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Abstract

Measuring and predicting the response of plant communities to ecological disturbances require
characterising community dynamics over multiple timescales, both before and after
disturbance events. With global climate change, 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
communities in New Zealand’s South Island. Species functional traits or sets of traits such as
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 plant communities after fire.
Thus, flammability at the plant community level can be estimated using plant community
composition, plant traits and experimental measurements of plant shoot flammability. In this
thesis, | measured plant community structure and trait variation of plants within South Island
montane plant communities that had been impacted by wildfires over a range of sites and
timescales. This research showed that most plants in these communities can survive wildfires
and that most aspects of plant community structure recover rapidly, in less than 15 months after
fire. However, longer-term data from permanent monitoring plots showed that historical fires
have a lasting signature on plant community composition. In addition, plants with different
biostatus (native or exotic) and growth forms (forbs, graminoid, or woody) showed different
responses to fire. These long- and short-term dynamics in plant community structure result in
dynamics in estimated plant community flammability that primarily reflects changes in key
plant traits and species’ relative abundance. However, both experimentally measured shoot
flammability and plant traits, including leaf nutrient concentrations, show phylogenetic
patterns suggesting both ecological and evolutionary processes that drive plant flammability,
and therefore influence community flammability. This study highlights the need for ongoing
future trait-based fire ecology research in these montane plant communities because, although
native plants were not disproportionately impacted by these instances of wildfires compared to
exotics, long-term 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 processes (Bowman et al., 2020; He et al., 2019; McLauchlan et
al., 2020; Pausas & Ribeiro, 2017). Due to global climate change effects, such as changes in
temperature, precipitation, and vapour pressure deficit, the Earth’s fire regimes are rapidly
changing and there are now extremely large fires occurring on a regular basis in many parts of
the world (Bowman et al., 2020; Duane et al., 2021; Grillakis et al., 2022). These wildfires are
anticipated to increase further in wildfire size, frequency, and severity far beyond historical
norms (Clarke et al., 2011; Duane et al., 2021; Jain et al., 2022; Wu et al., 2021). Through
ecological and evolutionary drivers, these increases are highly likely to cause changes in plant
communities globally (Gallagher et al., 2022; Nolan et al., 2022; Triepke et al., 2019).

1.2 Response of plant communities to 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 conducted by accounting 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; Springer et al., 2022; Steel et al., 2021). Plant
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 ecosystem change (Abella et al., 2021; Avolio et al., 2019;
Matthews et al., 2013). Fire can impact community by causing change in species composition
species’ relative abundances, and decreases in species richness (Kimball et al., 2018; Nolan et
al., 2021; Paudel et al., 2022). However, plant community will recover after fire whereby
composition, relative abundances and richness may return to their pre-fire condition (Abella et
al., 2021; Knox & Clarke, 2012). If plants in the community are resilient to fire, 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 of community (Abella et al., 2021; Lamothe et
al., 2019).



Measuring pre- and post-fire 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., 2017; Bowd et al., 2021; Dickinson et al., 1992). In
particular, the spatial and temporal scales of pre-fire (background) community dynamics can
determine the detectability of changes induced by fire. Comparing pre- and post-fire dynamics
for the same location or in similar environments will provide 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 shifting (Perry 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 ecosystem (Bowd et al., 2021; Springer et al., 2022).

Investigating changes 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 time (Bowd et al., 2021; Lentile et al., 2007). This is because plant
species from different biostatus and growth forms are affected differently by the fire (Biondini
et al., 1989; Miller et al., 2020) and their recovery after fire varies (Rodhouse et al., 2020;
Watson et al., 2021). Some growth forms can survive or recover from fire 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 typical pattern of grassland and
savannah ecosystems that have evolved under 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 are fire-tolerant can cause fires
to be less intense and where communities are dominated by such species, they can recover
rapidly (Ladwig et al., 2018). In contrast, fire intolerant plants that grow from large
underground parts, they are more impacted by fire and communities dominated by such species
can take time to recover to pre-fire condition (Cruz et al., 2003). Thus, post-fire temporal
patterns in community structure are the consequence of differential survival of growth forms
after fire (Zomer & Ramsay, 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 ‘weediness’, i.e., the rapid sequestration of resources after disturbance (Das et al.,

2019; Molinari & D’Antonio, 2020). Exotic plant species can often recover following



disturbance and can outcompete native perennials in post-fire environments (Balshor et al.,
2017; Wainwright et al., 2012). For instance, a study 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 al., 2020). However, the response of exotic species to disturbance varies
depending upon the structure of the native community and the local ecological conditions
(D’ Antonio et al., 2000; Gedalof et al., 2022; Prevéy et al., 2010). Thus, studies on fire that
seek 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 adapted to rapidly recover and grow following fire (Vila et
al., 2001), e.g., savannahs and Mediterranean shrublands (Ratnam et al., 2011; Staver et al.,
2011). Some ecosystems show negative feedback where fire temporarily reduces fuel loads and
decreases the potential for repeated burning for a period of years to some decades, e.g., boreal
forests and several temperate coniferous forests (Parks et al., 2015). Plants can impact fire
behaviour via their traits (Prior et al., 2017). For example, grasses provide fine fuel, and this
promotes fire spread in grasslands, while forbs with less fine fuels and higher moisture content
can suppress fire (Simpson et al., 2022; Wragg et al., 2018). Some plants possess traits that
make them either resistant or tolerant to fire, e.g., 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 can co-exist in fire-prone ecosystems (Bond & Scott, 2010).

Depending on their traits, when plants are perturbed, their recovery rate may vary
(Cardoso et al., 2018; Clarke et al., 2013; Simpson et al., 2016; Simpson 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 contents (Bowd et al., 2021; Krix et al.,
2019; Landesmann et al., 2021). Plants having high 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 less readily than community with different trait composition (Padullés Cubino et

al., 2018). In contrast, community with many relatively more flammable plants burn readily,



and may be more resilient to fire disturbance (Bond & Midgley, 1995; Schertzer & Staver,
2018).

Thus, the structure of the existing community in the landscape determines the size and
severity of fires (Estes et al., 2017; Viedma et al., 2020). With increasing fire regimes, changing
land-use types and biological invasions, montane environments, an ecosystem type with novel
diversity, are becoming more susceptible to increasing fires (Le Breton et al., 2022; Nolan et
al., 2022).

1.4 Fire and flammability in the indigenous grasslands and sub-alpine

ecosystems of New Zealand’s South Island

New Zealand has a unique range of vegetation and animal life, which developed as a
consequence of both in situ evolution and long-distance dispersal events during the country’s
prolonged isolation for about 80 million years from the rest of world (Gibbs, 2006; Lee et al.,
2001; McGlone et al., 2001; Miller-Doblies, 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 areas that could not support forests
(McGlone, 2001; Perry et al., 2014). However, with human settlement, extensive
anthropogenic fires occurred, after which grasslands become more widespread in montane and
lowland areas (McWethy et al., 2013; Perry et al., 2014). Thus, even though grasslands are
widespread as a result of fires in New Zealand, these communities have evolved in
environments with low fire frequency (McGlone, 2001; Perry et al., 2014). Tussock-dominated
(represents both tall tussocks; dominated by Chionochloa spp. and short tussocks; dominated
by Poa spp., and Festuca spp.) 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., 2010; O’Connor & Alison, 1963; Wardle 1991). These native
grasslands are under risk from invasion by exotic trees, shrubs (Hua & Ohlemdiller, 2018) and
forbs (Day & Buckley, 2013; Mark et al., 2010), particularly as invasive forb species can easily

establish in new environments with limited resources (Mark et al., 2010).

Numerous studies have been conducted on post-fire vegetation in tussock-dominated
montane grasslands and sub-alpine areas before the 2000s (Allen & Partridge, 1988; Calder et
al., 1992; Calder & Wardle, 1969; Cockayne, 1898; Cockayne & Calder, 1932; Gitay et al.,
1992; Gitay & Wilson, 1995; Lee et al., 1993; Mark, 1994; Payton et al., 1986; Payton & Mark,



1979; Rogers & Leathwick, 1994; Yeates & Lee, 1997). Most of these studies were focussed
on plant biomass and tiller regeneration of Chionochloa species after prescribed burning. Some
were conducted in wildfire areas, but measurements were done many years after the fire. For
example, at one site vegetation plots were set up 35 years after fire (Burge et al., 2020;
Cockayne & Calder, 1932).

After 2000, a few studies have investigated plant species recovery and succession in
post-fire in tussock-dominated grasslands (Glogoski, 2017; Payton & Pearce, 2009), sub-alpine
areas (Arnst et al., 2020; Burge et al., 2020), peatlands (Johnson, 2001) and forest ecosystems
(Christensen, 2022; Kitzberger et al., 2016; Richardson et al., 2018; Teixeira et al., 2020).
Some studies have been conducted relating to fire and weather conditions (Pretorius et al.,
2020; Simpson, et al., 2014), flammability and plant traits (Alam et al., 2020; Cui et al., 2020;
Cui, Paterson, Wyse, et al., 2020; Mason et al., 2016; Pausas et al., 2012; Wyse et al., 2016).
A few studies have investigated pattern of community flammability in tussock-dominated

montane grassland (Padullés Cubino et al., 2018) and forest ecosystems (Lord et al., 2022).

In tussock-dominated montane grasslands, species such as Chionochloa spp. are
believed to be fire-adapted species (Payton & Pearce, 2009; Perry et al., 2014). Payton and
Pearce (2009) found that recovery of tall tussocks in post-fire was determined by pre-fire
moisture conditions in two different seasons (spring and summer). Glogoski (2017), found that
exotic grasses and herbaceous weeds recovered better than native vegetation in post-fire
vegetation recovery. In peatlands, low-growing species (forbs and grasses) peaked in
abundance 15-22 months post-fire but in successional recovery they declined and woody
species became dominant (Johnson, 2001). In low-productivity sub-alpine ecosystems, plant
community has been taking longer time to converge to pre-fire conditions (Arnst et al., 2020;
Burge et al., 2020). In forest ecosystem, the recovery of woody species were slower than exotic
grasses (Richardson et al., 2018). Most of the smaller trees and shrubs recovered by resprouting
and these were related to species composition and abundance of the site that can result in similar
responses in post-fire (Teixeira et al., 2020). The local weather and environmental conditions
for instance an increase in hot, dry and windy foen and slope increased fire frequency and
severity (Pretorius et al., 2020; Simpson, et al., 2014); these are further associated with
availability of fuel and flammable plants that can increase burn. For example, associated plant
traits such as retention of dead material, low moisture content and low specific leaf area

accounted for the high flammability of invasive species (Wyse et al., 2016). Other studies (eg.



Alam et al., 2020; Cui et al., 2020; Mason et al., 2016) have shown that plant morphological
and chemical traits play an important role in plant flammability. These species trait variation
in community can influence flammability at community level. For example, Padullés Cubino
et al. (2018) found that community flammability was declined in tussock-dominated montane
grasslands due to increase in invasive forbs. However, there are no studies where pre- and post-
fire data are used to assess temporal changes in community structure. Determining trajectories
of post-fire community by comparing with pre-fire community structure are important to
determine future community pathways. Testing the plant community pattern and comparison
between pre- and post-fire community structures, in particular in natural fires are rare around
the world (Bowd et al., 2021; Lipoma et al., 2016).

1.5 Thesis aims, and objectives

This thesis broadly aimed to evaluate plant community structure and plant traits that influence
fire and are influenced by fire in montane environments in predicted fire-prone ecosystem. The

specific objectives of this study were to:

1) quantify and understand short-term community dynamics after wildfires in tussock-
dominated areas of montane grasslands at two sites in the South Island of New Zealand
(Chapter 2);

2) test for community resilience by comparing pre- and post-fire plant community structure
in tussock-dominated areas of montane grasslands at one site in the South Island of New
Zealand (Chapter 3);

3) quantify change in community flammability over nine decades of post-fire vegetation
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 morphological 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
Zealand, 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

quantifies the short-term response of community structure to wildfire at two different 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 species) and growth form (forbs, graminoids and

woody).

Using a dataset that incorporated long-term pre-fire measurements with short-term post
fire measurements, Chapter three tested for community resilience in tussock-dominated
montane grassland after a recent wildfire. Pre- and post-fire community structures 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 used 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 in one of the 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 morphology trait data to test the relationships among

flammability, morphology and leaf nutrient contents.



Chapter 2 Short-term recovery of plant communities after

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 weather (Collins et al., 2022; Pausas & Keeley, 2021; Sage,
2020). Changes in fire regimes can impact plant community structure and recovery,
sometimes causing widespread shifts or losses of dominant species (Baltzer et al., 2021;
Nolan et al., 2021). Species common in the initial period after fire can give good indications
of future community structure in forests (Day et al., 2017; Johnstone et al., 2020; Turner et
al., 2016) and grasslands (Zomer & Ramsay, 2021). Repeated measurements of plant
community in the initial stages after fire can therefore facilitate 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: surviving to resprout or germinating
from seed either from on-site seed banks or spores dispersed from unburnt areas (Bond et al.,
2004; Bond & Midgley, 2003; Day et al., 2020; Nolan et al., 2021). At an individual level,
plants need time to build up reserves for structures 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
plants to recover, i.e., ‘interval squeeze’ (Enright et al., 2015). This can cause dramatic changes
in plant community structure and even declines in dominant species (Baltzer et al., 2021; Le
Breton et al., 2022). For example, one study showed that excluding fires from cerrado savannah
in Brazil led to increased woody species cover (Rodrigues & Fidelis, 2022). Moreover,
community composition was different from areas that had burnt annually or biennially in the
six years prior. Such impacts on community structure under different fire frequencies may be
detectable for many decades and potentially through multiple fire cycles and may impact initial

patterns of recovery in plant communities after fire.

Species with different growth forms and biostatus (i.e., exotic, or native origin) can
differ in how they are impacted by fire and, therefore, their recovery (D’ Antonio & Vitousek,



1992; Day et al., 2020). Growth forms with meristems close to the ground are probably less
likely to be damaged by fire, particularly fast-moving surface fires, so they may survive and
rapidly recover following fire. For instance, grasses and forbs have low meristems and they
can rapidly recover post-fire from basal buds but slower-growing woody plants with higher
meristems are more susceptible to mortality or at least take longer to recover (Bellingham &
Sparrow, 2000; Kraaij et al., 2017; Pekin et al., 2012). While over decadal time periods grassy
ecosystems can become dominated by woody species in the absence of fire (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 proficient at outcompeting natives for
resources such as light, nutrients and water (Molinari & D’Antonio, 2020). In a grassland in
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 native grasslands, disturbance-
tolerant exotic graminoids, such as Agrostis capillaris L., 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 in this community (Padullés Cubino et al., 2018), 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 biostatus and growth form.

Fine-scale environmental conditions or microhabitats influence the ability of plants to
survive and resprout or germinate from seed (Day et al., 2020; Day et al., 2022; Moore et al.,
2019). Substrate availability may be particularly important. For instance, mosses have high
water-holding capacity and may support survival of plants by reducing impacts of heat-damage
of plant tissue by fire (Gavini et al., 2019; Michel et al., 2013). Alternatively, mosses may
inhibit seed germination due to allelopathy and competition with vascular plants for space,
moisture, and light (Jeschke & Kiehl, 2008; Michel et al., 2011). Interactions between micro-

sites and post-fire plant community structure and dynamics are little understood.

In Aotearoa New Zealand, parts 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 country (Melia et al., 2022; Pearce et al., 2011) 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 ago (McGlone, 2001; McWethy et al., 2010; Perry et al., 2014). Fires
are thought to have been extremely rare prior to human arrival, so it is generally thought that
native plants are not well adapted to recover from fire (Bond 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
grasslands (Bond & Keeley, 2005; MacDermott et al., 2017). However, we know that some
native plants are capable of rapid recovery after fire. For example, snow tussocks (Chionochloa
spp.) can survive fire by rapidly resprouting followed by flowering, but seeds produced after
burns have lower viability rates than other grasses and unburnt snow tussocks (Mark, 1965,
1969). Several species of mountain daisies (Celmisia spp.) can also resprout (Allen &
Partridge, 1988). A study using prescribed burns demonstrated that losses of snow tussock
biomass was higher in summer burns than spring burns (Payton & Pearce, 2009), but recovery
of the full plant community was not investigated. Several studies showing changes in plant
community structure and long-term succession decades after fire (20 years or more) have been
conducted in tussock grasslands, in New Zealand (Burge et al., 2020; Calder et al., 1992; Gitay
et al., 1992), but immediate, short-term dynamics in montane grassland plant community has
not been studied. These short-term dynamics likely affect the longer-term successional

changes, and with increased fire frequency, they may become increasingly important.

Here, we aimed to quantify and understand short-term community dynamics after
wildfires in tussock-dominated areas of montane grasslands at two sites in the South Island of
Aotearoa New Zealand. We undertook repeated measures of post-fire vascular plant
community to investigate short-term changes over 2-26 (Deep Stream) and 1-16 (Pukaki)
months since fire. Deep Stream was an area where prescribed burns had been conducted in
2001, where some areas were burnt 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, 1976) and burnt in a wildfire in August 2020. We asked: 1) how does post-
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 dynamics?; 3) Do species of different biostatus (native vs exotic) and growth forms
recover at the same rate?; and 4) Does biostatus, substrate (moss), or meristem height influence
the probability of individual plants recovering from seed? The significance of this study is

improving our understanding of the response of plant communities to wildfires in montane
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grasslands, which will help community ecologists to better predict trajectories of post-fire

composition changes and, thus, the public will be better informed about the effects of wildfires.

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 (640—700 m a.s.l.) between Barbours and Clarkes Streams
at the eastern end of the Lammerlaw Range, is typical of lower-altitude tall-tussock grasslands
that are coming under increasing pressure for pastoral development. The Pukaki site, situated
at the side of highway and close to farmland, represents 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 narrow-leaved snow tussock (Chionochloa
rigida (Raoul) Zotov, Poaceae) interspersed with native perennial forbs, such as Aciphylla
aurea W.R.B.Oliv. (Apiaceae) and Celmisia gracilenta Hook.f. (Asteraceae), and exotic
perennial forbs, such as Pilosella officinarum Vaill. (Asteraceae) and Hypochaeris radicata L.
(Asteraceae; Figure S2.1, Appendix A). Small native woody shrubs are distributed throughout
the tussock matrix. Mean annual precipitation and mean seasonal temperature amplitude
(difference between summer and winter) were 667.67 + 3.02 mm, and 10.67 + 0.05 °C (Wratt
et al., 2006). Mean summer temperature and mean winter temperature were 11.76 + 0.05 °C
and 2.54 £ 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 in 2001 (Payton &
Pearce, 2009). Our experimental design at this site consists of replicated areas that burnt within
18 years of each other, and others that burnt in 2001 (Figure S2.1a, Appendix A). In 2001,
Deep Stream was the site of prescribed burns (Payton & Pearce, 2009) and then the whole area
burnt in a wildfire in spring of 2019 (November). There were nine, 1 ha (100 x 100 m) plots
set up in 2001: three 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) and reburnt in November 2019
(hereafter summer burnt). Payton and Pearce (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 hectares, which is a large fire for this region (Fire

and Emergency New Zealand, 2021).

We conducted vegetation surveys three times after the wildfire in November 2019: 2
months (January 2020), 13 (December 2020), and 26 (January 2022) months post-fire (Figure
S2.2, Appendix A). We undertook vegetation surveys within 12, 20 x 20-m plots within the
larger 1 ha plots. There were nine, 20 x 20-m plots that were subjectively chosen for an
experimental burn to avoid slope effects and other environmental effects in 2001 (Payton &
Pearce, 2009). These nine plots were groups of three adjacent plots with different burn
treatments (unburnt, spring burnt, summer—autumn burnt) in each group. Three additional 20
x 20-m plots were set up in an area that did not burn in 2001 or in 2019 ~1 km from the burnt
plots (hereafter unburnt). Within each 20 x 20-m plot, we randomly established three 1 x 1-m
subplots, which comprised of four, 0.5 x 0.5-m quadrats with reference to pre-existing wooden
or metal poles that were placed for sampling during experimental burning in 2000 and 2001
(Figure S2.1a, Appendix A). However, we did not get any community structure data from that
study. In each quadrat, we recorded presence of live vascular species (plants with green leaves)
at the three measurement times in the experimental burn plots (Figure S2.2 Figure S2.3,
Appendix A). The vascular plant species were identified using flora books of New Zealand
(Mark 2012; Wilson 1978; Champion et al. 2012). For those plants that could not be reliably
identified to species, a sample was collected from nearby plot and were identified later.
Nomenclature follows the Landcare Plant Names Database (https://www.nzflora.info). The
voucher specimens were collected and deposited at AUT. Assuming less change due to slow
growing nature of tussock grassland species which is previously described (Mark, 1969;
Connor & Vucetich, 1964), the unburnt plots were only measured once at 2 months after fire.
We also undertook destructive sampling of plant individuals in two, 2 x 2- m plots 2 months
after fire in the burnt areas on each end of 10-m transect, but not in the vegetation survey plots,
to assess whether plants were recovering from seed or had survived the fire. We excavated
plants at nine locations in 18 plots aiming to collect data for five individuals of each species at
each location. We also recorded the substrate of each plant was growing in, in terms of moss
or not on moss. These transects were made close to, but outside, the permanently marked

vegetation survey plots to ensure that excavated individuals did not affect community
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composition in future surveys. About 45% of the total species recorded in the surveyed plots

were excavated 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 such as Corokia cotoneaster (Argophyllaceae) and small
invasive exotic conifer trees (Pinus contorta, Pinaceae), with patches of narrow-leaved snow
tussock-dominated grassland (Figure S2.1, Appendix A). The reserve is managed by the
Department of Conservation and had not 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 °C (Wratt et al., 2006). Mean summer temperature
and mean winter temperature were 14.75 + 0.02 °C and 2.81 + 0.03 °C respectively. We
established two plots for vegetation surveys in October 2020, one month after the wildfire in
spring of 2020 (30 August 2020) (Figure S2.1b, Appendix A). The fire was an accident and
burnt ca. 3000 hectares (Fire and Emergency New Zealand, 2020).

