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Abstract

Measuring and predicting the response of plant comimesiitecological disturbances require
characterising community dynamics over multiple timescales, both before and after
disturbance eventyVith global climate chage, fire regimes are expected to increase in some
regions, including parts of New Zealand. These increases are predicted to be particularly
impactful in ecosystems in regions with historically low fire frequencies, such as montane plant
communitesin NewZeal andds South I sland. Species fun
those represented by growth form and biostatus, can influence the ecological effects of fire and
are likely to influence rates of recovery of individual plants and gammunitesafter fire.

Thus, flammability at the plant community level can be estimated using plant community
composition, plant traits and experimental measurements of plant shoot flammhbitliig.

thesis | measured plant community structure and trait viamabdf plants within South Island
montane plantommunites that had been impacted by wildfires over a rangsitefs and
timescalesThis research showed that most plantth@secommunitescan survive wildfires

and that most aspects of plant community structure recover rapidly, in less than 15 months after
fire. However, longeterm data from permanent monitoring plots showed that historical fires
have a lasting signature on plant commuieynposition. In addition, plants with different
biostatus (native or exotic) and growth forms (forbs, graminoid, or woody) showed different
responses to fire. These lerand shorterm dynamics in plant community structure result in
dynamics in estimatepglant community flammability that primarily reflects changes in key

pl ant traits and speciesd relative abundanc
flammability and plant traits, including leaf nutrient concentrations, show phylogenetic
patternssuggesting both ecological and evolutionary processedsirive plant flammability,

and therefore influence community flammability. This study highlights the need for ongoing
future traitbased fire ecology research iremontane plantommunitesbecaise, although

native plants were not disproportionately impacted by these instances of wildfires compared to
exotics, longterm data show that repeated fires are likely to alter community structure over

longer timescales.
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Chapter 1 General introduction

1.1 Fire and climate change

Fire is an ecological disturbance that has shaped ecosystems and biodiversity through both
ecological and evolutionary procesgBsewmanet al.,202Q He et al., 2019; McLauchlan et

al., 202Q Pausas & Ribeiro, 2017Due to global climate change effects, such as chlsnge
temperature, precipitation, and vapour pressure defitE ar t hés f i re r egi me
changing and there are now extremely large fires occurring on a regular baaisyiparts of

the world(Bowmanet al.,202Q Duane et al., 2021, Grillakis et al., 2022hese wildfires are
anticipated to increase further in wildfire size, frequency, and severity far beyond historical
norms (Clarke et al., 2011; Duane et al., 2Q&in et al., 2022; Wu et al., 2021). Through
ecological and evolutionary drivers, these increases are highly likely to cause changes in plant
communitiegylobally (Gallagher et al., 2022; Nolan et ab22 Triepke et al., 2019).

1.2 Response of plantommunitiesto fire

Over time, plant species adapt to ecological disturbance regimes through their recovery
response(Le Breton et al., 2020). So, predicting community responses to various
environmental factors related to disturbance must be conducteddnyraing for plant species
adaptations, or traits. Ecological research has increasingly focused on identifying how
ecosystems respond to wildfire disturbances by measuring plant community structure
(Abrahamson et al., 2021; Gallagher et al., 2022; Sprigige.,2022 Steel et al., 2021Rlant
community structure refers to plant species composition, richness, relative abundances, trait
composition and diversity. Dynamics in these community structure variables over time can
provide simple summaries of @xystem chang@Abella et al.,2021;, Avolio et al., 2019
Matthews et al., 2013Jire can impactommunityby causing change in species composition
speciesd6 relative abundan qKnsball eteah 8018 Motamet a s e s
al., 2021;Paudel et al.2022. However, plantommunitywill recover after fire whereby
composition, relative abundances and richness may return to théireprendition(Abella et

al.,, 2021; Knox & Clarke, 2012)f plants in the community are resilient fice, they will

recover rapidly; however, if they are sensitive to fire and/ or source populations are altered, the
compositional trajectory will not return to the prior state and species can be permanently lost
or gained over time, thus forming a novel type@mmunity(Abella et al., 2021; Lamothe et

al., 2019)



Measuring preand postfire community patterns at different time scales is vital for
understanding these patterns in plant community dynamics and resilience (Abrahamson et al.,
2021; Arnoldi et al., 2018; Bagchi et al., 20Bgwd et al.,2021 Dickinsonet al., 1992). In
particular, the spatial and temporal scales offppee(background) community dynamics can
determine the detectability of changes induced by fire. Comparingupdepostfire dynamics
for the same location or in similar environments| ywilovide reliable conclusions on the
response of a community to fire (Arnoldi et al., 2018; Steel et al., 2021). Such understandings
are essential to inform biodiversity conservation and ecosystem management, particularly
where fire regimes are shiftingérry et al., 2014; Tolhurst, 2012). Repeated measurements of
community structure before and after fire can be used to predict successional temporal changes

of plant community in any ecosyste®oid et al., 2021; Springer et al., 2022).

Investigating chages in plant community dynamics in relation to biostatus (exotic or
native) and growth forms can inform on how they will respond to fire, such as which groups
of plants may prevail over tim@owd et al., 2021; Lentile et al2007). This is because plant
species from different biogtas and growth forms are affected differently by the (@®ndini
et al., 1989; Miller et al., 202@nd their recovery after fire varies (Rodhouse et al., 2020;
Watson et al., 2021). Some growth forms can survive or redovarfire better than others.

For instance, grass cover increased following fire in steppe community structure in a study in
dry steppe of Kazakhstan (Freitag et al., 2021), which is a typatgérnof grassland and
savannah ecosystems that have evoluedker a regular fire regime showing that grasses are
adapted to recover after fire (Bruckerhoff et al., 2020; Pausas & Paula, 2020; Simpson et al.,
2022). Furthermore, slow growing plants and small forbs that artofereant can cause fires

to be lessritense and whereommunitiesare dominated by such species, they can recover
rapidly (Ladwig et al., 2018)In contrast,fire intolerant plants thagrow from large
underground partshey aremoreimpactedby fire and communities dominated by such species
can take time to recover to piiee condition(Cruz et al, 2003) Thus, postfire temporal
patterns in community structure are the consequence of differential survival of growth forms
after fire (Zomer & Rarsay, 2021).

Biostatus has been a key ecological variable of interest in fire ecology research;
invasive exotic species have previously been shown within floras to possess a suite of traits
related to oOweediness?o, i . &ter disturbare¢Dasatpal., d s e gt
2019; Mol i nar i & Exd@i® plant speciesocan oftieh 2eggver following



disturbance and can outcompete native perennials irfippgnvironmentgBalshor et al.,

2017 Wainwright et al.2012. For instance, atsdy in a sagebush steppe community in the
USA found that exotic grasses increased in response to burn severity while native species did
not show any trend, suggesting that exotic species can recover rapidly following fire in that
system (Rodhouse et a@020). However, the response of exotic species to disturbance varies
depending upon the structure of the native community and the local ecological conditions
(D6Antonio et al ., 2000; G e.dluk, stlidieseon firathat |, 20 .
se=k to understand responses of plants of different biostatus should consider the context of the

invasion.

1.3 Plant traits and fire

Fire can affect ecosystems both positively and negatively. Some ecosystems demonstrate
positive feedback where plants are adapterapidly recover and grow following fif¥/ila et

al., 2001) e.g., savannahs and Mediterranean shrubléRamam et al., 2011; Staver et al.,
2011) Some ecosystems show negative feedback where fire temporarily reduces fuel loads and
decreases the fantial for repeated burning for a period of years to some decades, e.g., boreal
forests and several temperate coniferous for@xsks et al., 2015Plants can impact fire
behaviour via their traits (Prior et al., 2017). For example, grasses proedeidin and this
promotes fire spread in grasslands, while forbs with less fine fuels and higher moisture content
can suppress fir€Simpson et al., 2022; Wragg et al., 2Q18pme plants possess traits that
make them either resistant or tolerant to feg., thick leaves with high moisture content or

thin, dry leaves and low meristems that resprout rapidly after fire. Thus, different plants that

are either more or less flammable caregest in fireprone ecosysten{8ond& Scott, 2010)

Depending on thir traits, when plants are perturbed, their recovery rate may vary
(Cardoso et al., 2018; Clarke et al., 2013; Simpson et al.,; Zdtpson et al.2022); this
variation can be related to either morphological traits, fuel loads, moisture content of leaf and
shoot tissues, plant architecture, and/ or leaf nutrient cor(oigd et al.,.2021; Krix et al.,

2019; Landesmann et al., 202PJants havindhigh specific leaf area, moisture content and
low dead material retention decrease plant shoot flammability (Alam et al., 2020; Wyse et al.,
2016). Thus, the prediction is that, if there are many plants with these traits in a community, it
would burn lesseadily thancommunitywith different trait compositiorfPadullés Cubino et

al., 2018. In contrastcommunitywith many relatively more flammable plants burn readily,



and may be more resilient to fire disturbariBend & Midgley, 1995; Schertzer & Staver,
2018)

Thus, the structure of thexistingcommunityin the landscape determsine size and
severity of fire{Estes et al2017 Viedma et al., 2020With increasing fire regimeshanging
land-use types and biological invasions, montane envirorsnantecosystem type with novel
diversity, are becoming more susceptible to increasing (ie8reton et al.2022 Nolan et
al.,2022.

1.4 Fire and flammability in the indigenous grasslands and suhblpine

ecosystems of New Zeal andds South I sl a

New Zealad has aunique range of vegetation and animal life, which developed as a
consequence of both in situ evolutionand long st ance di spersal event
prolonged isolation for abo@®0 million years from the rest of worl@Gibbs, 2006; Leet al.,

2001; McGlone et al.,, 2001; Mulkoblies, 1995) It is estimated that before human
settlement ~800 years ago, dense, evergreen forests covered around 90% of the country, except
wetlands and grasslands above tree line and in low elevation ateasttll not support forests
(McGlone, 2001; Perry et al., 2014However, with human settlement, extensive
anthropogenic fires occurred, after which grasslands become more widespread in montane and
lowland areagMcWethy et al., 2013; Perry et al., 2014hus, even though grasslands are
widespread as a result of fires in New Zealand, them®munitieshave evolved in
environments with low fire frequen€McGlone, 2001; Perry et al., 2014ussockdominated
(representdothtall tussocksdominated byChionochloaspp.and shortussoclk; dominated

by Poa spp., and Festucaspp) montane grasslands are now one of the most extensive
vegetation types in New Zealand and, by definition, are dominated by graminoid species
(Mark, 1969 Mark et al.,201Q O6 Connorl968 Wadle 199 nThese native
grasslands are under risk from invasion by exotic trees, sfiuias& Ohlemdiller, 2018and
forbs(Day & Buckley,2013 Mark et al. 2010, particularlyas invasive forb species can easily
establish in new environments with limited resour@#ark et al.,2010.

Numerous studies have been conducted onfpestegetation in tussoetominated
montane grasslands and salpine areas before the 20q@dlen & Partridge, 1988Calder et
al., 1992 Calder & Wardle 1969 Cockayne 1898 Cockayne & Calder]932 Gitay et al.,
1992; Gitay & Wilson 1995 Leeet al., 1993; Markl 994 Payton et al., 1986; Payton & Mark,



1979;Rogers& Leathwick, 1994; Yeates & l&s 1997) Most of these studies were focussed

on plant biomass and tiller regeneratioiCbionochloaspecies after prescribed burning. Some
were conducted in wildfire areas, but measurements were done many years after the fire. For
example, at one site getation plots were set up 35 years after (Barge et al.,202Q
Cockayne & Calder1932.

After 2000, a few studies have investigated plant species recovery and succession in
postfire in tussockdominated grasslang&logoski, 2017; Payton & Pear@909, subalpine
areaqArnst et al., 2020; Burge et a2020, peatland¢Johnson2001) and forest ecosystems
(Christensen, 2022; Kitzberger et al., 2016; Richardson et al., 2018; Teixeira et al., 2020)
Some studies have been conducted relating ¢oaiid weather conditior{®retorius et al.,
2020;Simpson et al.,2014), flammability and plant traitéAlam et al.,202Q Cui et al.,2020Q
Cui, Paterson, Wyse, et al., 2020; Mason ef8ll,g Pausas et al., 2012; Wyse et 2016.

A few studies have investigated pattern of community flammability in tussocknated

montane grasslan@adullés Cubino et aR018 and forest ecosystenfisord et al., 2022)

In tussockdominated montane grasslands, species such&snochloaspp. are
believed to be firadapted specig®ayton & Pearce, 2009; Perry et al., 20Fgyton and
Pearce(2009) found thatrecoveryof tall tussock in postfire was determinedby pre-fire
moistureconditions in two different seasons (spring and sumr@ogoski(2017) found that
exotic grasses and herbaceous west®vered better than native vegetationpostfire
vegetation recoveryln peatlands, lowgrowing species (forbs and grasses) peaked in
abundance 122 months posfire but in successional recovery they declined and woody
species becamgominant (Johnson, 2001 low-productivity subalpine ecosyems, plant
communityhas bentaking longer time to converge to giiee conditions (Arnst et al., 2020;
Burge et al., 2020)n forest ecosystenthe recovery of woodgpecies were slower than exotic
grasse$Richardson et al., 2018Yost of the smaller trees and shruésovereé by resprouting
and these were related to species composition and aburtdddinesite that caresult in similar
responses in posire (Teixeira et al., 2020)[helocal weatheand environmentatonditions
for instancean increase in hot, dry and nvdy foenand slopencreased fire frequency and
severity (Pretorius et al.,, 2020; Simpson, et al., 20fl#gse are further associated with
availability of fuel and flammablplant that can increadmirn. For examplegssociated plant
traits such as retdion of dead material, low moisture content and low spe&fat area

accounted for the high flammability mfvasive specieBNyse et al., 20160ther studies (eg.



Alam et al., 2020; Cui et al., 2020; Mason et al., 2018)e showrthatplantmorphologcal
and chemical traits play an important raleplant flammability. These pecies traitvariation

in communitycaninfluenceflammability at community leve-or examplePadullés Cubino

et al. (2018) found that community flammability was declimetissockdominated montane
grasslands due to increase in invasores.However, here are no studies where paad post

fire data are used to assess temporal changes in aatyrstiucture Determining trajectories

of postfire community by comparing with prdéire community structureare important to
determine futureommunitypathways Testing the plant community pattern and comparison
between preand posfire community stuctures, in particular in natural fires are rare around
the world(Bowd et al., 2021; Lipoma et aR016.

1.5 Thesis aims, and objectives

This thesis broadly aimed to evaluate plant community structure and plant traits that influence
fire and are influencebly fire in montane environmenits predicted fireprone ecosystenihe

specific objectives of this study wee t

1) quantify and understand shaerm community dynamics after wildfires in tusseck
dominated areas of montane grasslands at two sitédseirsouth Island of New Zealand
(Chapter 2);

2) test for community resilience by comparing-faned posffire plant community structure
in tussockdominated areas of montane grasslands at one site in the South Island of New
ZealandChapter 3);

3) quantifychange in community flammability over nine decades of-fimstvegetation
change in multiple vegetation types in montane areas in the South Island of New Zealand
(Chapter 4); and

4) understand relationships among flammability, leaf nutrients and morpball plant

traits in montane areas of the South Island of New Zealand (Chapter 5).

Recently, large wildfires in New Zealand have affected several sites in tussock
dominated grasslands in the South Island montane environment (Fire and Emergency New
Zealar, 2020, 2021). In the face of this increasing wildfire activity in Aotearoa New Zealand
using repeated measurement datasets of over two and half years after wildfire, Chapter two

guantifies the shotterm response of community structure to wildfire ai thfferent locations.



Community structure was compared over time for areas with three different fire histories of
which some were burnt twice, and some were burnt once. Patterns were compared for species
of different biostatus (native and exotic speciasyl growth form (forbs, graminoids and

woody).

Using a dataset that incorporated ldgegm prefire measurements with shdaerm post
fire measurements, Chapter three tested for community resilience in tuksooiated
montane grassland after a recentdfiie. Pre and posffire community structur® were
compared, and patterns were assessed for species of different biostatus (native and exotics) and
growth form (forbs, graminoids and woody). Field measurements of plants that survived the
wildfire were ugd to assess patterns for species with different regeneration traits (clonality and

meristem position).

Chapter four used experimental shoot burning to estimate community flammability for
different plant community types measured over nine decades inf dhe oldest permanent
vegetation monitoring plots in the world. Phylogenetic patterns and relationships between
morphological traits and plant flammability were assessed. Chapter five used the same plots,
flammability measurements and plant morphologit tlata to test the relationships among

flammability, morphology and leaf nutrient contents.



Chapter 2 Short-term recovery of plant communitiesafter

wildfires in montane grasslands

2.1 Introduction

Disturbance regimes around the world, such as fire, are changing beyond historical norms
due to climate change, with fire regimes shifting due to changes in ignition patterns, fuel
continuity, drought and fire weath@Zollins et al., 2022; Pausas & Keel@p21; Sage,

2020) Changes in fire regimes can impact plant community structure and recovery,
sometimes causing widespread shifts or losses of dominant s(ializer et al., 2021;

Nolan et al., 2021)Species common in the initial period after fira giave good indications

of future community structure in foregBay et al., 2017; Johnstone et al., 2020; Turner et

al., 2016)and grassland&Zomer & Ramsay, 2021Repeated measurements of plant
communityin the initial stages after fire can thereféaeilitate understanding of future
vegetation dynamics by capturing immediate responses such as plant survivability, recovery,

and changes in community structure, however, few studies have done this.

