��were��downloaded��
for��the��study��area,��and��mean��elevation,��slope��and��aspect��were��
resampled��to��30��m��spatial��resolution��to��align��with��Landsat��
pixels.��

When��classifying��target��objects��such��as��vegetation��cover��
types,��raw��multispectral��data��on��their��own��are��not��always��
su� cient��(Gislason��et��al.��2006;��Guan��et��al.��2013).��Therefore,��
an��array��of��69��features,��made��up��of��vegetation��and��geographic��
indices,��were��then��added��to��growing��season��composites��(Table��S2).��
Previous��classi� cations��of��vegetation��cover��in��mountainous��
regions��have��highlighted��the��importance��of��particular��features��
to��improve��model��performance��and��classi� cation��accuracy,��
including��speci� c��vegetation��indices��and��ancillary��geographic��
data��derived��from��DEM��(McCa� rey��and��Hopkinson��2020;��
Lin��et��al.��2021).��Since��elevation,��slope��and��aspect��are��key��
determinants��of��alpine��vegetation��types��in��the��study��area��

(Costin��et��al.��2000;��McDougall��and��Walsh��2007;��Mackey��
et��al.��2015),��they��were��added��as��features��to��growing��season��
composites.��Additionally,��a��range��of��vegetation��indices��(VIs)��
were��calculated��and��added��to��growing��season��composites,��
including��VIs��previously��used��to��classify��alpine��vegetation��
(Lin�� et��al.��2021)��and��sensor-speci� c��VIs��(Henrich�� et��al.��
2009).��Landsat��bands��were��also��added��as��features,��with��the��
three��visible��(Blue,��Green��and��Red),��one��near-infrared��(NIR),��
two��short-wave��infra-red��(SWIR1,��SWIR2)��bands��processed��to��
orthorecti � ed��surface��re� ectance,��and��one��thermal��infra-red��
(TIR)��band��processed��to��orthorecti � ed��surface��temperature��
(Table��1).��

Optimisation of random forest classi�cation

Supervised��classi� cation�� of�� the�� study�� area��into�� the�� six��
vegetation��cover��types��(subalpine��woodlands,��dry��heathlands,��
wet�� heathlands,��dry�� grasslands,��wet�� grasslands,��fell � eld��
screelands)��and��one��landcover��type��(rocky��outcrops)��was��
executed��using��an��optimised��random��forest��(RF)��algorithm��
on��the��2020��growing�� season��composite.��As��proposed��by��
Breiman��(2001) ,��RF��is��a��nonparametric,��tree-based��ensemble��
classi� er��that��generates��multiple��decision��trees��using��randomly��
selected��features��and�� training�� samples.��Classi� cation�� of��
unlabelled��data��is��then��determined��by��an��unweighted��voting��
scheme��where��each��pixel�� is��assigned��the��class��with�� the��
majority�� of��votes.��RF��is��also��highly��e� ective��in��generalisa-
tion,��reducing��over� tting��as��well��as��handling��dimensionality��
and��collinearity��bias,��and��has��been��shown��to��be��suitable��for��
classifying��multispectral��data��(Belgiu��and��Dr� gu���2016).��It��
also��has��been��shown��to��yield��greater��accuracy��in��comparison��
to��other��classi� cation��algorithms,��and��is��capable��of��dealing��
with��data��variability��in��both��training��samples��and��unclassi� ed��
data��(Ma��et��al.��2017;��Talukdar��et��al.��2020).��RF��classi� cation��
has��become��a��popular�� method�� to�� accurately��determine��
vegetation��and��land��cover��(Rodriguez-Galiano��et��al.��2012;��
Khatami��et��al.��2016;��Ma��et��al.��2017),��including�� in��alpine��
environments��(Zhang��et��al.��2019;��Liu��et��al.��2021;��Filippa��
et��al.��2022;��Meng��et��al.��2022).��

Table 1. Comparisonof the spectralbandrangeof Landsat5 ETM,
Landsat7 ETM+��andLandsat8 OLI.

Bands Spatial Spectra l range of sensor (� m)
resolution Landsat Landsat Landsat

5 ETM 7 EMT+�� 8 OLI

B 30 0.45–0.52 0.45–0.52 0.452–0.512

G 30 0.52–0.60 0.52–0.60 0.533–0.590

R 30 0.63–0.69 0.63–0.69 0.636–0.673

NIR 30 0.77–0.90 0.77–0.90 0.851–0.879

SWIR1 30 1.55–1.75 1.55–1.75 1.566–1.651

SWIR2 30 2.08–2.35 2.08–2.35 2.107–2.294

TIR 30 10.40–12.50 10.40–12.50 10.60–11.19
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For��the��RF��classi� cation��of��this��study��area,��training��data��
polygons��were��generated��from��recent��� eld��surveys��and��high��
resolution�� SPOT-7��imagery�� (1.5�� m�� spatial�� resolution).��
Speci� cally,��recent��vegetation��surveys��of��permanent,��geolocated��
plots��(Verrall��and��Pickering��2019;��Verrall��et��al.��2021;��Verrall��
et��al.��2023)��were��used��to��assign��the��cover��of��vegetation��types��
to��polygons��across��the��study��area,��which�� then��guided��the��
collection��of��additional��training��data��from��SPOT-7��imagery.��
As��the��study��area��is��known��to��contain��varying��cover��of��each��
vegetation��type��(Costin��et��al.��2000;��Mackey��et��al.��2015),��
training��data��re� ects��the��in��situ��proportions��of��data��in��each��
class.��To��improve��the��accuracy��of��classi� cation,��a��minimum��
of��25��polygons��were��generated��across��the��study��area��with��a��
minimum��cumulative��extent��of��15��hectares��(0.03%��of��study��
area)��for��each��of��the��six��vegetation��cover��types��(subalpine��
woodlands,��dry��heathlands,��wet��heathlands,��dry��grasslands,��
wet��grasslands,��fell � eld��screelands),��and��5��hectares��for��the��
one��landcover��type��(rocky��outcrops)��(Millard��and��Richardson��
2015).��Training��data��were��then��randomly��split,��with��80%��of��
the�� dataset��used��for�� training�� and�� 20%�� for�� validation.��
However,��the��2020��growing��season��composite��contained��a��
large��set��of��features��(69),��which��can��increase��computational��
complexity��and��lead��to��dimensionality��problems��as��features��
are��commonly��highly��correlated��and��redundant��(Gregorutti��
et��al.��2017).��

Deciding��which��features��to��select��in��RF��classi� cation��is��a��
crucial��but��di � cult,��subjective��and��often��error��prone��task��
(Belgiu��and��Dr� gu���2016;��Georganos��et��al.��2018).��Hence,��
classi� cation�� performance�� can�� be�� greatly�� improved�� by��
optimising�� feature�� selection��by�� using��Recursive��Feature��
Elimination�� (RFE)��(Lin��et��al.��2021).��This��optimised��feature��
selection��algorithm��is��broadly��utilised��to��derive��discriminant��
feature��rankings��and��determine��the��best��performing��subset��of��
features.��At�� each�� iteration,�� the�� least�� useful�� feature�� is��
eliminated,��and��the��model��is��re� t��on��the��reduced��feature��
subset��until�� all�� features��have��been��evaluated��(Georganos��
et��al.��2018;��Kuhn��et��al.��2022).��Here,��RF-RFE��with�� 10-fold��
cross-validation��repeated��10��times��was��used��to��select��the��
optimal�� feature��subset��from�� the��69��contained��within�� the��
2020�� growing�� season��composite��via�� the�� ‘caret’�� package��
v6.0-92��(Kuhn��et��al.��2022)��(Fig.��S2).��Features��were��ranked��
(Figs.��S3��and��S4)��and��an��optimised��subset��of��seven��features��
were��selected��(Table��S3):��Digital��Elevation��Model��Elevation��
(DEME);��Digital�� Elevation��Model��Slope��(DEMS);��Thermal��
Infrared�� (TIR);�� Digital�� Elevation�� Model�� Aspect��(DEMA);��
Colouration��Index��(CI);��Normalised��Burn��Ratio��2��(NBR2);��and��
Green��Atmospherically��Resistance��Index��(GARI).��Following��
RFE,��the��parameters��of��the��RF��model��were��then��optimised��
via�� the�� ‘tuneRF’��function�� in�� the�� ‘randomForest’��package��
v4.7-1.1�� (Breiman��et��al.�� 2022)�� (Table��S4).��These��same��
optimised��features��and��model��parameters��were��then��used��to��
classify��the�� growing�� season��composites��for�� 1990,�� 2000��
and��2010.��

Validation and accuracy assessmentsof
classi�cation

After��classi� cation��of��the��2020��growing��season��composite,��the��
overall��cross-validation��accuracy��of��the��optimised��RF-RFE��
model��was��97.98%,��and��the��class-speci� c��accuracies��were��
all��above��80%��(Table��S4).��To��build��upon��cross-validation��and��
further�� improve�� the��con� dence��of�� classi� cation,��manual��
validation��of��classi� cations��where��pixels��are��assigned��relevant��
landcover�� categories��using��higher�� resolution�� imagery�� is��
commonly�� used��(Hansen��et��al.�� 2013;�� Mu�� et��al.�� 2015;��
Blatchford��et��al.��2021).��Here,��manual��validation��was��conducted��
using��SPOT-7��imagery��(1.5��m��resolution)��captured��in��2020��for��
500��randomly�� selected��pixels.��To��avoid��bias,��pixels��that��
underwent��manual��validation��were��independent��of��training��
data��(Hammond��and��Verbyla��1996),��and��were��distributed��
throughout�� the��diversity�� of��slopes,��aspects��and��elevations��
present��in��the��study��area��(Strahler��et��al.��2006;��Millard�� and��
Richardson��2015).�� Each��of�� the�� 500�� testing�� pixels�� was��
assigned��one��of��the��seven��cover��types��based��on��the��dominant��
vegetation��present��within�� the��bounds��of��that��pixel��and��was��
then��compared��to��the��2020��RF-RFE��classi� cation.��Overall,��
manual��classi� cation��accuracy��was��88.2%,��with��a��2%��over-
estimation��of��subalpine��woodlands��and��wet��heathlands��being��
the��greatest��classi� cation��error.��Therefore,��based��on��these��
results,��we��considered��the��optimised��RF-RFE��classi� er��to��have��
recognised��the��major��vegetation��cover��types��across��the��study��
area��with��su� cient��accuracy��for��the��purposes��of��this��study.��

Pixel-based disturbance detection using the
LandTrendr algorithm

LandTrendr��(Landsat-based��detection��of��trends��in��disturbance��
and��recovery)��is��a��time��series��segmentation��algorithm��to��detect��
disturbance��via��identifying��gradual��and��abrupt��� uctuations��in��
the��trajectory��of��a��given��spectral��index.��First,��this��algorithm��
calculates��the��years��of��change��by��identifying�� the��beginning��
and��end��of��each��temporal��segment��in��the��spectral��trajectory,��
also��known��as��vertices,��and��second,��it��calculates��the��spectral��
index��values��at��each��of��the��vertices��to��generate��the��trajectory��
of��interconnected��temporal��segments��that��elucidate��pixel-
based��disturbance��(Kennedy��et��al.��2007;��Kennedy��et��al.��2010).��
As��the��study��area��is��known��to��have��experienced��wild � res��
between��1990��and��2020�� (Williams�� et��al.��2008;��Mackey��
et��al.��2021),��the��LandTrendr��algorithm��was��used��in��Google��
Earth��Engine��to��quantify��the��extent��of��� re-type��disturbance��
using�� the�� normalised�� burn�� ratio�� (NBR)�� spectral�� index��
(Kennedy��et��al.��2018),��which��has��been��similarly��applied��in��
other��mountainous��regions��(Li��et��al.��2021;��Rodman��et��al.��
2021).��The��NBR��spectral��index��was��selected��due��to��its��sensi-
tivity��to��chlorophyll,��charcoal��ash��and��water��content��in��leaves,��
enhancing��the�� ability�� to�� detect�� � re-type��disturbance��of��
vegetation��(Kennedy��et��al.��2010).��To��obtain��the��LandTrendr��
derived��extent��of��burnt��areas,��the��NBR��recovery��threshold��
was��set��at��0.25��and��temporal��segments��in��pixels��with�� a��
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magnitude��of��greater��than��this��threshold��in��wild � re��years��
(2003��and��2020)��were��identi � ed��as��burnt��areas.��

Cover and zonation of vegetation types

Assessments��of��the��temporal��dynamics��of��vegetation��types��
were��pixel-based��with�� each��of��the��514��214��Landsat��pixels��
covering��a��planimetric�� area��of�� 900��m2�� (30�� m��×�� 30��m��
resolution)�� (Kno� ach�� et��al.�� 2021).�� Accounting�� for�� the��
topographical��variation��and��associated��bioclimatic��zonation��
of��vegetation��across��the��study��area��(Costin��et��al.��2000;��
McDougall��and��Walsh��2007;��Mackey��et��al.��2015),��mean��
elevation��was��calculated��from�� each��of�� the��pixel�� from�� a��
LiDAR-derived��2��metre��DEM.��Pixel��centroids��were��generated��
and��was��used��to�� spatially�� join�� mean��elevation�� and��the��
modelled�� vegetation�� type�� at�� each��decadal��interval.�� By��
calculating��the��culumative��area��and��mean��elevation��weighted��
by��area��of��each��vegetation��type,��vegetation��cover��and��zonation��
dynamics��could��be��assessed��at��decadal��intervals.��Dynamics��in��
vegetation��cover��were��assessed��using��using��Sankey��diagrams��
via��the��R��‘networkD3’��package��v0.4��(Allaire��et��al.��2017)��.The��
cumulative��area��of��each��vegetation��type��within�� 10��metre��
intervals��throughout��the��elevation��gradient��was��represented��
using��an��area��plot��via��the��‘ggplot2’��package��v0.4��(Wickham��
et��al.��2022).��Changes��in��cover��and��mean��elevation��weighted��
by��area��of��vegetation��types��are��assessed��as��annual��change��
(m/year��or��km2/year)��and��as��percentage��change.��By��assessing��
changes��in��the��cover��of��vegetation��types��along��an��elevational��
gradient,��densi� cation��is��inferred��by��a��temporal��increase��of��
cover��at��lower��elevations��whereas��advancement��is��inferred��
by��an��increase��of��cover��at��higher��elevations.��These��analyses��
were��conducted��for��the��entire��study��area,��and��then��for��burnt��
and��unburnt��areas��to��better��understand��the��impacts��of��wild � re.��

Results

Climate dynamics

Climatic��changes��have��been��observed��in��the��study��area��over��
the��past��century��with��mean��annual��temperatures��increasing��
by��0.1°C��per��decade��(R2��=��0.359,��P��<��0.001)��(Table��S5),��
with��an��overall��increase��of��+0.75°C��since��the��beginning��of��
the��records��(1910–1939�� in�� comparison��to��1990–2019;��a��
30-year��period)��(Fig.��3a).��There��has��also��been��an��increase��
in�� minimum�� (R2�� =�� 0.335,�� P��<�� 0.001)�� and�� maximum��
(R2��=��0.245,��P��<��0.001)��annual��temperatures,��also��warming��
by��0.1°C��per��decade.��Accumulative��annual��precipitation�� in��
the��study��area��was��variable,��but��there��were��trends��in��seasonal��
precipitation��with�� increasing��totals��in��summer��by��6.51��mm��
per��decade��(R2��=��0.035,��P��=��0.041)��but��declining��totals��in��
winter�� by��9.68��mm��per��decade��(R2�� =��0.038,��P��=��0.032)��
(Fig.��3b).��Snow��course��records��from��the��only��long-term��plot��
(Spencers��Creek)��in��the��study��area��demonstrate��declining��
snow�� cover�� by�� 12.74�� md�� per�� decade�� (R2�� =�� 0.058,��

P��=�� 0.046),�� which�� is�� a�� reduction�� of�� 24.3%�� since��the��
beginning��of��records��(1954–1983��in��comparison��to��1992–2021;��
30-year��period)��(Fig.��3c).��

Vegetation cover dynamics from 1990 to 2020

There��were��considerable��changes��in��the��cover��of��vegetation��
types��in��the��four��observed��growing��seasons,��with�� only��the��
cover��of��rocky��outcrops��having��remained��relatively��constant��
over��time��(+0.01��km2��p.a.��(per��annum))��(Fig.��4).��The��cover��
of��subalpine��woodlands��� uctuated��through�� time,��with�� an��
overall��net��increase��of��70.58��km2�� (+134.8%;��+2.35��km2��

p.a.)��from�� 1990��to��2020��(Table��S6).��In��2020,��subalpine��
woodlands��cover��an��additional�� 15.5%��of�� the��study��area��
compared�� to�� 1990,�� mostly�� replacing�� heathlands�� with��
the��net�� loss��of�� 50.45�� km2�� by��dry�� heathlands��(� 35.1%;��
� 1.68��km2��p.a.)��and��20.64��km2��of��wet��heathlands��(� 13.4%;��
� 0.69��km2��p.a.).��However,��there��was��minimal��loss��in��cover��
of��all�� three��woody��vegetation��types��(� 0.1%;��� 0.52��km2)��
when��grouped��together��from��1990��to��2020.��The��cover��of��
grasslands��was��variable,��with��a��marginal��loss��in��cover��over��
time�� (� 5.9%;��� 0.19��km2�� p.a.)��mostly��due��to��the��loss��of��
11.01��km2�� of��wet��grasslands��(� 23.3%;��� 0.37��km2�� p.a.).��
Furthermore,��the��cover��of��dry��grasslands��increased��by��1.2%��
of��the��study��area,��expanding��from��47.88��km2�� in��1990��to��
53.25��km2�� in�� 2020��(+11.2%;��+0.18��km2�� p.a.).��Areas��of��
sparse��vegetation��cover��(fell � eld��screelands)��including��screes,��
granitic�� boulder�� � elds��and�� feldmark�� communities�� were��
in��decline��from��7.97��km2�� in��1990��to��6.90��km2�� in��2000��
(� 13.4%;��� 0.11��km2�� p.a.)��and��then��rate��of��loss��slowed,��
with�� 6.72��km2�� present��in��2010��(� 2.6%;��� 0.02��km2�� p.a.).��
However,�� the�� cover�� of�� fell � eld�� screelands��more�� than��
doubled��to��13.82��km2��in��2020.��

Burnt vegetation cover dynamics

The��study��area��experienced��two��wild � res��between��1990��and��
2020,��with��large��tracts��of��alpine��vegetation��burnt��in��2003��and��
a��smaller��area��burnt��in��2020��(0.2%;��0.90��km2).��In��2003,��58.9%��
of��the��study��area��burnt��(267.83��km2)��as��the��wild � re��travelled��
up��the��steep��western��escarpment��and��across��the��relatively��� at��
and��low-elevation��northern��plateau��(see��Fig.��1).��Based��on��the��
vegetation��types��present��in��2000,��mostly��woody��vegetation��
was��burnt��in��2003��including��130.31��km2��of��wet��heathlands,��
65.84��km2��of��subalpine��woodlands��and��65.63��km2��of��dry��
heathlands,��with��only��6.05��km2��of��grasslands��impacted��(Fig.��5,��
Table��S6).��Although�� the��cover��of��woody��vegetation��had��
increased��by��22.52��km2�� (+9.4%;��+2.25��km2�� p.a.)��in�� the��
decade��to��2000,��after��the��wild � re��there��was��a��considerable��
reduction�� in�� the��cover��of��subalpine��woodlands��(� 62.0%;��
� 40.83��km2)��over��the��following�� decade��to��2010.��Similarly,��
there�� was��a�� reduction�� in�� the�� cover��of�� wet�� heathlands��
(� 12.2%)��in��the��decade��to��2010.��However,��there��was��an��
increase��in��dry��heathlands��by��20.39��km2��(+31.1%)��as��well��
as��considerable��expansions��of��wet��grasslands��by��27.31��km2��
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Fig. 3. Climaticdynamicsfrom 1900to 2020in thestudyareafor (a) meanannualtemperature(°C), (b) seasonalprecipitation(mm)and
(c) log-transformedsnowcover (metre days).Asterisksdenotesigni� cantregressions(*P��� 0.05;**P��� 0.01;***P��� 0.001).