We conducted vegetation surveys three times after the wildfire in October 2019: one
month (October 2020), four (January 2021) and 16 (January 2022) months after fire (Figure
S2.2 & Figure S2.4, Appendix A). Two plots were randomly located in mixed short and tall
tussock dominated grassland habitat that are similar to the Deep Stream site. Then, to capture
highly spatially dispersed species data, we used a modified Whittaker’s plot design where,
within each 20 x 20-m plot, we established a 1 x 1-m subplot at each corner then divided this
into four, 0.5 x 0.5-m quadrats (Figure S2.1b, Appendix A; Morrison et al. 1995). As at Deep
Stream, we recorded vascular species’ presence (with green leaves) within each 0.5 x 0.5-m
quadrat, identified and deposited voucher specimens. We also undertook destructive sampling
within two, 2 x 2-m plots on each end of a 10-m transect, but not in the 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 were established adjacent to, but outside, the permanently marked
vegetation survey plots to ensure that the excavated individuals did not affect community
composition in future surveys. About 31% of the total species recorded in the surveyed plots

were excavated in the plots at these transects.
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Fire severity

Field sampling was undertaken at both sites to compare three methods for assessing fire
severity: minimum branch diameters of woody plants and percent covers of burnt and live
vegetation and litter (Appendix B). The results were inconclusive and so these data are not

presented in this chapter.

2.2.2 Data analyses

For each species at each site, we collated plant data to explore the post-fire plant community
trait change: plant biostatus (native or exotic), growth forms (forb, graminoid, woody) and
meristem height (high or low based on Raunkier’s life form (Raunkiaer, 1934; Raunkiaer,
1905; Table S2.1 & Table S2.2, Appendix A; Breitwieser et al., 2010; Manaaki; New Zealand
Plant Conservation Network, 2022). Those plants having bud close to the soil surface or inside
soil are low meristem and those plants having bud high up on the plant are meristem high. Sites
were analysed separately due to different sampling designs and fire histories. Species present
at each measurement time in eachlha, 20 x 20 m plot at each site was visualised by Venn
diagram using ‘ggVennDiagram’ (Gao, 2022). All other analyses were conducted at the quadrat
level in R v.4.2.1 (R Core Team, 2022) with ‘tidyverse’ (Wickham et al., 2019), ‘ggreppel’
(Slowikowski et al., 2021), ‘gghighlight” (Yutani, 2022), and ‘egg’ (Auguie, 2019) for data

visualization and others where specified.
Post-fire changes in plant community structure

Composition

To investigate short-term changes in post-fire composition over time, we used species’
presence in each quadrat at each site at each time (species’ presence matrix). We performed a
principal coordinate analysis (PCoA) on the species’ matrix using Jaccard dissimilarity in
‘vegan’ (Oksanen, 2021). We then calculated the weighted average scores for each species
using function ‘wascores’ over PCoA and species presence absence data matrix. To assess
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 predictor, implemented using ‘pairwise.adonis2’ (Anderson, 2006; Oksanen et
al., 2022). We then assessed changes in compositional variance (following Avolio et al., 2019).
We measured the distance between centroids of each subplot at each time within each fire

history (Deep Stream) or plot (Pukaki) using ‘betadisper’. We then assessed significant changes
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in compositional variance using function ‘permutest’ in ‘vegan’. High values of compositional
variance suggest there is a lot of variation in species composition in quadrats 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 used generalized linear mixed effect models assuming a Poisson error distribution
(glmmTMB; Brooks et al., 2017). Since quadrats were joined to each other, to avoid spatial
autocorrelation and subplots were not adjacent to each other, the random effect was subplot.
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 nine models 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 measurement 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 differences were assessed using ‘emmeans’ (Lenth, 2022).

Probability of germination from seed or survival

To evaluate the probability of plants 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 seed (if seeding is
coming from any seed and has remains of seed coat or decayed seed attached to) or zero if they
had survived (i.e. plants that were found green and live growing from vegetative part but not
sure either they were resprouters or not). We used generalised mixed effect model (gImmTMB)
assuming a binomial error distribution to model the proportion of plants that were from seed
out of the total number of plants excavated as a function of three predictor variables (run as 3
separate models at each site): biostatus, 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

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

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

We observed a total of 42 vascular plant species in 36 m? at Deep Stream across three
measurements 2-26 months post-fire (Table S2.1, Appendix A). Most species were native (n =
35) compared to exotic (n = 7). Most species that were present 2 months after fire were also
present 13 and 26 months after fire (Figure 2.1). The number of species and species richness

increased with time since fire across all fire history treatments (Figure 2.2).

Composition

The first two axes of the PCoA explained 46% of the total variation in plant species
composition across time. On plots that had reburnt (spring burnt 2001 and summer burnt 2001),
quadrats were different in composition compared to quadrats that burnt only in 2019 (unburnt
2001) which were close to the reburnt in the same habitat (Table 2.1 & Table 2.2; Figure 2.3).
Overtime (2, 13, and 26 months after fire), unburnt 2001 quadrats differed in how they changed
in composition compared to the spring burnt 2001 and summer burnt 2001 quadrats (burnt in
2001 and 2019) (Table 2.1). Quadrats that did not burn in 2001 or 2019 (unburnt) had different
composition from the quadrats that burnt either once or twice (Table 2.2; Figure S2.5,
Appendix A). Post-fire change in composition and change in variance of the quadrats were
large at two months after fire and low in later measurements (13-26 post-fire) (Table 2.1 &
Table 2.2; Figure S2.6, Appendix A). 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 fire (Figure 2.2). Change in richness was significantly higher in spring burnt
2001 than unburnt 2001 (Table 2.2; Figure 2.4).
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Table 2.1. Post-fire change in the mean and variance of community composition in montane

grasslands at Deep Stream, and Pukaki, New Zealand over time across 14 plots of fire history

treatments and plots, respectively, across measurement times. Change in composition was

measured as the mean pairwise Jaccard dissimilarity in species presence within 0.25-m?

quadrats (n = number of quadrats compared). Comparisons were made among measurement

times (months post-fire) for each fire history treatment; 12, 400-m? plots at Deep Stream and

2, 400-m? plots at Pukaki. Asterisks represent significant differences between measurement

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 composition  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
Spring burnt 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 16 054+ -0.05 £ 0.03*
0.17***
1-16 16 0.86 -0.05 £ 0.03
0.06***
Plot 2 1-4 16 071 0+£0.03
0.13***
4-16 16 054 -0.06 + 0.04*
0.16***
1-16 16 0.85% -0.06 + 0.04
0.09***
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Table 2.2. Differences in mean and variance in species composition among fire history treatments within each measurement time in montane
grasslands at Deep Stream, New Zealand. Variation in composition was quantified using the pairwise Jaccard dissimilarity among 0.25-m?
quadrats within fire history treatment 12, 400-m? plots (n = number of quadrats compared). Asterisks 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 richness.

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%* 161+ 053
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 2001 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 2001 13 24 0.47 +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* 142045
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 2001 26 24 0.47+£0.1 0+£0.09 0.81+0.52
Unburnt 2001 and Unburnt 2 24 0.72 % 0.12%%* 00101 0.28+ 053
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 Unburnt 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, 0.25-m? quadrats in 9, 400-m? plots at 2, 13, and 26 months after the November 2019

wildfire (summer) across three fire history treatments in montane grasslands at Deep Stream, New Zealand.
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Figure 2.2. Post-fire 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 twice in different seasons in montane grasslands at Deep
Stream, New Zealand. A total of 12, 0.25-m? quadrats were measured in each 400-m? plot at
each measurement. The x-axis represents the measurement time in months relative to
November 2019 wildfire (spring). The panel 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 linear mixed effects models (* = P <0.05, ** =P <0.01) and *** = P < 0.001).
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Figure 2.3. Principal coordinate analysis diagrams for Jaccard dissimilarity of plant species
presence in 0.25-m? quadrats showing a) site scores and b) species scores in montane
grasslands at Deep Stream, New Zealand. This study took place in a permanently marked
study site where 9, 400-m? plots were subjected to experimental burning treatments in 2001
(3 unburnt, 3 burnt in spring, or 3 burnt in summer); subsequently, in November 2019
(summer), a wildfire occurred in the area, burning all experimental plots and 3 400-m?
unburnt plots in an area that was not burnt. Large symbols represent the centroids of the fire
history treatments (12, 0.25-m? 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 most recent
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 crosses). Point shapes represent the
number of months the measurement was taken after the November 2019 wildfire: 2 months
(rectangle), 13 months (circle), and 26 months (triangle). Unburnt quadrats (cross) were
measured 2 months post-fire. Species’ scores represent exotic (filled) and native (hollow)

species categorised as forbs (circle), graminoids (rectangle), and woody (triangle).
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Figure 2.4. Post-fire quadrat vascular plant species richness (£ standard error) of native and exotic species of different growth forms comparison
in between fire history plots that were burnt either once or twice in different seasons at each measurement in montane grasslands at Deep Stream,
New Zealand. Colour of bars represents the plots that had different fire history treatments of 2001 [bar: light green (unburnt 2001), orange
(spring burnt 2001), blue (summer burnt 2001) and grey (unburnt)] in addition to 2019 wildfire at Deep Stream. A total of 12, 0.25-m? quadrats
were measured in each 400-m? plot at each measurement. The x-axis represents the measurement time in months relative to November 2019
wildfire (spring). Quadrat richness was significantly 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 13 months (P < 0.05) and
between unburnt and unburnt 2001, native forbs were significantly different at two months (P < 0.05). Native woody species richness was
significantly different in between unburnt, and spring and summer burnt 2001 at two months (P < 0.01). Significant differences between fire

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 2.2). Quadrat richness of exotic graminoids significantly increased 2-13 months after
fire in all fire history treatments, but not 13-26 months after fire (Figure 2.2; Table S2.3,
Appendix A). Quadrat richness of woody species, which were all native at this site, was the
lowest 2 months post-fire and increased significantly over the time of the study; the exception
to this was in the spring burn 2001 quadrats where only woody species richness increased 13-
26 months after fire. Quadrat richness of forbs was high two months post-fire but did not
change significantly both in natives and exotic species. Overall, these results show richness of
both exotic graminoids, and native woody species increased 2-13 months after fire. Richness
of woody natives continued to increase 13-26 months after fire but exotic graminoids did not.
Richness of native forbs and native woody species was significantly higher on spring burnt
2001 and 2019 quadrats compared to unburnt 2001 quadrats 13 months post-fire (Figure 2.4).
Richness of woody species was also significantly higher on summer burnt 2001 and 2019
quadrats 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 compared to spring and
summer burnt 2001 and 2019 quadrats.

2.3.2 Probability of plants recovering from seed at Deep Stream

We destructively sampled 360 individual plants across 19 species (biostatus: 15 natives and 4
exotics; meristem height: 5 high and 14 low) (Table S2.1 &Table S2.4, Appendix A). A total
of 58 plants were recovering from seed compared to 302 plants that survived the fire. All 19
species survived the fire, but of them, ten species were also recovering from seed. Among, the
total species, Pilosella officinarum Vaill. and Agrostis capillaris L. were the dominant species
that survived fire. Agrostis capillaris L. was also a dominant species recovering from seed. At
2 months after fire, the probability of recovering from seed was significantly higher in exotics
and on non-moss substrate compared to natives and on moss (Table 2.3). In contrast, meristem

height did not significantly impact the probability of plants recovering from seed.
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Table 2.3. 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 meristem height (low vs. high meristem) in post-fire in
montane grasslands at two months at Deep Stream, and four months at Pukaki, New Zealand
(n = the number of individuals excavated). Significant predictors (P < 0.001) are shown in
bold. The probability of regenerating from seed were all on not moss so model was not

possible to run for substrate at Pukaki

,fi'r:feand 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 1.81 0.49 3.65 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)
at4months Substrate  MOSS (vs.noton NA NA NA NA
moss)
Meristem .
height High (vs. low) 23.12 60407.76 0 1

2.3.3 Post-fire community structure changes following wildfire at Pukaki

We observed a total of 48 vascular plant species at Pukaki across the three measurements 1-16
months post-fire (Figure S2.6; Table S2.3, Appendix A). Most species were native (n = 30)
compared to exotic (n = 18). Similar to Deep Stream, most species that were present 1 month
after fire were also present 4 and 16 months after fire (Figure 2.5). The number of species and
species richness increased with time since fire in both plots (1-16 months) (Figure 2.6).
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Figure 2.5. Venn diagrams of species recorded in 16, 0.25-m? quadrats in two 400-m? plots at
each of three measurement times from one to 16 months after the August 2020 wildfire

(spring) in montane grasslands at Pukaki, New Zealand
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Figure 2.6. Post-fire quadrat richness (£ standard error) of native (solid lines) and exotic
(dashed lines) species different growth forms over time in montane grasslands in two 400-m?
plots at Pukaki, New Zealand. The 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 * = P < 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 similar composition 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 2.7; Figure S2.7, Appendix A). Post-fire changes in composition and change in
compositional variance were higher 1-4 months post-fire compared to 4-16-months post-fire
(Table 2.1; Figure 2.7; Figure S2.8, Appendix A). This shows that among plots, composition
immediately after fire was more different and more variable than they were a longer time after
fire (Figure 2.6).
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Figure 2.7. Principal coordinate analysis diagrams for Jaccard dissimilarity of plant species

PCoA 1 (11.56%)

presence in two plots in 0.25-m? quadrats showing a) site scores and b) species scores in two
plots montane grasslands at Pukaki, New Zealand. This study took place in a site that was
burnt in a wildfire in spring 2020. Large symbols represent the centroids of 16, 0.25-m?
quadrats in each of plot 1 (green) and plot 2 (orange). Ellipses represent 95% confidence
intervals for centroids. Point shapes represent the number of months the measurement taken
after the wildfire: 1 month (rectangle), 4 months (circle), and 16 months (triangle). Species’
scores represent exotic (filled) and native (hollow) and species categorised as forbs (circle),

graminoids (rectangle), and woody (triangle)

Recovery by biostatus and growth form

Between 1-16 months post-fire, both natives and exotics recovered at same rate in quadrat
richness in both plots (Figure 2.6; Table S2.3, Appendix A). Richness of native and exotic forbs

significantly increased 4-16 months after fire but not 1-4 months after fire. Richness of native
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graminoids significantly increased 4-16 months post-fire on plot 2 but it did not increase 1-4
after fire. Richness of both exotic and native graminoids did not increase on plot 1 both 1-4
and 4-16 months after fire. Native woody species richness significantly increased 4-16 months
after fire on plot 1 (where there were no exotic woody species), but native woody species
richness did not increase both 1-4 and 4-16 months after fire on plot 2. There were 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 seed at Pukaki

We destructively sampled 37 individual plants across 15 species (biostatus: 10 natives and 5
exotics; meristem height: 5 high and 10 low) (Table S2.2 & Table S2.4, Appendix A). A total
of seven plants were recovering from seed compared to 30 plants that survived the fire. All
species were survived in fire but of them three species were also recovering from seed. All
species were survived fire but of them ten species were also recovering from seed. Among, 19
species, Pilosella officinarum Vaill. and Agrostis capillaris L. were dominant species that
survived fire. Wahlenbergia species was dominant species recovering from seed too. At four
months post-fire, the probability of recovering from seed was not significant in any of three
predictors biostatus, substrate and meristem height (Table 2.3). One-month post-fire, all

excavated plants had survived and all of them had low meristems.

2.4 Discussion

Our study using repeated measurements shows there were substantial changes in vascular plant
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 present 1-2 months after
fire were present at later months. Moreover, most species we excavated 1-4 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 recovered, species 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 recent fire histories at Deep Stream in terms of reburnt or not that
were close to each other in the same habitat, these differences became less apparent in the later
period of the study (13-26 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 woody species had low
richness 1-2 months after fire and increased significantly in later time periods. Overall, our
study demonstrates the value of understanding short-term changes in plant community
structure after fire to elucidate patterns of recovery in the face of increased fire activity with

climate change.

Most of the individual plants we dug up were not from seed (85 % at Deep Stream, 81%
at Pukaki), showing that most of species appeared to survive the fires. Pilosella officinarum
Vaill. and Agrostis capillaris L. were dominant species that survived fire. Wahlenbergia
species was dominant species recovering from seed. Over time, some of the species that
survived fire started flowering and new individuals were coming from seed at each site. We
were surprised 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 fire (Bond, 2008; Gitay et al., 1992). Our results are comparable to other grasslands
and savannahs that have experienced greater historical fire activity (Bond & Keeley, 2005;
Bowman, 2022; Dairel & Fidelis, 2020). For example, a short-term post-fire study showed that
many plants rapidly recovered from fires in savannahs in Brazil where the authors were able to
categorise species into five fire-response groups Pilon et al.(2021). Future studies in New
Zealand’s montane grasslands using finer categories for species (such as those described by
Pilon et al. 2021) would provide 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).

Convergence in species composition and increase in species richness is likely is due to
resprouting of surviving plants. This suggests that plant community in these montane
grasslands recover from fire rapidly. Past studies in these grasslands demonstrated that tussock
species (Chionochloa) are long lived and take 15-20 years to recover in their biomass after fire
(Gitay et al., 1992; Payton & Pearce, 2009); however, this represents only one species at each
of our sites. Our measurements did not allow us to assess changes in biomass of plants, but this
would be a useful addition for future studies. A detailed study at Deep Stream assessing
populations of soil amphipods for 15 years pre- and post-fire shows most species can recover
to pre-fire abundance within three years (Barratt et al., 2019). Pre-fire plant data is desperately
needed to be able to directly assess fire impacts and directly assess resilience in these

grasslands, which is currently lacking.
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The effect of fire history on community structure was detectable among areas that had
either burnt only once or twice in 18 years at Deep Stream. Composition in reburnt quadrats
differed from those that had only burnt once although all of them were close to each other in
the same the habitat. Richness of forbs tended to be lower on quadrats that had not burnt in
2001 (unburnt 2001) compared to those that had reburnt, but this was only significant 13
months after fire. However, we did not detect a strong effect of the season of the first fire in
2001 (spring or summer). We may have expected to see a season effect 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 flammability (Payton &
Pearce, 2009). Therefore, while overall our results suggest there is rapid recovery and general
convergence of community after 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 than exotics. We had expected exotic
forbs, which have lower flammability than other species in this system (Padullés Cubino et al.,
2018), to potentially benefit from the fire by surviving and outcompeting native species, which
was not the case at either site at a 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 rapidly (Araujo et al., 2013; Simpson et 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 towards exotic species at a community
level. Graminoids also have protected buds and a storage reserve that allow them to resprout
immediately after fire (Pausas & Paula, 2020; Simpson et al., 2021). An experimental study on
comparison of native and exotic graminoids’ fuel moisture content in northwestern California,
USA showed that exotic species such as Anthoxanthum odoratum contain high moisture
content so cannot be easily burnt and thus recover after fire (Livingston & Varner, 2016). This
may explain why in our study Anthoxanthum odoratum and Agrostis capillaris recovered well
after the fire (Figure S2.9 & Figure S2.10, Appendix A). 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 fire(Ladwig et al., 2018). These results suggest that seed dispersal
from exotic species could cause dramatic changes in plant community if fires become very

frequent or severe.

Woody species took longer to recover than forbs and graminoids; they had relatively
low richness 1-2 months after fire and increased 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 10-years post-fire (Ratajczak et al., 2014). Another study conducted in paramo
grasslands in Ecuador, which are similar in structure to the montane grasslands in our study,
showed that woody species outcompeted forbs and graminoids 15 years after fire (Zomer &
Ramsay, 2021). Woody plants generally recover by resprouting even in ecosystems that have
evolved in low fire frequency (Bond & Midgley, 2003; Del Tredici, 2001; Teixeira et al., 2020).
This shows that woody species are slow growing, and they would likely be the group most

adversely affected by increased fire frequency.

Plants coming 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 effects (Michel et al., 2011). However, all the mosses we excavated plants from
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 moisture content thereby reducing fire
intensity during wildfire. In a grassland ecosystem study in Namibia the probability of seedling
surviving was higher in irrigated areas (Zimmermann et al., 2008). Further studies on the role

of mosses in seed germination and water retention in post-fire 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 sites, Pukaki was more
disturbed by being closer to farmland and a highway, while Deep Stream relatively isolated
and undisturbed by human activity. This may explain why there were more exotics species at
Pukaki compared to Deep Stream. The fire at Pukaki was in early spring but at Deep Stream it
was in late spring. Measurements at Deep Stream were taken in mid-summer (2 and 26 months
post-fire) and early summer (13 months). In contrast, measurements at Pukaki were in late
spring (1 month post-fire) and summer (1 and 16 months). Previous research on the effect of
fire history on vegetation dynamics has shown that past fire seasons can affect post-fire plant
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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 dynamics (i.e. divergence at the initial
measurement and convergence over time) in composition can occur in within 16 or 26
months after fire in New Zealand’s montane grasslands. Repeated short-term measurements
enabled us to determine that, surprisingly, most plants survived the fires. Many native species
were able to survive post-fire and these natives were relatively unaffected at both the sites. In
addition, historical 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 structure. Our study contributes unique knowledge of
plant recovery in montane grasslands of New Zealand, an area with few ecological studies on

the effects of fire.
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Chapter 3 Short-term response of New Zealand tussock grasslands

to fire is predictable despite long-term community dynamics

3.1 Introduction

Understanding long-term community dynamics is critical for characterising and measuring the
relative importance of short-term responses of community to ecological disturbances. This is
particularly important for distinguishing dynamics from community resilience in response to
disturbance (Abrahamson et al., 2021; Kimball et al., 2018). Community resilience is where,
after disturbance, a community returns rapidly to pre-disturbance structure and function
(Holling, 1973; Walker et al., 2004). Dynamics in plant community structure, i.e., changes in
species richness and composition over time, occur continuously in all community, but at
different rates. Rates of change are affected by changes in environmental factors (Avolio et al.,
2015; De Laender, 2018; Sousa-Silva et al., 2018), including anthropogenic and natural
disturbances (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., 2019). Predicting future
changes in community structure due to these processes therefore relies on observations at the

appropriate temporal scales.

Predicting plant community resilience requires understanding pre-disturbance
‘legacies’ that could influence subsequent trajectories (Blackhall et al., 2017; Johnstone et al.,
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 survive or tolerate certain disturbance types can be identified
based on their functional traits. For example, species that can survive and recover quickly after
fire may be clonal (Clarke et al., 2015) and/ or have a meristem that is near or below the soil
surface (Clarke et al., 2013; Ladwig et al., 2018; Lipoma et al., 2016). Weedy plants can have
fire-tolerant traits that enable them to germinate and outcompete native perennials in post-fire
environments (Balshor 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 pre-disturbance community thus impact post-disturbance dynamics in community structure
as species that have fire-resilient traits are retained in the community and those without are
more prone to be lost (Bond & Midgley, 1995; MacDermott et al., 2017; Wright et al., 2019).

Where functional traits are related to plant flammability, these legacy effects may influence
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community flammability and fire behaviour (Keeley et al., 2011; Schertzer & Staver, 2018).
Thus, environmental variability, including disturbance regimes, anthropogenic influences such
as dynamics in invasive plant and animal populations or changes in land management practices,
may influence plant community resilience by altering the functional traits present in the
resident community (Abella et al., 2021; Jager & Kowarik, 2010; Kimball et al., 2018; Steel et
al., 2021).