Plants can recover from fire by two responses: surgitinresprout or germinating
from seed eithefrom on-site seed banks sporesdispersed from unburnt are@ond et al,
2004 Bond & Midgley, 2003; Day et al., 2020; Nolan et al., 202A) an individual level,
plants need time to build up reservessiiouctures to regrow after fire (such as rhizomes, tillers)
and/ or time to reach reproductive maturity. If fires become too frequent outside of historical
norms and beyond ecological tolerances of the species, then this compromises the ability of
plantsb r ecover , i . dEnrghtétaln20k)hisadn casisg draratc ehdnges
in plant community structure and even declines in dominant sp@adtzer et al., 2021; Le
Breton et al.2022. For example, one study showed that excluding fi@m cerrado savannah
in Brazil led to increased woody species coyeodrigues & Fidelis, 2022)Moreover,
community composition was different from areas that had burnt annually or biennially in the
six years prior. Such impacts on community structun@eu different fire frequencies may be
detectable for many decades and potentially through multiple fire cycles and may impact initial

patterns of recovery in planommunitiesafter fire.

Species with different growth forms and biostatus (egatic, or native origin) can
differ in how they are impacted by fire and, therefore, their recdvddy® Ant oni o & Vi t



1992 Day et al., 2020)Growth forms with meristems close to the ground are probably less
likely to be damaged by fire, particularly fasbving surface fires, so they may survive and
rapidly recover following fire. For instance, grasses and forbs have low meristems and they
can rapidly recover posire from basal buds but slowgrowing woody plants with higher
meristemsaremore susceptibléo mortality or at least take longer to reco(®ellingham &
Sparrow, 2000; Kraaij et al., 2017; Pekin et al., 200#)ile over decadal time periods grassy
ecosystems can become dominated by woody speclesabsence of fir@Mark & Dickinson,

2003, recovery of different growth forms may be observable in the first few months after fire.
Exotic species, particularly those that become invasive, are often more tolerant to disturbances
than native species in the same environments and are proficientatpeting natives for
resources such as light, nutrients and watdo | i nar i 202 bt A grassland io ,
California, USA, exotic graminoids survived fire better than surrounding native species
because they had higher moisture content than natives; hence, they may outcompete native
graminoids(Livingston & Varner, 2016)In New Zealand nate grasslandsgisturbance
tolerantexotic graminoids, such @sgrostis capillarisL., are often highly abundant after fire

(Allen & Partridge, 1988¢Calder et al 1992. In this system, invasive exotic forbs had lower
flammability than other species this community(Padullés Cubino et al018, suggesting

they may be less impacted by fire and may be able to survive and outcompete native species.
These studies suggest recovery of plants after fire may differ depending on a combination of
both biostatusind growth form.

Fine-scale environmental conditions or microhabitats influence the ability of plants to
survive and resprout or germinate from sé@@dy et al., 2020Day et al.,2022; Moore et al.,
2019) Substrate availability may be particularly imfamt. For instance, mosses have high
waterholding capacity and may support survival of plants by reducing impacts edéreape
of plant tissue by firdGavini et al., 2019; Michel et al., 2013)lternatively, mosses may
inhibit seed germination due #dlelopathy and competition with vascular plants for space,
moisture, and ligh¢(Jeschke & Kiehl, 2008; Michel et al., 201I)teractions between micro

sites and podiire plant community structure and dynamics are little understood.

In Aotearoa New Zeafal, marts of the landscape currently covered by native
dominated grasslands are projected to experience the greatest increases in fire risk compared
to other parts of the count(elia et al.,2022 Pearce et gl2011) and some of the largest

fires in recent New Zealand history have occurred in montane grasslands. These montane



grasslands in New Zealand became widespread only after the arrival of humans and increased
fire activity ~800 years agMcGlone,2001 McWethy ¢ al., 2010; Perry et al2014). Fires

are thought to have been extremely rare prior to human asw#lis generally thoudtihat

native plants are not well adapted to recover from(Bi@nd et al.2004 Ogden et al., 1998;

Perry et al.2014). While species in grasslands and savannas in many regions globally have
evolved in frequent fires and are adapted to fire, this may not to be the case in New Zealand
grassland¢Bond & Keeley, 2005; MacDermott et aR017). However, we know that some
native pants are capable of rapid recovery after fire. For example, snow tugStiésochloa

spp.) can survive fire by rapidly resprouting followed by flowering, but seeds produced after
burns have lower viability rates than other grasses and unburnt snowktiddark, 1965,

1969. Several species of mountain daisi€elfnisia spp.) can also resproffllen &
Partridge, 1988)A study using prescribed burns demonstrated that losses of snow tussock
biomass was higher in summer burns than spring l{Bangon &Pearce2009, but recovery

of the full plant community was not investigated. Several studies showing changes in plant
community structure and lorigrm succession decades after fire (20 years or more) have been
conducted in tussock grasslands, in New Ze@d(Burge et al.202Q Calder et al 1992 Gitay

et al., 1992)but immediate, shoterm dynamics in montane grassland plornmunityhas

not been studied. These shtatm dynamics likely affect the longtrm successional

changes, and with increasgre frequency, they may become increasingly important.

Here, we aimed to quantify and understand stesrh community dynamics after
wildfires in tussockdominated areas of montane grasslands at two sites in the South Island of
Aotearoa New Zealand. Wendertook repeated measures of gwoet vascular plant
communityto investigate shoierm changes over-26 (Deep Stream) and16 (Pukaki)
months since fire. Deep Stream was an area where prescribed burns had been conducted in
2001, where some areasrm&dournt in spring, some in summer, and others left unburnt; the
entire area reburnt in a wildfire November 2019. Pukaki had not burnt since before the 1970s
(Molloy & Hodder, 1976pnd burnt in a wildfire in August 202@/e asked: 1) how does pest
fire community structure (composition and richness) change in the months immediately
following wildfire?; 2) Do different fire histories lead to differences in plant recovery or
community dynamics3) Do species of different biostatus (native vs exotic) and growth forms
recoverat the same rate?; and 4) Does biostatus, substrate (moss), or meristem height influence
the probability of individual plants recovering from seddf2 significanceof this study is

improving ourunderstandingf the response of plant communities to wildfiresnmmontane
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grassland, whichwill help community ecologists to better predict trajectories of -ficest

composition changes asthus, theublic will be better informedkutthe effects otvildfires.

2.2 Methods

2.2.1 Study locations and field sampling

Two sampling sites were sampled in the recently burnt area in this study: a tall tussock
dominated grassland site at Deep Stream (inland from Dunedin), on land owned and managed
by the Dunedin City Council and both short and tall tussock grassland at Pukaki, a land close
to the highway and owned by Department of conservation (Figure S2.1). The Deep Stream site,
which is on gently sloping terraces (6400 m a.s.l.) between Barbowsd Clarkes Streams

at the eastern end of the Lammerlaw Range, is typical of {altierde talttussock grasslands

that are coming under increasing pressure for pastoral development. The Pukaki site, situated
at the side of highway and close to farmlamghresents highly disturbed mixed short and tall
tussock grassland is progressively being retired from grazing and incorporated into

conservation land.

Deep Stream

Deep Stream lies between 640 to 700 m a.s.l. in the Lammerlaw Range in Otago, New Zealand.
The vegetation was dominated by the perennial naleawed snow tussockChionochloa

rigida (Raoul) Zotoy Poaceaejnterspersed with native perennial forbs, suchAephylla

aurea W.R.B.Oliv. (Apiaceae) andCelmisia gracilentaHook.f. (Asteraceae), and exotic
perennial forbs, such #losella officinarunmvaill. (Asteraceae) andypochaeris radicata..
(AsteraceaelFigure S21, AppendixA). Small native woody shrubs are distributed throughout
the tussock matrixMean annual precipitation and mean seasonal temperature amplitude
(difference between summer and winter) w&s&.67+ 3.02 mm, and 10.67 + 0.05 {@/ratt

et al., 2006) Meansummer émperature and mean winter temperature Wér@6 + 0.05 °C
and2.54+ 0.06 °C respectively This area is managed by Dunedin City Council and was not
grazed or burnt since at least the 1970s until prescribed burns occurred i(P2g@in &
Pearce2009. Our experimental design at this site consists of replicated areas that burnt within
18 years of each other, and others that burnt in 2BRUre S2la, AppendixA). In 2001,

Deep Stream was the site of prescribed b(Pagton & Pearc€009 and then the whole area
burnt in a wildfire in spring of 2019 (November). There were ninka(100 x 100 m) |ots

set up in 2001three plots were unburnt in 2001 and burnt in November 2019 (hereafter unburnt
2001); three burnt in spring 2001 (2 October) and reburnt in November 2019 (hereafter spring
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burnt 2001); and three plots were burnt in 2001 (7 March) abdrnt in November 2019
(hereafter summer bun Payton and Pear¢2009 reported that the 2001 summer burn was
hotter than the spring burn due to high biomass and low moisture content. The cause of the
2019 fire is still unknown but burnt ca. 5400 heesawhich is a large fire for this regi@fire

and Emergency New Zealand, 2021)

We conducted vegetation surveysee times after the wildfire in November 2019: 2
months (January 2020), 13 (December 2020), and 26 (January 2022) monire gjure
S22, AppendixA). We undertook vegetation surveys witli, 20 x 20-m plots within the
larger 1 ha plotsThere were nine20 x 20-m plots that were subjectively chosen for an
experimental burn to avoid ge effects and other environmental effects in 20@0dy{on &
Pearce, 2009 These nine plots were groups of three adjacent plots with different burn
treatments (unburnt, spring burnt, sumnaertumn burnt) in each grouphree additional 20
x 20-m plots weke set up in an area that did not burn in 2001 or in 2019 ~1 km from the burnt
plots (hereafter unburntyVithin each20 x 20-m plot, werandomlyestablished three 1 *rh
subplots, which comprised of four, 0.5 x@rbquadratsvith reference to prexisting wooden
or metal poles that wengacedfor samplingduring experimental burning in 20@Mhd 2001
(Figure S2la, AppendixA). However, we did not get any community structure data from that
study.In each quadrat, we recorded presence of live vassp#aies (plats with green leaves)
at the three measurement times in the experimental burn pligisrd S22 Figure S23,
AppendixA). Thevascular plant species were identified using flora books of Reaand
(Mark 2012 Wilson 1978 Champion et al. 20)2For those plants that could not be reliably
identified to speciesa sample was collected from nearby phoid were identified later.
Nomencéture follows the Landcare Plant Names Databbtes(//www.nzflora.infy. The
voucher specimens were collected and deposited at AB§uming less change due to slow
growing nature of tussock grassland species which is previously described (Mark, 1969
Connor & Vucetich, 196y the unburnt plots were only measured once at 2 Insoafter fire
We also undertook destructive samplofgplant individualsn two, 2 x 2 m plots2 months
after fire in the burnt areas each end o10-m transect, but not in theegetation surveplots,
to assess whether plants were recovering frord sedad survived the fire. We excavated
plants at nine locationa 18 plotsaiming to collect data for five individuals of each species at
each location. We also recorded the substh&ach plant was growing in, in terms of moss
or not on mossThesetransects werenade close tobut outside the permanently marked

vegetation survey plots to ensure thetcavated individualglid not dfect community
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composition in future surveysbout 4%% of the total species recorded in the surveyed plots

wereexcavated in the plots at these transects.

Pukaki

Pukaki lies at 620 to 650 m a.s.l. in the Pukaki Scientific Reserve, Canterbury, New Zealand.
This site is comprised of native shrubs sucG@aokia cotoneastgArgophyllaceae) and small
invasive exotic onifer trees Rinus contortaPinaceae), with patches of narrteaved snow
tussockdominated grasslan(Figure S21, Appendix A). The reserve is managed by the
Department of Conservation ahddnot been burnt or grazed since the establishment of the
reserve in 1996. Mean annual precipitation was 593.7 £ 2.58 mm and mean seasonal
temperature amplitude was 13.84 + 0.05(V@ratt et al., 2006)Mean summer temperature

and mean winter temperature wet4.75 = 0.2 °C and2.81 + 0.8 °C respectivelyWe
established two plots for vegetation surveys in October 28#) monthafter the wildfire in

spring of 2020 (30 August 2020Figure S21b, AppendixA). The fire was an accident and
burnt ca. 3000 hectaréSire and Emergency New Zealand, 2020)

We conducted vegetation surveysee times after the wildfire in October 2019: one
month (October 2020), four (January 2021) and 16 (January 2022) months afteéigfire (
S22 & Figure S24, AppendixA). Two plots were randomliocatedin mixed short and tall
tussock dominated grassland habitat that are similar to the Deep Stream site. Then, to capture
highly spatially dispersed species data,wsed anodi fi ed Whi ttaker és pl
within each 20 x 26n plot, we established a 1 xM subplot at each corner then divided this
into four, 0.5 x 0.8m quadratsKigure S21b, AppendixA; Morrison et al. 199b As at Deep
Stream, we recorded vascul ar s peach05x9.6m pr es e
guadrat identified and deposited voucher specim&is also undertook destructive sampling
within two, 2 x 2m plotson each end oA 10-m transectbut not in tke vegetation survey plot
4 months after fire to assess whether individual plants were recovering from seed or had
survived the fire, and the substrate they were in, using the same methods described for Deep
Stream.These transects wesstablishedadjacent tpbut outside the pemanently marked
vegetation survey plots to ensure thia¢ excavated individualslid not dfect community
composition in future surveys. AboB1% of the total species recorded in the surveyed plots

were excavated in the plots at these transects.

13



Fire se\erity

Field sampling was undertaken at both sitexdmpare three methods for assessing fire
severity: minimum branch diameters of woody plaansl percent covers of burand live
vegetation and litte(AppendixB). The results were inconclusive and so these data are not

presented in this chapter.

2.2.2 Dataanalyses

For each species at each site, we collated plant data to explore tfieepolsint community

trait change: plant biostatus (native or exotgrpwth forms (forb, graminoid, woody) and

meristem height (highorlowmased on Raunki Pr § %934l Ratingiaerf or m (
1905 Table S21 & Table S22, AppendixA; Breitwieser et al.201Q Manaaki;New Zealand

Plant Conservation NetworR022. Those plants having bud close to the soil surface or inside

soil are low meristem and those plants having ligh up on the plant are meristem highes

were analysed separately due to different sampling designs and fire hiSpeegs present

at each measurement timeeacliha, 203 20 mplot at each site was visualised by Venn

di agram usi gga(@a 022Alotier analyses were conducted at the quadrat

level in R v.4.2.1(R Core Team2022 wi t h 06 t (Witkhameet a. 2009, 6ggreppel
(Slowikowski et al.,2021), 0 g g h i(vgtani, 2022h t & n d (Aupweg2§1® for data

visualization and others where specified.
Postfire changes in plant community structure

Composition

To investigate shoierm changes in po$ti re composition over tiom
presence in each quadrat at each site at eachtimé (specd pr esence matri x) .
principal coordinate analysis (&KGSimajtyinon t he
0 v e g(@keaden, 2021)We then calculated the weighted average scores for each species
usi ng f unct overPCod athspeciesrpeserice absence data malixassess

changes in composition over time, we ran separate PERMANOVAs for each fire history (Deep
Stream) or plot (Pukaki), specifying the species matrix as the response and months since fire

as a categorical predicor , | mp |l emainit wids dAndesap 2006 Gkganen et

al., 2022) We then assessed changes in compositional variance (folldwoip et al.,2019.

We measured the distance between centroids of each subplot at each time within each fire

hi st ory (Deep Stream) or plot (Pukaki) wusing
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in compositional variance using function Ope

variance suggest there is a lot of variation in species compasitipradrats within fire history

or plots (i.e., variation around the centroid), while low values suggest there is little variation.

Species richness

We calculated quadrat species richness by biostatus and growth form for each quadrat at each
time. We usd generalized linear mixed effect models assuming a Poisson error distribution
(glimmTMB; Brooks et al.2017. Since quadrats were joined to each other, to avoid spatial
autocorrelation and subplots were not adjacent to each dikeraidom effect was lsplot.

Data were subsetted into species groups of interest and multiple models were run. At Deep
Stream, to assess significant differences in richness over time within fire histories, we ran six
models for biostatus (3 fire histories x 2 biostatus) and miodels for growth form (3 fire
histories x 3 growth forms). We were also interested in if there were differences in richness
among fire histories at each time, so we ran additional models with fire history as a predictor:
six models for biostatus (3 memement times x 2 biostatus) and nine models for growth form

(3 measurement time x 3 growth forms). At Pukaki, to assess significant differences over time
within plots, we ran four models for biostatus (2 plots x 2 biostatus) and six models for growth
form (2 plots x 3 growth forms); we were not explicitly interested in differences between plots
at this site. Significant d{dnth022nces wer e

Probability of germination from seed or survival

To evaluate the probability ofgnts recovering from seed under different conditions, we used
the destructive sampling data at Deep Stream (two months after fire) and Pukaki (four months
after fire). Individual plants were assigned one if they were growing from(8esskding is
coming from any seed afms remains of seed coatdmcayed seed attached ¢o zero if they

had survivedi.e. plants that were found green divé growing from vegetative pakut not

sure either they were resprouters onndte used geeralised mixed effect model (QImmTMB)
assuming a binomial error distribution to mothed proportion of plants that were from seed

out of the total number of plants excavated as a function of three predictor vajiablas 3
separate models at eachekibiostatus, meristem height (high or low), or substrate (moss or
not moss). At Deep Stream, the random effect was location at which plants were excavated.
We did not use a random effect at Pukaki due to low sample size. These models tell us whether

paricular plant traits or substrate variables impacted how plants recovered.
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2.3 Results

2.3.1 Postfire community structure changes following wildfire in relation to fire history
at Deep Stream

We observed a total of 42 vascular plant spetie86 m? at Deep Straa across three
measurements-26 months posfire (Table S21, AppendixA). Most species were native £

35) compared to exotio(= 7). Most speles that were present 2 months after fire were also
present 13 and 26 months after fireggure 21). The number of species and species richness

increased with time since fire across all fire history treatmefiguie 22).