(+566.6%)��and��dry��grasslands��by��8.29��km2��(+674.0%).��In��
2020,��the��cover��of��subalpine��woodlands��had��increased��consid-
erably��from��2010��by��66.95��km2��(+227.7%)��with��losses��mostly��
from��wet��heathlands��by��41.09��km2��and��dry��heathlands��by��
26.47��km2.��Similarly,��the��cover��of��dry��grasslands��increased��
by��5.89��km2��(+61.9%)��from��2010��to��2020,��mostly��through��
the��loss��of��5.93��km2��of��dry��heathlands;��and��13.87��km2��of��
wet��grasslands��transitioned��to��wet��heathlands.��Overall,��when��
comparing��vegetation��types��in��2000��(3��years��pre-wild � re)��and��
in��2020,��those��vegetation��types��that��have��increased��in��cover��
include�� subalpine��woodlands��(+39.7%;��+1.31��km2�� p.a.),��
wet��grasslands��(+410.4%;��+0.99��km2��p.a.),��dry��grasslands��
(+1152.9%;�� +0.71�� km2�� p.a.)�� and�� fell � eld�� screelands��
(+0.11�� km2�� p.a.).��However,�� vegetation�� types��that�� have��
decreased��in�� cover��after��burning�� include��wet��heathlands��
(� 31.5%;��� 2.05��km2�� p.a.)��and��dry�� heathlands��(� 33.2%;��
� 1.09��km2��p.a.).��

Unburnt vegetation cover dynamics

Of��the��41.1%��of��the��study��area��that��remained��unburnt��in��2003,��
most��of�� this�� area��is�� centred��around�� the�� high-elevation��
southern��plateau��(Fig.��6).��Based��on��the��vegetation��types��
present��in��2000,��this��unburnt��area��contained��the��majority��

of�� dry�� heathlands�� (52.4%;�� 72.14�� km2),�� dry�� grasslands��
(95.2%;��26.63��km2),��wet��grasslands��(71.3%;��12.00��km2)��
and�� fell � eld�� screelands��(100.0%;�� 6.90�� km2).�� Similar�� to��
burnt��areas,��the��cover��of��woody��vegetation��had��increased��
between��1990��and��2000��by��31.64��km2,��but��at��1.4��times��the��
rate�� (+28.6%;�� +3.16�� km2�� p.a.)�� (Table�� S6).��During�� the��
decade��to��2000,��woody��encroachment��was��largely��driven��
by��an��increase��in��wet��heathlands��(+48.9%;��+1.76��km2��p.a.)��
with�� smaller��increases��in�� subalpine��woodlands��(+44.0%;��
+0.50��km2�� p.a.)��and��dry��heathlands��(+14.3%;��+0.90��km2��

p.a.).��From�� 2000�� to�� 2010,�� vegetation�� composition�� was��
relatively�� stable�� but�� there�� was�� a�� slight�� expansion�� of��
grasslands��(+21.1%;�� 0.77�� km2�� p.a.)�� and�� a�� subsequent��
reduction�� in��woody��vegetation��(� 4.2%;��� 0.59��km2�� p.a.).��
However,��considerable��di � erences��emerge��when��comparing��
vegetation��dynamics��in��burnt��and��unburnt��areas��between��
2000��and��2020.��The��cover��of��subalpine��woodlands��increased��
by��14.57��km2�� (+88.7%;��+0.73��km2��p.a.)��in��unburnt��areas��
during��these��two��decades,��which��was��considerably��less��than��
the�� rate�� of�� change��observed��in�� burnt�� areas��(+39.7%;��
+1.31��km2�� p.a.).��Whereas��the��loss��of��dry��heathlands��was��
comparable��between��unburnt��(� 31.5%;��� 1.14��km2��p.a.)��and��
burnt��(� 33.2%;��� 1.09��km2)��areas,��the��loss��of��wet��heathlands��
in��unburnt��areas��(� 18.3%;��� 0.49��km2)��was��considerably��less��
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Fig. 4. DecadalvegetationdynamicsacrosstheKosciuszkoAlpineAreawith (a) thespatialdistributionof vegetationtypesand(b) the� ow
of areacoveredbyvegetationtypesthroughtime.Vegetationandlandcovertypesincludesubalpinewoodlands(SW),dry heathlands(DH),
wet heathlands(WH), dry grasslands(DG), wet grasslands(WG), fell� eld screelands(FS)androcky outcrops(RO).

than��the��rate��of��change��observed��in��burnt��areas��(� 31.5%;��
� 2.05��km2).��As��for��grasslands,��there��was��a��slight��loss��of��wet��
grasslands��in��unburnt�� areas��(� 2.4%;��� 0.01��km2)��but��dry��
grasslands��cover��expanded��by��13.2��km2��(+53.6%;��0.66��km2��

p.a.),��which�� is��less��than��the��rate��of��change��for��both��wet��
grasslands��(+410.4%;��+0.99��km2�� p.a.)��and��dry��grasslands��
(+1152.9%;��+0.71��km2��p.a.)��observed��in��burnt��areas.��

Vegetation zonation and dynamic s from 1990
to 2020

Vegetation��types��displayed��di� erences��in��the��extent��of��cover��
along��the��elevation��gradient��(Fig.��7).��Across��the��four��observed��
growing��seasons,��the��mean��elevation��weighted��by��area��for��
subalpine��woodlands��was��1781.8��m��a.s.l.��(Table��S7),��with��a��
consistent��decline��in��area��with�� increasing��elevation.��Above��
subalpine��woodlands,��there��were��less��consistent��elevation��

to��area��relationships��aside��from��wet��vegetation��types��covering��
lower��elevations,��including��wet��heathlands��at��1819.5��m��a.s.l��
and��wet��grasslands��at��1862.7��m��a.s.l.��Dry��vegetation��types��
covered��higher��elevations��with��dry��heathlands��at��1869.7��m��
a.s.l��and��dry��grasslands��at��2017.3��m��a.s.l.��The��vegetation��
type��with�� the��greatest��mean��elevation��weighted��by��area��
was��fell � eld��screelands��at��2037.1��m��a.s.l.��However,��there��
were��also��temporal��dynamics��in��the��area��occupied��by��each��
vegetation��type��throughout�� the��elevation��gradient��across��
the��study��area.��Although��the��mean��elevation��weighted��by��
area��for�� subalpine��woodlands��decreased��marginally�� from��
1782.1��m��in��1990��to��1779.6��m��in��2020��(� 0.1��m��p.a.),��largely��
due��to��densi� cation��via��increasing��cover��at��lower��elevations,��
there��was��evidence��of��treeline��advance��between��1990��and��
2000��(+0.4��m��p.a.).��There��is��also��evidence��of��shrubline��
advance��through�� time�� across��the��study��area,��with�� mean��
elevation��weight��by��area��of��dry��heathlands��increasing��from��
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Fig. 5. Decadalvegetationdynamicsinburntareasof theKosciuszkoAlpineAreafrom the2003wild� re with (a) thespatialdistributionof
vegetationtypesand(b) the � ow of areacoveredby vegetationtypesthrough time. Vegetationandlandcovertypesincludesubalpine
woodlands(SW), dry heathlands(DH), wet heathlands(WH), dry grasslands(DG), wet grasslands(WG), fell� eld screelands(FS)and
rocky outcrops(RO).Burnt andunburntareasdetectedusingLandTrendr.