Ecosystems subjected to frequent fires are predicted 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 reproduce (Furlaud et al., 2021; Paritsis et al., 2015; Rogers
et al., 2015). These adaptations may include serotiny, lignotubers, bud banks and thick barks
(Bond et al., 2004; Clarke et al., 2013). However, in ecosystems that experience few fires,
species are less likely to be tolerant to fire (Ogden et al., 1998). Wildfires are now increasing
in frequency and intensity in many parts of the world due to climatic and land use change
(Duane et al., 2021; Jain et al., 2022; Vilar et al., 2021). Furthermore, changes in post-fire
community composition and fuel loads are thought to further affect these future fire regimes
for instance fire frequency, and intensity due to change in plant traits (Bowd et al., 2021;
McLauchlan et al., 2020; Xu et al., 2022). Plant life histories and growth forms will likely
influence and be influenced by fire (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 post-fire community dynamics is critical to understanding
dynamics and resilience of community exposed to wildfire (Bowd et al., 2021). This is because
the spatial and temporal scales of pre-fire (background) community dynamics determine the
detectability of changes induced in response to fire. Comparing pre- and post-fire 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 space for time comparisons (Paudel
et al., 2022; Rodhouse et al., 2020). Such understanding is essential to inform biodiversity
conservation and ecosystem management (Tolhurst, 2012). Wildfires that burn pre-existing
vegetation monitoring locations are a ‘natural experiment’ allowing repeated measurements in
community before and after fire that can be used to predict successional temporal changes in

ecosystems (Bowd et al., 2021; Springer et al., 2022).
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New Zealand native plant species have evolved in environments where fires were not a
prominent component of the disturbance regime, and few native plants are characterised as fire
tolerant (Perry et al., 2010; 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., 1997, 2014; Perry et al., 2014). In recent years fires
have become more frequent and intense due to increased temperatures and drought conditions
(McGlone et al., 2014; Perry et al., 2014); this pattern is predicted to continue (Melia et al.,
2022; Simpson, et al., 2014). Parts of the eastern South Island, which are dominated by native
tussock grasslands, are expected to experience some of the greatest increases in wildfires in the

coming decades (Melia et al., 2022).

Tussock grasslands are dominated by long-lived, perennial, native species that provide
a wide range of ecosystem services, including provisioning biodiversity values, regulating
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 pressure all pose threats to the integrity of these
grassland ecosystems (Cruz et al.,, 2017; Day & Buckley, 2013). Predicting post-fire
successional trajectories in tussock grasslands is complicated by high abundances of exotic
plant species and, despite fire being regularly 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; Rogers et al., 2007). Many New Zealand native plant species are
thought to be fire-sensitive (McGlone, 2001; McGlone et al., 1997; Perry et al., 2014) and,
therefore, potentially susceptible to competition with more fire-tolerant exotic species. Fire
promotes vegetative growth, flowering and seed germination in Chionochloa spp., but grazing
by introduced mammals after fire causes elevated mortality (Dickinson et al., 1992; Gitay &
Wilson, 1995; Mark, 1994; O’Connor & Alison, 1963). In contrast, exotic invasive hawkweeds
(Pilosella spp.) can easily re-establish following fire (Mark et al., 2010).

This study aimed to quantify plant community responses to fire disturbance and to test
for community resilience in tussock-dominated areas of montane grasslands in the South Island
of New Zealand. This was achieved by comparing pre-fire and post-fire changes in plant
community structure. | used repeated measurements of plant community 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 (1) testing for community 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 long-term data from vegetation surveys over four
decades from four, permanently marked transects (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 area which until 1950 was grazed pastoral land (McMillan,
2012), but now is a part of the Ruataniwha Conservation Park on the western shore of Lake
Ohau at the foothills of the Ben Ohau mountain range (elevation ca. 670-850 m a.s.l.) in the
Canterbury region of South Island, New Zealand (Figure S3.1, Appendix A). 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 grasslands, prominent invasive
species are wilding pines (Pinus spp.) and hawkweeds (Pilosella officinarum Vaill, Pilosella
piloselloides subsp. praealta (Gochnat) S.Braut. & Greuter, Hypochaeris radicata L.), which
continue to spread (The Ohau Conservation Trust, 2017). Mean annual precipitation, mean
summer temperature and mean winter temperature were 906 mm, 13.67°C and 1.96 °C
respectively (Wratt et al., 2006). In October 2020 (early spring) a wildfire started accidently
by an electric short circuit and about 5,000 ha was burnt (Fire and Emergency New Zealand,
2020).

3.2.2 Vegetation surveys

Four, permanent, 100-m vegetation monitoring transects were established in 1983 in tussock
grassland habitat within this area (Figure 3.1; Figure S3.1, Appendix A). They were
subsequently remeasured in 1993 and 2006. In the October 2020 wildfire, two of the transects
(OHATO043 and OHATO044) and approximately one-third of a third transect (OHATO042) was
burnt. A fourth transect (OHATO045) was unburnt (Figure S3.2., Appendix A). In late October
2020, two weeks after the wildfire, | remeasured all four transects. | remeasured the burnt
transects again in January 2021 (3 months post-fire) and in January 2022 (15 months post-fire).
According to previous literature, communities in these grasslands are perennial 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 not remeasure unburnt transects in the following short-term

measurements.

[oHAT042 [OHATO43 [OHATO44 |OHATO45
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Figure 3.1. Photo plates showing changes in pre- and post-fire vegetation change on 100-m,
permanent transects at Lake Ohau, Canterbury, South Island, New Zealand measured
between 1983 and 2022. Each transect comprises 50, 0.25-m? quadrats, spaced 2 m apart.
(Photo source: photos from 15 and 29 prior fire were taken from Day et al., unpublished).

At each transect, | recorded vegetation in fifty, 0.5 x 0.5-m (0.25-m?) quadrats
positioned every two metres on the right side along the 100-m permanently marked transects
running from the south to the north direction. A 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

36



rooted in, the quadrats. From 2006 to 2022 the percent cover of each species was estimated
within each quadrat and recorded as one of six cover classes: (1 =<1 %, 2 = 1-5 %, 3 = 6-25
%, 4 = 26-50 %, 5 = 51=75 %, and 6 = 76-100 %). Overlapping percent cover values were
recorded, thus, the total percent cover of quadrats can be greater than 100 %.

Plant trait data

| obtained data on traits of all species from published databases (Breitwieser et al., 2010;
Ecological Traits of New Zealand Flora Online, 2022; New Zealand Plant Conservation
Network, 2022). | recorded biostatus (native or exotic), growth form (forb, graminoid, or
woody), clonality (non-clonal or clonal), meristem height (high or low) (Table S3.1, 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 and meristem height were based on Raunkizr’s

life form (Raunkiaer, 1934; Raunkiaer, 1905).

Fire severity

Field sampling was undertaken at the three burnt transects to compare three methods for
assessing fire severity: minimum branch diameters of woody plants and percent covers of burnt
and live vegetation and litter (Appendix B). The results were inconclusive and so these data

are not presented in this chapter.

3.2.3 Data analysis

| categorised the four, 100-m 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
0.25-m? quadrats at each measurement time, | calculated the frequency of species in sections
of five quadrats on each transect for both primary data collected during study period and
secondary data collected previously (Buckley & Freckleton, 2010; Day & Buckley, 2013;
Duncan et al., 2001). I did this by dividing each transect into ten sections of 10 m, each
comprising five quadrats. The partially burnt transect, OHAT042, contained three burnt 10-m
sections and six unburnt 10-m sections. Two quadrats were in the trail so three unburnt quadrats
measured were excluded hence, 10th 10-m section was excluded. | created matrices for
subsequent analyses of (1) species’ frequencies in transect sections at all measurement times
and (2) species' mean quadrat percent cover in quadrats within each 10-m transect section for

measurements from 2006 to 2022; percent cover of species in quadrats was not recorded at the
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1980s and 1990s measurements. These matrices, both at the 10-m transect section scale, were
used to investigate community dynamics across pre-fire (1980 — 2006) and post-fire (2020 —
2022) measurements. The burnt and unburnt sections of OHATO042 were treated separately in

all analyses.

To visualise changes in plant community composition over time for each transect, |
used a Bray-Curtis dissimilarity matrix calculated from the matrix of species’ frequencies in
10-m transect sections at all measurement times in a principal coordinate analysis (PCoA)
implemented using ‘labdsv’ (Roberts, 2019) in R v.4.2.1 (R Core Team, 2022) for both pre
(1980 — 2006) and post-fire (2020 — 2022) measurements. This was repeated using the matrix
of species’ covers for the 2006 — 2022 measurements to evaluate short-term community

dynamics immediately following fire.

Following methods in Avolio et al. (2019) and Buckley et al. (2021) for characterising
temporal community dynamics, | tested the significance of the change in mean composition
(i.e., the 10-m transect section centroids) and change in compositional variance for each
transect section at each post-fire measurement specifying 2006 (the most recent pre-burn
measurement) as the baseline. Differences among measurement times were tested for
significance using the ‘pairwise.adonis2’ function within the ‘vegan’ for change in mean
composition (Oksanen, 2021) and the ‘permutest’ function within ‘vegan’ for change in
variance (Anderson, 2006). For these tests, transect was used as a grouping variable to account
for the spatial non-independence of the temporal measurements, i.e., OHATO042.burnt,
OHATO042.unburnt, OHAT043, OHATO044, and OHATO045.

To characterise community dynamics over four decades (1980 — 2022), | calculated
several measures of community structure that could be compared over time (Avolio et al.,
2019) using ‘codyn’ (Hallett et al., 2020): (1) species’ rank abundance within transects at each
measurement, calculated as the number of quadrats that each species occurred in at each time,
(2) total species richness within each 10-m transect section, (3) mean percent cover of species
per quadrat within each 10-m 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 or lost from transect
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, graminoids and woody species.
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Venn diagrams 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 at each measurement to determine which

species were driving the community dynamics at a transect scale (Avolio et al., 2019).

To assess community-scale changes in the relative frequency of disturbance-related
plant traits over time, | calculated relative ratio of species in two groups: clonality and meristem
height for the sections on each transect at each measurement. For the clonality ratio, the total
number of clonal species was divided by number of non-clonal species. For the meristem height
ratio, the total number of species whose meristem is close to the ground was divided by total

number of all other plant morphologies.

| used generalized linear mixed models implemented using the ‘glmmTMB’ function
in R (Brooks et al., 2017) for the post-fire change comparison of total species richness, mean
quadrat percent cover, relative change in species richness, gains and losses in transect sections.
For richness (count data) models assumed a Conway-Maxwell-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
non-independence of 10-m transect sections. Models were applied to datasets containing all
species and to species subsets: natives, exotics, forbs, graminoids and woody species. Post-hoc
comparisons among measurement times were performed for all models using ‘emmeans’
(Lenth, 2022). All statistical analyses were performed in R v.4.2.1 (R Core Team, 2022) and
data visualisations were conducted using the packages ‘tidyverse’ (Wickham et al., 2019),
‘ggreppel” (Slowikowski et al., 2021), ‘ggVennDiagram’ (Gao, 2022), ‘gghighlight’ (Yutani,
2022), and ‘egg’ (Auguie, 2019).

3.3 Results

| recorded 88 species (64 native species and 24 exotic species) on the four transects across all
five measurement times (Table S3.1, Appendix A). Species composition within the 10-m
transect sections varied over time (1983 — 2022) on all transects (Figure 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 the pre-fire 2006
measurement and the initial post-fire measurement in 2020 (Table 3.1; Figure 3.4). Changes in

the mean and variance in species composition were significant after fire on OHATO043.burnt
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(2006 — 2020) and OHATO44.burnt (2006 — 2021). On the unburnt transect,
OHATO045.unburnt, mean 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 OHATO042 (n = 3), the mean composition and variance did not change

significantly.
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Table 3.1. Short-term patterns of change in community structure on both burnt and unburnt permanent 100-m transects at Lake Ohau,
Canterbury, South Island, New Zealand measured before and after the October 2020 wildfire between 1983 and 2022. Species composition was
quantified using a Bray-Curtis dissimilarity matrix based on mean percent covers of species in 0.25-m? quadrats for 10-m transect sections on
100-m permanent transects. The significance of changes in mean composition (10-m transect centroids * one standard error) and variation in
composition (among 10-m transect sections + one standard error) were compared among measurements. Means were either not significantly
different (=mean) or significantly different (Amean) between measurement times. Variance in composition either significantly decreased

(variance) or significantly increased ({variance) or no change (=variance) between measurement times

4%

Multivariate community Transect Years n Change in Change in Species Species
pattern compared composition variance gains losses
=mean, =variance OHATO042.burnt 2006 — 2020 3 0.95+0.02 -0.02 £ 0.02 0 22
OHATO042.burnt 2006 — 2021 3 0.75+0.05 -0.04 £0.04 3 14
OHATO042.unburnt 2006 — 2022 6 0.42+0.09 0.05+0.04 0 4
=mean, | variance OHATO042.burnt 2006 — 2022 3 0.60 + 0.06 -0.04 +£0.02 1 14
Amean, =variance OHATO042.unburnt 2006 — 2020 6 0.43+0.05 0.01+0.03 1 12
OHATO043.burnt 2006 — 2021 10 0.73+0.09 -0.02+0.03 5 2
OHATO043.burnt 2006 — 2022 10 0.50+0.08 0.04 +£0.02 7 0
OHATO044.burnt 2006 — 2020 10  0.62+0.08 -0.02 £ 0.02 6 5
OHATO044.burnt 2006 — 2022 10  0.47+0.07 0.04 £0.02 9 0
OHATO045.unburnt 2006 — 2022 10 0.55+0.09 0.02 £0.02 6 5
Amean, fvariance OHATO043.burnt 2006 — 2020 10 0.91+0.13 0.23+0.04 1 14
OHATO044.burnt 2006 — 2021 10 055%0.1 0.01+0.03 6 1
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Figure 3.2. Principal coordinate analysis (PCoA) of a Bray-Curtis dissimilarity matrix of
species’ frequencies, measured as number of occupied 0.25-m? quadrats in 10-m transect
sections across time on 100-m permanent transects at Lake Ohau, Canterbury, South Island,
New Zealand measured between 1983 and 2022. Each section comprised five quadrats. The
shapes of points represent burnt (circles) and unburnt (triangles) 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 Bray-Curtis dissimilarity matrix of
species’ frequencies, measured as number of occupied 0.25-m? quadrats in 10-m transect
sections across time on 100-m permanent transects at Lake Ohau, Canterbury, South Island,
New Zealand measured 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 composition 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 Bray-Curtis dissimilarity matrix of
species’ percent cover, measured as the mean % cover in 0.25-m? quadrats within 10-m
transect sections (small-coloured dots) within 100-m permanent transects at Lake Ohau,
Canterbury, South Island, New Zealand measured between 2006 and 2022. Each 10-m
transect section comprised five quadrats. Large, coloured dots represent the centroids for each
measurement time encompassing all transects connected by lines. Ellipses represent the 95%
confidence envelope for a multivariate t—distribution for transect centroids and thus represent
the relative variance of each transect at each measurement time. The ellipse colour represents
measurement time. Ellipses could not be calculated for measurements on OHATO042.burnt

due to the low number of transect sections that were burnt within that transect (n = 3)

Most of the species were present across all the measurements (Figure 3.5). 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 OHATO043.burnt) colonised after the fire (2020 — 2022). The

highest number of local extinctions of native species across the entire study period occurred on
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OHATO042.burnt (n = 9) and the lowest on OHATO044.burnt (n = 5). In contrast, local extinction
of exotic species was the lowest on OHATO042.burnt (n = 1) and the highest on OHAT043.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.

Rank abundance curves showed compositional changes were driven by a drop in the
richness and evenness of the community after the fire as well as reordering of species’ ranks,
which occurred in all growth forms (Figure 3.6). 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 frequency pre-fire, such as Festuca novae-zelandiae,
became locally extinct (OHATO042.burnt) post-fire (Figure S3.3, Appendix A). Some exotic
forbs, such as Pilosella spp., had high percent cover both pre- and post-fire (2006 — 2022) on
both burnt and unburnt transects (Figure S3.4, Appendix A).

Species richness of native and exotic species in 10-m transect sections decreased
between the most recent pre-fire measurement (2006) and two weeks post-fire (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 to fire (Figure 3.7). However,
on all burnt transects, natives decreased more than exotics post-fire and increased more three
months post-fire (Figure 3.8). When growth forms were considered separately, native forbs and
graminoids responded more strongly to fire than exotic species (Figure 3.9). The exception 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 there was a significant increase
in mean species richness three months post-fire. The unburnt transect OHAT045 showed long-
term losses in native and exotic species from 1983 to 2022 (Figure 3.7); these changes were
largely due to a decrease in richness of native and exotic forbs and native graminoids (Figure
3.8&3.9).

45



Natives

Exotics

OHATO045.unburnt

OHAT042.unburnt

OHATO042.burnt | OHATO043.burnt | OHAT044.burnt

All

o
&N

&

N
o
=3
N

&

Figure 3.5. Venn diagrams of all species, natives and exotics recorded between 1983 and 2022 in 0.25-m? quadrats within burnt and unburnt,

permanent 100-m transects at Lake Ohau, Canterbury, South Island, New Zealand
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Figure 3.6. Rank abundance curves showing the number of 0.25-m2 quadrats each species
occurred in on 100-m permanent transects at Lake Ohau, Canterbury, South Island, New
Zealand measured between 1983 and 2022. All other transects comprised 50 quadrats.
Species occurring on the burnt portion of OHAT042 could only occur in a maximum of 18
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Figure 3.7. Species richness (z one standard error) for all species, natives and exotics
recorded in 10-m transect sections comprising five, 0.25-m? quadrats on 100-m, permanent
transects at Lake Ohau, Canterbury, South Island, New Zealand measured between 1983 and
2022. The background colour represents before (white) and after (red) the October 2020
wildfire. Asterisks represent significant differences in richness between measurements

determined by generalised linear mixed-effects modelling (P < 0.05)
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Figure 3.8. Comparisons of native (purple) and exotic (green) species community dynamics

( one standard error) showing changes in relative change in species gains, losses, and

richness per 10-m transect sections on 100-m permanent transects at Lake Ohau, Canterbury,

South Island, New Zealand measured between 1983 and 2022. Each section comprised five

quadrats. Species presence was recorded in 0.25-m? quadrats spaced every 2 m on each

transect. The background colour represents before (white) and after (red) the October 2020

wildfire. Asterisks represent significant differences in species gains, losses, and richness

between changes in native and exotic species determined by generalised linear mixed-effects
modelling (P < 0.05)
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Figure 3.9. Species richness (+ one standard error) of native (purple, solid) and exotic (green,
dashed) species categorised as either forbs, graminoids or woody within 10-m transect
sections on 100-m permanent transects at Lake Ohau, Canterbury, South Island, New Zealand
measured between 1983 and 2022. The background colour represents before (white) and after
(red) the October 2020 wildfire. Asterisks represent significant differences in richness

between measurements determined by generalised linear mixed-effects modelling (P < 0.05)

Changes in mean quadrat percent cover of all species showed a dramatic decrease due
to fire followed by recovery over 15 months (2022) post-fire (Figure 3.10; Figure S3.5,
Appendix A), which was slower than the recovery of species richness (Figure 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 post-fire, whereas exotic species cover fully recovered within 3 to 15 months
post-fire. The cover of woody species decreased to zero right after fire but partially recovered
in the three months post-fire (Figure 3.11). The unburnt portion of OHAT042 decreased in
cover of exotic species but not in natives. In contrast, the unburnt transect OHAT045.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.unburnt) and the cover of these species did not significantly increase in
post-fire 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 mean percent cover (£ one standard error) for all species, natives and

exotics within 0.25-m? quadrats within 10-m sections on 100-m permanent transects at Lake

Ohau, Canterbury, South Island, New Zealand measured between 1983 and 2022. Total

quadrat 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 in quadrat cover between measurements

determined by generalised linear mixed-effects modelling (P < 0.05)
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Figure 3.11. Mean percent cover (+ one standard error) for native (purple, solid) and exotic

(green, dashed) species categorised as either forbs, graminoids or woody in 0.25-m? quadrats

for 10-m transect sections on 100-m permanent transects at Lake Ohau, Canterbury, South

Island, New Zealand measured between 2006 and 2022. The background colour represents

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

differences in quadrat cover between measurements determined by generalised linear mixed-
effects modelling (P < 0.05)

The ratio of plant species that were clonal and had low meristems changed with change

in community structure (Figure 3.12). The ratio of clonal plant species was significantly higher

two weeks after fire on two of the burnt transects than at subsequent pre-and post-fire

measurements, but not on OHATO044.burnt, where it was significantly lower. On the unburnt

transect OHATO042.unburnt, there was no significant change in the ratio of clonal species, but

it significantly increased on OHATO045.unburnt. The ratio 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 subsequent pre-and post-fire measurements on burnt

transects. On the unburnt transect OHATO045.unburnt, the ratio of plants with their meristem

close to the ground significantly decreased, except on OHATO042.unburnt.
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Figure 3.12. Ratio of species (+ one standard error) that were (a) clonal and (b) had their meristem close to the ground recorded within 0.25-m?
quadrats within 10-m transect sections on 100-m permanent transects at Lake Ohau, Canterbury, South Island, New Zealand measured between
1983 and 2022. Each 10-m transect section comprised five quadrats. The background colour represents before (white) and after (red) the October
2020 wildfire. Asterisks indicate a significant change in ratio, determined using generalised linear modelling (P < 0.01).



3.4 Discussion

This observational study comprising both long-term and short-term repeated vegetation
measurements on unburnt and burnt transects before and after wildfire demonstrates that
grassland community, even those from a historically low-fire frequency environment, show a
significant, but mostly short-term 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 primarily driven 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 considered 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 because fire-affected plant community
take time to increase biomass. Comparison with unburnt transects showed that these changes

were relatively strong compared to the long-term dynamics of these grasslands.

| demonstrated that plant communities in tussock-dominated montane grasslands are
resilient to fire. There was a predictable short-term 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 of plant communities. However,
generally, these community did 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 post-fire samples on the partially burnt transect, likely due to the small sample sizes.
Species richness returned close to pre-fire levels within three to 15 months suggesting that most
individual plants survived the fire and subsequently recovered. Species' survival and recovery
rates were affected by fire 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 fire (Clarke et al., 2013; Lamont et al., 2004). Plants with such traits are
resilient to fire as previously shown in fire-prone ecosystems (Clarke et al., 2015; Lipoma et
al., 2016; Pausas & Paula, 2020).