Composition

The first two axes of the PCoA explained 46% of the tetmliation in plant species
composition across time. On plots that had reburnt (spring burnt 2001 and summer burnt 2001),
guadrats were different in composition compared to quadrats that burnt only in 2019 (unburnt
2001)which were close to the reburnt imetsame habitdTable 21 & Table 22; Figure 23).

Over time (2, 13, and 26 months after fire), unburnt 2001 quadrats differed in how they changed
in composition compared to the spring bur@02 and summer burnt 2001 quadrats (burnt in
2001 and 2019)Table 21). Quadrats that did not burn in 2001 or 2019 (unburnt) had different
composition from the quadrats that burnt either once or twiebl¢ 22; Figure SZ,
AppendixA). Postfire change in composition and change in variance of the quadrats were
large at two months after fire and low in later measurement@@Bostfire) (Table 21 &

Table 22; Figure S26, AppendixA). Together, these results show that among fire histories,
composition immediately after fire was more different and more variable than they were a
longer time after fireKigure 22). Change in richness was significantly higher in spring burnt
2001 than unburnt 200T &ble 22; Figure 24).
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Table 21. Postfire change in the mean and variance of community compaosition in montane
grasslands at Deep Stream, and Pukaki, New Zealand over time acrbss b4 fire history
treatments and plots, respectively, across measurement @hreasge in composition was
measured as the mean pairwise Jaccard dissimilarity in species presence withif 0.25
guadratsrf = number of quadrats compared). Comparisons were made among measurement
times (months posire) for each fire history treatment; 12, 466 plots at Deep Stream and

2, 400m? plots at PukakiAsterisks represent significant differences between measuremen
times, where *** =P < 0.001, * =P < 0.01 and * &P < 0.05, based on permutational

analysis of variance.

Site Fire history treatment Months post n Change in Change in
/ Plot fire compostion  variance
compared
Deep Unburnt 2001 2-13 36 0.36£0.17** -0.05+0.01*
Stream Unburnt 2001 13-26 36 0.33+£0.13* -0.08 £0.02
Unburnt 2001 2-26 0.57 £ 0.14** -0.08+0.01*
Spring burnt 2001 2-13 36 0.36+£0.11* -0.02+0.01
Spring burnt 2001 13-26 36 0.28+0.11** -0.01+0.02
Springburnt 2001 2-26 0.52 + 0.11** -0.03+0.01*
Summer burnt 2001 2-13 36 0.37 £0.15** -0.03+0.02
Summer burnt 2001 13-26 36 0.21+0.12** 0+0.02
Summer burnt 2001 2-26 0.49 + 0.14** -0.03%0.03
Pukaki Plot1 1-4 16 0.74 + 0.1 £0.05*
0.08***
4-16 16 0.54 + -0.05 £ 0.03*
0.17%**
1-16 16 0.86 + -0.05 £ 0.03
0.06***
Plot 2 1-4 16 0.71+ 0+0.03
0.13***
4-16 16 0.54 + -0.06 £+ 0.04*
0.16***
1-16 16 0.85+ -0.06 £ 0.04
0.09***
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Table 22. Differences in mean and variance in spec@sposition among fire history treatments within each measurement time in montane

grasslands at Deep Stream, New Zealand. Variation in composition was quantified using the Eaicaisedissimilarity among 0.26°

quadrats within fire histortreatment 12, 46n? plots (1 = number of quadrats compared¥terisks represent significant differences between

fire histories at each measurement, where *P < 0.001, ** =P < 0.01 and * &P < 0.05, based on permutational analysis of variance and on

generalised linear mixed effects modelling for species richnes

Fire history treatments compared Months post n Composition Change in variance Change in
fire change richness

Unburnt 2001 and Spring burnt 2001 2 24 0.63 = 0.12*** 0.02 + 0.09** -1.61 £ 0.53
Unburnt 2001 and Summer burnt 2001 2 24 0.63 £0.11*** 0.02 + 0.08** -1.14 £ 0.47
Spring burnt 2001 and Summer burnt 20 2 24 0.51+0.13 0£0.08 0.47+0.43
Unburnt 2001 and Spring burnt 2001 13 24 0.56 = 0.12*** 0.01+0.1* -1.83 £ 0.42*
Unburnt 2001 and Summer burnt 2001 13 24 0.57 £0.11*** 0.02 £ 0.1* -1.64 £0.43
Spring burnt 2001 and Summer burnt 20 13 24 047+0.12 0.01+0.1 0.19+0.48
Unburnt 2001 and Spring burnt 2001 26 24 0.53 £ 0.11*** 0.01+0.1* -1.42 £ 0.45
Unburnt 2001 and Summer burnt 2001 26 24 0.54 £0.11*** 0.01+0.1* -0.61 £0.48
Spring burnt 2001 and Summer burnt 20 26 24 047+0.1 0£0.09 0.81+0.52
Unburnt 2001 and Unburnt 2 24 0.72 £ 0.12*** -0.01+£0.1 -0.28 £ 0.53
Spring burnt 2001 and Unburnt 2 24 0.74 £ 0.1*** -0.02 £ 0.09** 1.33+0.58
Summer burnt 2001 and 2019 and Unbu 2 24 0.74 +0.11"* -0.03 £ 0.09* 0.86 + 0.57
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Figure 2.1. Venn diagrams of species recorded in 36, ®r2Sjuadrats in 9, 40& plots at 2, 13, and 26 months after the November 2019

wildfire (summer) across three fire history treatments in montane grasslands at Deep S¢xgatealand
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Figure 2.2. Postfire quadrat vascular plant species richness (+ standard error) of native

(solid lines) and exotic (dashed lines) species of different growth forms over time on the plots
that were burnt either once or twicedifferent seasons in montane grasslands at Deep

Stream New ZealandA total of 12, 0.25m? quadrats were measured in each-#@Plot at

each measurement. Tkexis represents the measurement time in months relative to
November 2019 wildfire (spring). Bhpanel rows show the results for growth forms and the
columns show the results for plots from different fire history treatments. Asterisks represent
significant differences in mean quadrat richness between the measurements, based on the

generalised lineamixed effects models (¢ P < 0.05, *=P < 0.01) and ***=P < 0.001).
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Figure 2.3. Principal coordinate analysis diagramsJaccard dissimilarity of plant species
presence in 0.267 quadrats showing &jte scoresnd b) species scores in montane
grasslands at Deep StreaNew ZealandThis study took place in a permanently marked

study site where 9, 4007 plots were subjected to experimental burning treatments in 2001

(3 unburnt, Jurnt in spring, or 3 burnt in summer); subsequently, in November 2019
(summer), a wildfire occurred in the area, burning all experimental plots andr@?400

unburnt plots in an area that was not burnt. Large symbols represent the centroids of the fire
history treatments (12, 0.28> quadrats in each fire history at each measurement time).
Ellipses represent 95% confidence intervals for centroids. Lines represent the trajectories in
composition between each measurement where the arrowhead is the mast recen
measurement. Ellipse and trajectory line colours represent fire history treatments: unburnt in
2001 and burnt in 2019 (green), spring burnt in 2001 and 2019 (blue), summer burnt in 2001
and 2019 (orange) and unburnt in 2001 and 2019 (grey crossesstipes represent the
number of months the measurement was taken after the November 2019 wildfire: 2 months
(rectangle), 13 months (circle), and 26 months (trianglepurnt quadrats (cross) were
measured 2 months pelsti r e. Speci es 0icfiled) and sative @glowe s e n t

species categorised as forbs (circle), graminoids (rectangle), and woody (triangle).
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Figure 2.4. Postfire quadrat vascular plant species richness (z+ standard error) of native and exotic species of different growth foris@ncompar
in between fire history plots that were burnt either once or twice in different seagah aheasurement in montane grasslands at Deep Stream
New ZealandColour of bars represents the plots that had different fire history treatments of 2001 [bar: light green (unburnt 2§€1), oran
(spring burnt 2001), blue (summer burnt 2001) and greyufunt)j in addition to 2019 wildfire at Deep Stream. A total of 12, @r8Buadrats

were measured in each 4066 plot at each measurement. Thaxis represents the measurement time in months relative to November 2019
wildfire (spring). Quadrat richness waignificantly different between unburnt 2001 and spring burnt in 2001 for native forbs and native woody
(P < 0.05). In between unburnt 2001 and summer burnt 2001, native woody richness was significantly different at 18 moOr@b3 and

between unbunt and unburnt 2001, native forbs were significantly different at two moRtR€(05). Native woody species richness was
significantly different in between unburnt, and spring and summer burnt 2001 at two nibxt@(). Significant differences betweére

Months post-fire 2019

history were determined by generalised linear mixed effects models.




Recovery by biostatus and growth form

Changes in species richness by biostatus and growth form were similar among fire histories
(Figure 22). Quadrat richness of exotic graminoids significantly increas&8@ @onths after

fire in all fire history treatments, but not -B& months after fireHigure 22; Table S23,
AppendixA). Quadrat richness of woody species, which were all native at this site, was the
lowest 2 months podire and increased significantly over the time of the study; the exception

to this was in the spring burn 2001 quadrats where only wepegiesichnessncreased 13

26 months after fire. Quadrat richness of forbs was high two monthdingobut did not
change significantly both in natives and exotic species. Overall, these results show richness of
both exotic graminoids, and native woody species ise@&13 months after fire. Richness

of woody natives continued to increase2Bmonths after fire but exotic graminoids did not.
Richness of native forbs and native woapecieswvas significantly higher on spring burnt

2001 and 2019 quadrats comparedriburnt 2001 quadrats 13 months piogt (Figure 24).
Richness of woodgpecieswas also significantly higher on summer burnt 2001 and 2019
guadras than unburnt 2001 quadrats at the same measurement time. Richness of native woody
was significantly higher in unburnt quadrats than the unburnt 2001 but burnt 2019 quadrats.
Richness of exotic forbs were significantly lower in unburnt quadrats compmaspding and
summer burnt 2001 and 2019 quadrats.

2.3.2 Probability of plants recovering from seedat Deep Stream

We destructively sampled 360 individual plants across 19 species (biostatus: 15 natives and 4
exotics; meristem height: 5 high and 14 lowaljle S21 & Table S24, AppendixA). A total

of 58 plants were recovering from seed compared®plants that survived the firéll 19
speciesurvivedthefire, but of them ten speciesvere also recovering from seétmong,the

total speciesPilosella officinarumvaill. andAgrostis capillarisL. werethedominant species

that survived fireAgrostis capillarisL. wasalso adominant species recovering from se&d.

2 months after fire, the probability of recovering from seed was significantly higher in exotics
and on normoss substrate compared to natives and on rilasde( 23). In contrast, meristem

height did not significantly impact the probability of plants recovering from seed.
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Table 23. Generalised mixed effect modelling results for the probability of individual plants
regenerating from seed in relation to three predictors: biostatus (native vs. exotics), substrate
type (moss vs. not on moss), and meristenght(low vs. high meristemn postfire in

montane grasslands at two months at Deep Stream, and four months at Pukaki, New Zealand
(n = the number of individuals excavated). Significant predict®rs 0.001) are shown in

bold. The probability of regenerating from seed were alh@mmoss so model was not

possible to run for substrate at Pukaki

'?rl;[\(z and Model Predictor Coefficient S.E. z-value P-value
Deep ) . .
Stream Biostatus Exotic (vs. native)  -1.24 0.31 -4.03 0.00
(n=360)
at 2 months Substrate MOSS (vs.noton 1 g4 0.49 365  0.00
Moss)
Meristem .
height High (vs. low) 22 19826.43 0.001 0.999
Pukaki Biostatus Exotic (vs. native)  0.92 0.92 0.99 0.31
(n=37) Moss (vs. not on
at 4 months Substrate moss) NA NA NA NA
Meristem .
height High (vs. low) 23.12 60407.76 0O 1

2.3.3 Postfire community structure changes following wildfire at Pukaki

We observed a total of 48 vascular plant species at Pukaki across the three measwEsnents 1
months posfire (Figure S26; Table S23, AppendixA). Most species were nativa € 30)
compared to exotilm(= 18). Similar to Deep Stream, most species that were present 1 month
after fire were also present 4 and 16 months afterFigate 25). The number of species and
species richness increased with time since fire in both pldit§ (honths) Figure 26).
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Figure 2.5. Venn diagrams of species recorded in 16, O@Sjuadrats in two 408n? plots at
each of three measurement times from one tmdsths after the August 2020 wildfire

(spring) in montane grasslands at Pukaki, New Zealand
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Figure 2.6. Postfire quadrat richness (+ standard error) of native (solid lines) and exotic
(dashed lines) specidgferent growth forms over time in montane grasslands in twerd00
plots at PukakiNew ZealandThe x-axis represents vegetation measurement time in months
relative to the August 2020 wildfire (spring). Asterisks represent significant differences (***
=P<0.001, * =P < 0.01 and * &2 < 0.05, based on the generalised linear mixed effects

models) between measurements for all the growth forms on each plot
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Composition

The two plots had similasomposition 1 month after fire and became more similar over time.
The first two axes of the PCoA explained 19.97% of the total variation in species composition
(Figure 27; Figure SZi, Appendix A). Postfire changes in composition and change in
compositional variance were highe#tImonths postire compared to -46-months posfire

(Table 21; Figure 27; Figure S28, AppendixA). This shows that among plots, composition
immediately after fire was more different and more variable than they were a longer time after
fire (Figure 26).
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Figure 2.7. Principal coordinate analysis diagrams for Jaccard dissimilarity of plant species
presence in two plots in 0.28? quadrats showing a) site scores and b) species scores in two
plotsmontane grasslands at Pukaki, New Zealand. This study took placedriteasivas

burnt in a wildfire in spring 2020. Large symbols represent the centroids of 16n9.25

guadrats in each of plot 1 (green) and plot 2 (orange). Ellipses represent 95% confidence
intervals for centroids. Point shapes represent the number ofisrthiet measurement taken
after the wildfire: 1 month (rectangle), 4
scores represent exotic (filled) and native (hollow) and species categorised as forbs (circle),

graminoids (rectangle), and woody (trige)

Recovery by biostatus and growth form

Between 116 months postire, both natives and exotics recovered at same rate in quadrat
richness in both plot$-{gure 26; Table S23, AppendixA). Richness of native and exotic forbs

significantly increased-46 monthsafter fire but not 44 months after fire. Richness of native
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graminoids significantly increasedl4 months postire on plot 2 but it did not increase4l

after fire. Richness of both exotic and native graminoids did not increase on plot 1-4oth 1
and 416 months after fire. Native woody species richness significantly increas@dnths

after fire on plot 1 (where there were no exotic woody species), but native woody species
richness did not increase botd land 416 months after fire on plot 2. Tleewere a few woody

exotic species on plot 2 and these did not change significantly in richness over time.

2.3.4 Probability of plants recovering from seedat Pukaki

We destructively sampled 37 individual plants across 15 species (biostatus: 10 natives and 5
exoics; meristem height: 5 high and 10 lowgple S22 & Table S24, AppendixA). A total

of sevenplants were recovering from seed compare8a@lants that survived the firéll

species were survived fire but of them three species were also recovering from gded.
species were survived fire but of them ten species were also recovering from seed. Among, 19
species Pilosella officinarumVaill. and Agrostis capillarisL. were dominant species that
survived fire. Wahlenbergiaspeciesvas dominant species recovering from seed Abdour

months posfire, the probability of recovering from seed was not significant in any of three
predictors biostatus, substrate and meristem heigablé 23). Onemonth postfire, all

excavated plants had survived atidof them had low meristems.

2.4 Discussion

Our study using repeated measurements shows there were substantial changes in vascular pla
community structure in the months following fire at these two sites in montane grasslands of
the South Island of New Zealand. At both sites, most species that were pr2seanihs after

fire were present at later months. Moreover, most species weard 14 months after fire

had survived. Together, these results suggests that temporal dynamics in community structure
in these tussock grasslands were driven by resprouting of surviving species rather than
colonization of new species. As plants recederspecies richness increased and plant
community composition became more similar within fire histories (Deep Stream) or plots
(Pukaki),i.e., composition somewhat converged. While there were differences in composition
associated with different recentdihistories at Deep Stream in terms of reburnt orthmedt

were close to each other in the same haliltase differences became less apparent in the later
period of the study (£26 months after fire). While species richness increased over time, rates
of increase differed according to growth form and biostatus. Graminoids had high species

richness immediately after fire at both sites; at Deep Stream they were predominantly native,
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while at Pukaki they were predominantly exotic. In contrast, native wopelyies had low
richness 12 months after fire and increased significantly in later time periods. Overall, our
study demonstrates the value of understanding #&iomnt changes in plant community
structure after fire to elucidate patterns of recovery irfakbe of increased fire activity with

climate change.