1851.5��m��in��1990��to��1885.0��m��in��2020��(+1.1��m��p.a.),��with��wet��
heathlands��also��increasing��by��0.4��m��p.a.��during��this��period.��
Contrastingly,��there��has��been��a��shift��in��the��mean��elevation��
weighted��by��area��of��dry��grasslands��(� 0.4��m��p.a.)��and��wet��
grasslands��(� 0.7��m��p.a.)��from��1990��to��2020.��

Burnt and unburnt vegetation zonation dynamics

Similar��to��varying��vegetation��cover��dynamics��in��burnt��and��
unburnt�� areas,��the��vegetation��zonation��dynamics��di � ered��
over��time��(Fig.��7;��Table��S6).��Based��on��the��vegetation��types��
present��in��2000��and��2020,��the��mean��elevation��weighted��by��
area��of��subalpine��woodlands��decreased��in��burnt�� (� 0.4��m��
p.a.)��and��unburnt�� (� 0.2��m��p.a.)��areas��through�� increasing��
cover��and��densi� cation��at��lower��elevations.��Dry��heathlands��
in��burnt��areas��have��advanced��through��the��elevation��gradient��
from��2000��to��2020��at��a��rate��of��0.2��m��p.a.,��whereas��this��advance��

has��been��much��faster��in��unburnt��areas��at��0.4��m��p.a.��during��the��
same��period.��However,��wet��heathlands��in��burnt��areas��have��
remained��relatively�� stable��from�� 2000��to��2020��(� 0.01��m��
p.a.)��while��advancing��in��unburnt��areas��(+0.2��m��p.a.).��As��for��
grassland��vegetation��types,��the��mean��elevation��weighted��by��
area��for��dry��grasslands��(+2.1��m��p.a.)��and��wet��grasslands��
(+5.9��m��p.a.)��increased��between��1990��and��2000.��However,��
there��has��been��a��consistent��decline�� in�� elevation�� of�� dry��
grasslands��(� 1.81��m��p.a.)��and��wet��grasslands��(� 1.2��m��p.a.)��
in��burnt�� areas��from��2000��to��2020��as��the��cover��of��these��
vegetation�� types��increased��at�� lower�� elevations��after�� the��
2003��wild � re. Similarly, fell � eld��screelands��advanced��upslope��
from��1990��to��2000��(+0.8��m��p.a.)��but��there��was��an��overall��
decline��between��1990��and��2020��(� 0.5��m��p.a.),��with��greater��
declines��in�� burnt�� areas��(� 2.3��m�� p.a.)�� in�� comparison��to��
unburnt��areas��(� 0.2��m��p.a.).��
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Fig. 6. Decadalvegetationdynamicsin areasof the KosciuszkoAlpineAreathat remainedunburntduringthe 2003wild� re with (a) the
spatialdistributionof vegetationtypesand(b) the � ow of areacoveredby vegetationtypesthroughtime.Vegetationandlandcovertypes
includesubalpinewoodlands(SW), dry heathlands(DH), wet heathlands(WH), dry grasslands(DG), wet grasslands(WG), fell� eld
screelands(FS)androcky outcrops(RO).Burnt andunburntareasdetectedusingLandTrendr.

Discussion

Linking past, present and future climate change

Rapidly�� increasing�� temperatures��have��been��reported�� in��
numerous��alpine��areas��around��the��world�� (Beniston��et��al.��
1997;��Hock��et��al.��2019),��and��are��often��compounded��by��
elevation��(Pepin��et��al.��2015).��Over��the��past��century,��the��
study��area��has��warmed��by��1.10°C,��which��is��in��line��with��the��
broader��climatic��warming��rate��in��south-eastern��Australia��of��
1.11°C��during��the��same��period��(Jones��et��al.��2009;��Wahren��
et��al.��2013;��Bureau��of��Meteorology��(BoM)��2022),��and��a��rate��
of�� 1.2°C�� in�� the�� Eastern��Italian�� Alps�� from�� 1836–2015��
(Kno� ach��et��al.��2021).��Subsequently,��there��has��been��a��rapid��
increase��in��soil��temperatures��in��the��study��area��over��the��past��
two��decades��(Verrall��et��al.��2021,��2023).��Soil��temperatures��are��
often��used��as��a��surrogate��for��the��microclimate��experienced��by��

alpine��plants��and��are��correlated��to��surface��air��temperatures.��
Similarly,�� rates��of��increasing��temperatures��have��also��been��
recorded��over��recent��decades��on��the��nearby��Bogong��High��
Plains��(Wahren��et��al.��2013).��The��current��rate��of��warming��
occurring��in��the��Australian��Alps��is��unprecedented��in��the��past��
2000��years,��with��temperatures��observed��from��1970��increasing��
2.6��times��faster��than��the��previous��fastest��rate��of��warming��
during��Medieval��Climate��Anomaly��(950–1400��AD)��(McGowan��
et��al. 2018).��This��warming��has��also��coincided��with��marked��
decline��in��snow��cover��since��1970,��which�� is��highlighted�� in��
the��snow��cover��records��presented��in��this��study,��to��the��lowest��
during�� the�� last��2000�� years��(McGowan��et��al. 2018).�� As��
temperatures��have��increased��and��snow��cover��has��subsequently��
declined,��growing��seasons��are��becoming��longer��in��the��study��
area��(Thompson��2016;��Thompson��and��Paull��2017).��Globally,��
similar��declines��in��the��snow��cover��have��also��been��widely��reported��
(Huss��et��al.��2017;��Notarnicola��2020),��with�� south-eastern��
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Fig. 7. Decadalvegetationtypecoverdynamicsof the KosciuszkoAlpineArea throughoutthe elevationgradient,andthe in� uenceof
wild� re on the spatiotemporalzonationof vegetationtypes.Areaof eachvegetationtypewasroundedto nearest10 m intervalto reduce
noiseandimprovecomprehensibility.

Australia��identi � ed��as��a��hotspot��(Li��et��al.��2018).��Although�� primarily�� driven��by��increasing��temperatures��and��declining��
snow��cover��is��known��to��be��highly��variable��in��the��Australian�� winter��precipitation,��with��higher��temperatures��accelerating��
Alps,��there��has��been��a��marked��decline��in��spring��snow��cover�� snow��melt��and��light��snowfall��events,��and��declining��winter��
(Nicholls��2005;��Bormann��et��al.��2012),��and��an��overall��decline�� precipitation��limiting��snow��accumulation��(Fiddes��et��al.��2015;��
in��years��with��above��average��snow��cover��since��2000��(Rasouli�� Pepler��et��al.��2015).��Snow��cover��is��also��related��to��� uctuations��
et��al.��2022).��The��recorded��decline��in��snow��cover��since��1954��is�� in�� pertinent�� large-scaled��climate�� drivers�� especially�� the��
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El�� Ni��̃�� Oscillation�� Southern��Annularno-Southern�� (ENSO),��
Mode�� (SAM)�� and�� Indian�� Ocean��Dipole�� (IOD),�� which��
considerably��in� uence��temperatures��and��precipitation�� in��
the��study��area��(Pepler��et��al.��2015;��Rasouli��et��al.��2022).��

In��addition��to��the��observed��climate��in��the��study��over��the��
past��century,��these��climatic��trends��are��projected��to��continue��
into��the��future��(IPCC��2022).��Similarly,��alpine��areas��in��the��
northern��hemisphere��are��projected��to��experience��comparable��
climatic�� changes��in�� coming��decades��(Engler��et��al.��2011;��
Ernakovich��et��al.��2014).��As��the��Australian�� Alps��contain��
relatively�� low-elevation�� alpine��areas��at��mid-latitudes�� and��
experience��a��mild,��maritime��mountain��climate,��they��are��likely��
to��be��among��the��most��sensitive��and��vulnerable��to��changes��in��
climate�� (Brown�� and��Mote�� 2009;�� Di�� Luca��et��al.�� 2018).��
Downscaled��climate�� models,��as��part�� of�� the�� New�� South��
Wales��and��Australian��Capital��Territory�� Regional��Climate��
Modelling��project��(NARCliM),��project��a��further��warming��of��
mean��annual��surface��temperatures��(~1.5 –2°C)��as��well�� as��
declining��winter�� (~15 –30��mm)��and��spring��(~45 –60��mm)��
precipitation�� in��the��Australian��Alps��by��2070��from��present��
day��levels��(1990–2009)��(Olson��et��al.��2016).��Concurrently,��
NARCliM�� modelling�� projects�� further�� increases��of�� mean��
annual��surface��temperatures��(~1.7 –2.1°C),��a��7%��decline��in��
annual��precipitation��and��a��further��decline��in��snow��cover��in��
the��Australian��Alps��by��15%��and��60%��by��2030��and��2070,��
respectively��(Di��Luca��et��al.��2018).��Most��of��these��projected��
changes��are��strongly��linked��to��a��strengthening��subtropical��
ridge��(Olson��et��al.��2016;��Di��Luca��et��al.��2018),��in��addition��to��
a��positive�� trend�� in�� SAM��under��high�� emission��scenarios,��
leading��to�� drier�� conditions�� in�� winter�� (Lim�� et��al.��2016).��
These��climatic��changes��are��in��line��with��global��patterns,��as��
snow,��glaciers��and��permafrost��are��expected��to��decline��in��
most��regions��throughout��the��21st��century��(Hock��et��al.��2019).��

Climate�� change��is�� also��likely�� to�� result�� in�� increasing��
frequency,��severity��and��magnitude��of��extreme��climatic��events��
such��as��heatwaves��and��dangerous��wild � re��weather��conditions��
(IPCC��2021).��The��warming��and��drying��trend��identi � ed��from��
1975��to��2009��in��the��Australian��Alps��has��led��to��considerable��
increases��in��the��forest��� re��danger��index��(Bradstock��et��al.��
2014;��Dowdy��2018),��and��wild � re��regimes��are��predicted��to��
intensify�� in��coming��decades��(Clarke��and��Evans��2019).��An��
increase��in�� the��frequency��of��pyrocumulonimbus��wild � res��
within�� the��mountainous��areas��of��south-eastern��Australia��is��
also��expected��as��the��climate��continues��to��change��(Di��Virgilio��
et��al.��2019),��further��increasing��the��risk��of��wild � res��within��the��
Australian��Alps.��As��winter�� and��spring��precipitation,�� and��
consequently,��snow��cover��declines��and��the��growing��seasons��
lengthen��with��warming��temperatures,��there��is��a��clear��trend��
toward��increasing��vegetation��� ammability��and��increasingly��
dangerous��wild � re��conditions��during��spring��and��summer��in��
addition�� to��an��earlier��start��to��the��wild � re��season��in�� the��
Australian��Alps��(Clarke��et��al.��2013;��Dowdy��2018;��Zylstra��
2018).��

Climate- and �re-induced vegetation dynamics

Over��the��past��30��years,��it��is��evident��that��alpine��plants��are��on��
the��move��alongside��rapid��climatic��changes��that��are��occurring��
in�� the��study��area.��The��observed��dynamics��in�� cover��and��
zonation��of��vegetation��types��correlated��with��wild � re��impacts,��
particularly�� for�� the��alpine��treeline��ecotone,��with�� varying��
responses��when��comparing��burnt��and��unburnt��areas��from��
the��2003��wild � re.��As��the��risk��and��incidence��of��wild � re��in��
high-elevation��areas��have��increased��with�� climate��change,��
there��has��been��growing��interest��in��how��wild � re��may��impact��
alpine��treelines��globally��(Bader��et��al.��2008;��Stine��and��Butler��
2015;��Cansler��et��al.��2016;��Cansler��et��al.��2018;��Wang��et��al.��
2019),��and��in��Australia��(Green��2009;��Naccarella��et��al.��2020).��
In��the��study��area,��there��has��been��a��considerable��expansion��of��
subalpine��woodlands��over�� the�� study�� period�� with�� cover��
expanding��rapidly��in��burnt��areas.��Although��there��was��little��
change��in��the��zonation��of��the��treeline��in�� the��study��area,��
with��an��overall��decline��of��� 0.08��m��per��year,��a��single��wild � re��
has��apparently��caused��a��decline��in��the��treeline��by��a��factor��of��
7.5��when��compared��to��unburnt��treeline.��As��the��alpine��treeline��
ecotone��is��primarily�� governed��by��thermal��growth��limitation��
(Körner��2012),��it�� is��widely�� accepted��that��climate��change��
has��caused��the��observed��widespread��advance��in�� treelines��
globally��(Harsch��et��al.��2009;��Hansson��et��al.��2021).��However,��
treeline��dynamics��are��also��dependent��on��seedling��establish-
ment��and��microclimatic��factors��dictated��by��snow��cover,��as��well��
as��solar��and��wind��and��frost��exposure,��which��limit�� seedling��
survival��above��the��current��treeline��(Smith��et��al. 2009;��Harsch��
and�� Bader��2011;�� Hansson��et�� al.�� 2021).�� These��change��
dramatically��in��a��post-wild � re��landscape.��

In��the��Australian��Alps,��treeline��stasis��amidst��recent��climate��
change��has��been��attributed��to��the��lack��of��an��e�ective�� seed��
dispersal��mechanism��and�� low�� stature�� of�� the�� dominant��
E.��niphophila,��which�� relies��primary�� on��gravity�� and��less��
commonly��on��windblown�� branches��containing��viable��seed��
(Green��2009;��Green��and��Venn��2012;��Naccarella��et��al.��2020).��
In��contrast,��most��treelines��around��the��world��are��dominated��by��
wind�� dispersed��species��that�� permit�� the��establishment��of��
seedlings��above��the��current��treeline,��if��climatic��conditions��
permit��(Körner��2012).��However,��a��single��wild � re��seems��to��
promote��the��establishment��of��E.��niphophila��seedlings��at��or��
below�� the��treeline�� following�� the��removal��of��competition��
from�� understory��plants��and��loss��of��canopy��(Green��2009;��
Green��and��Venn��2012;��Naccarella��et��al.��2020).��Wild � res��
can��cause��an��abrupt�� change��in�� microclimatic�� conditions��
that��lead��to��accelerated��snowmelt��(Schwartz��et��al.��2020a,��
2021),��which��may��further��promote��seedling��establishment��
(Green��and��Venn��2012).��Although��the��2003��wild � re��caused��
the��widespread��loss��of��E.��niphophila��canopy,��over��95%��of��
trees��survived��and��resprouted��from��lignotubers��leading��to��
lower-growing�� trees��with�� a��mallee�� form�� (Pickering�� and��
Barry�� 2005).�� Ultimately,�� a�� single�� wild � re�� has��resulted��
in�� increasing��cover��of�� subalpine��woodlands��via�� densi� -
cation,�� as�� E.�� niphophila��established�� as�� the�� dominant��
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vegetation�� over�� smaller�� stature�� vegetation�� types,�� with��
grasslands��and��heathlands��cover��faster��to��recover��following��
wild � re��(Camac��et��al.��2013;��McDougall��et��al.��2015;��Camac��
et��al.��2017).��Wild� re��has��also��e� ectively��resulted��in�� the��
densi� cation��of��subalpine��woodlands��at��lower��elevations,��as��
E.��niphophila��regenerate��from�� lignotubers��to��form��mallee��
stands;��and��seedlings��germinate��at��higher��rates��following��
wild � re.��However��E.��niphophila��lacks��e� ective��dispersal��
mechanisms��to��establish��above��the��current��treeline,��even��if��
climatic,��abiotic��and��biotic�� conditions��are��favourable��in��a��
post-wild � re��landscape��(Green��and��Venn��2012).��

There��were��also��important�� dynamics��of��heathlands��and��
grasslands��in��burnt��areas.��Generally,��there��was��a��reduction��
in��cover��of��both��dry��and��wet��heathlands��in��areas��that��burnt��in��
2003.��Dry��heathlands��recovered��swiftly��following��wild � re��at��
lower��elevations,��as��heathlands��in��the��Australian��Alps��are��
resilient��to��infrequent��wild � re��(Camac��et��al.��2013;��McDougall��
et�� al.�� 2015),�� and�� it�� can�� promote�� increased�� seedling��
establishment��of��a��dominant��alpine��shrub��Grevillea��australis��
(Camac��et��al.��2017).�� Surprisingly,�� the��cover��of�� fell � eld��
screelands��increased��over��time,��but��this��may��be��attributed��
to��the��small��tracts��that��burnt��in��the��2020��wild � res��that��left��
soils��exposed.��Furthermore,�� increasing��cover��of�� fell � eld��
screelands��could��also��be��the��result��of��drought��impacts��on��
dry��grasslands��including��ampli � ed��senescence��and��dieback��
from��phytophagous��moth��larvae��(Scherrer��and��Pickering��2005;��
McDougall��et��al.��2018).��The��decline��of��wet��heathlands��may��be��
attributed��to��their��well-established��vulnerability�� to��wild � re,��
with��considerable��losses��of��important��and��de� ning��structural��
species��following��the��2003��wild � re,��as��underlying��peat��burnt��
down��to��mineral��soils��(McDougall��et��al.��2015).��However,��large��
tracts��of��heathlands��were��replaced��by��grasslands��in��burnt��
areas��at��higher��elevations��in�� the��study��area,��causing��the��
suppression��of��shrubline��advance��by��a��factor��of��approximately��
2.5��when��compared��to��unburnt��areas.��Following��the��2003��
wild � re,��dry��and��wet��grasslands��were��the��� rst��to��recover��in��
terms��of�� vegetative��cover��(McDougall��et��al.��2015),�� and��
were��dominated��by��competitive,��tussock-forming��graminoids.��
Concurrently,��the��relatively��high��� ammability��of��heathlands��
led��to��high��temperature��burns��and��subsequently,��recovered��
much��slower��than��surrounding��grasslands��(Williams��et��al.��
2006;��McDougall��et��al.��2015).��Similarly,�� in��high-elevation��
paramo��grasslands��of��South��America,��� re��has��been��shown��
to��suppress��shrub��advance��and��encroachment��(Matson��and��
Bart��2013;��Zomer��and��Ramsay��2021).��However,��most��research��
in�� the��Australian��Alps��suggests��the��encroachment��of��dry��
heathlands��on��grasslands��following�� wild � re��(Camac��et��al.��
2013,��2015,��2017),��but��these��studies��were��mostly��conducted��
at��lower��elevations��below��or��at��treeline��(~1750��m��a.s.l.)��and��
focus��on��less��than��a��decade��of��recovery.��Overall,��alpine��
vegetation��in��the��Australian��Alps��is��resilient��to��large,��infrequent��
wild � res��(Williams��et��al.��2008;��Kirkpatrick��and��Bridle��2013;��
Venn��et��al.��2016),��apart��from��cryophilic��periglacial��communities��
(Verrall��2018),��but��frequent��wild � res may � �lower this resilience � �
(Fairman��et��al. 2017;��Naccarella��et��al.��2020).��

In�� contrast,�� attribution�� of�� climate-induced�� dynamics��
without�� the��in� uence��of��wild � re��can��be��assessed��in�� the��
unburnt��areas.��Over��the��study��period,��there��was��an��increase��
in�� the��cover��subalpine��woodlands��by��0.65��km2�� per��year��
with�� treeline�� stasis.��As��the��climate�� warms��and��growing��
seasons��lengthen,��the��densi� cation��and��in-� lling�� processes��
at��the��alpine��treeline��ecotone��without��treeline��advancement��
have��been��widely��observed��across��the��world��(Shi��et��al.��2022).��
Globally,��climate��change��has��promoted��treeline��densi� cation��
via��increased��seed��germination,��seedling��establishment��and��
tree��growth��(Körner��2012;��Lett��and��Dorrepaal��2018).��In��the��
Australian��Alps,��there��is��some��evidence��of��treeline��densi� -
cation��in��unburnt��areas��(Green��2009;��Green��and��Venn��2012),��
with�� stands��not�� recruitment-limited�� as��there��are��several��
established��saplings��and��young��trees��relative��to��older��trees��
(Naccarella��et��al.��2020).��There��was��also��an��advance��of��the��
dry��shrubline��by��1.24��m��per��year��in��unburnt��areas��over��the��
study��period.��Although��increasing��shrub��cover��and��densi� -
cation��has��occurred��in��many��alpine��regions��around��the��world��
(Wilson��and��Nilsson��2009;��Brandt��et��al.��2013;��Myers-Smith��
et��al.��2015;��Verrall��et��al.��2021),��shrubline��advance��has��also��
been�� recorded�� in�� the�� northern�� hemisphere�� (Hallinger��
et��al.��2010;��Dial��et��al.��2016;��Myers-Smith��and��Hik��2018;��
Wang��et��al.��2021).��Overall,��the��expansion��of��woody��vegetation��
types��in��unburnt��areas��ultimately��occurred��as��they��encroached��
on��dry��and��wet��grasslands.��A��study��of��aerial��photography��
of��similar�� vegetation��in��Victoria��between��1936��and��1980��
also��found��an��increase��in��the��cover��of��woody��vegetation��types��
and��subsequent��decline��in�� grasslands��(McDougall��2003),��
which��aligns��with�� the��more��recent��dynamics��in��this��study��
area.��Furthermore,��the��phenomena��of��woody��encroachment��
and��increasing��competition��from��thermophilic��growth��forms��
occurring��in��the��study��area��are��in��line��with��climate-induced��
responses��of��alpine��vegetation��in��the��northern��hemisphere��
(Erschbamer��et��al.��2011;��Lamprecht��et��al.��2018;��Scharnagl��
et��al.�� 2019;�� Malfasi�� and��Cannone��2020).�� While�� alpine��
plants��are��on��the��move��in��response��to��climate��change��in��the��
Australian��Alps��(Verrall��et��al.��2021;��Auld��et��al.��2022),��there��
may��be��dispersal��lags��and��growing��extinction��debt��for��long-
lived��perennials��that��are��unlikely��to��keep��pace��with��the��rapid��
rate��of��warming��(Alexander��et��al.��2018;��Zimmer��et��al.��2018).��

Implications, bene�ts, limitations and futur e
research

Globally,��climate��change��has��resulted��in��increasing��vegetation��
biomass��in��alpine��areas��via��densi� cation��of��treelines��and��
woody�� encroachment��of�� grasslands.��These��responses��in��
vegetation��are��a��re� ection��of��rising��temperatures,��declining��
snow��cover��and��increased��precipitation��variability.��The��combi-
nation��of��these��changing��biotic��and��abiotic��factors��(especially��
decreasing��winter��rainfall��and��increasing��spring��temperatures)��
ultimately��results��in��more��severe��wild � re��weather��conditions��
and��increased��landscape��� ammability�� (Zylstra��2013,��2018),��
which��has��considerable��implications�� in��the��Australian��Alps��
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and��other�� � re-prone��high-elevation��areas��as��wild � re��may��
become��a��more��frequent��and��in� uential�� agent��of��change��
(Hock��et��al. 2019;��Thomas��et��al.��2022).��Before��2003,��the��last��
landscape-level��wild � re��in��the��study��area��occurred��64��years��
prior��in��1939��where��~34%��of��the��study��area��burnt,��in��addition��
to��a��smaller��tract��(~4%��of��study��area)��of��the��western��escarp-
ment��burning��in��1973��(Williams��et��al. 2008;��NSW��Government��
2022).��However,��there��was��potential�� for�� the��2020��black��
summer��wild � res��to�� cause��widespread��burning�� of�� alpine��
vegetation��in�� the��Australian��Alps,��shortening��the��interval��
between��severe��widespread��burns��to��just��17��years��following��
the��2003��wild � res.��Furthermore,��global��warming�� has��the��
potential��to��strengthen��positive��feedback��loops��between��wild � re��
and��woody��encroachment��(Camac��et��al.��2017).��Post-wild� re��
landscapes��have��been��shown��to��alter��microclimate��by��ampli-
fying��soil��and��vegetation��temperatures,��leading��to��accelerated��
snowmelt,��runo��� and��erosion��(Schwartz��et��al.��2020a,��2021),��
which��is��likely��to��impact��the��establishment��and��recovery��of��
alpine��vegetation��following��wild � re��into��the��future.��Altered��
hydrology�� in�� alpine�� catchments�� because��of�� increasing��
frequency,��severity��and��magnitude��of��wild � res��may��have��
considerable��ecological��and��socio-economic��consequences��
as��climate��trends��continue��(Gallucci��et��al.��2011;��IPCC��2021).��
Increasing�� dangerous�� wild � re�� weather�� conditions�� and��
the��� ammability�� of��alpine��ecosystem��vegetation��poses��an��
immediate��threat��to��cryophilic��and��periglacial��communities��
and��species��that��are��vulnerable��to��wild � re��(Venn��et��al.��2017;��
Verrall��2018),��but��increases��in��the��frequency��and��intensity��of��
wild � re��regimes��may��result��in��changes��in��the��resilience��of��
previously-thought��� re-tolerant��vegetation��leading��to��ecosystem��
transition�� or��collapse��(Fairman��et��al.��2017;��Lindenmayer��
and��Taylor��2020;��Naccarella��et��al.��2020).��

Limitations��of��this��study��include��that��analysis��were��focused��
on��broad��vegetation��types��and��not��the��composite��individual��
species,��which��can��vary��in��their��life��history��traits��and��responses��
to�� changes��in�� climate�� conditions�� and�� wild � re�� regimes��
(McDougall��et��al.��2015).��Although��this��study��used��the��most��
sophisticated��climate��products��available��for��this��study��area,��
the�� establishment��and��maintenance��of�� multiple�� weather��
stations��and��snow��courses��in��Australia’s��largest��alpine��area��
is��vitally�� important��to��understanding��the��impacts��of��climate��
change��into��the��future��(Fiddes��et��al.��2015).��This��study��was��
the��� rst��to��use��remotely��sensed��times��series��data��to��study��
alpine��vegetation��dynamics��in��Australia��and��high��classi� -
cation��accuracy��was��achieved.��Future��research��would��bene� t��
from��complementary��� eld��data��measurements,��not��withstanding��
the��logistical��di � culties��this��presents.��Furthermore,��the��30-
year�� period�� where�� vegetation�� dynamics�� were�� assessed��
spanned��considerable��year-to-year��and��decadal��variability�� in��
climatic�� conditions��including�� drought��preceding��the��2003��
wild � re.��Thus,��further��research��is��needed��on��the��impacts��of��this��
intra-decadal��climatic�� variability�� on��vegetation��dynamics.��
More�� detailed�� studies��are��also��warranted�� on�� subalpine��
woodland��mortality�� and��establishment��through�� surveying��
burnt��and��unburnt��alpine��areas��along��with�� comparisons��of��

soil�� seedbanks��and��soil�� properties�� (Pickering�� and��Barry��
2005;��Naccarella��et��al.��2020).��Given��the��rapid��rate��of��change,��
there��is��a��need��for��continued��monitoring��of��shifts��in��the��extent,��
density��and��zonation��of��the��major��alpine��vegetation��types��in��
Australia.��

Conclusion

Examining��recent��changes��in��temperature,��precipitation,��and��
snow��cover��over��the��past��century��in��conjunction��with��climate-
induced��alpine��vegetation��dynamics��that��were��modelled��using��
optimised��random��forest��classi� cation��of��Landsat��time��series,��
provided��novel��insights��into��how��the��major��vegetation��types��
in��the��highest��and��most��diverse��alpine��area��in��Australia��are��
responding�� to�� climate�� change.��Furthermore,�� this�� study��
applied��a��robust��and��cost-e� ective��methodology��that��makes��
use��of��widely��available��remotely��sensed��and��ancillary��data,��
which��could��be��readily��applied��to��monitor��similar��climate-
induced��changes��in��other��alpine��areas��globally�� including��
trends��in��treeline��densi� cation,��woody��encroachment��and��
advancement.��Alpine��ecosystems��are��particularly��sensitive��to��
warming�� temperatures,��varying��precipitation�� regimes��and��
declining��snow��cover,��demonstrating��relatively��incremental��
vegetation��responses��in��addition��to��transformative��changes��
that��occur��after��large��� re-type��disturbance��events.��The��interac-
tion��and��feedbacks��between��climate��change,��densi� cation��
woody�� encroachment,��and�� landscape��� ammability�� may��
present��as��a��crucial��aspect��in��understanding��the��responses��
of��alpine��vegetation��globally��to��climate��change.��

Supplementary material

Supplementary��material��is��available��online.��
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