In contrast to other studies that have shown a general trend for exotic species to pre-
empt space after to fire disturbance (D’ Antonio & Vitousek, 1992), | did not find any evidence
that exotics species increased at the expense of native species (in terms of cover or richness)

within 15 months post-fire. In fact, both natives and exotics showed a broadly similar response
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to the fire, including the recovery of individuals after fire (Appendix C). 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 suggests that exotics in these
grasslands are not limited by space (Day and Buckley 2011).

Plant species of different growth forms responded differently. For example, species
richness of native forbs and graminoids were generally more affected by fire than exotic species
in those growth forms. These short-term changes are large compared to pre-fire long-term
dynamics, with the exception of one unburnt transect (OHATO045) where all forbs and native
graminoids had significantly declined, while exotic species had remained stable over the four
decades of sampling except exotic graminoids. Unburnt transects showed that some
components of these communities were gradually changing over longer timescales. These
changes were characterised by ongoing increases in the cover of exotic graminoids and woody
invasion on OHATO045, and decreases in native species in those growth forms, including forb
species. This suggests that this unburnt transect will be dominated by exotic graminoids. This
is consistent with the finding that tussock-dominated grasslands are dynamic and an important
component of these changes is ongoing invasion (Day & Buckley, 2011, 2013).

Plant traits are important for understanding community resilience to fire (Lipomaet al.,
2016; Speed et al., 2010). For example, ratio of plants that are clonal and had low meristem
generally increased immediately after fire and returned back to pre-fire levels in three, and 15
months post-fire (Figure 3.12). Similarly, | 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,
especially 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 short-term 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; D’Antonio & Vitousek, 1992; Duncan et al., 2001; Karavani et al., 2018;
Mandle et al., 2011). This is because the effect of fire in these grasslands will change 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 locations both in short-term and long-term using a

combination of experimental burning and long-term sampling would be useful for testing
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specific hypotheses of individual species and community level drivers of post-fire community

changes.

3.5 Conclusion

Repeated measurements of these pre-existing, 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 species’ recovery. Our results show that these
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 these community at risk. 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 changes. To generate 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 flammability in

Arthur’s Pass over nine decades

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 norms (Clarke Smith, & Pitman, 2011,
Environment, 2022; Keeley & Syphard, 2019) and are expected to affect spatial and temporal
patterns in vegetation and ecosystem function (Armenteras et al., 2021; Bond & Keeley, 2005;
Bowman et al., 2020). In particular, fires are predicted to become more intense in temperate
and alpine regions (Environment, 2022; Melia et al., 2022) leading to increases in more
flammable plant species or vegetation types (Cardoso et al., 2018; Landesmann et al., 2021;
Schwilk, 2003). Thus, it is imperative for predicting impacts of global change that research

focuses on understanding the drivers of plant community flammability.

Plant community flammability reflects the combined effects of flammability traits of
the constituent species of the community (Keeley et al., 2011; Landesmann et al., 2021;
Simpson et al., 2016). Temporally, community change in their community structure over time
through succession and this change can influence change in amount and condition of fuels, and
therefore, community flammability (McColl-Gausden & Penman, 2019; Tiribelli et al., 2018).
Exploring post-fire successional changes in plant community are *natural experiments’ where
relationships between fire and plant flammability can be determined and are important to
determine future community flammability (Blackhall et al., 2017; Tiribelli et al., 2018). The
patterns of post-fire community flammability can be determined by determining successional
changes in both plant traits and community structure (Plucinski & Anderson, 2008; Uyehara &
Pacala, 2018). Other environmental factors such as solar radiation and rainfall can indirectly
affect plant community flammability (Gomes et al., 2020). For instance, solar radiation and
precipitation have been shown to influence species composition and community type
abundances (Cadiz et al., 2020). So, if there was increase in the abundance of low flammability
species in a community, e.g., forbs, | would expect that community flammability would

decrease.

Plant traits represents variation in ecological strategies and determine how plants

respond to environmental factors and influence ecosystems (Palmquist et al., 2017; Pérez-

57



Harguindeguy et al., 2013). They are shown to be strongly related to plant flammability and
phylogenetically conserved (Cui et al., 2020). 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; Pérez-Harguindeguy et al.,
2013). From such experiments, various studies have reported that high leaf dry matter content,
shoot dry matter content and amount of retained dead material enhance plant flammability,
whereas high specific leaf area and leaf moisture content negatively influence plant
flammability (Alam et al., 2020; Mason et al., 2016; Murray et al., 2013; Wyse et al., 2016).
Furthermore, plants with thin, dry leaves and branching patterns can generate fine and well-
aerated fuel beds and are highly flammable (Fernandes & Cruz, 2012; Schwilk, 2003). In
contrast, other studies have found that traits including thick, fleshy leaves, and high moisture
content are low flammable (Ganteaume 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 plant (Fuentes-Ramirez et al., 2016), suggesting the effect of
individual traits accumulates within a plant community (Engber & Varner, 2012; Tumino et
al., 2019). Traits can evolve with changing environmental condition and this change can change
plant flammability (Bond & Keeley, 2005; Keeley et al., 2011) as well as whole community
flammability (Magalhdes & Schwilk, 2012; Uyehara & Pacala, 2018). Furthermore, plant
flammability is phylogenetically conserved among family and higher taxonomic level (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 flammability at landscapes under changing fire regimes (Pausas et al., 2017). Such
studies are crucial to elucidate the relationships among plant species’ morphological traits,
flammability, and fire behaviour. A first step in this understanding is to observe the relationship
between species’ traits and their flammability, such as shoot-level flammability. Secondly, it
is important to explore the changing community composition over time. These can help to
understand changes in traits and community that can influence community 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 Zealand’s vegetation mostly evolved with low fire frequency (McGlone, 2001,
Perry et al., 2012). However, some vegetation types were dominated by highly fire-susceptible
plant species (Perry et al., 2012, 2014) and some New Zealand native plant species are
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inherently flammable (Mason et al., 2016; Wyse et al., 2016). In subalpine ecosystems,
flammable vegetation types are prevalent, including native grasslands dominated by
Chionochloa spp., Festuca novae-zelandiae (Payton & Pearce, 2009; Perry et al., 2014),
bracken (McGlone, 2001), and shrublands dominated by Dracophyllum spp. (Johnson, 2001;
McGlone & Topping, 1983). In succession, a highly flammable woody species Dracophyllum
spp. can easily invade and regenerate after fire in areas previously dominated by Chionochloa
spp., Festuca novae-zelandiae and Pteridium esculentum (Johnson, 2001). With predicted
future increases in the fire weather index in New Zealand (Pearce et al., 2011; Simpson et al.,
2014), an increase in fire frequency is expected (Pearce & Clifford, 2008). Further research 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
grasslands of New Zealand’s South Island has led to a probable decrease in the flammability
of these invaded community (Padullés Cubino et al., 2018). Studies in fire-prone ecosystems
including Australia, South Africa, Europe and America (Gill & Zylstra, 2005; McColl-Gausden
& Penman, 2019; Raubenheimer et al., 2021; Tiribelli et al., 2018; Zylstra, 2018) have
predicted that plant community flammability will change over time (Moreira et al., 2014;
Pausas et al., 2017; Schertzer & Staver, 2018) due to effect of global climate change (H. G.
Clarke et al., 2011). One study conducted in New Zealand found that community flammability
declined in tussock grassland, based on an assessment of community-weighted mean
flammability from permanent transects remeasured of a 25 year period (Padullés Cubino et al.,
2018). Long-term plots provide a unique window into how community flammability has

changed over decadal scales.

In this study, I aimed to quantify community flammability over nine decades of post-
fire vegetation change in one of the world’s oldest permanent transect dataset, the ‘Cockayne
Plots’. These transects were set up in the early 1930s in a range of vegetation types (grassland,
shrubland and forest) within the low nutrient, perennial-dominated, sub-alpine ecosystem at
Arthur’s Pass, New Zealand (Burge et al., 2020; Calder & Wardle, 1969; Cockayne, 1898;
Cockayne & Calder, 1932). 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 that with succession, the richness and abundance of native
woody species have increased to three times than that of the initial vegetation measurement;
however, there were no any exotic woody species at this site over nine decades of vegetation

measurement (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 period (Jaureguiberry et al., 2011; 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 post-fire succession. | predicted that
community flammability in grassland vegetation would be relatively higher early in the post-
fire vegetation change due to an initial increase in fine fuels (grasses) or species such as bracken
(Pteridium esculentum (G. Forst.) Cockayne) and Dracophyllum spp. (Johnson, 2001;
McGlone & Topping, 1983; McWethy et al., 2013). | predicted that community flammability
would subsequently decline in grassland vegetation due to an increase in species that contain
higher leaf moisture content (Padullés Cubino et al., 2018). In forested vegetation and
shrubland, where there is an increase in biomass and woody community, I predict community
flammability will increase over time, due to the prevalence of high flammability forest species,
such as mountain beech Fuscospora cliffortioides. Specifically, for this dataset quantifying
post-fire vegetation change of over 90 years | asked: (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

Arthur’s Pass is the highest pass across the Southern Alps in South Island, New Zealand (Figure
S4.1, Appendix A). Geographically, this location is 920 m a.s.l. with latitude 42°54°19.2” S
and longitude 171°33°56.0” E. Arthur’s Pass 1s a markedly wet zone (Leathwick et al., 2002);
climate data from the last 49 years show that Arthurs Pass has a mean annual maximum
temperature of 17.13 + 0.60 °C and a mean annual minimum temperature of 1.7 + 0.45°C
(NIWA, 2021). Rainfall data from the past 115 years (1906 to 2021) show that the site has a
mean total annual rainfall of 4080.565 + 59.89 mm (Figure S4.2, Appendix A).

When Cockayne first established nine permanent vegetation monitoring transects in
1932, the vegetation was predominantly subalpine scrub (Calder & Wardle, 1969). In the first
(1932) and second (1965) measurements, the common species at Transects 1 and 2 were
Chionochloa sp. (Calder & Wardle, 1969; Cockayne & Calder, 1932) (Table 4.1). Transects 3
and 4 were in beech forest and remained stable in composition across all four (1932, 1965,
2001 and 2018) vegetation measurements (Burge et al., 2020). Common species were

Phyllocladus alpinus and Fuscospora cliffortioides and understory species Coprosma spp.,

60



Olearia spp., and Pseudopanax colensoi. At Transect 5, in subalpine scrub, the common
species were Dracophyllum longifolium, and Veronica subalpinain the first and second
measurements, but later in 2018 Dracophyllum uniflorum was more common. At Transect 6,
in subalpine scrub, the relatively more common species from 1932 to 2018 were Dracophyllum
longifolium, Dracophyllum uniflorum, Gaultheria rupestris, Pentachondara pumila, and
Celmisia discolor. At Transect 7, in subalpine scrub, the common species were Astelia nervosa,
Phormium cookianum, Blechnum penna-marina and Chionochloa sp. in 1932 to 2018 (Burge
et al., 2020; Calder & Wardle, 1969; Cockayne & Calder, 1932). At Transect 9, in subalpine
scrub, the relatively more common species at the first measurement were Ozothamnus
leptophyllus and Veronica subalpina, but later, in 2018, Dracophyllum longifolium,
Dracophyllum uniflorum, Brachyglottis elaeagnifolia, Coprosma colensoi, Blechnum minus,
Phormium cookianum and Astelia nervosa were more common. In subalpine low forest at
Transect 10, the common species were Dracophyllum longifolium and Astelia nervosa,
Phormium cookianum at the first and second measurements. In 2018, Coprosma dumosa and

Coprosma pseudocuneata had become co-dominant.

There have been no fires in Arthur’s Pass since 1932. The 1890 fire burnt a large area
that encompassed all nine of the transects locations, except Transect 10, which was burnt in a
fire in 1878 (Cockayne 1898). Small fires occurred at Transects 9, 7 and 2 in 1921, 1930 and
1932, respectively (Burge et al., 2020; Calder & Wardle, 1969). Transect 8, which was
originally established with all other nine transects was abandoned in 2001 because it lacked
permanent markers and was not drawn to scale. These transects were located with a
geographical positioning system (GPS) and the guidance of previous researcher who worked

on the plant species composition at this site.
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Table 4.1. Description of nine permanent transects established at Arthur’s Pass in 1932 and remeasured in 1969, 2001 and 2018. Width (m) and

length (m) are the dimensions of the transects. Area is the total area sampled within each of the belt transects. Vegetation type was based on a

classification by Calder & Wardle (1969)) and observations made during data collection. Dominant species on each transect were those that had

greater than 30% mean relative percent frequency in each transect across all measurement times. ‘Years since last fire’ is the number of years

between 2018 and the last fire at each transect. The relative percent frequency was calculated by dividing the total number of grid cells (each

was 1 foot square, or 0.093 m?) on a transect by the total number of grid cells

Transect | Width | Length Area | Vegetation Dominant species Aspect Elevation | Years
(m) (m) (m?) | type (mas.l) | since
last fire
T1 1.2 8.8 10.7 | Beech forest Fuscospora cliffortioides, Chionochloa spp. 97" E 880 128
8 edge
T2 1.2 5.2 6.32 | Tussock Chionochloa spp. 80° NE 901 86
grassland
T3 2.4 19.8 48.3 | Beech forest Phyllocladus alpinus, Fuscospora cliffortioides, | 100° E 906 128
1 Brachyglottis elaeagnifolia,
Coprosma pseudocuneata
T4 2.4 19.7 47.9 | Beech forest Phyllocladus alpinus, Fuscospora cliffortioides, | 100° E 929 128
2 Brachyglottis elaeagnifolia,
Coprosma pseudocuneata
T5 2.4 10.7 26.0 | Subalpine scrub | Dracophyllum spp., Brachyglottis elaeagnifolia | 132° SE | 920 128
1
T6 1.8 3.4 6.13 | Subalpine scrub | Dracophyllum spp., Pentachondra pumila, 340° NW | 909 128
Celmisia discolor
T7 1.2 8.1 9.85 | Subalpine scrub | Astelia nervosa, Phormium cookianum, 250° SW | 919 88
Blechnum minus, Chionochloa spp.
T9 1.2 55 6.69 | Subalpine scrub | Dracophyllum spp., Brachyglottis elaeagnifolia, | 239° SW | 909 79
Blechnum minus, Phormium cookianum, Astelia
nervosa
T10 1.2 11.6 14.1 | Subalpine low | Dracophyllum spp., Coprosma dumosa, 260° SW | 841 140
2 forest Coprosma pseudocuneata




4.2.2 Data collection

Long-term plant community data

| used plant community composition data from the nine transects that were of variable size
compiled by Burge et al., (2020) to estimate how changes in plant community structure were
related to community flammability 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 measurement times 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 than or equal 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; Pérez-Harguindeguy et al., 2013). Shoots, or, if smaller than 70 cm, the entire plant, were
sampled to measure a range of morphological and plant flammability traits (Alam et al., 2020;
Cui et al., 2020; Padullés Cubino et al., 2018). To avoid any impact of destructive sampling on
the permanent transects, the plant samples were collected outside the permanently marked
transects, but within approximately 50 m. For trees and shrubs, 70-cm long terminal branches
were cut from healthy, reproductively mature, plants with sun-exposed shoots, where possible.
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 were longer than 70 cm, the lower 70 cm was sampled and material above that length
was trimmed. For ferns, fronds of up to 70 cm were collected. One shoot sample was collected
from each of six different individuals of each species. Additionally, from those same individual
plants, shoot subsamples of approximately 10-cm long 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 and leaf samples were
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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 3202-25A of measuring range 0-25 mm). Leaf samples were 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, two sub-samples of approximately
10 cm in length were used for dehydration and saturation. One of the subsamples was air dried
for 24 hours and the other was soaked in water for 7 hours. The biomass of each water-soaked
and air-dried samples were measured. Then both samples were oven dried for 48 hours at 65°C.
Similarly, at the leaf level, the leaves were soaked in water for 7 hours and then oven dried for
48 hours at 65°C. Samples were then weighed to obtain a leaf fresh mass and an oven dried

biomass for both leaves and shoots.

Plant flammability trait measurements

Shoot- or plant-level flammability for the 50 sampled species was quantified as four
flammability components (see detail in Padullés Cubino et al., 2018): 1) ignition score, time to
ignition (0-10 s) subtracted from 10 (Padullés Cubino et al., 2018); 2) the maximum
temperature measured using an infrared thermometer; 3) burning time, the time of flaming
duration; and 4) burnt biomass, the visually-estimated percent biomass consumed. The relative
flammability of species was estimated by burning shoot and above-ground plant samples using
a specially designed device by Jaureguiberry et al. (2011) and modified by Wyse et al. (2016)).
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 and connected to gas cylinder. Prior 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, each sample 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 was recorded 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
recorded as the initial temperature of the grill, 150 °C (Cui et al., 2020, 2020; Padullés Cubino
etal., 2018).

Long-term climate data

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

Water and Atmospheric Research Ltd (https:/cliflo.niwa.co.nz): rainfall, maximum and

minimum temperature, wind speed, solar radiation, relative humidity, potential
evapotranspiration, moisture, and soil moisture from 1906 to 2021 (NIWA, 2021). Daily
temperature, rainfall, relative humidity, soil moisture, vapour pressure, potential
evapotranspiration, wind speed and moisture 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 35 years relating to vegetation measurement. For instance, to correlate 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 plotted across
the vegetation measurement time to correlate climate change variables with relative community

flammability using the’ggplot2’ package, v.3.3.2 (The R Core Team, 2020).
4.2.3 Data analysis

Variation in plant community structure and morphological traits

A detrended correspondence analysis (DCA) was used to explore changes in plant community
over time using R function ‘decorana’ in ‘vegan’ (Oksanen, 2021). DCA is an iterative
algorithm used to explore gradients among species in community and is particularly useful with
long gradients in species composition, as in this case where several different vegetation types
were analysed (Hill & Gauch, 1980). Species richness and Pielou's evenness (E) were
calculated using function ‘specnumber’ and index ‘Shannon’ in base R. The number of

colonized and locally extinct species were computed from the species composition data.

To explore variation in morphological plant traits among species, principal component
analysis (PCA) was implemented using the function ‘pca’ in ‘FactoMineR’ v.2.3in R (R Core
Team, 2022). Morphological trait composition was calculated as the community weighted

mean of each morphological trait at the transect level (see formula in Appendix D) based on
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plant life form, clonality and height (see detail in next section and Table S4.1, Appendix A).
Trajectories were plotted from the first vegetation measurement to the most recent
measurement to show the relative changes over time of transects in species space and in trait

space (Buckley et al., 2021).

Species flammability-trait relationships

To investigate relationships among species flammability and morphological traits, leaf area,
leaf dry matter content, leaf specific leaf area, and leaf moisture content were calculated at the
individual sample level, following previous studies (Appendix D; Alam et al., 2020; Padullés
Cubino et al.; Pérez-Harguindeguy et al., 2013). Species-level values for each flammability,
and morphological trait were estimated by taking the mean values for individual samples within
species. For species that were not sampled, data from existing sources were collated (Alam et
al., 2020; Cui et al., 2020; Padullés Cubino et al., 2018; Wyse et al., 2016), resulting in
flammability data and at least partial trait data for 67 species. Linear regression of ignitability
on burnt biomass was used to replace one missing value for Aristotelia fruticosa, where time

to ignition was not recorded.

A principal component analysis (PCA) was performed at the species level to quantify
the relative flammability for the 67 species for which | had data (species’ flammability
rankings; raw data in Table S4.2, Appendix A). The first flammability component (PC1) was
further used to calculate community-level flammability as per Padullés Cubino et al. (2018).
Data for the morphological traits of leaf length, leaf thickness, leaf area, leaf dry matter content,
specific leaf area, bulk density, moisture content and dead material were log transformed prior
to analysis. A second PCA was performed using species’ morphological trait data for the 57
species for which | had morphology data (Table S4.3,Appendix A). A third PCA was
performed using 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. Pairwise relationships
among all trait values were quantified using Pearson’s correlation coefficient in base R v.4.2.1

(R Core Team, 2022).

Phylogenetic species flammability PC1 and morphological trait relationship

To determine the phylogenetic signal of plant flammability (PC1) among species, phylogeny

of 57 species was assessed using function ‘phylo.maker’ that quantifies the phylogenetic
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properties (e.g. phylogenetic diversity and phylogenetic relatedness) of vascular plants (Qian
& Jin, 2016). To visualize species flammability (PC1) pattern across the phylogeny, a circular
diagram was made using function ‘ggtree’ (Yu et al., 2017). The phylogenetic signal was
evaluated using Pagel’s labda () correlation structure using function ‘corPagel’ (Freckleton et
al., 2002). Pagel’s A varies from zero to unity. A value of A = 0 indicates that there is no
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 distant relatives; A = 1 indicates a
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 evolved according to other stochastic ecological
pressures rather than linear increase in divergence among the species with time (Freckleton et
al., 2002). Eight candidate models were set up where species flammability (PC1) as a response
variable and morphological 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 species recorded in the transect vegetation measurements were categorised into
fourteen classes based on their life history traits (Table S4.4, Appendix A). The life history
traits were derived from life form (perennials, annuals, ferns, woody species, then within
graminoid: tufted grass, grass-like sedge, iridoform, junciform, other petalous monocots;
within dicots: mat forming, rosette, erect, ascending, tall shrubs, prostrate shrubs, spreading to
erect small shrub, stem climbers and small tree), clonality (non-clonal, clonal above ground:
stolon, gemmiparous, other vegetative buds or plant fragments and clonal below ground:
rhizomes, tubers, bulbs, adventitious root buds) and mean plant height. The 67 species’
flammability scores on PC1 of the flammability PCA (for species that | had flammability
measurements for) were assigned to those that did not have flammability measurements for (n
= 67), making the assumption that species that were in the same genus and life history class
would have similar flammability (Padullés Cubino et al., 2018; Table S4.4 Appendix A). To
estimate the relative community flammability for each transect at each measurement time, the
transect community matrix of species composition data was multiplied by the vectorised
flammability component PC1 (Padullés 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 et al., 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). Then a post-hoc TukeyHSD test was implemented using ‘agricolae’ (De Mendiburu
Delgado & De Mendiburu Delgado, 2009) in R v.4.2.1 (R Core Team, 2022) to 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 community composition 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 first DCA axis (Table 4.2; Figure 4.1 & 4.2). The second 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 plot. Trajectories for each transect showed
that the transects differed in the extent to which species composition changed over time, some
being more stable than others (Figure 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 4.2. Results from detrended correspondence analysis (DCA) on species composition of
all nine transects at all measurement times 1932-2018. Eigenvalues and axis lengths are given

for four DCA axes

DCA1 DCA? 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), tussock grassland (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 and closely associated species. Species labels are shown for
those with greater than 30 percent frequency in 2018. Each point represents the composition
of a transect at a particular measurement time. 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 value from the community
flammability weighted mean. Full species names represented by the abbreviations are given
in Table S4.1, Appendix A
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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 species (Figure 4.1). In this vegetation type, in 1932, two tall, prostrate shrubs were
relatively common (i.e., had a relative percent frequency of more than 30): Coprosma depressa
and Dracophyllum uniflorum (Table 4.3). Chionochloa rubra was the most common species
(i.e., a relative percent frequency more than 30). In 1965, the shrubs Coprosma cheesmani,
Dracophyllum uniflorum, Veronica canterburiensis were relatively abundant, but no trees had
more than 30 relative percent frequency. Chionochloa rubra was still the most common species
in 1965 too. In 2001 and 2018, species having more than 30 percent relative frequency were
the tall trees and shrubs Fuscospora cliffortioides and Coprosma depressa, and the rosette
Anisotome aromatica. Transect species richness and evenness fluctuated, but richness
increased by 10 species across all time periods, as did Pielou's evenness (E) by 0.03; these
changes were driven by colonisations and extinctions of predominantly native species (Table
4.4 & Table 4.5).