Most of the individual plants we dug up weia from seed (85 % at Deep Stream, 81%
at Pukaki), showing that most of species appeared to survive thePiiieesella officinarum
Vaill. and Agrostis capillaris L. were dominant species that survived fiw#ahlenbergia
species was dominant species recovering from.d9@edr time, someof the speciesthat
survived firestarted flowering and new individuals were coming from sseehch site. We
were surpised by the high survival of plants at both sites, and an increase in species richness,
particularly native species because the New Zealand flora is generally considered to be poorly
adapted to firéBond 2008; Gitay et al., 1992pDur results are compatle to other grasslands
and savannahs that have experienced greater historical fire affioitgd & Keeley, 2005;
Bowman, 2022; Dairel & Fidelis, 202(For example, a shetérm postfire study showed that
many plants rapidly recovered from fires in @anahs in Brazil where the authors were able to
categorise species into five firesponse groups Pilon et(@D21) Future studies in New
Zeal andbébs montane grasslands wusing finer cat
Pilon et al. 2021) wouldrovide further knowledge of flora responses in plants that are thought
to have evolved in low fire activity but may still have adaptations to recover from fires
(Antonelli et al., 2011)

Convergencén species composition and increase in species ricliméksly is due to
resprouting of surviving plantsThis suggests that plardommunity in these montane
grasslands recover from fire rapidBast studies in these grasslands demonstrated that tussock
speciesChionochloa are long lived and take 1) years to recover in their biomass after fire
(Gitay et al., 1992; Payton & Pearce, 2Q09)wever, this represents only one species at each
of our sitesOur measurements did not allow us to assess changes in bmfmpksgs, but this
would be a useful alition for future studiesA detailed study at Deeftream assessing
populations of soil amphipods for 15 years-fed posffire shows mosspecies can recover
to prefire abundance within three yedBarratt et al., 2019Prefire plant data is despately
needed to be able to directly assess fire impacts and directly assé®snce in these

grasslands, which is currently lacking
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Theeffect of fire history on community structure was detectable among areas that had
eitherburntonly once or twice in 18 years at Deep Stre@mmposition in reburnt quadrats
differed from those that had onburntoncealthoughall of them were close to each other in
the same the habitaRichnesof forbs tended to be lower @uadrats that had hburnt in
2001 (unburnt 2001) compared to those that had reburnthisutvas only significant 13
months after fire. However, we did not detect a strong effettieofeason of the first fire in
2001 (spring or summer). We may have expected to see ensdtect given that losses of
tussock biomass and mortality were greater in the summer fire in the prescribed burns, due to
drier conditions and greater biomass in summer increasing vegetation flamn{Riayjitgn &
Pearce, 2009)herefore, while overabur resultssuggest there is rapid recovery and general
convergence ofommunityafter fire, the legacy effects of fire from 18 years ago, regardless
of season, have clearly left a signal that is still detectable through an additional fire event. This
suggests that more frequent fires that are predicted in these areas will impact plant community
structure through multiple fire cycles and over the long term. The implications of these changes

are yet unknown.

Both our sites contained more native species thantics. We had expected exotic
forbs, which have lower flammability than other species in this sydtantullés Cubino et al.,
2018) to potentially benefit from the fire by surviving and outcompeting native species, which
was not the case at either satea community level. This suggests that, at this time scale, fire
will not cause dramatic shifts towards exotic species at a community level (although there may
be changes in biomass). Graminoids and some forbs have low meristems, so they may be less
impacted by the heat of the fire and recover rapidhaujo et al., 2013Simpsoret al., 2021)
Forb richness did not change significantly after fire at Deep Stream. This further suggests that,
at this time scale, fire will not cause dramatic shifts towasdstic species at a community
level. Graminoids also have protected buds and a storage reserve that allow them to resprout
immediately after firdPausas & Paul202Q Simpsoret al., 2021)An experimental study on
comparison of native and exoticgramin d s 6 f uel moi sture content
USA showed that exotic species suchAaghoxanthum odoratumontain high moisture
content so cannot be easily burnt and thus recover aftéLifinagston & Varner, 2016)This
may explain why in oustudyAnthoxanthum odoratuendAgrostis capillarisrecovered well
after the fire Figure S2 & Figure S210, AppendixA). At the individual level, we found
exotics were more likely to be growing from seed than natives at Deep Stream 2 months after

fire. Most of the native species in this montane environment are clonal and have a low meristem
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so they can recover after f{teadwig et al., 2018)These results sugdekat seed dispersal
from exotic species could cause dramatic changes in ptemmunityif fires become very

frequent or severe.

Woody species took longer to recover than forbs and graminoids; they had relatively
low richness 42 months after fire and aneased over time. A study conducted after grassland
fires in Central Great Plains of North America reported woody cover replaced herbaceous cover
one to five or 10years posfire (Ratajczak et al., 2014Another study conducted in paramo
grasslands ifecuadorwhich are similar in structure to the montane grasslands in our study,
showed that woody species outcompeted forbs and graminoids 15 years af@orfies &
Ramsay, 2021)Woody plants generally recover by resprouting even in ecosystems that hav
evolved in low fire frequenc{Bond & Midgley, 2003; Del Tredici, 2001; Teixeira et al., 2020)

This shows that woody species are slow growing,thegt would likely be the group most

adversely affected by increased fire frequency

Plantscoming back from seed were less likely be on moss than other substrates at Deep
Stream. Germination of seed on moss could limited due to competition for light or exhibit
allelopathic effectgMichel et al., 2011)However, all the mosses we excavated fsl&om
were dead so may not have been able to retain much water for seed germination. Instead, the
greater moisture holding capacity in mosses may have facilitated survival of plants that were
rooted in them or plants themselves might have high moisturemt thereby reducing fire
intensityduring wildfire. In a grassland ecosystem study in Namibia the probability of seedling
surviving was higher in irrigated are@g@mmermann et al., 2008further studies on the role

of mosses in seed germination aratev retention in podtre environments are warranted.

Community recovery after fire was broadly similar at both Deep Stream and Pukaki
despite the sites differing in location, vegetation types, fire history and wildfires burning at
different times Although we saw signs of browsing by hares at both sitesakPulas more
disturbedby being closer to farmland and a highwasile Deep Streamelatively isolated
and undisturbed by human activifyhis may explain why there were more exotics species at
Pukaki compared to Deep Stream. The fire at Pukaki waslingmaing but at Deep Stream it
was in late spring. Measurements at Deep Stream were taked-summer(2 and 26 months
postfire) and early summer (13 months). In contrast, measurements at Pukaki were in late
spring (1 month podire) and summer (1 anté months). Previous research on the effect of
fire history on vegetation dynamics has shown that past fire seasons can afféioe et
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population responses and that these effects can vary across plant trait values and growth forms
(Fill & Crandall, 2020; Miller et al., 2020)

2.5 Conclusions

Our study shows that increases in richness and dyndineiasivergence at the initial
measuremerdnd convergencaver time in compaosition can occur in within 16 or 26

mont hs after fir e grasslaNdsvRepéaea shmmdnéasurementst a n e
enabled us to determine that, surprisingly, most plants survived theMisey. native species

were able to survive pofite and thes@atives were relatively unaffected at both the sites. In
addition, histoical fires had a lasting effect on species composition and richness. This
suggests that we expect more frequent fires projected in this system will lead to further
observable changes in plant community structOre. study contributes unique knowledge of
plant recovery in montane grasslands of New Zealand, an area with few ecological studies on

the effects of fire.

31



Chapter 3Short-term response of New Zealand tussock grasslands

to fire is predictable despite longterm community dynamics

3.1 Introduction

Understanding longerm community dynamics is critical for characterising and measuring the
relative importance of shetéerm responses @ommunityto ecological disturbances. This is
particularly important for distinguishing dynamics from community i&sie in response to
disturbancgAbrahamson et al2021; Kimball et al., 2018)Community resilience is where,
after disturbance, a community returns rapidly to-gisturbance structure and function
(Holling, 1973;Walkeret al., 2004) Dynamics in plancommunity structurd,e., changes in
species richness and composition over time, occur continuously goralnunity but at
different rates. Rates of change are affected by changes in environmentalfactboset al.,
2015; De Laender, 2018; SouSdva et al., 2018)including anthropogenic and natural
disturbanceg¢Blackhall et al., 2017; Dantas et al., 2013; Day & Buckley, 2013; Lindenmayer
et al., 2017; Lloret et al., 2009; Shinneman et al., 2021; Tsafrir et al.,. Z&@jcting future
changesn community structure due to these processes therefore relies on observations at the

appropriate temporal scales.

Predicting jpant community resilience requires understanding-disturbance
6l egaciesd that coul d (Blackhhletean20k: Jahnstore et@aly e n t
2016) Such legacies include the functional traits of species present and available plant
propagules, such as the seed bank (Johnstone et al., 2016; Lewis et al., 2010; Speed et al.,
2010). Plant species that can survoretolerate certain disturbance types can be identified
based on their functional traits. For example, species that can survive and recover quickly after
fire may be clona(Clarkeet al., 2015gand/ or have a meristem that is near or below the soil
surface (Clarkeet al.,2013 Ladwig et al., 2018; Lipoma et a016. Weedy plants can have
fire-tolerant traits that enable them to germinate and outcompete native perennialdine post
environmentgBalshor et al.2017 Wainwright et al.2012. In contrast, plants lacking such
functional traits are less likely to survive and/ or recover after disturbance. Such legacy effects
of predisturbance&eommunitythus impact postlisturbance dynamics in community structure
as species that have firesilienttraits are retained in the community and those without are
more prone to be logBond & Midgley, 1995; MacDermott et al2017 Wright et al., 2019)

Where functional traits are related to plant flammability, these legacy effects may influence
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community fammability and fire behaviouiKeeley et al.2011 Schertzer & Stave2018.

Thus, environmental variability, including disturbance regimes, anthropogenic influences such
as dynamics in invasive plant and animal populations or changes in land manggectaas,

may influence plant community resilience by altering the functional traits present in the
resident communityAbella et al. 2021, Jager & Kowarik, 2010; Kimball et al., 2018; Steel et
al.,2021).

Ecosystems subjected to frequent fires are ipted to contain species that have
evolved adaptations to survive or tolerate fire; in some cases, such ecosystems have-many fire
adapted species that rely on fire to reprod&celaud et al., 2021; Paritsis et al., 20Rbgers
et al., 2015) These adaptions may include serotiny, lignotubers, bud banks and thick barks
(Bond et al. 2004 Clarkeet al.,2013. However, in ecosystems that experience few fires,
species are less likely to be tolerant to fire (Ogden et al., 198&lfires are now increas
in frequency and intensity in many parts of the world due to climatic and land use change
(Duane et al., 2021; Jain et &022 Vilar et al., 2021) Furthermore, changes in pdse
community composition and fuel loads are thought to further affesetfuture fire regimes
for instance fire frequency, and intensity due to change in plant (Botsd et al., 2021;
McLauchlan et al.202Q Xu et al., 2022)Plant life histories and growth forms will likely
influence and be influenced by fi(Arnoldi et al., 2018 Bowd et al., 2021) Therefore, fires
are likely to become increasingly important driver of community dynamics, depending on

inherent levels of community resilience.

Monitoring pre and posffire community dynamics is critical to understanding
dynamics and resilience cbmmunityexposed to wildfir§Bowdet al., 2021)This is because
the spatial and temporal scales of-pre (background) community dynamics determine the
detectability of changes induced in response to fire. Comparingmuipostfire dynamics for
the same location will provide the most reliable conclusions on the response of a community
to fire (Arnoldi et al.,2018 Steel et al.2021), in contrast to spader time comparison@Paudel
et al.,2022 Rodhouse et al2020) Such understanding is essential to inform biodiversity
conservation and ecosystem managen(€athurst, 2012) Wildfires that burn preexisting
vegetation monitoring |l ocations are a Onatur
communitybefore and after fire that can be used to predict successional temporal changes in
ecosystemgBowd et al., 2021; Springer et a022).
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New Zealand native plant species have evolved in environments where fires were not a
prominent component of the distarice regime, and few native plants are characterised as fire
tolerant(Perry et al., 201(Perry et al.2012. However, with human settlement approximately
800 years ago, widespread burning occurred, leading to vast areas undergoing a transition from
forest to grassland ecosystems, particularly in southern and eastern parts of the South Island
(Mark & Dickinson,2003 McGlone et al., 1992014 Perry et al.2014. In recent years fires
have become more frequent and intense due to increased temperaduwtesught conditions
(McGlone et al.2014 Perry et al.2014); this pattern is predicted to contin(Melia et al.,

2022 Simpson et al.,2014). Parts of the eastern South Island, which are dominated by native
tussock grasslands, are expected to egpee some of the greatest increases in wildfires in the
coming decade@Vielia et al.,2022).

Tussockgrasslands are dominated by ldnged, perennial, native species that provide
a wide range of ecosystem services, including provisioning biodiversiiesjategulating
water sources, supporting soil conservation and carbon sequestration (Mark et al., 2013; Yeates
& Lee, 1997). However, increasing weed invasion, natural disturbances, such as fire, and
introduced mammalian grazing and browsing pressugoat threats to the integrity of these
grassland ecosystemruz et al., 2017; Day & Buckley2013. Predicting posfire
successional trajectories in tussock grasslands is complicated by high abundances of exotic
plant species and, despite fire beingutagy used as a land management tool in pastoral
farming in these grasslands, relatively little is known about potential resilience of grasslands
to fire (McGlone et al.2014 Rogerset al., 2007)Many New Zealand native plant species are
thought to bdire-sensitive(McGlone,200L McGlone et al., 1997; Perry et a2014) and,
therefore, potentially susceptible to competition with moretbterant exotic species. Fire
promotes vegetative growth, flowering and seed germinati@mionochloaspp., but grazing
by introduced mammals after fire causes elevated mortélitkinson et al. 1992 Gitay &
Wilson, 1995 Mark,1994 O 6 C o n n o 1963k In @ohtriass, exotic invasive hawkweeds
(Pilosellaspp.) can easily restablish following fie (Mark et al.,2010.

This study aimed to quantify plant community responses to fire disturbance and to test
for community resilience in tussodominated areas of montane grasslands in the South Island
of New Zealand. This was achieved by comparingfipeeand posffire changes in plant
community structure. | used repeated measurements of @ammnunity before and after
wildfire over long (35 years) to short (two weeks) timescales to quantify the response to fire
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disturbance by (1festing for communit resilience to wildfire disturbance and 2) comparing
response of changes in species of different biostatus (native and exotic species) and growth
forms (forbs, graminoids and woody)used longterm data from vegetation surveys over four
decades from fau permanently markedransects (Buckley & Freckleton, 2010; Day &
Buckley, 2013), three of which were burnt in an accidental wildfire in October 2020 and one

nearby transect that did not burn.
3.2 Methods

3.2.1 Study location

This study was conducted in an areachhuntil 1950 was grazed pastoral lafhicMillan,

2012) but now is a part of the Ruataniwha Conservation Park on the western shore of Lake
&hau at the foothills of the B80hmamshHanuthemount
Canterbury region of&ith Island, New Zealan&igure S31, AppendixA). This area features

a diverse range of vegetation types including tussock grasslands, mountain beech forest, and
subalpine shrublands. In drier areas, including the tall tussock grasslenmdsent invasive
species are wilding pind®inusspp.)and hawkweedg&Pilosella officinarumVaill, Pilosella
piloselloidessubsp praealta(Gochnat) S.Braut. & Greuteypochaerisradicatal.), which
continue to sprea(The &eh aGonservation Trust, 201L7Mean annual precipitationmean
summer temperature and mean winter temperature werem®@613.67°C andl.96 °C
respectively(Wratt et al., 2006)In October 2020 (early spring) a wildfire started accidently

by an electric shortircuit and about 5,000 ha was bu¢hire and Emergency New Zealand,
2020)

3.2.2 Vegetation surveys

Four, permanent, 16 vegetation monitoring transects were established in 1983 in tussock
grassland habitat within this ard&igure 3.1 Figure S3.1 Appendix A). They were
subsequently remeasured in 1993 and 2006. I@tteber 2020 wildfire, two of the transects
(OHATO043 and OHATO044) and approximately ettrd of a third transect (OHAT042) was
burnt. A fourth transect (OHAT045) was unburigure S32., AppendixA). In late October
2020, twoweeks after the wildfire, | remeasured all four transects. | remeasured the burnt
transects again in January 2021 (3 monthsfi@ytand in January 2022 (15 months pis).
According to previous literature, communitiesthese grasslandse perenml and do not

undergo drastic changes within a short period of time unless there are natural disturbances
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(Mark, 1969. Therefore, | did notemeasure unburnt transedtsthe following shortterm

measurements

[oHAT042 [OHATO43 [OHATO44 |OHATO45

Joud A 67]

Joud A g1f

ayem |

J9)e ow g

Jaye ow g

Figure 3.1. Photo plates showing changes in-@ed posffire vegetation change on 100,
per manent tr an Saterbwy, South Idlaad Mew Zdalandasured
between 1983 and 2022. Each transect comprises 568 @5adras, spaced 2 m apart.
(Photo sourcephotos from 15 and 29 prior fire veetaken from Day et alunpublished).

At each transect, | recorded vegetation in fifty, 0.5 x-rf.§0.25m? quadrats
positioned every two metres the right sidalong the 106n permanently marked transects
running fromthe south to the north directioA consistent sampling protocol was followed at
all times to record the presence of all species in each quadrat at each measurement (Buckley &
Freckleton, 2010; Day & Buckley, 2013; Duncan et al., 2001). In 1983 and 1993, the presence

of each species was recorded in each quadrat including species that were overhanging, but not
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rooted in, the quadrats. From 2006 to 2022 the percent cover of eadsspas estimated
within each quadrat and recorded as one of six cover classes: (%=%% 15 %, 3 = 625
%, 4 = 2650 %, 5 = 51=75 %, and 6 =-A®0 %). Overlapping percent cover values were

recorded, thus, the total percent cover of quadrats cgrebeer than 10®.