Tussock grassland (T2)

Transect T2 was in tussock grassland, dominated by grasses and other low stature species. The
most common species having more than 30 relative percent frequency were grasses, rosettes,
and cushion species (Figure 4.1). The common grass species were Chionochloa rubra and
Carpha alpina, rosette species were Ourisia macrocarpa and Brachyglottis bellidioides (Table
4.3). There were no shrubs and trees occurring at more than 30 relative percent frequency in
1932. In 1965, the most common species were Blechnum penna-marina, Chionochloa rubra,
Schoenus pauciflorus, Viola lyallii, Dolichoglottis lyallii, Celmisia gracilenta, Celmisia
verbascifolia and Craspedia spp. In 2001, common species having greater than 30 relative
percent frequency were Chionochloa rubra, Schoenus pauciflorus, Viola lyallii, Celmisia
gracilenta, Ourisia macrocarpa and Craspedia spp. In 2018, the most common species were
Chionochloa rubra, Viola lyallii, Schoenus pauciflorus, Poa colensoi, Blechnum penna-marina
and Gonocarpus aggregatus. Previously dominant species Carpha alpina, and Dolichoglottis
Iyallii were no longer recorded. Overall, despite fluctuations in species colonisations and
extinctions, species richness on this transect doubled between 1932 and 2018 and evenness
increased (Table 4.4 & Table 4.5).
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Table 4.3. Species in each growth form class that had a relative percent frequency of greater than 30% at each of the four measurement times

1932-2018. The ‘-’ symbol indicates where no species met the 30% threshold at a given time. Growth forms are based on 14 life history category

T1 Trees - - Fuscospora cliffortioides ~ Fuscospora cliffortioides
Shrubs Coprosma depressa, Coprosma cheesmani, Coprosma depressa Coprosma depressa
Dracophyllum uniflorum  Dracophyllum uniflorum,
Veronica canterburiensis
Graminoids Chionochloa rubra Chionochloa rubra Chionochloa rubra, Chionochloa spp.
Chionochloa spp.
Forbs - Aporostylis bifolia Aporostylis biflora Anisotome aromatica
Fern - - Blechnum penna-marina -
T2 Trees - - - -
Shrubs - - - -
Graminoids Chionochloa rubra, Chionochloa rubra, Chionochloa rubra, Chionochloa rubra,
Carpha alpina Schoenus pauciflorus, Schoenus pauciflorus Poa colensoi,
Schoenus pauciflorus
Forbs Ourisia macrocarpa, Anisotome aromatica, Celmisia gracilenta, Blechnum penna-marina,
Brachyglottis bellidioides Blechnum penna-marina, Craspedia spp., Celmisia gracilenta,
Celmisia gracilenta, Dollichoglottis lyalli, Celmisia verbascifolia,
Celmisia verbascifolia, Ourisia macrocapa, Gonocarpus aggregatus,
Crasepedia spp., Viola lyalli Ourisia macrocapa,
Dollichoglottis lyalli, Viola lyalli
Viola lyali
T3 Trees - - Fuscospora cliffortioides ~ Fuscospora cliffortioides,
Myrsine divaricata,
Phylocladus alpinus
Shrubs Brachyglottis Brachyglottis Coprosma pseudocuneata  Coprosma pseudocuneata,

elaeagnifolia

elaeagnifolia,
Coprosma pseudocuneata

Coprosma foetidissima
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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

Celmisia discolor

Olearia ilicifolia,
Phylocladus alpinus
Coprosma dumosa,
Coprosma pseudocuneata

Phormium cookianum,
Polystichum vestitum

Brachyglottis

elaeagnifolia,

Dracophyllum
longifolium

Blechnum minus

Chionochloa spp.,
Schoenus pauciflorus

Celmisia discolor,
Phormium cookianum

Astelia nervosa,

Olearia ilicifolia,
Phylocladus alpinus
Coprosma pseudocuneata

Brachyglottis
elaeagnifolia,

Coprosma serrulata,
Dracophyllum longifolium

Blechnum minus

Gaultheria rupestris,
Myrsine nummularia,
Pentachondra pumila
Chionochloa spp.,

Schoenus pauciflorus

Celmisia discolor

Blechnum minus,
Lycopodium scariosum

Astelia nervosa
Phyllocladus alpinus

Coprosma pseudocuneata

Brachyglottis elaeagnifolia,
Coprosma depressa,
Coprosma serrulata,
Dracophyllum longifolium

Blechnum minus

Myrsine nummularia,
Pentachondra pumila

Chionochloa spp.,
Schoenus pauciflorus

Celmisia discolor

Blechnum minus,
Lycopodium scariosum
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Transect Life form

1932

1965

2001

2018

Shrubs

Graminoids
Forbs

Fern
T9 Trees
Shrubs

Graminoids
Forbs
Fern

T10 Trees
Shrubs

Graminoids
Forbs

Fern

Phormium cookianum

Ozothamnus
leptophyllus, Veronica
subalpina,

Ourisia macrocarpa
Blechnum minus

Coprosma serrulata,
Gaultheria rupestris,
Veronica canterburiensis

Astelia nervosa,
Celmisia armstrongii,
Phormium cookianum

Brachyglottis
elaeagnifolia,

Coprosma serrulata,
Dracophyllum uniflorum

Ourisia macrocarpa
Blechnum minus

Dracophyllum
longifolium,

Astelia nervosa,
Phormium cookianum

Blechnum minus

Coprosma serrulata,
Dracophyllum longifolium

Chionochloa rubra

Astelia nervosa,
Phormium cookianum

Blechnum minus

Coprosma serrulata,
Dracophyllum longifolium,
Dracophyllum uniflorum

Blechnum minus

Dracophyllum longifolium,
Coprosma dumosa,
Coprosma pseudocuneata

Astelia nervosa,
Phormium cookianum

Blechnum minus

Coprosma serrulata,
Gaultheria rupestris,
Dracophyllum longifolium,
Brachyglottis elaeagnifolia,
Lepidothamnus laxifolius,
Myrsine nummularia

Astelia nervosa,
Phormium cookianum

Blechnum minus
Pseudopanax colensoi

Coprosma serrulata,
Dracophyllum longifolium,
Dracophyllum uniflorum,
Brachyglottis elaeagnifolia,
Gaultheria rupestris,

Blechnum minus

Dracophyllum longifolium,
Coprosma dumosa,
Coprosma pseudocuneata

Astelia nervosa,
Phormium cookianum

Blechnum minus




Table 4.4. Transect species richness (S) and Pielou's evenness (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;
however, in 1932 and 1965, shrubs were relatively more common (greater than 30 relative percent
frequency) on T3 than beech trees, including Brachyglottis elaeagnifolia and Coprosma
pseudocuneata (Figure 4.1). In 2001, mountain beech (Fuscospora cliffortioides), the shrub
Coprosma pseudocuneata, and the forb Astelia nervosa were at greater than 30 relative percent
frequency (Table 4.3). In 2018, the tall shrubs Coprosma pseudocuneata, Myrsine divaricata,
Coprosma foetidissima, the trees Fuscospora cliffortioides and Phyllocladus alpinus, and the
rosettes Astelia nervosa, had greater than 30 relative percent frequency on T4. In 1932, no species
had more than 30 relative percent frequency. By 1965, the trees Phyllocladus alpinus and Olearia
ilicifolia, the shrubs Coprosma pseudocuneata, Brachyglottis elaeagnifolia, Coprosma dumosa,
the forb Phormium cookianum, and the fern Polystichum vestitum had greater than 30 relative
percent frequency. In 2001, the shrub species Coprosma pseudocuneata and the trees
Phyllocladus alpinus, Fuscospora cliffortioides, Olearia ilicifolia and the forb Astelia nervosa
were common. In 2018, the relatively common species were the trees Phyllocladus alpinus and
Fuscospora cliffortioides and the shrub species Coprosma pseudocuneata, Myrsine divaricata,
and Coprosma foetidissima were common (Table 4.3). Species richness and evenness increased
over time on both transects, reflecting many colonisations and extinctions, especially on T4
(Table 4.4 & Table 4.5).
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Table 4.5. The number of native (exotic) species that became extinct or colonised each transect

across each of the three measurement periods

Transec Colonisations Extinctions

t 1932-1965 1965-2001 2001-2018 1932-1965 1965-2001 2001-2018
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 2l 15 8 (1) 11 (1) 10 10
T9 3 3 6 7 4 4
T10 10 (1) 2 6 (1) 7() 4 3

Subalpine shrubland (T5, T6, T7, T9)
Four transects T5, T6, T7 and T9 were classified as subalpine shrubland. On T5, in 1932, the only

woody species with greater than 30 relative percent frequency was the shrub Brachyglottis
elaeagnifolia. In 1965, the shrubs Dracophyllum longifolium and Brachyglottis elaeagnifolia, and
the fern Blechnum minus, were common. In 2001, in addition to those previous three species, the
shrub species Coprosma serrulata was relatively common, and in 2018, the shrub Coprosma

depressa had also increased to more than 30 relative percent frequency (Table 4.3).

On T6, in 1932, there was single common species having more than 30 relative percent
frequency, the forb Celmisia discolor. In 1965, in addition to Celmisia discolor, the graminoids,
Schoenus pauciflorus, a tussock Chionochloa spp., and a rosette Phormium cookianum had more
than 30 relative percent frequency. In 2001, in addition to the above species, the ferns Lycopodium
scariosum and Blechnum minus, and the shrubs Pentachondra pumila, Myrsine nummularia and
Gaultheria rupestris had become common. In 2018, there was little change from 2001 except

Gaultheria rupestris, which was no longer recorded (Table 4.3).

On T7 in 1932, the only species with greater than 30 relative percent frequency was the
Phormium cookianum. In 1965, there were three common forb species Phormium cookianum,
Astelia nervosa and Celmisia armstrongii and three shrubs Coprosma serrulata, Veronica
canterburiensis and Gaultheria rupestris. In 2001, the two shrubs Dracophyllum longifolium and

Coprosma serrulata, one graminoid, Chionochloa rubra, two forbs, Astelia nervosa and
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Phormium cookianum, and the fern, Blechnum minus, were common. In 2018, the fern Blechnum
minus, shrubs Lepidothamnus laxifolius. Coprosma serrulata, Veronica canterburiensis, and
Myrsine nummularia and the forbs Astelia nervosa and Phormium cookianum were common
(Table 4.3).

On T9 in 1932, the shrubs Veronica subalpina and Ozothamnus leptophyllus, the rosette
Ourisia macrocarpa and the fern Blechnum minus were common having more than 30 relative
percent frequency. In 1965, the shrubs Coprosma serrulata, Brachyglottis elaeagnifolia and
Dracophyllum uniflorum, rosette Ourisia macrocarpa and the fern Blechnum minus were
common. The previously common species Veronica subalpina and Ozothamnus leptophyllus
were extinct. In 2001 and 2018, the fern Blechnum minus and the shrubs Dracophyllum
longifolium, Dracophyllum uniflorum and Coprosma serrulata were common. In addition, in
2001 and 2018 two woody species, Brachyglottis elaeagnifolia, and Gaultheria rupestris had

become common and in 2018, Pseudopanax colensoi had also become common (Table 4.3).

Species richness increased overall on all of the subalpine shrubland transects, except T9,
which decreased by three species in total; evenness also increased on all transects (Table 4.4).
Relatively more colonisations and extinctions occurred on T7 and relatively fewer occurred on
T6 (Table 4.5).

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 the fern Blechnum minus, forbs
Astelia nervosa and Phormium cookianum, and the shrub Dracophyllum longifolium (Table 4.3).
In 2001 and 2018, these species remained common and in addition, the shrubs Coprosma dumosa
and Coprosma pseudocuneata had also become common. Species richness increased overall only
by four species and was relatively stable over the measurement periods (Table 4.4), despite

numerous colonisations and extinctions (Table 4.5).

4.3.2 Community weighted means of morphological trait composition across transects

At community level, changes over time in morphological trait composition varied among
transects (Figure 4.3; Table S4.5, Appendix A). The first two principal components of community
weighted mean trait values explained 41.73% and 27.10%, respectively (Figure 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 ordination space. Second axis represent trait variation of the
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transects where community with 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 across the time with change in their trait composition. Simple linear regression showed
that most changes in community weighted trait mean values over 86 years (1932-2018) were non-
significant (Figure S4.3, Appendix A). However, community weighted means of leaf specific area

significantly decreased on all the transects of the nine transects except on T6 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 measurements. Each point represents a transect at a particular measurement time.
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 morphological 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 and LA are overlapped in figure due

to high correlation to each other

4.3.3 Species-level flammability

Shoot-level flammability varied widely among species; the variance explained by the first and
second principal components were 56.68% and 21.26%, respectively, for the individual-level
analysis (Figure 4.4a) and 66.55% and 20.08% for the species-level analysis (Figure 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 first principal component;
ignition score: 0.81, burnt biomass: 0.82, maximum temperature: 0.93, and burning time: 0.65.
There was species variation within each of flammability components (Figure S4.4, Appendix A).
Some species (e.g., Phormium cookianum) burnt 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 flammable (Figure S4.5, Appendix A). The most flammable species
were Phormium cookianum, Phyllocladus alpinus, Chionochloa rubra, Celmisia discolor,
Lycopodium scariosum and the least flammable species were Anisotome haastii, Anisotome
aromatica, Aporostylis bifolia, Brachyglottis bellidioides, Ourisia macrophylla and Viola lyalli
(Figure S4.6, Appendix A). Community flammability was significantly negatively associated to

the community weighted means of specific leaf area (Figure 4.5).
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flammability measurements and (b) the mean values of the four flammability measurements for the 67 species. The x — axis and y — axis
represent first and second axes of the principal component analysis. Points in (a) and text in (b) are coloured according to their nine life history

category (simplified from fourteen category for visualization; see detail in Table S4.4). Ignition score is an inverse of time to ignition: the high

the ignitability represents high shoot flammable and zero value was of those samples that did not ignite after the blowtorch was applied for 10 s.
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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%, respectively (Figure 4.6a;
Table S4.6, Appendix A). In PCA of both the flammability and morphological trait variables for the 57 species, the first two principal components
explained 38.98 % and 21.63 % of the total variance (Figure 4.6b). Shoot dry matter content, bulk density, leaf area, leaf length and dead material
were positively associated with the four flammability traits (ignition score, maximum temperature, burning time and burnt bioimass). In contrast,
specific leaf area and moisture content were negatively associated with four flammability components. Shoot and leaf dry matter content and dead
material were strongly associated with three components ignition score, maximum temperature and burnt biomass. Burning time was strongly
associated with bulk density, and leaf dimensions (leaf area, leaf length and leaf thickness) Figure 4.6a). Species’ flammability (PC1) was strongly

negatively associated with specific leaf area, moisture content, and rosette species (Table 4.6; Figure 4.6b). Only shoot dry matter content and

dead material were significantly positively associated with species flammability PC1 (Figure 4.7).

Table 4.6. Correlation matrix of species' flammability and morphological (shoot and leaf) traits at the species level. Values in bold fonts were

significant (P < 0.05). Trait values 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
PC1-flammability 0.66 0.25 -0.66 0.53 0.1 0.07 0.13 0.2 -0.49
PC2-flammability -0.14 0.35 0.12 -0.02 0.61 0.60 0.47 -0.33 -0.44
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Figure 4.7. Relationship between species flammability and morphological traits.

Point colours represent their nine life history category (simplified from fourteen category for

visualization; see detail in Table S4.4). 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 flammability (PC1) 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 similar flammability (Figure 4.8). In contrast, some of the closely related species

had variation in their flammability. For instance, Celmisia armostrongii and Celmisia discolor

were highly flammable but Celmisia gracilenta was low flammable within family Asteraceae.

Pagel’s A under Brownian motion structure was statistically significant for the relationship

between flammability and all the first three axes components of morphological traits

(PC1_morph, PC2_morph and PC3 morph) in generalised least square (gls) candidate

modelling (Figure 4.9) showing their relationship is phylogenetically 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 material. In contrast, species flammability (PC1)
decreased when second and third axes component of PCA increase. They are represented by
the morphological traits, specific leaf area, moisture content, leaf thickness and bulk density.
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Figure 4.8. The phylogenetic tree obtained from an R package ‘ggtree’ showing evolution of
species flammability across the 57 vascular plants species at Arthur’s Pass, South Island,

New Zealand. Text colours show the species flammability (PC1) gradient from low (green) to
high (red). Box colour on the branch shows the different clades; Lycopodiophyta (grey), Fern

(blue), Gymnosperm (green), Monocots (orange) and Eudicots (purple) adopted from Cui et

al. 2020.
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Figure 4.9. Phylogenetic relationship between species flammability (PC1) and morphological
traits (PC1_morph, PC2_morph and PC3_morph: represents the first three axis of principal
component) across the vascular plants at Arthur’s Pass, South Island, New Zealand.

Model average predictions (black lines) and their standard errors (grey envelopes) based on
the candidate model set are shown for significant relationships between plant taxon
flammability (PC1) and morphological traits (P < 0.05)

4.3.6 Community flammability dynamics

Overall, community flammability did not change significantly across time or transects (Table
4.7; Figure 4.10; Figure S4.7,Appendix A). It increased significantly over the time only on
transect T3. On the remaining transects (T4, T5, T6, T9 and T10), community flammability
changed very little and were not significant. For example, on one transect (T7), flammability
initially increased, but then levelled off. There was a sharp, but non-significant decrease in
community flammability between 1932 and 1965 at two transects from relatively very high
flammability (T1 and T2). On T1, community flammability remained stable from 1965 to 2018.
On T2, it continued to decline between 1965 and 2018.

Table 4.7. Analysis of variance results from a comparison of community flammability (Mean
CF), quantified as community weighted mean flammability, among measurement times for

each transect separately

Transect Mean CF F-value P-value
T1 0.47 +0.03 5.71 0.14
T2 0.39 + 0.06 11.53 0.08
T3 0.34 +£0.03 110.3 0.01
T4 0.44 +0.03 2.45 0.26
T5 0.41+0.01 5.06 0.15
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Transect Mean CF F-value P-value
T6 0.55+0.01 13.47 0.07
T7 0.39 +£0.03 1.10 0.41
T9 0.39+£0.01 4.21 0.18
T10 0.41 £ 0.01 0.88 0.45
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Figure 4.10. Change in the community weighted mean flammability over time for each

transect over time (1932-2018). The first component of the species flammability PCA was

used to calculate community flammability (see mathematical expression in Appendix D).

There was significant change (P < 0.01, based on simple linear regression) in community

flammability across the sampled period on T3. Line colours represent the vegetation type on

the transect
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4.4 Discussion

Plant community flammability, as quantified in this study of the Arthur’s Pass subalpine
environment, did not vary over the 86 years (1932-2018) of vegetation monitoring. This
stability necessarily depends on the species present and their relative flammability, due to the
community weighted means approach to estimating community flammability. Changes in
community flammability over time for the nine transects were mostly non-significant, which
is likely because the transects were established 40 years after the fire, meaning | have missed
the most dramatic community changes caused by the fire, and in part likely due to the small
number of time measurements for each transect (n = 4). There was no consistency among the
different vegetation types in how community flammability changed over the study period; this
is because species composition was highly variable among transects, even those classed as the
same structural vegetation type (grassland, shrubland, forest). In contrast, clear relationships
are shown between plant and community flammability traits and plant morphological traits. In
particular, flammability was significantly related to morphological traits (shoot dry matter
content, dead material, leaf specific area, and moisture content). Flammability was found to be
phylogenetically conserved, showing the influence of evolutionary history on this variable.
Plant traits related to flammability were also attributable to differences in growth forms. This
research shows that relationships between plant and shoot level flammability and
morphological traits can allow predictions to be made about how community flammability

should change under future vegetation change.

4.4.1 Community flammability dynamics varied among transects

Community flammability had an overall increasing trend on the transect T3 over the 86 years
(1932-2018). The increase in community flammability on these transects was due to presence
of relatively more flammable species becoming more dominant over time, for example
Phyllocladus alpinus, Phormium cookianum, Chionochloa rubra, Dracophyllum longifolia,
Dracophyllum uniflorum and Dracophyllum traversi (Figure 4.2). These species possess traits
that are shown here, and in other studies (Cui et al., 2020; Fogarthy, 2002; Wyse et al., 2016),
to be significantly and positively related to community flammability: leaf length and bulk
density, which showed decreasing trends on transects T3. Leaf dry matter content showed an
increasing trend on T3. On the other transects (T2, T4, T5, T6, T7, T9, and T10) community

flammability was stable due to relatively small changes in species composition over time.
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In summary, | show that relative community flammability exhibited an increasing trend
in woody-dominated plant community types, but in overall it remailed stable both in woody
and in grassland-dominated community types. These patterns are linked with changes in
species composition and plant community traits. For instance, an increase of the highly
flammable tree species Phyllocladus alpinus and Fuscospora cliffortioides in more recent
measurements (2001 and 2018) in one transect was related to flammability increase. In contrast
an increase in low flammable species such as Ourisia macrocarpa, Brachyglottis bellidioides,
Celmisia gracilenta, Celmisia verbascifolia, and Gonocarpus aggregatus was associated with
decreases in grassland community flammability. Overall, these results confirm prior research
showing relationships between key morphological traits and plant flammability (Cui et al.,
2020; Padullés Cubino et al., 2018; Wyse et al., 2016). But in our study, the link to changes in
community level flammability is weaker due to high variability among transects in species
composition, low temporal sample sizes and inconsistent changes in transect species

composition over time since fire.

These plant flammability and morphological trait relationship results were in contrast
to what | predicted for post-fire changes in flammability for these transects, based on the
previously reported increase in the abundance of woody species (Calitz et al., 2015; Fraser et
al., 2016). It is possible that major shifts in species composition that would have resulted in the
predicted dramatic changes in community flammability may have occurred with plant
community succession after fire occurred in the 40 years between the largest fire in 1893 where
most of the transects were burnt and before Cockayne set up the transects in 1932. It is also
possible that climatic changes during the study period created the observed variability in
community flammability and morphological traits by driving some of the post-fire
compositional change in ways that are inconsistent with predicted successional patterns (Figure
4.10; Figure S4.2 & Figure S4.3, Appendix A). Studies have shown that solar radiation and
precipitation influence species’ abundances and community composition (Cadiz et al., 2020).
Drought can increase plant ignitability, which increases community flammability (Ormefio et
al., 2020). In contrast, the increasing precipitation in this study period, which may have led to
improved conditions for forbs that tend to be of relatively lower flammability, rather than
woody community, which tend to have higher flammability (Figure 4.10; Figure S4.2,
Appendix A).
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4.4.2 Plant morphological traits strongly relate to community flammability

Previous research shows that plant traits are related to flammability at shoot and plant levels
(Alam et al., 2020; Cui et al., 2020; Wyse et al., 2016). In this study, | show mean trait values
for species were significantly positively correlated with shoot dry matter content and dead
material and negatively correlated with specific leaf area and moisture content. Life history
categories represent well the variation in key traits that are closely related to plant flammability.
Thus, broad changes in the dominance of different growth forms in community over time
correlates with changes in community flammability. For example, on transects where rosette
plants increased in abundance over time, the community weighted mean moisture content also
increased, a pattern that has previously been demonstrated in New Zealand tussock grassland
vegetation (Padullés Cubino et al., 2018). Other studies have also shown that species that
contain high moisture, such as forbs, have lower flammability (Cui et al., 2020; Padullés
Cubino et al., 2018). Specific leaf area was negatively associated with shoot dry matter content
and bulk density, which is supported by previous studies where it has been shown that shoot
flammability is positively correlated with dry matter content (Alam et al., 2020; Wyse et al.,
2016). On our transects, where there was an increase in abundance of prostrate shrubs, tall
shrubs and trees on transects, community flammability showed an increasing trend. This means
that if woody frequency increases in alpine ecosystems, flammability will increase (Fraser et
al., 2016). Thus, results of our study are confirmatory links between plant traits, especially leaf
traits, and community flammability. This shows that it is possible to use plant traits to make

generalisations about community flammability.

45 Conclusion

I showed that plant community flammability varied among transects in one of New Zealand’s
longest permanent subalpine vegetation datasets; however, community flammability was
relatively stable over time in most vegetation types, despite overall increases in woodiness.
Community flammability was strongly related to variation in plant traits and community
structure. Consistent with previous studies, vegetation changes changed the trait profile of the
community and had a predictable impact on community flammability. For example, an increase
in rosette plants with higher leaf moisture content and lower biomass were associated with
decreases in flammability over time. In contrast an increase in dwarf shrubs and tussocks with
high dry matter content, larger leaves and greater dead biomass were associated with an

increase in community flammability. It is possible that most of the vegetation change that
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would have caused the largest post-fire disturbance shift in community flammability at these
sites that may have occurred in the 40 years after the initial fire, which occurred before
Cockayne established these plots. This research emphasises the importance of measuring
species’ trait variation as part of understanding community flammability dynamics.
Understanding the temporal changes in traits and community composition is vital to determine
the change in community flammability and to managing future ecosystem fire risk. These
results underscore the importance of understanding trait-composition relationships for
predicting how fire regimes in native vegetation may change with changing environmental

conditions and emphasises the value of long-term vegetation and plant trait datasets.
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Chapter 5 Leaf morphological and nutrient traits are associated

with plant flammability in sub-alpine vegetation, New Zealand

5.1 Introduction

Leaf nutrient concentrations are key plant functional traits (Dominguez et al., 2012; Wright &
Westoby, 2003). Leaf nutrient concentrations, such as nitrogen (N), phosphorus (P),
magnesium (Mg), potassium (K), calcium (Ca), and sulphur (S) form part of the leaf economic
spectrum, which describes the life history strategy of plants along a continuum from slow-
growing and disturbance tolerant, to fast-growing and short-lived (Lichstein et al., 2021; Reich,
2014; Sun et al., 2015; Wright et al., 2004). Leaf nutrient concentrations are also important
effect traits (Lavorel & Garnier, 2002), in that they can influence ecosystem processes, such as

decomposition, nutrient cycling, and disturbance regimes; such as fire.

Leaf nutrient traits are most likely to influence fire regimes via their influence on plant
flammability. Several studies have examined the relationship between flammability and leaf
nutrients; such as [P] and [N]. Variation in [P] indirectly influences fire behaviour at both
individual species and community levels (Scarff et al., 2012; Scarff & Westoby, 2008), with
lower [P] generally associated with higher flammability (but see Mason et al., 2016). In 32
evergreen tree and shrub species from eastern Australia, when leaf [P] and [N] were high, leaf
flammability, particularly flame duration, was low (Grootemaat et al., 2015). Further evidence
for the potential direct influence of plant [P] on flammability comes from fire management.
For example, salts of phosphorus have been widely used as flame retardants even in fires that
have burnt at high temperatures (Chukwunwike & Okafor, 2019; Scarff et al., 2012; Scarff &
Westoby, 2008; Schafer & Mack, 2018). The use of compounds containing other leaf nutrients
as fire retardants suggests that Mg, K, S and Ca could also influence plant flammability, though
no studies have examined direct relationships between these leaf nutrient traits and
flammability. For example, sulphur-based flame retardants with low phosphate content are
used in the commercial wood industry (Gebke et al., 2020). Magnesium and potassium
phosphate composites are used as fire-resistant compounds to coat substrates to protect against
fire, such as birch plywood (Fang et al., 2021; Guo et al., 2021; Yan et al., 2019), and calcium
hydrogen phosphate dihydrate is a potential fire retardant for bonding wood-based materials
(Ozyhar et al., 2022). It is therefore worth exploring whether other nutrients influence plant

flammability.
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Multiple leaf and canopy traits influence the flammability of live fuels (Alam et al.,
2020; Murray et al., 2013; Schwilk, 2003). Such traits include shoot biomass, shoot bulk
density, moisture content, retention of dead material, specific leaf area, leaf size (area, length
and thickness), and leaf and shoot dry matter content (dry mass: saturated mass) (Alam et al.,
2020; Grootemaat et al., 2015). Leaf dry matter content, shoot dry matter content and the
amount of retained dead material are positively related to plant flammability, whereas other
traits, including specific leaf area and moisture content, are often negatively related to plant
flammability (Alam et al., 2020; Mason et al., 2016; Wyse et al., 2016). Whether these
morphological traits are as important, or more important than leaf nutrient traits have rarely

been explored.

In some taxa, plant flammability has evolved as a result of fire regime changes (Moreira
et al., 2014; Pausas et al., 2012; Schwilk & Kerr, 2002). Understanding how flammability
evolves would facilitate our understanding of how fire interacts with plants over time, and may
help us to prepare for anticipated wildfires in many regions. Few studies have examined
variation in flammability using phylogenetic approaches in order to identify evolutionary
patterns of plant flammability (Cui et al., 2020). These previous studies focused on
morphological traits for measuring evolutionary patterns of flammability but nutrient trait

relationship remain unclear.

While several studies have examined the role of leaf nutrients (mainly phosphorus and
nitrogen) affecting plant flammability, almost all of these studies have focussed on
flammability at the leaf scale (Grootemaat et al., 2015; Scarff et al., 2012), or as part of litter
fuel mixes (Scarff & Westoby, 2008). Leaf flammability is a poor predictor of shoot
flammability. The latter should better approximate whole plant flammability because burning
entire shoots maintains any effects of plant architecture (Alam et al., 2020). However, despite
the importance of shoot flammability, and its recognised links to some leaf nutrient traits, such
as tannins, lignin and terpenes (Alam et al., 2020), few studies have examined the association
between leaf nutrient traits and shoot flammability. The one exception to this was Alam et al.
(2020), who found that P was not correlated with shoot flammability. Here, for the first time,
we examined the association between several leaf nutrient concentrations (P, Mg, K, Ca, S)
and shoot or whole-plant flammability, using 29 taxa from subalpine plant community in 90-

year-old permanently-marked transects in New Zealand (Burge et al., 2020).
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5.2 Methods

Samples of 29 plant taxa (Table S5. 1, Appendix A) were collected in Arthur’s Pass National
Park adjacent to nine permanent transects established in 1932 (Burge et al., 2020), South Island,
New Zealand (920 m asl; 42°54'19.2" S, 171°33'56.0" E). These taxa were the most abundant
(=30 relative percent frequency in at least one of the transects in 2018) and had >15 g fresh
weight of leaf material that could be readily collected for leaf nutrient concentration analysis.
Samples of ca. 70 cm in length were collected from each of six individual plants by stratified
random sampling of each taxon from each transect. Shoot and whole plant flammability testing
and trait sampling followed Alam et al. (2020) and Pérez-Harguindeguy et al. (2013). Shoot or
whole plant-level flammability for each sample was quantified as four flammability variables:
1) ignition score, time to ignition (0-10 s) subtracted from 10 (Padullés Cubino et al., 2018); 2)
the maximum temperature measured using an infrared thermometer; 3) burning time, the time

of flaming duration; and 4) burnt biomass, the visually-estimated percent biomass consumed.

To measure leaf nutrient concentrations, we oven-dried leaf samples of ca. 15 g for 72
hours at 65°C, following previous methods (Habte et al., 2016; Pérez-Harguindeguy et al.,
2013). A leaf sample of ca. 5 g dry weight was then ground, and leaf nutrient concentrations
(Ca, Mg, P, K and S) were analysed using an Inductively Coupled Plasma — Optical Emission
Spectroscopy (Agilent 5110 ICP-OES) technique in a microwave digester (CEM MARS
Xpress, CEM Corporation, North Carolina, USA). A dried, ground, and well-mixed 0.2 g dry
weight sample was placed in a microwave vessel for element extraction. We added 2.0 ml trace
element grade Nitric acid (69%) and 2.0 ml of 30% hydrogen peroxide (modified EPA method
3050B) to the sample (USEPA, 1996), sealed the vessel and vortexed it. We digested plant
samples following a heating program consisting of a heating ramp up to 90°C for 15 minutes
and a heating plateau for five minutes (Liberato et al., 2017). This was followed by a heating
ramp up to 180°C for 10 minutes and a heating plateau for 15 minutes. Finally, we recorded
the amount of digested sample (mg/kg) obtained after plant digestion. We directly measured
156 samples of 26 taxa for flammability and 87 samples of 23 of these same taxa for nutrient
concentration data and we obtained flammability and morphological traits of three taxa (Curran
et al. unpublished data; Padullés Cubino et al., 2018) and nutrient data of six taxa (Richardson

et al. unpublished data) from different locations in New Zealand.

We measured morphological traits (shoot dry matter content (i.e., both twigs and
leaves), shoot bulk density, shoot moisture content, percent dead material, leaf length, leaf
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thickness, leaf area, leaf dry matter content and specific leaf area; following previous methods
(Alam et al., 2020 and SI, Appendix E). To determine shoot moisture content, we air-dried

sample for 24 hours before oven-drying for 48 hours at 65°C.

All statistical analyses were conducted using taxon-level values for variables, which
were calculated as the mean of the individual sample measurements for each taxon. All
analyses were performed in R v.4.2.1 (R Core Team, 2022). We computed pairwise Pearson’s
correlation coefficients among all measured leaf nutrient concentration, and leaf morphology
and shoot traits. To reduce variables for modelling, we performed separate principal component
analyses (PCA) for three sets of trait variables (1) flammability components, (2) leaf nutrient
concentrations, (3) leaf morphology and shoot traits. PCAs were implemented using the ‘pca’
function in ‘FactoMineR’ v.2.3 (L€ et al., 2008). The first plant flammability component (PC1)
was used a response variable against the other three PC components (leaf nutrients and leaf and
shoot morphology) as predictors by constructing a set of eight, candidate generalised linear
models (Table 5.1) implemented using ‘lme4’ (Bates et al., 2015). We calculated AlCc (small-
sample-size-corrected Akaike’s information criterion) for each candidate model and used
model averaging to estimate the effects of plant traits on relative shoot flammability using
‘AlCmodavg’ (Mazerolle, 2020). To determine which of the predictors are most influencing
flammability, we calculated the relative importance of each predictor using function
‘importance’ (Mazerolle, 2020). We performed phylogenetic generalised least squares (PGLS)
means using ‘ape’ (Paradis & Schliep, 2019) for Pagel’s lamda (L) under Brownian motion
correlation structure to determine phylogenetic signals in between flammability PC1 and leaf
nutrients and morphological traits in the candidate modelling (Diaz-Uriarte & Garland, 1996;
Revell, 2010; Revell et al., 2008) (

Table S5.2, Appendix A). Before modelling, we created a ‘megatree’ phylogeny
(Webb, 2000) of 29 taxa (Figure S5.1, Appendix A) using function ‘V.PhyloMaker2’ (Qian &
Jin, 2016) which derives the resulting phylogeny from two large vascular plant phylogenies
(Smith & Brown, 2018; Zanne et al., 2014).
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5.3 Results

Plant flammability varied widely among taxa (Figure 5.1a). The first principal component
(hereafter, flammability PC1) of the four flammability variables (ignition score, maximum
temperature, burning time and burnt biomass) explained 66.15% of the variation and was
therefore used as the modelled response variable (Table S5.3; Figure S5.2, Appendix A). PC1
of plant nutrient concentrations explained 52.56% of the total variation and was positively
associated with [Mg], [K], [P], and [S]; PC2 was positively associated with [Ca] (Figure S5.3,
Appendix A). The first component of the PCA on leaf morphology and shoot traits explained
29.27% of the total variation and was positively associated with percent dead material, leaf
length, leaf thickness and leaf area, and negatively related to leaf specific area (Figure S5.4,
Appendix A). The second component explained 23.86% of the total variation and was
positively associated with percent dead material, shoot dry matter content, leaf dry matter

content, and negatively related to moisture content.

Table 5.1. Comparisons based on AICc among candidate generalised linear models assessing
the relationships between relative plant taxon flammability (response variable), leaf nutrient
concentration, and leaf morphology and shoot traits, based on principal components from
PCAs. Principal components (PC) used as predictors in the models were either leaf nutrient
content (PC1_nutrient) or leaf morphology (PC1_morph) and shoot traits (PC2_morph). For
each model, K is the number of parameters, AICc is the sample size corrected Akaike
information criterion, DAICc is difference in AICc of each model from the top model, W is
the relative weight of each model in the model set, and LL is the model log-likelihood. R? is

the proportion of variation of flammability PC1 explained by predictors.

Model K AICc DAICc W LL R?
PC1_nutrients + PC2_morphology 4 10123 0 0.66 0.66  0.48
PC1_nutrients + PC1_morphology + 5 10416 293 0.15 0.82 0.48

PC2_morphology

PC2_morphology 3 10458 3.36 012 094 035
PC1_morphology +PC2_morphology 4 106.44 521 0.05 0.99 0.37
PC1_nutrients 3 11037 915 001 1 0.21
PC1_nutrients+PC1_morphology 4 11294 1172 0 1 0.19
Null model (intercept) 2 11498 1375 O 1 0

3 11693 15.71 0 1 0.02

PC1_morphology
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Figure 5.1. a) Principal component analysis biplot of relative taxon flammability for the 29
taxa. Taxon codes are the first three letters of each of genus and species epithet (see full
species list in Table S5. 1, Appendix A). Plant flammability (PC1) relationship with leaf
nutrient traits (PC1_nutrients), leaf morphology and shoot trait (PC1_morph and
PC2_morph) for testing b) phylogenetic independence and c) phylogenetic dependence using
Pagel’s A under Brownian motion structure. Model average predictions (black lines) and their
standard errors (grey envelopes) based on the candidate model set are shown for significant
relationships between plant taxon flammability (PC1) and leaf nutrients (P < 0.05) and leaf
and shoot morphology (P < 0.001).
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Principal components that were correlated with each other were excluded from the
models of relative flammability (Figure 5.2). PC2 of the leaf nutrient (represents calcium)
concentrations PCA was excluded as this was strongly positively correlated with the PC1 of
the leaf morphology and shoot trait PCA (Figure 5.2; Table S5.4, Appendix A). PC3 of the leaf
morphology and shoot trait PCA (which explained 14.45 %) was excluded because it was

positively correlated with PC1 of leaf nutrient concentration (Figure 5.2).

Flammability of the 29 taxa was best explained by leaf morphology and shoot traits,
and leaf nutrient concentrations (Figure 5.1b; Table 5.1; Table S5.5 & S5.6, Appendix A).
However, when phylogenetic corrections were used, shoot flammability retained its strong
significant relationship with leaf morphology (PC2_morph), while the significant relationship
with leaf nutrients (PC1_nutrients) was lost (Figure 5.1c; Table S5.7, Appendix A). Taxa with
higher flammability had higher percent dead material, higher leaf and shoot dry matter content
and thicker leaves, and lower specific leaf area, and lower moisture content (Figure 5.2; Table
S5.4, Appendix A). Flammability was negatively associated with higher leaf nutrient

concentrations of [Mg], [K], [P], and [S] when phylogenetic corrections were not applied.
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Figure 5.2. Pearson correlation coefficients for pairwise comparisons of measured leaf
nutrient concentrations and leaf morphology and shoot traits for the 29 plant taxa, in addition
to their correlations with principal components from PCA of each variable set. Variables are
calcium concentration (Ca), magnesium (Mg), phosphorus (P), potassium (K), sulphur (S),
leaf length (LL), leaf thickness (LT), leaf area (LA), leaf dry matter content (LDMC),
specific leaf area (SLA), bulk density (BD), % dead material (Dm), % moisture content
(MC), and shoot dry matter content (SDMC). PC1_nutrients explained 52.56 % of the
variation among taxa in leaf nutrient concentrations, and PC2_nutrient explained 26.64 %.
PC1_morph explained 29.27 % of the variation among taxa in leaf and shoot morphological
traits, PC2_morph explained 23.86 %, and PC3_morph explained 14.45 %.
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5.4 Discussion

Our study is one of the few to examine relationships between leaf nutrient traits and plant
flammability (Alam et al., 2020; Grootemaat et al., 2015; Mason et al., 2016; Scarff et al.,
2012), and the first to test the relationships between plant flammability and Mg, P, K, S, and
Ca. We show that flammability, estimated using shoot or whole plant flammability, was related
to a range of morphological traits, and that this relationship is so strong that it persisted with
or without phylogenetic correction. In contrast, flammability was negatively associated with
leaf nutrient traits (([Mg], [K], [P], and [S]),), but only when there was no phylogenetic
correction, showing that flammability-nutrient relationships are driven by evolutionary history
of our study taxa. While this means that there may be limited generality of our findings on
flammability-nutrient relationships, there are still important proximal implications. For
instance, if a fire occurs in this community, we expect taxa to burn differently, and that
variation in nutrients will likely contribute to that, but not in a way that can be disentangled
from the evolutionary history of the taxa sampled. Our work provides tentative confirmation
that leaf nutrients are important in predicting plant flammability and that this may be so for a
wider range of nutrient traits. This hints that leaf nutrients could play a role in determining fire

behaviour, and therefore, may influence ecosystem processes such as fire.

Our finding that leaf concentrations of Mg, K, P, and S were negatively associated with
plant flammability in this vegetation community was consistent with the use of compounds of
these elements as fire retardants in fire management and the wood industry (Braun et al., 2006;
Chukwunwike & Okafor, 2019; Scarff et al., 2012; Scarff & Westoby, 2006, 2008; Schafer &
Mack, 2018). For example, magnesium and potassium phosphate composites were used as fire
retardants to protect birch plywood substrate from fire (Fang et al., 2021; Guo et al., 2021), and
sulphur-based flame retardants with low phosphate content have reduced flammability of
modified wheat starch and wood fibre (Gebke et al., 2020; Yang & Steinberg, 1977).
Compounds of potassium combined with nitrogen have been used as a fire suppressant (Pei et
al., 2021). Plant phosphate has been shown to reduce plant flammability in several studies
(Grootemaat et al., 2015; Scarff et al., 2012; Scarff & Westoby, 2006, 2008), and a phosphate
compound, magnesium potassium phosphate cement, is widely used as a fire retardant (Fang
et al., 2021; Gaan & Sun, 2007; Green, 1992). One previous study examining the relationship
of phosphorus with shoot flammability found no association between the two (Alam et al.
2020).
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While further research is required to test relationships between leaf nutrient traits and
plant flammability, this should include phylogenetic corrections. Our study suggests that such
work will clarify the nature of the relationships between flammability and morphological and
nutrient traits, particularly for measurements at different plant scales (leaves, shoots, wood,
whole plants) (Cornwell et al., 2008; Zhang et al., 2008). Relationships between morphological
and nutrient traits and flammability are likely to underpin key trade-offs in ecosystem
functioning, as recent studies have found that leaf nutrients are correlated positively with plant
digestibility, and hence palatability, but negatively with plant flammability (Archibald et al.,
2019; Gowda et al., 2022; Hempson et al., 2019).

The association between plant flammability and plant traits other than leaf nutrients
found in our study are consistent with other research. The morphological traits: moisture
content, shoot dry matter content, and dead material (Alam et al., 2020; Dent et al., 2019; Wyse
et al., 2016) and leaf size (area and length) were correlated with shoot flammability (Padullés
Cubino et al., 2018). This further demonstrates that it is suites of traits, rather than single traits,
which influence flammability (Alam et al., 2020), reinforcing the need to consider
morphological, physiological, architectural, and nutrient concentration traits when examining
drivers of flammability. While nutrient concentration assays are time-consuming, costly, and

require specialized equipment, this could be a worthwhile addition to plant flammability.