Plant trait data

| obtained data on traits of all species from published dataliBseswieser et al.201Q

Ecological Traits of New Zealand Flora Onlin2022; New Zealand Plant Conservation

Network 2022. | recorded biostatus (naé& or exotic), growth form (forb, graminoid, or

woody), clonality (norclonal or clonal), meristem height (high or lowpgble S31, Appendix

A) for all 88 plant species recorded on the permanent transects over the four decades. Clonality
was determined based on the presence of buds
life form (Raunkiaer, 1934; Raunkiaer, 1905).

Fire severity

Field sampling wa undertaken at the thrdmirnt transects to compare three methods for
assessing fire severity: minimum branch diameters of woody p@ladtsercent covers of burn
and live vegetation and litteAppendixB). The results were inconclusive and so these data

are not presented in this chapter.

3.2.3 Data analysis

| categorised the four, 16@ permanent transects into two groups: three burnt transects
(OHATO042.burnt, OHATO043.burnt, OHATO044.burnt) and two unburnt transects
(OHATO042.unburnt and OHATO045.unburnt). Due to the uncertainty in precisely relocating
0.25m? quadrats at each measurement time, | calculated the frequency of species in sections
of five quadrats on each transdot both primary data collected during study period and
secondary data collected previougBuckley & Freckleton, 2010; Day & Buckley, 2013;
Duncan et al., 2001) did this by dividing each transect into ten sections of 10 mh ea
comprising five quadrats. The partially burnt transect, OHAT042, contained three bumnt 10
sections and six unburnt 40 sectionsTwo quadrats were in the traib three unburnt quadrats
measured were excluded hend®th 18m section was excluded. created matrices for
subsequent analyses of (1) speciesd frequenc
and (2) species' mean quadrat percent cover in quadrats within eaclrdilsect section for

measurements from 2006 to 2022; percent colvgpecies in quadrats was not recorded at the
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1980s and 1990s measurements. These matrices, both atrthedtsect section scale, were
used to investigate community dynamics acrossfipeg19801 2006) and postfire (20201
2022) measurement§he bunt and unburnt sections of OHATO042 were treated separately in

all analyses.

To visualise changes in plant community composition over time for each transect,
usedaBrasfCurtis dissimilarity matrix calcul ated
10-m transect sections at all measurement times in a principal coordinate analysis (PCoA)

i mpl ement ed (Raberts, 019nIRavd.8.5 (R &€ore Tean®022)for both pre
(198071 2006) and postfire (20201 2022) measurements. This was repeated using the matrix
of speci esb6 c ovezre smeasuements th evaluate Gt@mn community

dynamics immediately following fire.

Following methods in Aolio et al.(2019 and Buckley et al2021) for characterising
temporal community dynamics, | tested the significancthefchange in mean composition
(i.e., the 10m transect section centroids) and change in compositional variance for each
transect sdmon at each podire measurement specifying 2006 (the most recentopre
measurement) as the baselirigifferences among measurement times were tested for
significance wusing the Opair wi sceange thaneans 26 f
compositon (Oksanen, 20 and t he Opermutestd function w
variancg(Anderson2006. For these tests, transect was used as a grouping variable to account
for the spatial nofindependence of the temporal measurements, i.e., OHAT042.burnt
OHATO042.unburnt, OHAT043, OHAT044, and OHATO045.

To characterise community dynamics over four decades (L2&22), | calculated
several measures of community structure that could be compared over time (Avolio et al.,
2019 wusing O6codyn20 20Ha:l |(elt)t seppecailesd rank abu
measurement, calculated as the number of quadrats that each species occurred in at each time,
(2) total species richness within eachri@ransect section, (3) mean percent cover of species
per quadrat within each 1t transect section, (4) relative change in total transect section
species richness between measurements (change in the number of species divided by the total
number of unique species), and (5) relative number of species gained fsohogransect
sections between measurements (gains or losses divided by the total number of unique species).
Species richness variables and gains and losses were computed for all species and for species

subsets including natives, exotics, forbs, grantis@nd woody species.
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Venndiagrams of transect species lists at each measurement were made to show the
number of species present from 1983 to 2022 and the number of colonisations and extinctions.
Rank abundance curves were generated for transects aheastirement to determine which

species were driving the community dynamics at a transect scale (Avolio2é18).,

To assessommunityscale changes in the relative frequency of disturbasle¢ed
plant traits over time, | calculated relatiaio of species in two groups: clonality and meristem
height for the sections on each transect at each measurement. For the chtr@litye total
number of clonal species was divided by number ofe¢lonal species. For the meristem height
ratio, the totalnumber of species whose meristem is close to the ground was divided by total

number of all other plant morphologies.

| usedgeneralizedinear mixed models implemented usingthg | mmT MB&6 f unct
in R (Brooks et al.2017) for the posffire change comparison of total species richness, mean
guadrat percent cover, relative change in species richness, gains and losses in transect sections.
For richness (count data) models assumed a CoMexyvell-Poisson error distribution and
for all other dependent variables (continuous data), models assumed a gaussian error
distribution. For all models, transect was included as a random effect to account for the spatial
norrindependence of 1M transect sections. Models were applied to @tdasontaining all
species and to species subsets: natives, exotics, forbs, graminoids and woodyRsstties.
compari sons among measurement times were pe
(Lenth,20232. All statistical analyses were performed invR.2.1 (R Core Team, 2022) and
datavi sual i sations were c¢ondudWiekidam etxali.,201®, t he p
0 g gr ePlgvikdwski et al.2027), 6ggVenid@ad, 2082) a mg g h (ygtanl, i ght 6
2022, a n d(Augueeg?0l6.

3.3 Results

| recorded 88 species (64 native species and 24 exotic species) on the four transects across all
five measurement timesgble S3l, Appendix A). Species composition within the -0

transect sections varied over tinf@983 7 2022) on all transectsFigure 3.2 & 3.3).
Composition changed more in locations that were burnt compared to unburnt locations. Change
in composition and change in variance were significantly different between tHeg006
measurement and the initial pdse measurement in 2020dble 31; Figure3.4). Changes in

the mean and variance in species composition were significant after fire on OHAT043.burnt
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(2006 T 2020) and OHATO44.burnt (2006 2021). On the unburnt transect,
OHATO045.unburntmean composition changed significantly, but variance did not; however,
change in the mean was not as large as those caused by the fire on other transects. On the
unburnt section of OHATO042n(= 3), the mean composition and variance did not change

significantly.
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Table 3.1. Shortterm patterns of change in community structure on both burnt and unburnt permarent 100 ansect s at

Lake e

Canterbury, South Island, New Zealandasured before and after the October 2020 wildéte/éen 1983 and 2023pecies composition was

quantified using a Bragurtis dissimilarity matrix based on mean percent covers of species imddfadrats for 10n transect sections on

100-m permanent transects. The significance of changes in mean composimartrélrisect centroids + one standard error) and variation in

composition (among Xt transect sections + one standard error) were comparedg measurements. Means were either not significantly

di fferent (=mean) or significantly different (e&emeandecrdaged ween mea:
(Zvariance) or signifi can t(3variance)etvecmeasuemeptiimesr i ance) or no change
Multivariate community Transect Years n Change in Change in Species Species
pattern compared composition variance gains losses
mean, =variance OHATO042.burnt 20067 2020 3 0.95+0.02 -0.02 £ 0.02 0 22
OHATO042.burnt 200671 2021 3 0.75+0.05 -0.04 £ 0.04 3 14
OHATO042.unburnt 200671 2022 6 0.42 +0.09 0.05+0.04 0 4
me an, Svariance OHATO042.burnt 200671 2022 3 0.60 £ 0.06 -0.04 £ 0.02 1 14
aamean, =variance OHATO042.unburnt 2006i 2020 6  0.43+0.05 0.01 +£0.03 1 12
OHATO043.burnt 200671 2021 10 0.73+0.09 -0.02 £ 0.03 5 2
OHATO043.burnt 20061 2022 10 0.50+0.08 0.04 £ 0.02 7 0
OHATO044.burnt 20067 2020 10 0.62+0.08 -0.02 £ 0.02 6 5
OHATO044.burnt 200671 2022 10 0.47 £ 0.07 0.04 +0.02 9 0
OHATO045.unburnt 20061 2022 10 0.55+0.09 0.02 £ 0.02 6 5
@mean, §vari an OHATO43burnt 20061 2020 10 0.91+0.13 0.23 + 0.04 1 14
OHATO044.burnt 20067 2021 10 0.55+0.1 0.01 £0.03 6 1
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Figure 3.2. Principal coordinate analysis (PCoA) of a Biayrtis dissimilarity matrix of

s p e cfreqiendiesmeasured as number of occupied Gx#xuadrats in 19n transect

sections acrosstimeon 80 per manent t r a CanterburysSoathlislabda k e a&h ¢
New Zealandneasured between 1983 and 2(22&ch section comprised five quadrats. The

shapes of points represent burnt (circles) and unlfuirangles) transect sections. The

colours of points represent measurement times in relation to the October 2020 wildfire. Point

sizes are proportional to species richness. The transect sections were analysed in the same

PCoA but are plotted separately
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Figure 3.3. Principal coordinate analysis (PCoA) of a Bfayrtis dissimilarity matrix of

s p e cfreqiendiesmeasured as number of occupied Gx#xuadrats in 19n transect

sections across time on raOpermanent transecst L a k €antezlbusy,uSputh Island,

New Zealandneasured between 1983 and 2022. Each section comprised five quadrats.
Points represent transect centroids in species space for each measurement time. Lines show
the trajectories of change in species cosifan over time from the initial survey in 1983 to

the final survey in 2022. The text colour indicates unburnt (black) or burnt (purple)

measurement times. The transect sections were analysed in the same PCoA but are plotted

separately
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Figure 3.4. Principal coordinate analysis (PCoA) of a Bi@yrtis dissimilarity matrix of

S p e cpereest dovemeasured as the mean % cover in S#Fuadrats within 10n

transect sections (smadbloured dots) within 100 permanent r ansect s at Lake
Canterbury, South Island, New Zealandasured between 2006 and 2(22ch 16m

transect section comprised five quadrats. Large, coloured dots represent the centroids for each
measurement time encompassing all transects conngctieg s Ellipses represent the 95%
confidence envelope for a multivariatelistribution for transect centroids and thus represent

the relative variance of each transect at each measurement time. The ellipse colour represents
measurement time. Ellipsesutd not be calculated for measurements on OHATO042.burnt

due to the low number of transect sections that were burnt within that tramse®} (

Most of the species were present across all the measurerfréguse3.5). Six native
species on each of three burnt transects and two exotic species on two of the burnt transects
(but not on one burnt transect OHAT043.burnt) colonised after the fire {2@R22). The

highest number of local extinctions of native species across the entire study period occurred on
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OHATO042.burnt G =9) and the lowest on OHATO044.burnt£ 5). In contrast, local extinction

of exotic species was the lowest on OHATO042.burnit {) and the highest on OHATO043.burnt

(n = 4). Local extinction of species was higher than colonisation on the unburnt transect
OHATO045. On this transect, 17 species extinct and only seven species colonised between 1983
to 2022.

Rankabundanceurves showedompositional changes were driven by a drop in the
richness and evenness of temmunityaf t er t he fire as well as r
which occurred in all growth form$-igure3.6). The recovery of transects after the fire was
characterised by increases in transect richness and evenness, and further reordering of species.
Some native species which had high frequencyfipge such asg-estu@ novaezelandiae
became locally extinct (OHATO042.burnt) pdse (Figure S33, AppendixA). Some exotic
forbs, such a®ilosellaspp.,had high percent cover both pend postiire (20067 2022) on
both burnt and unburnt transedigure S34, AppendixA).

Species richness of native and exotic species i#m litansect sections decreased
between the most recent gree measurement (2006) and two weeks fiwst(2020), then
recovered on all burnt transects within three months (2021), except for exotic species on
OHATO042.burnt, where there was no significant decrease due td-fiyer¢ 3.7). However,
on all burnt transects, natives decreased more than exotieBreasid increased more three
months postire (Figure3.8). When growth forms were considered separately, native forbs and
graminoids responded more strongly to fire than exotic spdapsr€3.9). The excepon was
exotic graminoids on OHATO044.burnt, where they significantly recovered three months post
fire. The number of woody exotic species in general was lower than natives and they were
relatively unchanged by fire except on OHATO044.burnt, where thera sigsificant increase
in mean species richness three months-faestThe unburnt transect OHAT045 showed long
term losses in native and exotic species from 1983 to Z&igAre 3.7); these changes were
largely due to a decrease in richness of native and exotic forbs and native granfiigoices (
38&3.9).
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Figure 3.6. Rank abundance curves showing itenber of 0.25m2 quadrats each species
occurredinon10tn per manent transects at Lake @&hau,
Zealandmeasured between 1983 and 20®2other transects comprised 50 quadrats.

Species occurring on the burnt portion of OHAZ®@®buld only occur in a maximum of 18
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guadratsn = represents total number of species of the transect. Shape of points represent
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Figure 3.7. Species richness (+ one standard error) for all spatatises and exotics
recorded in 10n transect sections comprising five, Gi@5quadrats on 16én, permanent
transect s Ganterburg, ISauth éslana,INew Zealandasured between 1983 and
2022.The background colour represents before (white) &ed @ed) the October 2020
wildfire. Asterisks represent significant differences in richness between measurements

determined by generalised linear mix@ifiects modelling® < 0.05)
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Figure 3.8. Comparisons of native (purple) and exotic (green) species community dynamics

(x one standard error) showing changes in relative change in species gains, losses, and
richness per Hin transect sections on 0@ permanenttraesc t s at Caatdrbary,seh a u
South Island, New Zealandeasured between 1983 and 2(22ch section comprised five
quadratsSpecies presence was recorded in-®r25uadrats spaced every 2 m on each

transect. The background colour represents beforée)ndmd after (red) the October 2020

wildfire. Asterisks represent significant differences in species gains, losses, and richness
between changes in native and exotic spatgésrmined by generalised linear mixeffiects
modelling P < 0.05)
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Figure 3.9. Species richness (x one standard error) of native (purple, solid) and exotic (green,
dashed) species categorised as either forbs, graminoids or woody withitrdfsect

sections on 100n permanent transects at Ladedn a Canterbury, South Island, New Zealand
measured between 1983 and 202 background colour represents before (white) and after
(red) the October 2020 wildfire. Asterisks represent significant differences in richness

between measurementsterminedy generalised linear mixeeffects modelling® < 0.05)

Changesn mean quadrat percent cover of all species showed a dramatic decrease due
to fire followed by recovery over 15 months (2022) gost (Figure 3.10; Figure S35,
Appendix A), which was slowethan the recovery of species richneBgy(re 3.7). These
changes were similar for native species and exotic species, except exotics had lower overall
mean quadrat percent cover. Mean quadrat cover only partially recovered for native species
within 15 months posifire, whereas exotic species cover fully recovered within 3 to 15 months
postfire. The cover of woody species decreased to zero right attdnit partially recovered
in the three months pofite (Figure3.11). The unburnt portion of OHAT042 decreased in
cover of exotic species but notnatives. In contrast, the unburnt transect OHATO045.unburnt
decreased in native species cover, whereas exotic cover did not change significantly.
OHATO044.burnt had a relatively high cover of exotic forbs compared to the other transects
(except OHATO045.unbut) and the cover of these species did not significantly increase in
postfire in contrast to the other burnt transects (OHAT043.burnt). On OHATO045.unburnt,

forbs decreased and exotic graminoids increased between 2006 and 2022.
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Figure 3.10. Sum of meampercent cover (x one standard error) for all species, natives and
exotics within 0.256m? quadrats within 10n sections on 16 permanent transects at Lake

& h aQanterbury, South Island, New Zealandasured bateen 1983 and 202Zotal

guadrat cover can sum to more than 100% because percent covers for species could overlap.
The background colour represents before (white) and after (red) the October 2020 wildfire.
Asterisks represent significant differences iadpat cover between measurements

determined by generalised linear mix@ifiects modelling® < 0.05)
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Figure 3.11. Mean percent cover (x one standard error) for native (purple, solid) and exotic

(green, dashed) specieategorised as either forbs, graminoids or woody in-h2§uadrats
t r a Canterburys Soath

Island, New Zealantheasured between 2006 and 20B2e background colour represents

for 10-m transect sectionson 00 per manent

before (white)and after (red) the October 2020 wildfire. Asterisks represent significant

differences in quadrat cover between measurenaetesmined by generalised linear mixed

effects modellingR < 0.05)

Lake

Theratio of plant species that were clorald had low meristems changed with change

in community structureRigure3.12). Theratio of clonal plant species was significantly higher

two weeksafter fire on two of the burnt transects than at subsequerdnprepostire

measurements, but not on OHAT044.burnt, where it was significantly lower. On the unburnt

transect OHATO042.unburnt, there was no significant change iratioeof clonal speciedyut

it significantly increased on OHATO045.unburnt. Tiia¢io of plants with their meristem close

to ground was high on all the transects and significantly increased two weeks after fire (2020)

and was significantly higher than at subsequentapck posfire measurements on burnt

transects. On the unburnt trans@AT045.unburnt, theatio of plants with their meristem

close to the ground significantly decreased, except on OHAT042.unburnt.
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3.4 Discussion

This observational study comprising both lelegm and shofterm repeated vegetation
measurements on unburnt and burnt transects before and after wildfire demonstrates that
grasslanccommunity even those from a historically lefive frequencyenvironment, show a
significant but mostly shorterm response and, thus, resilience to wildfire. Community
structure (species composition and richness) diverged with fire then converged over a short
timescale. Changes in community structure were prigndriVen by gains and losses in native
species because they were dominant in the community (native species comprised 77% of all
species). However, both natives and exotics showed similar responses to the fire on burnt
transects. When growth forms were ddesed separately, species richness of native forbs and
graminoids were generally more affected by fire than exotic species in those growth forms.
Species cover recovered slower than richness; this is becauaffdoted plantommunity

take time to in@ase biomass. Comparison with unburnt transects showed that these changes

were relatively strong compared to the ldegm dynamics of these grasslands.

| demonstratedhat plantcommunitesin tussockdominated montane grasslands are
resilient to fire. here was a predictable shtetm response to fire of divergence followed by
convergence in plant community structure (species composition, richness, relative abundance,
gains, losses and mean quadrat cover) that reflects recovery ot @tamiunites However,
generally, theseommunitydid not return exactly to their state 15 years prior (2006) to the fire
in terms of species richness or cover. Composition was not significantly different between pre
and posffire samples on the partially burnt transdiktely due to the small sample sizes.
Species richness returneldseto prefire levels within three to 15 months suggesting that most
individual plants survived the fire and subsequently recovered. Species' survival and recovery
rates were affected bydé based on their traits. Most of these plants were perennial, have tightly
clustered leaf primordia and leaf bases of the mature leaves that could protect apical meristems
from burning during a fir¢Clarkeet al.,2013 Lamont et al., 2004 Plants withsuch traits are
resilient to fire as previously shown in fipgone ecosystem€larkeet al., 2015; Lipoma et
al., 2016 Pausas & Paul2020.

In contrastto other studies that have shown a general trend for exotic species to pre
empt space after to érdisturbancé D6 Ant o ni o 1922, Mlid hob findsaeykeyidence
that exotics species increased at the expense of native species (in terms of cover or richness)

within 15 months posdiire. In fact, both natives and exotics showed a broadly sinétgranse
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to the firg including the recovery of individuals after filgdpendixC). This is further evident

in my results where there was similar community recovery in both native and exotic species
richness and species cover on burnt transects. This further suggestgatizd in these
grasslands are not limited by space (Day and Buckley 2011).

Plant species of different growth formssponded differently. For example, species
richness of native forbs and graminoids were generally more affected by fire tharsp&otas
in those growth forms. These shtgtm changes are large compared tofpeelongterm
dynamics, with the exception of one unburnt transect (OHAT045) where all forbs and native
graminoids had significantly declined, while exotic species had neatable over the four
decades of samplingxcept exotic graminoidsUnburnt transects showed that some
components of theseommunites were gradually changing over longer timescales. These
changes were characterised by ongoing increases in the ce@v@tiocfgraminoids and woody
invasion on OHATO045, and decreases in native species in those growth forms, including forb
speciesThis suggests thahis unburnt transeawill be dominated by exotic graminoidBhis
is consistent with the finding that tuskeominated grasslands are dynamic and an important
component of these changes is ongoing invaday & Buckley,2011, 2013.

Planttraitsare important for understanding community resilience tqfiggoma et al.,
2016 Speed et al., 2010For examg@, ratio of plants that are clonal and had low meristem
generally increased immediately after fire and returned back tfirpievels in three, and 15
months posfire (Figure3.12). Similarly, I can infer that individual woody plants died back
resulting in decreased observed richness immediately after the fire, but subsequently recovered
their living biomass. Detailed natural history observations of individual plants after fire,
egecially to determine resprouting ability and seed production for a wide range of species, will
assist future research that seeks to predict community response to fire.

Finally, both long and shorterm plant community responses to fire must be viewed
in the context of land use history, grazing, drought, weed invasion and climate change (Baillie
& Bayne, 2019; D6Antoni o & Vitousek, 1992;
Mandle et al., 2011). This is because the effect of fire in these grassldinchange over time
due to global change drivers such as increasing temperatures, and decreasing rainfall and
humidity and hence, more extreme fire weather conditions (Jones et al., 2022). Monitoring
community dynamics at burnt and unburnt locatiorth oo shoriterm and longerm using a

combination of experimental burning and letegm sampling would be useful for testing
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specific hypotheses of individual species and community level drivers oefigposbmmunity

changes.

3.5 Conclusion

Repeated measuremis of these prexisting, vegetation monitoring transects has enabled us

to compare before and after disturbance measurements for characterising the community
response to fire and the effect of fire on
community were relatively resilient to this single wildfire event. However, the observed long

term dynamics, including ongoing plant invasions, combined with the predicted increase in
droughts and wildfires are likely to put native species in tobesanunityatrisk. Further, in

most areas, these grasslands are subjected to heavy grazing and browsing from both stock and
invasive mammals. The synergistic effects of environmental changes and such negative
interactions is likely to cause further community chandesgenerate recommendations for

land managers, we require increased research effort in both vegetation monitoring and

experimental studies to tease apart the effects of these interacting factors.
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Chapter 4 Dynamics of plant community flammaubility in

Ar t hur owrniPeadesmdes

4.1 Introduction

Due to global climate change, fire frequency, intensity and severity are forecasted to increase
in many parts of the world beyond historical nor@arke Smith, & Pitman, 2011;
Environment, 2022; Keeley & Syphard, 20E@)dare expected to affect spatial and temporal
patterns in vegetation and ecosystem fundifomenteras et al., 202Bond & Keeley 2005;
Bowmanet al.,2020. In particular, fires are predicted to become more intense in temperate
and alpine regiongEnvironment, 2022; Melia et al2022 leadingto increases in more
flammable plant species or vegetation tyf@éardoso et al.2018 Landesmann et al., 2021,
Schwilk, 2003. Thus, it is imperative for predicting impacts of global change that research

focuses o understanding the drivers of plant community flammability.

Plant community flammability reflects the combined effects of flammability traits of
the constituent species of the commur{i§eeley et al., 2011; Landesmann et al., 2021,
Simpson et al., 2016Yemporally,communitychange in their community structure over time
through succession and this change can influence change in amount and condition of fuels, and
therefore, community flammabiligfMcColl-Gausden & Penman, 2019; Tiribelli et al., 2018)
Exploring postfire successional changes in plaotnmunityar e O nat urs@a |l wleempe r i
relationships between fire and plant flammability can be determined and are important to
determine future community flammabili{8lackhall et al. 2017 Tiribelli et al., 2018) The
patterns of posfire community flammability can be determined by determining successional
changes in both plant traits and community strud@hecinski & Anderson, 2008; Uyehara &
Pacala, 2018)Other environmental factors such asasehdiation and rainfall can indirectly
affect plant community flammabilitgGomes et al., 2020)or instance, solar radiation and
precipitation have been shown to influence species composition and community type
abundancefCadiz et al., 202050, if here wasncreasen the abundance of low flammability
species in a community, e.dorbs, | would expect that community flammability would

decrease.

Plant traits represents variation in ecological strategies and determine how plants

respond to environnmeal factors and influence ecosyste(@almquist et al., 2017; Pérez
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Harguindeguy et al., 201.3Theyare shown to be strongly related to plant flammability and
phylogenetically conserveui et al., 202Q)Plant traits can be directly measured at various
scales by experimentally burning plants or plant parts: e.g., leaf flammability and shoot
flammability (Alam et al., 2020; Padullés Cubino et al., 2018; Rél@guindeguy et al.,
2013) From such experimentgariousstudieshave reported that high ledfy matter content,
shoot dry matter content and amount of retained dead material enhance plant flammaubility,
whereas high specific leaf area and leaf moisture content negaiivililgnce plant
flammability (Alam et al.,202Q0 Mason et al.2016 Murray & al., 2013 Wyse et al.2016.
Furthermore, plantwith thin, dry leaves and branching patterns can generate fine and well
aerated fuel beds and are highly flammatiiernandes & Cruz, 2012; SchwilRD03. In
contrastother studies have found thaaits including thick, fleshy leaves, and high moisture
content are low flammabl&anteaume et al., 2021; McDaniel et al., 2021)

Under similar environmental conditions some plants burn better than others due to the
intrinsic morphological traits of a pla(fuentesRamirez et al., 20163uggesting the effect of
individual traits accumulates within a plant commur{igngber & Varner, 2012; Tumino et
al., 2019) Traits can evolve with changing environmental condition and this change can change
plant flammadity (Bond & Keeley 2005; Keeley et al2011) as well as whole community
flammability (Magalhdes & Schwilk, 2012; Uyehara & Pacala, 20Rirthermore plant
flammability is phylogenetically conservegnongfamily and higher taxonomievel (Cui et
al., 2020) Thus, understanding patterns of change in traits related to plant flammability and
how these are affected by vegetation change may be one way to predict the effects of fire and
dynamics of flammabilityat landscapes under changing fire regiffegisas et al., 2017uch
studies are crucial telucidatet he r el ati onshi ps among pl ant
flammability, and fire behaviour. A first step in this understanding is to observe thernstéd
bet ween speciesd traits alevd flammabiity.Sedohdly,mma b i | i
is important to explore the changing community composition over time. These can help to
understand changes in traits asmmmunitythat can influence comunity flammability. For
instance, an increases in the dominance of small leaved woody plant species can increase

community flammability (Calitz et al., 2015; Fraser et al., 2016).

New Zealandébés vegetation mogMcGlpne,é0lopl ved
Perry et al., 2012However, some vegetation types were dominated by hightgidseeptible
plant specieqPerry et al.,2012 2014 and some New Zealand native plant species are
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inherently flammableg(Mason et al.,2016 Wyse et al.,2016. In subgbine ecosystems,
flammable vegetation types are prevalent, including native grasslands dominated by
Chionochloaspp., Festuca novagelandiae(Payton & Pearce2009 Perry et al.,2014,
bracken(McGlone,2001), and shrublands dominated Byacophyllumspp.(Johnson, 2001,
McGlone & Topping, 1983)in succession, a highly flammable woody spebBiescophyllum

spp. can easily invade and regenerate after fire in areas previously domin@teidrychloa

spp., Festica novaezelandiaeand Pteridium esculentunfJohnson,2001). With predicted

future increases in the fire weather index in New Zea{Bedrce et al., 2011; Simpson et al.,
2014) an increase in fire frequency is expedtedarce & Clifford, 2008)Furtherresearch is
needed on how these predicted changes in vegetation may interact with the effects of other
global change drivers. For example, the invasion of low statured forbs into the tussock
grassl ands of New Zeal and 0 s créaseuntthe flamsdbiatyn d  h a s
of these invadedommunity(Padullés Cubino et al., 2018tudies in firgprone ecosystems
including Australia, South Africa, Europe and Amef(Gall & Zylstra, 2005; McColGausden

& Penman,2019 Raubenheimer et al., 2021;ribelli et al., 2018; Zylstra, 2018)ave
predicted that plant community flammability will change over ti(ivoreira et al., 2014,
Pausas et al., 2017; Schertzer & Sta20d,8 due to effect of global climate chan@e. G.
Clarkeet al.,2011). One studyonducted in New Zealand found that community flammability
declined in tussock grassland, based on an assessment of commeiglited mean
flammability from permanent transects remeasured of a 25 year peaddllés Cubino et al.,
2018. Longterm plotsprovide a unique window into how community flammability has

changed over decadal scales.

In this study, | aimed to quantify community flammability over nine decades of post
fire vegetation change in one of et héeCowdkralyddes
Pl ots6. These transects were set up in the e
shrubland and forest) within the low nutrient, pererd@hinated, sualpine ecosystem at
Art hur 6 s Pas @urge Bteaw2028 €ader& Wdrdle, 1969 Cockayne, 1898
Cockayne & Calder1932. The transects were burnt in 1890, 42 years prior to the first
vegetation measurement. They were burnt three times after the initial fire in 1921, 1930 and
1932. A recent analysis has shown thahwiticcession, the richness and abundanoatofe
woody species have increased to three times than that of the initial vegetation measurement
however there were no angxotic woody species at this sagernine decades of vegetation

measuremer(Burge et al., 2020)
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Here, | combine these plot data with data from laboratory burns to estimate community
flammability in these transects during each census pg&raadeguiberry et al2011;, Padullés
Cubino et al.2018 Wyse et al.2016. These estimates were then used to examine the changes
in relative community flammability over the 90 years of gost succession. | predicted that
community flammability in grassland vegetation would be relatively higher early in the post
fire vegetatbn change due to an initial increase in fine fuels (grasses) or species such as bracken
(Pteridium esculentum(G. Forst.) Cockayne and Dracophyllum spp. (Johnson, 2003
McGlone & Topping,1983 McWethy et al.2013. | predicted that community flammabyfit
would subsequently decline in grassland vegetation due to an increase in species that contain
higher leaf moisture conter{fPadullés Cubino et al2018. In forested vegetation and
shrubland, where there is an increase in biomass and vwooayunity | predict community
flammability will increase over time, due to the prevalence of high flammability forest species,
such as mountain beetuscosporacliffortioides Specifically, for this dataset quantifying
postfire vegetation change of over 90 yebhasked: (1) Which measured morphological traits
predict variation in shoot flammability and (2) How has community flammability changed over

time?

4.2 Methods

4.2.1 Study area

Art hurdéds Pass is the highest pass af@(figwes s t he
S41, AppendixA). Geographicallyti s | ocation is 920 m a.s. |
and |l ongitude 171e330656.006 E. Arthuroés Pass
climate data from the last 49 years show that Arthurs Pass has a mean annual maximum
temperature of 17181 0. 60 eC and a mean annual mi ni mu
(NIWA, 202]). Rainfall data from the past 115 years (1906 to 2021) show that the site has a
mean totabnnual rainfall of 4080.565 + 59.89 miAdure S42, AppendixA).

When Cockaynefirst established nine permanent vegetation monitoring transects in
1932, he vegetation was predominantly subalpine s¢@dlder & Wardle, 1969)n the first
(1932) and second (1965) measurements, the common species at Transects 1 and 2 were
Chionochl@ sp.(Calder & Wardle, 1969; Cockayne & Calder, 198Rable 41). Transects 3
and 4 were in beech forest and remained stable in composition adrimss #1932, 1965,
2001 and 2018) vegetation measuremgi@srge et al.,2020. Common species were

Phyllocladusalpinusand Fuscosporacliffortioidesand understory specigSoprosmaspp.,
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Olearia spp., andPseudopanaxolensoi At Transect 5, in subalpgnscrub, the common
species wereéDracophyllum longifolium and Veronica subalpinain the first and second
measurements, but later in 20D8&cophyllumuniflorumwasmorecommon.At Transect 6,
in subalpine scrub, the relatively more common spémes 1932 to 2018vereDracophyllum
longifolium Dracophyllum uniflorum Gaultheria rupestris Pentachondara pumilaand
Celmisia discolorAt Transect 7, in subalpine scrub, the commspecies werdstelianervosa
Phormiumcookianum BlechnunpennamarinaandChionochloasp. in 1932 to 2018urge
et al.,202Q Calder & Wardle 1969 Cockayne & Calder]932. At Transect 9, in subalpine
scrub, the relatively more common species at il& fmeasurement wer®zothamnus
leptophyllus and Veronica subalpina but later, in 2018,Dracophyllum longifolium
Dracophyllum uniflorumBrachyglottis elaeagnifoliaCoprosmacolensoj Blechnum minus,
Phormium cookianunand Astelia nervosavere more comon. In subalpine low forest at
Transect 10, the common species we&macophyllum longifoliumand Astelia nervosa
Phormium cookianurat the first and second measurements. In 2Gb®rosma dumosand

Coprosma pseudocunedtad become cdominant.

There have been no fires in Arthurods Pass
that encompassed all nine of the trarskxatations, except Transect 10, which was burnt in a
fire in 1878 (Cockayne 18). Small fires occurred at Transects 9, 7 and 2 in 1921, 1930 and
1932, respectivelyBurge et al.,202Q Calder & Wardle 1969. Transect 8, which was
originally established with all other nine transects was abandoned in 2001 because it lacked
permanentmarkers and was not drawn to scalthese transects wenecated with a
geographical positioning systei®@R9 andthe guidance of previous researcher who worked

onthe plant speciesomposition at this site.
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Table4l.Description of nine permanent tr areneasuddin 1969 20Qlbahd 28ABdehdm)and Ar t hu

length (m) are the dimensions of the transetea is the total area sampled within each of the belt tranS&sgistation ype was based on a
classification byCalder & Wardlg1969) and observations made during data collection. Dominant species on each transect were those that had
ast fired i s

greater than 30% mean relative percent frequency in each transect across all measuremenftene®s. s si nce |

29

between 2018 and the last fire at each transect. The relative percent frequency was calculated by dividing the tothgridrobkés (each

was 1 foot square, or 0.09Fnon a transect by the total numlaé grid cells

Transect | Width | Length | Area | Vegetation Dominant species Aspect Elevation | Years
(m) (m) (m?) | type (ma.s.l) |since
last fire
T1 1.2 8.8 10.7 | Beech forest Fuscosporacliffortioides, Chionochloaspp. 97eE 880 128
8 edge
T2 1.2 5.2 6.32 | Tussock Chionochloaspp. 80eNE 901 86
grassland
T3 2.4 19.8 48.3 | Beech forest Phyllocladusalpinus Fuscosporaliffortioides, | 100eE 906 128
1 Brachyglottiselaeagnifolia
Coprosmapseudocuneata
T4 2.4 19.7 47.9 | Beech forest Phyllocladusalpinus Fuscosporaliffortioides | 100eE 929 128
2 Brachyglottiselaeagnifolia
Coprosmapseudocuneata
T5 2.4 10.7 26.0 | Subalpine scrulj Dracophyllumspp.,Brachyglottiselaeagnifolia | 1322SE | 920 128
1
T6 1.8 3.4 6.13 | Subalpine scrulj Dracophyllumspp.,Pentachondrgumila, 340eNW | 909 128
Celmisiadiscolor
T7 1.2 8.1 9.85 | Subalpine scrulj AstelianervosaPhormiumcookianum 250eSW | 919 88
Blechnunminus Chionochloaspp.
T9 1.2 55 6.69 | Subalpine scrulj Dracophyllumspp.,Brachyglottiselaeagnifolia | 23%SW | 909 79
Blechnunminus PhormiumcookianumAstelia
nervosa
T10 1.2 11.6 14.1 | Subalpine low | Dracophyllumspp.,Coprosmadumosa 260eSW | 841 140
2 forest Coprosmgpseudocuneata




4.2.2 Datacollection

Long-term plant community data

| used plant community composition data from the nine transleatsvere of variable size
compiled by Burge et al., (2020) to estimate how changes in plant community structure were
related to community flamability over time. The data comprised relative percent frequency

of plant species within the nine permanently marked transects from 1932 to 2018. These long
term data were used to determine which species were relatively more common across all time
points,to direct sample collection for trait and flammability measurements, and how estimated

as the relative percent frequency of each species had changed on the transects over time. The
alpha diversity of plant community at each of the four vegetation measordémmes was

computed as total species richness per transect.
Plant morphological and flammability trait measurement

Field sampling

Shoots were collected from the 50 most abundant species for the nine transects. To achieve
this, species with greater thanequal to 30% relative percent frequency on at least one transect

in 2018 were sampled. Sample collection followed methods described in previous plant trait
and flammability studies (Alam et al., 2020; Jaureguiberry et al., 2011; Padullés Cubino et al.,
2018; PéreHarguindeguy et al., 2013). Shoots, or, if smaller than 70 cm, the entire plant, were
sampled to measure a range of morphological and plant flammability(&kts et al.,202Q

Cuiet al.,202Q Padullés Cubino et aR018. To avoid anympact of destructive sampling on

the permanent transects, the plant samples were collected outside the permanently marked
transects, but within approximately 50 m. For treessimdbs,70-cm long terminal branches

were cut from healthy, reproductively e, plants wittsunexposed shoots, whepessible.