5.5 Conclusion

Leaf nutrient traits (K, Mg, P, and S) were negatively related to plant flammability in this
vegetation community but were not as informative as morphological traits nor as robust to
phylogenetic corrections. Leaf nutrients should be considered when investigating relationships
between plant flammability and traits, when feasible, though evolutionary relationships need
to be accounted for. There is still much to learn about relationships between leaf nutrient, leaf
and shoot morphological traits and plant flammability, especially regarding the relative
importance of different plant nutrients, how tightly coupled these are with phylogeny, and how
well these relationships scale up to affect fire behaviour and fire regimes, for instance via trade-
offs between palatability and flammability.
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Chapter 6 General discussion

The main theme of my thesis was to investigate plant community responses to fire using
different datasets on timescales ranging from two weeks to nine decades at different locations
in montane environments in New Zealand’s South Island. The most interesting result of this
thesis is that native plant community are resilient to fire. Most of the plants in recently burnt
sites were able to survive the fires, suggesting that plants in these environments can recover
quickly. For example. the plant community studied at three different locations in the recent fire
in the Lake Ohau area (Chapter 3) appeared relatively resilient to fire as they recovered close
to their pre-fire condition within a short period of time. A strength of some of this thesis
research was being able to compare pre- and post-fire vegetation data to understand patterns in
community dynamics over the long-term and short-term. No prior fire ecology studies in New
Zealand have observed post-fire recovery while comparing to pre-fire data. The plant traits that
are important in this community-level resilience need further research to examine the relative
effects of ecological and evolutionary processes in trait variation and the causes and effects of

within-species trait variability.

Generally, native plants in New Zealand are thought not adapted to fire due to historically
low fire frequencies (McGlone et al., 2014; Ogden et al., 1998; Perry et al., 2014). So, there
has been apprehension among ecologists in how native New Zealand community may respond
to increasing fire regimes. This concern was warranted by previous findings which have
demonstrated that only a few species, such as Chionochloa spp., are able to survive and resprout
after fire (Gitay et al., 1992; Gitay & Wilson, 1995; Payton & Pearce, 2009); however, to date,
there was little research on many other species in grasslands, e.g., Pteridium esculentum
(McGlone, 2001), Dracophyllum spp. (McGlone & Topping, 1983), Discaria toumatou (Perry
et al., 2014), and Aciphylla spp. (Yeates & Lee, 1997). However, my thesis (Chapters 2 & 3)
has shown that many other species can survive, including both native and exotic species, across
different growth forms. The most surprising result was that many woody species with
meristems that are quite high on the plant, and hence prone to fire damage, were able to survive
these wildfires, e.g., Acrothamnus colensoi, Leucopogon fraserii, Gaultheria spp. and
Coprosma spp. McGlone et al. (2014) and Mark (1994) suggested that Festuca novae-
zealandiae survive fires; however, my research showed that it did not come back after the Ohau
fire over 15 months. However, this result is only from one site and one fire, so it would be

worthwhile to conduct further research on this important native species in short tussock
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grasslands. Some New Zealand native species adaptations to fire, such as serotiny in
Leptospermum scoparium, and it has been suggested this is evidence for natural selection via
fire (Bond et al., 2004; Battersby et al., 2017). This thesis provides evidence of other species
that also can regenerate by seed after fire, e.g., Deyuexia avenoides, Brachyglottis lagopus,
Carex spp., and Anaphalioides bellidioides. Together, this suggests that New Zealand’s flora
is potentially not as susceptible to losses of native species due to fire as we initially thought.
However, more studies are needed that incorporate more species and greater trait variation

across environmental gradients, particularly with pre-fire data.

In Chapter two on plant community at Deep Stream, | showed that there was a significant
effect of fire on plant community structure almost two decades later. This suggests that
although individual plants were able to rapidly recover after fire, there are community level-
effects of fire that are evident on longer time scales. Overall, richness of forbs and graminoids
were significantly higher in the plots that had burnt only once or reburnt compared to the plots
that had never burnt. This suggests that if fire occurs frequently at least annually, it could lead
to a very different plant community with unknown consequences for ecosystem functioning.

So, we should not be complacent about fire effects on native plant biodiversity in New Zealand.

From a long-term dataset over nine decades (1932-2018), my thesis showed that there is
not complete transition of vegetation types over the long fire free periods. In both nine decades
post-fire (Arthur’s Pass) and four decades unburnt plots (Ohau ) were dynamics in community
compositional changes but there were not complete shifts. Plots that were in shrublands and
grasslands over the nine decades of sampling were still dominated by shrubs and grasses,
respectively; however, these sites showed increases in woody species (Burge et al., 2020).
Community-level flammability did not change in a predictable manner across all community
types; it was associated with the high degree of spatial variation in community composition.
For instance, mountain beech forest was dominated by relatively flammable woody species and
community flammability significant increased over time. This was not the pattern in other
community types. However, there is a lack of pre-fire community data and information about
the extent and severity of the fires in the area over that time period. Future research in New
Zealand should target fires of differing extent, frequency and severity to better understand the

influence of these factors on plant community.

Plant traits that were shown to have a positive effect on shoot flammability were the
retention of plant dead material and leaf dry matter content, confirming previous research that
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shows when material is dead it is dry and can ignite quickly and burn well. Other plant traits
are negatively associated with shoot flammability. Species with high leaf specific area that
have thick leaves tend to have more moisture in their tissues, making them harder to ignite and
burn. The nutrient contents of leaves, i.e., phosphorus, magnesium, calcium, and potassium,
were negatively related to flammability. This is consistent with previous research, for instance,
phosphorus is used in fire retardants to fight wildfires and composites of sulphur and
phosphorus are used as fire retardants in sawmills (Gebke et al., 2020). Calcium, was not
significantly associated with flammability but was highly correlated with SLA, reflecting the
complex interrelationships among leaf traits, leaf tissue composition, and flammability-related
traits. The combination of these traits impacts the flammability of individual shoots, which can
be used to scale up to estimate community-level flammability. Morphological traits have been
measured in plants in New Zealand previously (e.g. Alam et al., 2020; Cui et al., 2020; Wyse
et al., 2016). However, this thesis research is the first time that these nutrients have been
assessed in terms of their relationships with flammability of plants in New Zealand. Including
a larger number of species would likely have made understanding the phylogenetic patterns in
morphological traits, leaf nutrients and flammability components clearer; however, there are
clear evolutionary patterns that affect the interrelationships among these variables, which is
consistent with other research (e.g., Cui et al. 2020). Therefore, 1 highly recommend
incorporating more leaf nutrient analysis in future flammability studies in New Zealand to
clarify these patterns. This will help to confirm if nutrient and flammability associations are
phylogenetically conserved as flammability and morphological traits are (Cui et al., 2020). This
may lead to recommendations for the use of particular species with particular leaf nutrient
concentrations landscape fire risk management. For example, in replanting after fire,

restoration projects, and green fire breaks around pine plantations (Clarke et al., 2011).

This study demonstrates how wildfires can affect New Zealand montane plant community
over short and longer timescales. This thesis provides evidence of the critical importance of
understanding the roles of response and effect of traits in determining community dynamics in
predicting plant community flammability and future community structure. The logical next step
in this line of research inquiry is to therefore conduct experimental studies to tease out these
patterns. In particular, making the link between community structure, including trait
composition and diversity at the community level, and how fires burn in plant community is

required. Experimental burning in the field is the best way to address this research gap (this
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was part of the originally proposed research plan, but it was not able to be completed due to

the covid-19 pandemic). | detail below a protocol for conducting this research.

A. Pre-fire measurements

a. Community structure (species composition and diversity, trait composition and
diversity) in addition to the physical structure of the vegetation using height
frequency method and the spatial distribution of individual plants of key species,
e.g., Chionochloa tussocks will determine spatial variation in fuel loads, which
affect fire intensity, speed, and other aspects of fire behaviour.

b. Individual plants should be tagged and measured so they can be remeasured after
the fire. This can be used to monitor the survival of individuals after the fire.
Individual variation in traits such as size, amount of dead material, clonality,
and meristem position, can then be related to survival, plant-level patterns of
burning and recovery.

c. Microhabitat characteristics for tagged plants, including variables such as
humidity, substrate type, soil moisture, and proximity to surrounding plants, can
be used to determine the role of environmental conditions at fine scales in plant
survival, fire behaviour and plant recovery.

d. Soil physico-chemistry and microbial community structure can be measured by
taking small soil samples throughout the area to be burnt, i.e., 10-cm soil cores.
This will enable quantification of changes in soil properties that may occur due

to the fire.

B. Destructive sampling outside the burnt area

a. The traits of plants can be measured by taking measurements and samples of
plants outside, but adjacent to, the burnt area. Traits measured should include
seed viability, leaf nutrient concentrations, leaf and plant-level morphological
traits, including those traits related to fuel type and loads and regeneration

strategies.

C. During the experimental fire

a. Measuring both air and soil temperatures during the experimental fire using
thermocouples and heat mapping using drones to take aerial video footage can

be used to measure fire intensity.
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b. The rate of fire spread can be estimated by timing the movement of the fire
front as it moves past pre-placed reference markers at set distances.

c. Drone or ground imagery can be used to record other characteristics of fire
behaviour such as flame depth, height and angle.

d. Measuring the evaporation from pre-placed cans of water in different parts of

the experimentally burnt area can be used to quantify variation in fire intensity.
D. Post-fire sampling

a. Repeated measurements of community structure and individually-tagged
plants (including seed viability) to determine survival rates and community
dynamics due to fire.

b. Repeated surveys of individual plants recovering and re-colonising the burnt
site and recording their traits can be used to determine the most successful
reproductive strategies in post-fire community recovery.

c. Re-measuring soil properties such as pH, gravimetric moisture and soil
microbial community of pre- and post-fire will help to identify by how much
amount fire modifies soil and underground soil microbial community and in

turn they that can influence post-fire recovery of vegetation.

105



References

Abella, S. R., Gentilcore, D. M., & Chiquoine, L. P. (2021). Resilience and alternative stable
states after desert wildfires. Ecological Monographs, 91(1), e01432.
https://doi.org/10.1002/ecm.1432

Abrahamson, W. G., Abrahamson, C. R., & Keller, M. A. (2021). Lessons from four decades
of monitoring vegetation and fire: Maintaining diversity and resilience in Florida’s

uplands. Ecological Monographs, 91(2), e01444. https://doi.org/10.1002/ecm.1444

Alam, M. A. (2019). Plant functional traits associated with shoot flammability [Lincoln
University].
http://researcharchive.lincoln.ac.nz/bitstream/handle/10182/11424/Alam_%20Md_Az
harul_PhD.pdf?sequence=6&isAllowed=y

Alam, M. A., Wyse, S. V., Buckley, H. L., Perry, G. L. W., Sullivan, J. J., Mason, N. W. H.,
Buxton, R., Richardson, S. J., & Curran, T. J. (2020). Shoot flammability is
decoupled from leaf flammability but controlled by leaf functional traits. Journal of
Ecology, 108(2), 641-653. https://doi.org/10.1111/1365-2745.13289

Allen, R. B., & Partridge, T. R. (1988). Effects of spring and autumn fires on the composition
of Chionochloa rigida tussock grassland, New Zealand. Vegetatio, 76(1/2), 37-44.
http://www.jstor.org/stable/20038305

Anderson, M. J. (2006). Distance-based tests for homogeneity of multivariate dispersions.
Biometrics, 62(1), 245-253. https://doi.org/10.1111/].1541-0420.2005.00440.x

Antonelli, A., Humphreys, A. M., Lee, W. G., & Linder, H. P. (2011). Absence of mammals
and the evolution of New Zealand grasses. Proceedings of the Royal Society B:
Biological Sciences, 278(1706), 695-701. https://doi.org/10.1098/rspb.2010.1145

Araujo, G. M., Amaral, A. F., Bruna, E. M., & Vasconcelos, H. L. (2013). Fire drives the
reproductive responses of herbaceous plants in a Neotropical swamp. Plant Ecology,
214(12), 1479-1484. https://doi.org/10.1007/s11258-013-0268-9

106


https://doi.org/10.1002/ecm.1432
https://doi.org/10.1002/ecm.1444
http://researcharchive.lincoln.ac.nz/bitstream/handle/10182/11424/Alam_%20Md_Azharul_PhD.pdf?sequence=6&isAllowed=y
http://researcharchive.lincoln.ac.nz/bitstream/handle/10182/11424/Alam_%20Md_Azharul_PhD.pdf?sequence=6&isAllowed=y
https://doi.org/10.1111/1365-2745.13289
http://www.jstor.org/stable/20038305
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1098/rspb.2010.1145
https://doi.org/10.1007/s11258-013-0268-9

Archibald, S., Hempson, G. P., & Lehmann, C. (2019). A unified framework for plant life
history strategies shaped by fire and herbivory. New Phytologist, 224(4), 1490-1503.
https://doi.org/10.1111/nph.15986

Armenteras, D., Meza, M. C., Gonzalez, T. M., Oliveras, |., Balch, J. K., & Retana, J. (2021).
Fire threatens the diversity and structure of tropical gallery forests. Ecosphere, 12(1),
e03347. https://doi.org/10.1002/ecs2.3347

Arnoldi, J.-F., Bideault, A., Loreau, M., & Haegeman, B. (2018). How ecosystems recover
from pulse perturbations: A theory of short- to long-term responses. Journal of
Theoretical Biology, 436, 79-92. https://doi.org/10.1016/].jthi.2017.10.003

Arnst, E., Bellingham, P., Bonner, K., Burge, B., Burrows, L., Richardson, S., Wilmshurst, J.,
Wiser, S., & Wood, J. (2020). Post-fire succession in Arthur’s Pass [Physical archive
and electronic databank]. National Vegetation Survey Databank.
https://doi.org/10.25898/sph5-5a32

Auguie, B. (2019). egg: Extensions for “ggplot2”: Custom Geom, Custom Themes, Plot
Alignment, Labelled Panels, Symmetric Scales, and Fixed Panel Size (0.4.5).
https://CRAN.R-project.org/package=eqg

Avolio, M. L., Carroll, I. T., Collins, S. L., Houseman, G. R., Hallett, L. M., Isbell, F.,
Koerner, S. E., Komatsu, K. J., Smith, M. D., & Wilcox, K. R. (2019). A
comprehensive approach to analyzing community dynamics using rank abundance
curves. Ecosphere, 10(10), e02881. https://doi.org/10.1002/ecs2.2881

Avolio, M. L., Pierre, K. J. L., Houseman, G. R., Koerner, S. E., Grman, E., Isbell, F.,
Johnson, D. S., & Wilcox, K. R. (2015). A framework for quantifying the magnitude
and variability of community responses to global change drivers. Ecosphere, 6(12), 1
14. https://doi.org/10.1890/ES15-00317.1

Bagchi, S., Singh, N. J., Briske, D. D., Bestelmeyer, B. T., McClaran, M. P., & Murthy, K.
(2017). Quantifying long-term plant community dynamics with movement models:
Implications for ecological resilience. Ecological Applications, 27(5), 1514-1528.
https://doi.org/10.1002/eap.1544

107


https://doi.org/10.1111/nph.15986
https://doi.org/10.1002/ecs2.3347
https://doi.org/10.1016/j.jtbi.2017.10.003
https://doi.org/10.25898/sph5-5a32
https://cran.r-project.org/package=egg
https://doi.org/10.1002/ecs2.2881
https://doi.org/10.1890/ES15-00317.1
https://doi.org/10.1002/eap.1544

Baillie, B. R., & Bayne, K. M. (2019). The historical use of fire as a land management tool in
New Zealand and the challenges for its continued use. Landscape Ecology, 34(10),
2229-2244. https://doi.org/10.1007/s10980-019-00906-8

Balshor, B. J., Garrambone, M. S., Austin, P., Balazs, K. R., Weihe, C., Martiny, J. B. H.,
Huxman, T. E., McCollum, J. R., & Kimball, S. (2017). The effect of soil inoculants
on seed germination of native and invasive species. Botany, 95(5), 469-480.
https://doi.org/10.1139/cjb-2016-0248

Baltzer, J. L., Day, N. J., Walker, X. J., Greene, D., Mack, M. C., Alexander, H. D.,
Arseneault, D., Barnes, J., Bergeron, Y., Boucher, Y., Bourgeau-Chavez, L., Brown,
C. D., Carriére, S., Howard, B. K., Gauthier, S., Parisien, M.-A., Reid, K. A., Rogers,
B. M., Roland, C., ... Johnstone, J. F. (2021). Increasing fire and the decline of fire
adapted black spruce in the boreal forest. Proceedings of the National Academy of
Sciences, 118(45), e2024872118. https://doi.org/10.1073/pnas.2024872118

Barratt, B. I. P., Ferguson, C. M., Barton, D. M., & Johnstone, P. D. (2019). Impact of fire on
tussock grassland invertebrate populations. Science for Conservation, 2019-
December. https://www.doc.govt.nz/globalassets/documents/science-and-
technical/sfc291.pdf

Bates, D., Machler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects models
using Ime4. Journal of Statistical Software, 67, 1-48.
https://doi.org/10.18637/jss.v067.101

Battersby, P. F., Wilmshurst, J. M., Curran, T. J., McGlone, M. S., & Perry, G. L. W. (2017).
Exploring fire adaptation in a land with little fire: Serotiny in Leptospermum
scoparium (Myrtaceae). Journal of Biogeography, 44(6), 1306-1318.
https://doi.org/10.1111/jbi.12950

Bellingham, P. J., & Sparrow, A. D. (2000). Resprouting as a life history strategy in woody
plant communities. Oikos, 89(2), 409-416. https://www.|stor.org/stable/3547338

Biondini, M. E., Steuter, A. A., & Grygiel, C. E. (1989). Seasonal fire effects on the diversity
patterns, spatial distribution and community structure of forbs in the Northern Mixed
Prairie, USA. Vegetatio, 85(1/2), 21-31. https://www.|stor.org/stable/20038551

108


https://doi.org/10.1007/s10980-019-00906-8
https://doi.org/10.1139/cjb-2016-0248
https://doi.org/10.1073/pnas.2024872118
https://www.doc.govt.nz/globalassets/documents/science-and-technical/sfc291.pdf
https://www.doc.govt.nz/globalassets/documents/science-and-technical/sfc291.pdf
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/jbi.12950
https://www.jstor.org/stable/3547338
https://www.jstor.org/stable/20038551

Blackhall, M., Raffaele, E., Paritsis, J., Tiribelli, F., Morales, J. M., Kitzberger, T., Gowda, J.
H., & Veblen, T. T. (2017). Effects of biological legacies and herbivory on fuels and
flammability traits: A long-term experimental study of alternative stable states.
Journal of Ecology, 105(5), 1309-1322. https://doi.org/10.1111/1365-2745.12796

Bond, W. J. (2008). What limits trees in C4 grasslands and Savannas? Annual Review of
Ecology, Evolution, and Systematics, 39(1), 641-659.
https://doi.org/10.1146/annurev.ecolsys.39.110707.173411

Bond, W. J., Dickinson, K. J. M., & Mark, A. F. (2004). What limits the spread of fire-
dependent vegetation? Evidence from geographic variation of serotiny in a New
Zealand shrub: serotiny in a New Zealand shrub. Global Ecology and Biogeography,
13(2), 115-127. https://doi.org/10.1111/j.1466-882X.2004.00070.x

Bond, W. J., & Keeley, J. E. (2005). Fire as a global ‘herbivore’: The ecology and evolution
of flammable ecosystems. Trends in Ecology & Evolution, 20(7), 387-394.
https://doi.org/10.1016/j.tree.2005.04.025

Bond, W. J., & Midgley, J. J. (1995). Kill thy neighbour: An individualistic argument for the
evolution of flammability. Oikos, 73(1), 79. https://doi.org/10.2307/3545728

Bond, W. J., & Midgley, J. J. (2003). The evolutionary ecology of sprouting in woody plants.
International Journal of Plant Sciences, 164(S3), S103-S114.
https://doi.org/10.1086/374191

Bond, W. J., & Scott, A. C. (2010). Fire and the spread of flowering plants in the cretaceous.
New Phytol, 188(4), 1137-1150. https://doi.org/10.1111/].1469-8137.2010.03418.x

Bond, W., & Keeley, J. (2005). Fire as a global ‘herbivore’: The ecology and evolution of
flammable ecosystems. Trends in Ecology & Evolution, 20(7), 387-394.
https://doi.org/10.1016/j.tree.2005.04.025

Bowd, E. J., Blair, D. P., & Lindenmayer, D. B. (2021). Prior disturbance legacy effects on
plant recovery post-high-severity wildfire. Ecosphere, 12(5), e03480.
https://doi.org/10.1002/ecs2.3480

109


https://doi.org/10.1111/1365-2745.12796
https://doi.org/10.1146/annurev.ecolsys.39.110707.173411
https://doi.org/10.1111/j.1466-882X.2004.00070.x
https://doi.org/10.1016/j.tree.2005.04.025
https://doi.org/10.2307/3545728
https://doi.org/10.1086/374191
https://doi.org/10.1111/j.1469-8137.2010.03418.x
https://doi.org/10.1016/j.tree.2005.04.025
https://doi.org/10.1002/ecs2.3480

Bowd, E. J., McBurney, L., & Lindenmayer, D. B. (2021). Temporal patterns of vegetation
recovery after wildfire in two obligate seeder ash forests. Forest Ecology and
Management, 496, 119409. https://doi.org/10.1016/j.forec0.2021.119409

Bowman, D. (2022). Australian landscape burning: A continental and evolutionary
perspective. Backhuys Publishers, Leiden.

https://www.researchgate.net/publication/268366286 Australian landscape burning

a continental and evolutionary perspective

Bowman, D. M. J. S., Kolden, C. A., Abatzoglou, J. T., Johnston, F. H., van der Werf, G. R,
& Flannigan, M. (2020). Vegetation fires in the Anthropocene. Nature Reviews Earth
& Environment, 1(10), Article 10. https://doi.org/10.1038/s43017-020-0085-3

Bowman, D. M. J. S., Williamson, G. J., Gibson, R. K., Bradstock, R. A., & Keenan, R. J.
(2021). The severity and extent of the Australia 2019—20 Eucalyptus forest fires are
not the legacy of forest management. Nature Ecology & Evolution, 5(7), Article 7.
https://doi.org/10.1038/s41559-021-01464-6

Braun, U., Balabanovich, A. 1., Schartel, B., Knoll, U., Artner, J., Ciesielski, M., Doring, M.,
Perez, R., Sandler, J. K. W., Altstadt, V., Hoffmann, T., & Pospiech, D. (2006).
Influence of the oxidation state of phosphorus on the decomposition and fire
behaviour of flame-retarded epoxy resin composites. Polymer, 47(26), 8495-8508.
https://doi.org/10.1016/j.polymer.2006.10.022

Breitwieser, 1., Brownsey, P. J., Nelson, W. A., & Wilton, A. D. (2010). Flora of New

Zealand online. http://www.nzflora.info

Brodie, E. G., Miller, J. E. D., & Safford, H. D. (2021). Productivity modifies the effects of
fire severity on understory diversity. Ecology, 102(11), e03514.
https://doi.org/10.1002/ecy.3514