For grasses and forbs, whole tillers were collected including roots, then the roots were cut to a
minimum length to preserve the aboveground plant architecture. In cases where the grasses and
forbs werelonger than 70 cm, the lower 70 cm was sampled and material above that length
was trimmed. For ferngsondsof up to 70 cm were collected. One shoot sample was collected
from each of six different individuals of each species. Additionally, from thoseisdimielual

plants, shoot subsamples of approximatelycdDlong were collected to measure moisture
content, and leaf samples were collected for morphological, and moisture content

measurements. Shoot samples were stored in black polythene bags andhpda$ seere
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collected in plastic zip lock bags and stored chilled for a maximum of five days before trait

measurements were taken.

Morphological trait measurements

Both leaves and shoots were measured to assess morphological trait variation among species.
At the leaf level, the dimensions of leaves, including the length, width and thickness, were
measured. Leaf length and width were measured using a ruler and thickness was measured
using a micrometre (size 32@5A of measuring range-Z6 mm). Leaf samplesere also

scanned to create digital images from which the leaf surface area of each individual was
computed using ImageJ (version 1.53E). At the shoot level, tweaubples of approximately

10 cm in length were used for dehydration and saturation. Cthe stibsamples was air dried

for 24 hours and the other was soaked in water for 7 hours. The biomass of eacvaladr
andairdr i ed samples were measured. Then both sa
Similarly, at the leaf level, the leave®re soaked in water for 7 hours and then oven dried for

48 hours at 65eC. Samples were then weighed

biomass for both leaves and shoots.

Plant flammability trait measurements

Shoot or plantlevel flammability for the 50 sampled species was quantified as four
flammability componentésee detail in Padullés Cubino et al., 2018)gnition score, time to
ignition (0-10 s) subtracted from 10 (Padullés Cubino et al., 2018); 2) the maximum
temperature measured mgian infrared thermometer; 3) burning time, the time of flaming
duration; and 4) burnt biomass, the visuaditimated percent biomass consunidgk relative
flammability of species was estimated by burning shoot and ajpowend plant samples using

a speially designedlevice by Jaureguiberry et €011 and modified bywWyse et al(20169).

The device consists of a vertically half cut barrel of size 85 x 60 cm placed horizontally on
four metal legs of 100 cm in length with a gas grill @otnected to gas cylinderri®r to
burning, samples were air dried at room temperature for 24 hours. Then were measured for
length, width, and height. Percent of dead material present on each sample was visually
estimated just before burning. Then, eaampgle was laid horizontally on the grill for two
minutes, then ignited it with a blowtorch flame for 10 s. The time to ignition (if it occurred)
and the length of time the sample burnt for were recorded. The maximum temperature attained
during burning wasecorded using an infrared thermometer (Fluke 572, Fluke Corp., Everett,

WA, USA). Finally, the percent biomass consumed in the fire was visually estimated. Samples
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that did not ignite were assigned zero percent consumed and the maximum temperature was
recrded as the initial temperature of the grill, 150(€0i et al.,202Q 202Q Padullés Cubino
et al.,2018.

Long-term climate data

To determine how climate variables relate to changes in community flammability, climate data
for 10-35 year were collatedaily climate data was downloaded from National Institute of

Water and Atmospheric Research Ltikts://cliflo.niwa.co.ng rainfall, maximum and

minimum temperature, wind speedsolar radiation, relative humidity, potential
evapotranspiration, moisture, and soil moisture from 1906 to ZRBVA, 2021). Daily
temperature, rainfall, relative humidity, soil moisture, vapour pressure, potential
evapotranspiration, wind speed and ris deficit data were used to calculate annual mean
values. Means of these annual means were then calculated for separate periods (four periods
for rainfall: 115 year and two periods for wind speed: 24 years) to create a climate window of
minimum 10 to 35years relating to vegetation measurement. For instana®rrelate 1932
vegetation measurement with rainfall, a climate window of 26 year was created from the mean
annual rainfall from 1906 to 1932. These climate windows for each variable were piottesl a

the vegetation measurement time to correlate climate change variables with relative community
fl ammability usi ng33Rfle®RCoapTleant 20Z) package, v

4.2.3 Data analysis

Variation in plant community structure and morphological traits

A detrended correspondence analysis (DCA) was used to explore changesdorplanhity

over time wusing R function 1) dEAX ise anaiteratitle i n &
algorithm used to explore gradients among speciesmmmunityand is particularlyiseful with

long gradients in species composition, as in this case where several different vegetation types
were analysed (Hill & Gauch, 1980%pecies richness anielou's evennessE) were

calculated using functiodspecnumbé&rand i ndex &éShannond in bas

colonized andocally extinct species were computed from the species composition data.

To explore variation in morphological plant traits among species, principal component
analysis (PCA) was implemented usingthe nct i on ¢ pc a @2.3iinR(R&CBra ct o Mi |
Team, 2022) Morphological trait composition was calculated as the communitghaex

mean of each morphological trait at the transect level (see formAjppendixD) based on
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plant life form, clonalityand heighi{see detailn next section andiableS41, AppendixA).
Trajectories were plotted from the first vegetation measurement tomib& recent
measurement to show thelative changes over time of transects in species space and in trait
spacgBuckley et al.2021).

Species flammabilitytrait relationships

To investigate relationships among species flammability and morphologits/ keaf area,

leaf dry matter content, leaf specific leaf ar@ad leaf moisture content were calculated at the
individual sample level, following previous studi@gppendixD; Alam et al., 2020; Padullés
Cubino et al.PérezHarguindeguy et al., 20).3Speciedevel values for each flammability,

and morphological trait were estimated by taking the mean values for individual samples within
species. For species that were not sadipdlata from existing sources were collgi&idm et

al., 202Q Cui et al.,202Q Padullés Cubino et al2018 Wyse et al.,2016, resulting in
flammability data and at least partial trait data for 67 species. Linear regression of ignitability
on burnt lomass was used to replace one missing valu@ristotelia fruticosa where time

to ignition was not recorded.

A principal componengnalysis (PCA) was performed at the species level to quantify
the relative flammability for the 67 species for whichd ¢ dat a (speci esbo
rankings; raw data iffable S42, AppendixA). The first flammability component (PC1) was
further used to calculate communlgyvel flammability as pePadullés Cubino et af2018)
Data for the morphological traits of leaf length, leaf thickness, leaf aredryeaftter content,
specific leaf area, bulk density, moisture content and dead material were log transformed prior
to analysis. A second PCA was performed usi:
species for which | had morphology dafBalble S43,Appendix A). A third PCA was
performed usig both the flammability and morphological traits for these 57 species to
understand relationships among flammability and morphological traits. This was executed to
visualise relationships among these all the plant traits used in this study. Pairwicestaias
among al l trait values were quanti Rvedl usi ng
(R Core Team, 2022).

Phylogenetic species flammability PC1 and morphological trait relationship

To determine th@hylogeneticsignal of plant flammiility (PC1) among species, phylogeny

of 57 species was assessed using function ¢
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propertiege.g. phylogenetic diversity and phylogenetic relatedness) of vascular (iéats

& Jin, 2016) To visualize speciegammability (PC1) pattern across the phylogeny, a circular

di agram was made u(¥uetad. 2010)Thetphylmgeneti gignalrwase 6
eval uated usiang cPRhageell éast iloanb dsa r(u c (Frackletonets i ng f
al., 2002) Pagel 6s & varies from zero to unity.
phylogenetic signal in the trait, that is, that the trait has evolved independently of phylogeny

and thus close relatives are not more similar on average than distamteelatf o = 1 i ndi
strong phylogenetic signal, and that the trait has evolved according to the evolutionary model

of Brownian motion model structure. But values in between 0 and 1 indicate that there is
phylogenetic signal in the traits, and also eedhaccording to other stochastic ecological
pressures rather than linear increase in divergence among the species w(Engokieton et

al., 2002) Eight candidate models were set up where species flammability (PC1) as a response
variable and morphologal traits (PC1_morph, PC2_morph and PC3_morph) as predictor in
phylogenetic generalized least squared (pgls) to evaluate phylogenetic pattern of species

flammability and morphological traits association.

Estimation of community flammability

All 134 speces recorded in the transect vegetation measurements were categorised into
fourteen classes based teir life history traits Table S44, AppendixA). The life history

traits were derived from life form (perennials, ansudérns, woody species, then within
graminoid: tufted grass, grabke sedge, iridoform, junciform, other petalous monocots;
within dicots: mat forming, rosette, erect, ascending, tall shrubs, prostrate shrubs, spreading to
erect small shrub, stem climiseand small tree), clonality (nartonal, clonal above ground:
stolon, gemmiparous, other vegetative buds or plant fragments and clonal below ground:
rhi zomes, tuber s, bul bs, adventitious root
flammability scoes on PC1 of the flammability PCA (for species that | had flammability
measurements for) were assigned to those that did not have flammability measurements for (
= 67), making the assumption that species that were in the same genus and life history class
would have similar flammabilityPadullés Cubino et al., 2018able S4 AppendixA). To
estimate the relative community flammability fachtransect at each measurement time, the
transect community matrix of species composition data was multiplied by the vectorised
flammability component PC{Padulés Cubino et al., 2018)Subsequently, a community

flammability weighted mean value for each transect measurement dataset was calculated as the
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ratio of the sum of the flammability community matrix and the community composition matrix
(Padullés Cubino tl., 2018).

Change in community flammability

Community weighted mean flammability for each of the nine transects was used as response
variable in a simple linear regression against measurement time across the 86 years (1932
2018). Themmposthoc TukeyHSD test was | (DpMedbemnt ed u
Delgado & De Mendiburu Delgado, 2008) R v.4.2.1(R Core Team, 2022{p test for

significant change variation in community flammability over time.

4.3 Results

4.3.1 Change in community composition over time

The patterns revealed in the DCA of plant comityucomposition for all transects at all
measurement times were consistent with results presented in Burge et al. (2020), showing full
turnover of species composition and a strong compositional gradient from forest to grassland
vegetation types on the $ir DCA axis Table 42; Figure4.1 & 4.2). Thesecond DCA axis
reflected variation among transects in relative dominance by shrubs. Transects on which high
shrub dominance were at the bottom of ordination space, whereas transects on which shrubs
were low were moved to upward in DCA ordination plotjd@ctories for each transect showed

that the transects differed in the extent to which species composition changed over time, some
being more stable than otheisiqure 4.2). Specifically, T1 and T7 changed markedly in
composition (shown by large trajectories in ordination space), while T2, T4 and T5 changed

very little. Changes for individual transects also varied among the time periods.

Table 42. Results from detrended correspondence analysis (DCA) on species composition of
all nine transects at all measurement tih@322018 Eigenvalues and axis lengths are given

for four DCA axes

DCA1 DCA2 DCA3 DCA4
Eigenvalues  0.6501 0.3288 0.1356 0.14892
Axis lengths 4.3853 2.7533 1.8345 1.73873
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Photo credits: Manaaki Whenua
Olivia Burge. Larry Burrows, Susan Wiser for photos of transect (T2, T7, T9 and T10) locations

Figure 4.1. Photos of permanent transect locations in different vegetation types including
beech forest edge (T1), tussapiassland (T2), beech forest (T3 & T4), subalpine scrub (T5,
T6, T7 &T9) and subalpine low forest (T10)
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Figure 4.2. Detrended correspondence analysis (DCA) diagram showing variation in species
composition among transects aridsely associated species. Species labels are shown for

those with greater than 30 percent frequency in 2Bagh point represents the composition

of a transect at a particular measurement time. Measurements for each transect are joined by a
trajectory arow starting from the first vegetation measurement year (1932) to the most recent
measurement (2018). The size of points is proportional to the value from the community
flammability weighted mean. Full species names represented by the abbreviatiomsrare gi

in TableS41, AppendixA
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Beech forest edge (T1)

Transect T1 was at the edge of beech forest where the vegetation was a mix of grassland and
forest edge specieBigure4.1). In this vegetation type, in 1932, two tall, prostrate shrubs were
relatively common (i.e., had a relative percent frequency of more tha@@osmadepressa

and Dracophyllumuniflorum (Table 4.3). Chionochloarubra wasthe mostcommonspecies

(i.e., a relative percent frequency more than 30). In 1965, the s@ngresma cheesmani,
Dracophylum uniflorum Veronicacanterburiensisvere relatively abundant, but no trees had
more than 30 relative percent frequerCilionochloaubra was still the most common species

in 1965 too. In 2001 and 2018, species having more than 30 percent relatienéegvere

the tall trees and shrubbauscosporacliffortioides and Coprosmadepressaand the rosette
Anisotomearomatica Transect species richness and evenness fluctuated, but richness
increased by 10 species across all time periods, aBi€lidu's eveness(E) by 0.03; these
changes were driven by colonisations and extinctions of predominantly native spabies (

44 & Table45).

Tussock grassland (T2)

Transect T2 was in tussock grassland, dominategtdsses and other low stature species. The
most common species having more than 30 relative percent frequency were grasses, rosettes,
and cushion specie§ifure4.1). The common grass species wélieionochloarubra and

Carpha alpinarosette species we@urisiamacrocarpaandBrachyglottis bellidioide§Table

4.3). There were no shrubs and trees occurringi@te than 30 relative percent frequency in
1932.In 1965, the most common species wBkechnunmpennamarina, Chionochloarubra,
Schoenuspauciflorus, Viola lyallii, Dolichoglottis lyallii, Celmisia gracilenta Celmisia
verbascifoliaand Craspediaspp. In 2001, common species having greater than 30 relative
percent frequency wer€hionochloarubra, Schoenugauciflorus Viola lyallii, Celmisia
gracilenta, Ourisia macrocarpaandCraspediaspp. In 2018, the most common species were
Chionochloaubra, Violalyallii, Schoenupauciflorus Poacolensoj Blechnunmpennamarina
andGonocarpusaggregatusPreviously dominant speci€arphaalpina, andDolichoglottis

lyallii were no longer recorded. Overall, despite fluctuations in species colonisations and
extinctions, species richness on this transect doubled between 1932 and 2018 and evenness
increasedTable4.4 & Table4.5).
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Table 43. Species in each growth form class that had a relative percent frequency of greater than 30% at each of the four meassrement t

19322018 Thed6symbolindicates where no species met the 30% threshold at a given time. Growth forms are based on 14 life history category

T1 Trees - - Fuscosporaliffortioides  Fuscosporaliffortioides
Shrubs Coprosmadepressa Coprosma cheesmani  Coprosmadepressa Coprosmadepressa
Dracophyllumuniflorum  Dracophyllum uniflorum
Veronicacanterburiensis
Graminoids Chionochloarubra Chionochloarubra Chionochloarubra, Chionochloaspp.
Chionochloaspp
Forbs - Aporostylis bifolia Aporostylishiflora Anisotomearomatica
Fern - - Blechnum pennaarina -
T2 Trees - - - -
Shrubs - - - -
Graminoids Chionochloa rubra Chionochloa rubra Chionochloa rubra Chionochloa rubra
Carphaalpina Schoenus pauciflorys ~ Schoenus pauciflorus Poa colensqi
Schoenus pauciflorus
Forbs Ourisia macrocarpa Anisotomearomaticag Celmisia gracilenta, Blechnum pennanaring,
Brachyglottisbellidioides Blechnum pennanaring  Craspediaspp., Celmisiagracilenta
Celmisia gracilenta Dollichoglottis lyalli, Celmisiaverbascifolia
Celmisia verbascifolia ~ Ourisiamacrocapa Gonocarpusaggregatus
Crasepediaspp, Viola lyalli Ourisiamacrocapa
Dollichoglottis lyalli, Viola lyalli
Viola lyali
T3 Trees - - Fuscosporaliffortioides  Fuscosporaliffortioides,
Myrsinedivaricata,
Phylocladusalpinus
Shrubs Brachyglottis Brachyglottis Coprosmapseudocuneata Coprosmapseudocuneata
elaeagnifolia elaeagnifolia Coprosmdoetidissima

Coprosmapseudocuneat:
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Transect Life form

1932

1965

2001

2018

Graminoids
Forbs
T4 Trees

Shrubs

Graminoids
Forbs

T5 Trees
Shrubs

Graminoids
Forbs
Fern

T6 Trees
Shrubs

Graminoids

Forbs

Fern

T7 Trees

Brachyglottis
elaeagnifolia

Celmisiadiscolor

Oleariailicifolia,
Phylocladusalpinus
Coprosmadumosa
Coprosmgpseudocuneat:

Phormiumcookianum
Polystichumvestitum

Brachyglottis
elaeagnifolia
Dracophyllum
longifolium

Blechnunminus

Chionochloaspp.,
Schoenugpauciflorus

Celmisiadiscolor,
Phormiumcookianum

Astelianervosa,

Oleariailicifolia ,
Phylocladusalpinus

Coprosmapseudocuneata

Brachyglottis
elaeagnifolia
Coprosmeserrulata
Dracophyllumlongifolium

Blechnunminus

Gaultheriarupestris
Myrsinenummularia
Pentachondrgpumila
Chionochloaspp.,
Schoenugpauciflorus

Celmisiadiscolor

Blechnumminus
Lycopodiumscariosum

Astelianervosa
Phyllocladusalpinus

Coprosmapseudocuneata

Brachyglottiselaeagnifolia
Coprosmadepressa
Coprosmeaserrulata
Dracophyllumlongifolium

Blechnunminus

Myrsinenummularia
Pentachondrgumila

Chionochloaspp.,
Schoenugpauciflorus

Celmisiadiscolor

Blechnumminus
Lycopodiunscariosum
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Transect Life form 1932 1965 2001 2018
Shrubs - Coprosmaserrulata Coprosmaserrulata Coprosmeserrulata
Gaultheriarupestris Dracophyllumlongifolium  Gaultheriarupestris
Veronicacanterburiensis Dracophyllumlongifolium,
Brachyglottiselaeagnifolia
Lepidothamnugaxifolius,
Myrsinenummularia
Graminoids - - Chionochloarubra -
Forbs Phormiumcookianum Astelianervosa Astelianervosa Astelianervosa
Celmisiaarmstrongii Phormiumcookianum Phormiumcookianum
Phormiumcookianum
Fern - - Blechnumminus Blechnumminus
T9 Trees - - - Pseudopanagolensoi
Shrubs Ozothamnus Brachyglottis Coprosmeaserrulata Coprosmeaserrulata
leptophyllusVeronica  elaeagnifolia Dracophyllumlongifolium, Dracophyllumlongifolium,
subalpina Coprosmaserrulata Dracophyllumunifiorum  Dracophyllumuniflorum,
Dracophyllumuniflorum Brachyglottiselaeagnifolia
Gaultheriarupestris
Graminoids - - - -
Forbs Ourisiamacrocarpa Ourisiamacrocarpa - -
Fern Blechnumminus Blechnumminus Blechnumminus Blechnumminus
T10 Trees - - - -
Shrubs - Dracophyllum Dracophyllumlongifolium,  Dracophyllumlongifolium
longifolium, Coprosmadumosa Coprosmadumosa
Coprosmapseudocuneata Coprosmgpseudocuneata
Graminoids - - - -
Forbs - Astelianervosa Astelianervosa Astelianervosa
Phormiumcookianum Phormiumcookianum Phormiumcookianum
Fern - Blechnumminus Blechnumminus Blechnumminus




Table 44. Transect species richness (S) &ielou'sevenness (E) over time

Transect 1932 1965 2001 2018
S E S E S E S E

T1 26 0.02 30 0.03 42 0.03 36 0.05
T2 16 0.04 34 0.03 38 0.04 34 0.05
T3 15 0.04 30 0.03 35 0.04 32 0.06
T4 20 0.03 50 0.02 41 0.03 38 0.05
T5 20 0.03 35 0.03 41 0.03 38 0.05
T6 18 0.03 20 0.06 24 0.06 26 0.07
T7 28 0.02 37 0.03 42 0.03 42 0.04
T9 24 0.02 20 0.06 19 0.08 21 0.09
T10 24 0.02 27 0.04 25 0.06 28 0.07

Beech forest (T3 and T4)

Woody species were relatively more common on the two transects in this vegetation type;
howeverjn 1932and1965,shrubs were relatively more common (greater than 30 relative percent
frequency) onT3 than beech trees, includingrachyglottis elaeagnifolia and Coprosma
pseudocuneatdFigure 4.1). In 2001, mountain beeclFscospora cliffortioides the shrub
Coprosmapseudocuneatand the forbAstelia nervosavereat greaterthan30 relative percent
frequency(Table 4.3). In 2018, the tall shrub&€oprosmapseudocuneataviyrsine divaricata,
Coprosmafoetidissima the treed~uscosporacliffortioides and Phyllocladusalpinus and the
rosetteAstelianervosahad greater than 30 relative percent frequency on T4. In 1932, no species
had more than 30 relative percent frequency. By 1965, theRhgdiscladusalpinusandOlearia
ilicifolia , the shrubgCoprosmapseudocuneatdrachyglotts elaeagnifoliag Coprosmadumosa

the forb Phormiumcookianum and the ferrPolystichumvestitumhad greaterthan 30 relative
percent frequency In 2001, the shrub specieSoprosma pseudocuneataand the trees
Phyllocladusalpinus Fuscosporacliffortioides, Olearia ilicifolia and the forbAstelianervosa
werecommon In 2018, the relatively common species werettkesPhyllocladusalpinusand
Fuscosporecliffortioides and the shrub speci€oprosmapseudocuneataviyrsine divaricata,
andCoprosmafoetidissimaverecommon(Table4.3). Species richness and evenness increased
over time on both transects, reflecting many colonisations and éotiscespecially on T4
(Table4.4 & Table4)5).
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Table 45. The number of native (exotic) species that became extinct or colonised each transect

across each of the three measurement periods

Transec Colonisations Extinctions

t 19321965 19652001 20012018 19321965 19652001 20012018
T1 13 18 5 10 8 12
T2 19 9 4 1 6 8
T3 17 9 4 2 5 7
T4 31 5 0 1 14 3

T5 16 10 (2) 7 1 6 8 (2)
T6 5 7 5 3 3 3

T7 21 15 8 (1) 11 (1) 10 10
T9 3 3 6 7 4 4
T10 10(1) 2 6 (1) 7 (1) 4 3

Subalpine shrubland (T5, T6, T7, T9)
Four transects T5, T6, T7 and T9 were classified as subalpine shrubtaefn8, i@ 1932, the only

woody species with greater than 30 relative percent frequency was theBsiaalyglottis
elaeagnifolia In 1965, the shruld3racophyllumongifoliumandBrachyglottiselaeagnifolig and
the fernBlechnunminus were common. In 2001, in addition to those previous three species, the
shrub specie€oprosmaserrulata was relatively common and in 2018, the shruBoprosma

depressdad also increased to more than 30 relative percent frequEalche 4 .3).

On T6, in1932 there was single common species having more than 30 relative percent
frequency, the foriCelmisiadiscolor. In 1965, in addition t&€elmisiadiscobr, the graminoids,
Schoenugauciflorus a tussockChionochloaspp., and a rosetihormiumcookianumhadmore
than30 relative percent frequendy 2001, in addition to the above species, the feygspodium
scariosumandBlechnunminus and the shrubBentachondrgpumila, Myrsinenummulariaand
Gaultheriarupestrishad becomecommon.in 2018,therewaslittle changefrom 2001 except

Gaultheriarupestris whichwasno longerrecorded Table4.3).

OnT7 in 1932 the only specieswith greaterthan 30 relative percentfrequencywasthe
Phormiumcookianum In 1965, there were three common forb speBilesrmiumcookianum
Astelia nervosaand Celmisia armstrongii and three shrubsCoprosmaserrulata Veronica
canterburiensisndGaultheriarupestris.In 2001,thetwo shrubsDracophyllumlongifoliumand

Coprosmaserrulata one graminoid, Chionochloa rubra, two forbs, Astelia nervosa and

75



Phomiumcookianumandthefern, Blechnumminus werecommon.In 2018,thefern Blechnum
minus shrubsLepidothamnudaxifolius. Coprosmaserrulata Veronica canterburiensis and
Myrsine nummulariaand the forbs Astelia nervosaand Phormiumcookianumwere common
(Table4.3).

OnT9 in 1932 the shrubsVeronicasubalpinaand Ozothamnuseptophyllus therosette
Ourisia macrocarpaand the fernBlechnumminuswere common having more than 30 relative
percent frequency. In 1965, the shrubsprosmaserrulatg Brachyglottiselaeagnifoliaand
Dracophyllum uniflorum rosette Ourisia macrocarpaand the fernBlechnumminus were
common The peviously common speciégeronica subalpinaand Ozothamnudeptophyllus
were extinct. In 2001 and 2018, the ferBlechnumminus and the shrubs Dracophyllum
longifolium, Dracophyllumuniflorum and Coprosmaserrulata were common In addition, in
2001 and 2018 two woody speci@&achyglottiselaeagnifolia and Gaultheria rupestrishad

become common and in 20seudopanarolensoihadalsobecomecommon(Table4.3).

Speciegichness increased overall on all of the subalpine shrubland transects, except T9,
which decreased by three species in total;, evenness also increased on all traakkctst).
Relatively more colonisations and extinctions occurred on T7 and relatively fewer occurred on
T6 (Table4.5).

Low subalpine forest (T10)

In 1932, the low subalpine forest transect T10 did not contain any species that had more than 30
relative percent frequency. By 1965, common species were theBlechnumminus forbs
AstelianernvosaandPhormiumcookianumandthe shrubDracophyllumlongifolium(Table4.3).

In 2001 and 2018, these species remained common and in addition, theCshprdsnadumosa
andCoprosmgpseudocuneathad also become common. Species richness increased overall only
by four species and was relatively stable over the measurement pefialale 4.4), despite

numerous colonisations and extinctiomalfle4.5).

4.3.2 Community weighted means of morphological trait composition across transects

At community level, changes over time in morphological trait composition vaedng
transectsKigure4.3; Table S45, AppendixA). The first two principal components of community
weighted mean trait values explained 41.73% and 27.10%, respecHkigalye(4.3). First axis

(PC1) represents the transects in beech and scrub vegetation from left to the transects located in

the grassland in the right of the ordinatiorasp. Second axis represent trait variation of the
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transects whereommunitywith high bulk density and leaf dry matter content at the bottom and
transects with high specific leaf area and moisture content at the top. This shows that transects
changed acrasthe time with change in their trait composition. Simple linear regression showed
that most changes in community weigshtrait mean valuesver86 years (1932018) were non
significant Figure S43, AppendixA). However, community weighted means of leaf specific area

significantly decreased on all the transects of the nine transects except on T§ and T7

MC

Transect-vegetation types

< T1-Beech forest edge
T2-Tussock grassland
~ T3-Beech forest
< T4-Beech forest
¢ T5-Subalpine scrub
<€ T6-Subalpine scrub
«- T7-Subalpine scrub
= T9-Subalpine scrub
<. T10-Subalpine low forest

PC2 (27.10%)
o BN

1
NN

PC1 (41.73%)

Figure 4.3. Principal component analysis of the community weighted means of nine
morphological traits for each of the nine transects based on the trait values for the 57 species for
which | had measurementsach point represents a transect at a particular measurement t
Measurements for each transect are joined by a trajectory arrow starting from the first
vegetation measurement year (1932) to the most recent measurement (2018). The size of points
is proportional to the weighted mean community flammability. The nabogircal traits

included were leaf length (LL), leaf thickness (LT), leaf area (LA), leaf dry matter content
(LDMC), specific leaf area (SLA), shoot dry matter content (SDMC), bulk density (BD),

moisture content (MC), and percent dead mass (Dm). Dm araté_Averlapped in figure due

to high correlation to each other

4.3.3 Speciedevel flammability

Shootlevel flammability varied widely among species; the variance explained by the first and
second principal components were 56.68% and 21.268%pectively, for the individudével
analysis Figure4.4a) and 66.55% and 20.08% for the spetéeel analysis Kigure 4.4b). At

both the individual and species levels, all the four of the flammability traits were strongly
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associated with each other and had high positive loadings on the firsiparicomponent;

ignition score 0.81,burnt biomass0.82, maximum temperaturd.93, andourning time 0.65.

There was species variation within each of flammability componEigsré S4, AppendixA).

Some species(g.,Phormium cookianujburnt for longer time than others. High biomass was
consumed in some species and high maximum temperatures were also recorded. The tussock
growth form was the most flammabeigure S45, AppendixA). The most flammable species

were Phormium cookianumPhyllocladus alpinus Chionochloa rubra Celnisia discolor
Lycopodium scariosunand the least flammable species waAmsotome haastiiAnisotome
aromaticg Aporostylisbifolia, Brachyglottisbellidioides Ourisia macrophyllaandViola lyalli

(Figure S46, AppendixA). Community flammabity was significantly negatively associated to

the community weighted meanssyecific leaf areéFigure 45).
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flammability measurements and (b) the mean values of the four flammability measurements for the 6 Thpadiesis andy i axis

represent first and second axes of the principal component analysis. Pointsithtéxtan (b) are coloured according to their Hifeehistory

category (simplified from fourteen category for visualizateee detail iMableS4.4). Ignition scords an inverse of time to ignition: the high

the ignitability represents high shootrfilmable and zero value was of those samples that did not ignite after the blowtorch was applied for 10 s.

Plant names represented by abbreviations based on first three letters of the genus and the specific epithet
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4.3.4 Relationships among species flammability and morphological traits

The first two components of the PCA of morphological trait variables for the 57 species explained 32.95% and 27.88%&lygEimpate4.63;

Table S46, AppendixA). In PCA of both the flammability and morphological trait variables for the 57 species, the first two principal components
explained 38.98 % and 21.68 of the total variancd-{gure4.6b). Shoot dry matter content, bulk density, leaf area, leaf length and dead material

were positively associated with the four flammability traigsifion score maximum temperaturdurning timeandburnt bioimask In contrast,

specific leaf area and moisture content were negatively associated with four flammability components. Shoot and |leaf cvpteraitind dead

material were strongly associatediwthree componenignition score, maximum temperatused burnt biomass Burning timewas strongly

associated with bulk density, and leaf dimensions (leaf area, leaf length and leaf thieknesg)6a ) .

Speci esb6

fl ammabi

negatively associated with specific leaf area, moisture content, and rosette Spaulied.¢; Figure4.6b). Only shoot dry matter content and

dead material were significantly positively associated with species flammabilityFR{Lig4.7).

Table 46. Correlation matrix of species’ flammability and morphological (shoot and leaf) traits at the species level. Values ritshaktdo

significant P < 0.05).Trait vdues are shoot dry matter content (SDMC), bulk density (BD), moisture content (MC), and percent dead mass

(Dm), leaf length (LL), leaf thickness (LT), leaf area (LA), leaf dry matter content (LDMC), and specific leaf area (SLA)

Flammability components and Shoot traits Leaf morphological traits

first two axes of PCA SDMC BD MC Dm LA LL LT LDMC SLA
Ignition score 0.70 0.18 -0.68 0.51 -0.08 -0.15 -0.05 0.42 -0.29
Maximum temperature 0.55 0.35 -0.57 0.39 0.08 0.10 0.17 0.05 -0.49
Burning time 0.34 0.37 -0.35 0.38 0.55 0.50 0.43 -0.06 -0.65
Burnt biomass 0.55 -0.07 -0.53 0.47 -0.13 -0.12 -0.07 0.24 -0.23
PCZLflammability 0.66 0.25 -0.66 0.53 0.1 0.07 0.13 0.2 -0.49
PC2flammability -0.14 0.35 0.12 -0.02 0.61 0.60 0.47 -0.33 -0.44

t
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Figure 4.7. Relationship between species flammability and morphological traits.

Point colours represent their nine life history category (simplified from foudategory for
visualization see detail in Tabl84.4). Species flammability and trait relationships (black

lines) and their standard errors (grey envelopes) based on the linear regression are shown for
significant relationships between plant taxon flamrighjPC1) and leaf and shoot

morphology P < 0.05)

4.3.5 Phylogenetic pattern

Species flammability (PC1) integrated with plant phylogeny showed that closely related taxa
tend to have simildtammability (Figure4.8). In contrast, some of the closely related species
had variation in their flammability. For instan€lmisia armostrongi@andCelmisia discolor

were highly flammable bufelmisia gracilentavas low flammable within family Asteraceae.
Pagel 0 s Brawniammatie@nrstructure was statistically significant for the relationship
between flammability and all the first three axes components of morpbalotraits
(PC1_morph, PC2_morph and PC3_morph) in generalised least square (gls) candidate
modelling Figure 4.9) showing their relationship is plodenetically conserved. Species
flammability (PC1) was increased with increase in first axis of principal component of

morphological traits (PC1_morph). The PC1_morph represents leaf dry matter content, shoot
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dry matter content and retained dead matetralcontrast, species flammability (PC1)
decreased when second and third axes coempari PCA increase. They are represented by

the morphological traits, specific leaf arenoisture content, leaf thickness and bulk density.

Figure 48 The phyl ogenetic tree obtained from an
species flammability across the 57 vascul ar
New ZealandText colours show the species flammability (PC1) gradient from low (green) to
high (red). Box colour on the branch shows the different clagespodiophyta (grey), Fern

(blue), Gymnospermdreer), Monocots ¢rang@ and Eudicots (purpleadopted from Ciuet

al. 2020
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