Brooks, M., E., Kristensen, K., Benthem, K., J., Van, Magnusson, A., Berg, C., W., Nielsen,
A., Skaug, H., J., Mé&chler, M., & Bolker, B., M. (2017). GImmTMB balances speed
and flexibility among packages for zero-inflated generalized linear mixed modeling.
The R Journal, 9(2), 378. https://doi.org/10.32614/RJ-2017-066

110


https://doi.org/10.1016/j.foreco.2021.119409
https://www.researchgate.net/publication/268366286_Australian_landscape_burning_a_continental_and_evolutionary_perspective
https://www.researchgate.net/publication/268366286_Australian_landscape_burning_a_continental_and_evolutionary_perspective
https://doi.org/10.1038/s43017-020-0085-3
https://doi.org/10.1038/s41559-021-01464-6
https://doi.org/10.1016/j.polymer.2006.10.022
http://www.nzflora.info/
https://doi.org/10.1002/ecy.3514
https://doi.org/10.32614/RJ-2017-066

Bruckerhoff, L. A., Connell, R. K., Guinnip, J. P., Adhikari, E., Godar, A., Gido, K. B.,
Boyle, A. W., Hope, A. G., Joern, A., & Welti, E. (2020). Harmony on the prairie?
Grassland plant and animal community responses to variation in climate across land-
use gradients. Ecology, 101(5), e02986. https://doi.org/10.1002/ecy.2986

Buckley, H. L., Day, N. J., Lear, G., & Case, B. S. (2021). Changes in the analysis of
temporal community dynamics data: A 29-year literature review. PeerJ, 9, €11250.
https://doi.org/10.7717/peerj.11250

Buckley, H. L., & Freckleton, R. P. (2010). Understanding the role of species dynamics in
abundance-occupancy relationships. Journal of Ecology, 98(3), 645-658.
https://doi.org/10.1111/j.1365-2745.2010.01650.x

Burge, O. R., Bellingham, P. J., Arnst, E. A., Bonner, K. I., Burrows, L. E., Richardson, S. J.,
Wiser, S. K., Wood, J. R., & Wilmshurst, J. M. (2020). Integrating permanent plot
and palaeoecological data to determine subalpine post-fire succession, recovery and
convergence over 128 years. Journal of Vegetation Science, 31(5), 755-767.
https://doi.org/10.1111/jvs.12887

Cadiz, G. O., Cawson, J. G., Penman, T. D., York, A., & Duff, T. J. (2020). Environmental
factors associated with the abundance of forest wiregrass (Tetrarrhena juncea), a
flammable understorey grass in productive forests. Australian Journal of Botany,
68(1), 37-48. Scopus. https://doi.org/10.1071/BT19112

Calder, J. A., Wilson, J. B., Mark, A. F., & Ward, G. (1992). Fire, succession, and reserve
management in a New Zealand snow tussock grassland. Biological Conservation, 62,
35-45. https://doi.org/10.1016/0006-3207(92)91150-Q

Calder, J. W., & Wardle, P. (1969). Succession in subalpine vegetation at Arthur’s Pass, New
Zealand. 16, 36-47. https://newzealandecology.org/nzje/2593.pdf

Calitz, W., Potts, A. J., & Cowling, R. M. (2015). Investigating species-level flammability
across five biomes in the Eastern Cape, South Africa. South African Journal of
Botany, 101, 32-39. https://doi.org/10.1016/j.sajb.2015.07.005

Cardoso, A. W., Oliveras, I., Abernethy, K. A., Jeffery, K. J., Lehmann, D., Edzang Ndong,
J., McGregor, 1., Belcher, C. M., Bond, W. J., & Malhi, Y. S. (2018). Grass species

111


https://doi.org/10.1002/ecy.2986
https://doi.org/10.7717/peerj.11250
https://doi.org/10.1111/j.1365-2745.2010.01650.x
https://doi.org/10.1111/jvs.12887
https://doi.org/10.1071/BT19112
https://doi.org/10.1016/0006-3207(92)91150-Q
https://newzealandecology.org/nzje/2593.pdf
https://doi.org/10.1016/j.sajb.2015.07.005

flammability, not biomass, drives changes in fire behavior at tropical forest-savanna
transitions. Frontiers in Forests and Global Change, 1.
https://doi.org/10.3389/ffgc.2018.00006

Champion, P., James, T., Popay, I., & Ford, K. (2012). An illustrated guide to common

grasses, sedges and rushes of New Zealand. New Zealand Plant Protection Society

Christensen, B. (2022). Burn probability mapping of Moutohora (Whale Island), Bay of
Plenty, Aotearoa New Zealand. New Zealand Journal of Ecology.
https://doi.org/10.20417/nzjecol.46.4

Chukwunwike, S. A., & Okafor, K. J. (2019). A review on some selected bio-based (green)
flame retardants. Research & Reviews: Journal of Engineering and Technology, 8(1),
38-43. https://doi.org/10.1080/00102200903401241

Clarke, H. G., Smith, P. L., & Pitman, A. J. (2011). Regional signatures of future fire

weather over eastern Australia from global climate models. 20(4), 550-562.

Clarke, H. G., Smith, P. L., Pitman, A. J., Clarke, H. G., Smith, P. L., & Pitman, A. J. (2011).
Regional signatures of future fire weather over eastern Australia from global climate
models. International Journal of Wildland Fire, 20(4), 550-562.
https://doi.org/10.1071/\WF10070

Clarke, P. J., Bell, D. M., & Lawes, M. J. (2015). Testing the shifting persistence niche
concept: Plant resprouting along gradients of disturbance. The American Naturalist,
185(6), 747-755. https://doi.org/10.1086/681160

Clarke, P. J., Lawes, M. J., Midgley, J. J., Lamont, B. B., Ojeda, F., Burrows, G. E., Enright,
N. J., & Knox, K. J. E. (2013). Resprouting as a key functional trait: How buds,
protection and resources drive persistence after fire. The New Phytologist, 197(1), 19—
35. https://doi.org/10.1111/nph.12001

Cockayne, L. (1898). On the burning and reproduction of subalpine scrub and its associated
plants, with special reference to Arthur’s Pass district. Transactions of the New
Zealand Institute, 31, 398-418.

112


https://doi.org/10.3389/ffgc.2018.00006
https://doi.org/10.20417/nzjecol.46.4
https://doi.org/10.1080/00102200903401241
https://doi.org/10.1071/WF10070
https://doi.org/10.1086/681160
https://doi.org/10.1111/nph.12001

Cockayne, L., & Calder, J. W. (1932). The present vegetation of Arthur’s Pass (New
Zealand) as compared with that of thirty-four years ago. Journal of Ecology, 20(2),
270-283. https://doi.org/10.2307/2256079

Collins, L., Clarke, H., Clarke, M. F., McColl Gausden, S. C., Nolan, R. H., Penman, T., &
Bradstock, R. (2022). Warmer and drier conditions have increased the potential for
large and severe fire seasons across south-eastern Australia. Global Ecology and
Biogeography, 31(10), 1933-1948. https://doi.org/10.1111/geb.13514

Connor, H. E., & Vucetich, C. G. (1964). Tussock grassland communities in the Mackenzie
Country, South Canterbury, New Zealand. New Zealand Journal of Botany, 2(4),
325-351. https://doi.org/10.1080/0028825X.1964.10428730

Cornwell, W. K., Cornelissen, J. H. C., Amatangelo, K., Dorrepaal, E., Eviner, V. T., Godoy,
O., Hobbie, S. E., Hoorens, B., Kurokawa, H., Pérez-Harguindeguy, N., Quested, H.
M., Santiago, L. S., Wardle, D. A., Wright, 1. J., Aerts, R., Allison, S. D., Van
Bodegom, P., Brovkin, V., Chatain, A., ... Westoby, M. (2008). Plant species traits
are the predominant control on litter decomposition rates within biomes worldwide.
Ecology Letters, 11(10), 1065-1071. https://doi.org/10.1111/].1461-
0248.2008.01219.x

Cruz, J., Thomson, C., Parkes, J. P., Gruner, I., & Forsyth, D. M. (2017). Long-term impacts
of an introduced ungulate in native grasslands: Himalayan tahr (Hemitragus
jemlahicus) in New Zealand’s Southern Alps. Biological Invasions, 19(1), 339-349.
https://doi.org/10.1007/s10530-016-1283-2

Cruz, A., Pérez, B., & Moreno, J. M. (2003). Plant Stored Reserves Do Not Drive
Resprouting of the Lignotuberous Shrub Erica australis. The New Phytologist, 157(2),
251-261. https://www.jstor.org/stable/1514032

Cui, X., Paterson, A. M., Alam, M. A, Wyse, S. V., Marshall, K., Perry, G. L. W., & Curran,
T. J. (2020). Shoot-level flammability across the Dracophyllum (Ericaceae)
phylogeny: Evidence for flammability being an emergent property in a land with little
fire. New Phytologist, 228(1), 95-105. https://doi.org/10.1111/nph.16651

113


https://doi.org/10.2307/2256079
https://doi.org/10.1111/geb.13514
https://doi.org/10.1080/0028825X.1964.10428730
https://doi.org/10.1111/j.1461-0248.2008.01219.x
https://doi.org/10.1111/j.1461-0248.2008.01219.x
https://doi.org/10.1007/s10530-016-1283-2
https://www.jstor.org/stable/1514032
https://doi.org/10.1111/nph.16651

Cui, X., Paterson, A. M., Wyse, S. V., Alam, M. A., Maurin, K. J. L., Pieper, R., Padullés
Cubino, J., O’Connell, D. M., Donkers, D., Bréda, J., Buckley, H. L., Perry, G. L. W.,
& Curran, T. J. (2020). Shoot flammability of vascular plants is phylogenetically
conserved and related to habitat fire-proneness and growth form. Nature Plants, 6(4),
Article 4. https://doi.org/10.1038/s41477-020-0635-1

Dairel, M., & Fidelis, A. (2020). How does fire affect germination of grasses in the Cerrado?
Seed Science Research, 30(4), 275-283. https://doi.org/10.1017/S0960258520000094

Dantas, V. C., Batalha, M. A., & Pausas, J. G. (2013). Fire drives functional thresholds on the
savanna-forest transition. Ecology, 94(11), 2454-2463. https://doi.org/10.1890/12-
1629.1

D’Antonio, C. M., Tunison, J. T., & Loh, R. K. (2000). Variation in the impact of exotic
grasses on native plant composition in relation to fire across an elevation gradient in
Hawaii. Austral Ecology, 25(5), 507-522. https://doi.org/10.1046/j.1442-
9993.2000.01079.x

D’Antonio, C. M., & Vitousek, P. M. (1992). Biological Invasions by Exotic Grasses, the
Grass/Fire Cycle, and Global Change. Annual Review of Ecology and Systematics, 23,
63-87. https://www.jstor.org/stable/2097282

Das, D., Banerjee, S., & John, R. (2019). Predicting the distribution and abundance of
invasive plant species in a sub-tropical woodland grassland ecosystem in northeastern
India. Plant Ecology, 220(10), 935-950. https://doi.org/10.1007/s11258-019-00964-7

Day, N. J., & Buckley, H. L. (2011). Invasion patterns across multiple scales by Hieracium
species over 25 years in tussock grasslands of New Zealand’s South Island. Austral
Ecology, 36(5), 559-570. https://doi.org/10.1111/j.1442-9993.2010.02191.x

Day, N. J., & Buckley, H. L. (2013). Twenty-five years of plant community dynamics and
invasion in New Zealand tussock grasslands: Invasion and tussock grassland
community dynamics. Austral Ecology, 38(6), 688-699.
https://doi.org/10.1111/aec.12016

114


https://doi.org/10.1038/s41477-020-0635-1
https://doi.org/10.1017/S0960258520000094
https://doi.org/10.1890/12-1629.1
https://doi.org/10.1890/12-1629.1
https://doi.org/10.1046/j.1442-9993.2000.01079.x
https://doi.org/10.1046/j.1442-9993.2000.01079.x
https://www.jstor.org/stable/2097282
https://doi.org/10.1007/s11258-019-00964-7
https://doi.org/10.1111/j.1442-9993.2010.02191.x
https://doi.org/10.1111/aec.12016

Day, N. J., Carriére, S., & Baltzer, J. L. (2017). Annual dynamics and resilience in post-fire
boreal understory vascular plant communities. Forest Ecology and Management, 401,
264-272. https://doi.org/10.1016/j.foreco.2017.06.062

Day, N. J., Johnstone, J. F., Reid, K. A., Cumming, S. G., Mack, M. C., Turetsky, M. R.,
Walker, X. J., & Baltzer, J. L. (2022). Material legacies and environmental constraints
underlie fire resilience of a dominant boreal forest type. Ecosystems.
https://doi.org/10.1007/s10021-022-00772-7

Day, N. J., White, A. L., Johnstone, J. F., Degré-Timmons, G. E., Cumming, S. G., Mack, M.
C., Turetsky, M. R., Walker, X. J., & Baltzer, J. L. (2020). Fire characteristics and
environmental conditions shape plant communities via regeneration strategy.
Ecography, 43(10), 1464-1474. https://doi.org/10.1111/ec0g.05211

De Laender, F. (2018). Community- and ecosystem-level effects of multiple environmental
change drivers: Beyond null model testing. Global Change Biology, 24(11), 5021
5030. https://doi.org/10.1111/gcb.14382

De Mendiburu Delgado, F., & De Mendiburu Delgado, F. (2009). Una herramienta de
andlisis estadistico para la investigacion agricola. Universidad Nacional de

Ingenieria. http://repositorioslatinoamericanos.uchile.cl/handle/2250/2356485

Del Tredici, P. (2001). Sprouting in temperate trees: A morphological and ecological review.
The Botanical Review, 67(2), 121-140. https://doi.org/10.1007/BF02858075

Dent, J. M., Buckley, H. L., Lustig, A., & Curran, T. J. (2019). Flame temperatures saturate
with increasing dead material in Ulex europaeus, but flame duration, fuel
consumption and overall flammability continue to increase. Fire, 2(1), 6.
https://doi.org/10.3390/fire2010006

Dewar, J. J., Falk, D. A., Swetnam, T. W., Baisan, C. H., Allen, C. D., Parmenter, R. R.,
Margolis, E. Q., & Taylor, E. J. (2021). Valleys of fire: Historical fire regimes of
forest-grassland ecotones across the montane landscape of the Valles Caldera
National Preserve, New Mexico, USA. Landscape Ecology, 36(2), 331-352.
https://doi.org/10.1007/s10980-020-01101-w

115


https://doi.org/10.1016/j.foreco.2017.06.062
https://doi.org/10.1007/s10021-022-00772-7
https://doi.org/10.1111/ecog.05211
https://doi.org/10.1111/gcb.14382
http://repositorioslatinoamericanos.uchile.cl/handle/2250/2356485
https://doi.org/10.1007/BF02858075
https://doi.org/10.3390/fire2010006
https://doi.org/10.1007/s10980-020-01101-w

Diaz-Uriarte, R., & Garland, T., Jr. (1996). Testing hypotheses of correlated evolution using
phylogenetically independent contrasts: Sensitivity to deviations from Brownian
Motion. Systematic Biology, 45(1), 27—47. https://doi.org/10.1093/sysbio/45.1.27

Dickinson, K. J. M., Mark, A. F., & Lee, W. G. (1992). Long-term monitoring of non-forest
communities for biological conservation. New Zealand Journal of Botany, 30(2),
163-179. https://doi.org/10.1080/0028825X.1992.10412896

Dominguez, M. T., Aponte, C., Pérez-Ramos, I. M., Garcia, L. V., Villar, R., & Marafion, T.
(2012). Relationships between leaf morphological traits, nutrient concentrations and
isotopic signatures for Mediterranean woody plant species and communities. Plant
and Soil, 357(1), 407-424. https://doi.org/10.1007/s11104-012-1214-7

Duane, A., Castellnou, M., & Brotons, L. (2021). Towards a comprehensive look at global
drivers of novel extreme wildfire events. Climatic Change, 165(3), 43.
https://doi.org/10.1007/s10584-021-03066-4

Duncan, R. P., Webster, R. J., & Jensen, C. A. (2001). Declining plant species richness in the
tussock grasslands of Canterbury and Otago, South Island, New Zealand. 25(2), 35—
47. https://www.jstor.org/stable/24055296

Ecological Traits of New Zealand Flora online. (2022). Ecological Traits of New Zealand

Flora. https://ecotraits.landcareresearch.co.nz/WeedsAbout.aspx

Engber, E. A., & Varner, J. M. (2012). Patterns of flammability of the California oaks: The
role of leaf traits. Canadian Journal of Forest Research, 42(11), 1965-1975.
https://doi.org/10.1139/x2012-138

Enright, N. J., Fontaine, J. B., Bowman, D. M., Bradstock, R. A., & Williams, R. J. (2015).
Interval squeeze: Altered fire regimes and demographic responses interact to threaten
woody species persistence as climate changes. Frontiers in Ecology and the
Environment, 13(5), 265-272. https://doi.org/10.1890/140231

Environment, U. N. (2022). Spreading like Wildfire: The Rising Threat of Extraordinary
Landscape Fires. UNEP - UN Environment Programme.

http://www.unep.org/resources/report/spreading-wildfire-rising-threat-extraordinary-

landscape-fires

116


https://doi.org/10.1093/sysbio/45.1.27
https://doi.org/10.1080/0028825X.1992.10412896
https://doi.org/10.1007/s11104-012-1214-7
https://doi.org/10.1007/s10584-021-03066-4
https://www.jstor.org/stable/24055296
https://ecotraits.landcareresearch.co.nz/WeedsAbout.aspx
https://doi.org/10.1139/x2012-138
https://doi.org/10.1890/140231
http://www.unep.org/resources/report/spreading-wildfire-rising-threat-extraordinary-landscape-fires
http://www.unep.org/resources/report/spreading-wildfire-rising-threat-extraordinary-landscape-fires

Escuin, S., Navarro, R., & Fernandez, P. (2008). Fire severity assessment by using NBR
(Normalized Burn Ratio) and NDVI (Normalized Difference Vegetation Index)
derived from LANDSAT TM/ETM images. International Journal of Remote Sensing,
29(4), 1053-1073. https://doi.org/10.1080/01431160701281072

Estes, B. L., Knapp, E. E., Skinner, C. N., Miller, J. D., & Preisler, H. K. (2017). Factors
influencing fire severity under moderate burning conditions in the Klamath
Mountains, northern California, USA. Ecosphere, 8(5), e01794.
https://doi.org/10.1002/ecs2.1794

Fang, Y., Yin, X., Cui, P., Wang, X., Zhuang, K., Ding, Z., & Xing, F. (2021). Properties of
magnesium potassium phosphate cement-expanded perlite composites applied as fire
resistance coating. Construction and Building Materials, 293, 123513.
https://doi.org/10.1016/j.conbuildmat.2021.123513

Fernandes, P. M., & Cruz, M. G. (2012). Plant flammability experiments offer limited insight
into vegetation-fire dynamics interactions. New Phytologist, 194, 606—6009.
https://doi.org/10.1111/j.1469-8137.2012.04065.x

Fernandez-Garcia, V., Beltran-Marcos, D., Fernandez-Guisuraga, J. M., Marcos, E., & Calvo,
L. (2022). Predicting potential wildfire severity across Southern Europe with global
data sources. Science of The Total Environment, 829, 154729.
https://doi.org/10.1016/j.scitotenv.2022.154729

Fernandez-Guisuraga, J. M., Suérez-Seoane, S., Garcia-Llamas, P., & Calvo, L. (2021).
Vegetation structure parameters determine high burn severity likelihood in different
ecosystem types: A case study in a burned Mediterranean landscape. Journal of
Environmental Management, 288, 112462.
https://doi.org/10.1016/j.jenvman.2021.112462

Fill, J. M., & Crandall, R. M. (2020). Stronger evidence needed for global fire season effects.
Trends in Ecology & Evolution, 35(10), 867-868.
https://doi.org/10.1016/j.tree.2020.06.013

117


https://doi.org/10.1080/01431160701281072
https://doi.org/10.1002/ecs2.1794
https://doi.org/10.1016/j.conbuildmat.2021.123513
https://doi.org/10.1111/j.1469-8137.2012.04065.x
https://doi.org/10.1016/j.scitotenv.2022.154729
https://doi.org/10.1016/j.jenvman.2021.112462
https://doi.org/10.1016/j.tree.2020.06.013

Fire and Emergency New Zealand. (2020). Fire and emergency New Zealand wildfire
investigation report. https://fireandemergency.nz/assets/Documents/Research-and-
reports/lakeOhau/FENZ-Wildfire-investigation-Report.pdf

Fire and Emergency New Zealand. (2021). Fire Plan for Canterbury, Te Ihu 2021 —2024 (p.
115). Fire and Emergency New Zealand.
https://fireandemergency.nz/assets/Documents/fire-plan/Canterbury-Fire-Plan-2021-
2024-approved.pdf

Fogarthy, L. G. (2002). A flammability guide for some common New Zealand native tree and
shrub species. (No. 6). Forest Research, Rotorua, in association with the New Zealand

Fire Service Commission and the National Rural Fire Authority, Wellington.

Fraser, I. P., Williams, R. J., Murphy, B. P., Camac, J. S., & Vesk, P. A. (2016). Fuels and
landscape flammability in an Australian alpine environment: Australian alpine fuels
and landscape flammability. Austral Ecology, 41(6), 657-670.
https://doi.org/10.1111/aec.12355

Freckleton, R. P., Harvey, P. H., & Pagel, M. (2002). Phylogenetic analysis and comparative
data: A test and review of evidence. The American Naturalist, 160(6), 712—726.
https://doi.org/10.1086/343873

Freitag, M., Kamp, J., Dara, A., Kuemmerle, T., Sidorova, T. V., Stirnemann, 1. A., Velbert,
F., & Holzel, N. (2021). Post-Soviet shifts in grazing and fire regimes changed the
functional plant community composition on the Eurasian steppe. Global Change
Biology, 27(2), 388-401. https://doi.org/10.1111/gch.15411

Fuentes-Ramirez, A., Veldman, J. W., Holzapfel, C., & Moloney, K. A. (2016). Spreaders,
igniters, and burning shrubs: Plant flammability explains novel fire dynamics in grass-
invaded deserts. Ecological Applications, 26(7), 2311-2322.
https://doi.org/10.1002/eap.1371

Furlaud, J. M., Prior, L. D., Williamson, G. J., & Bowman, D. M. J. S. (2021). Fire risk and
severity decline with stand development in Tasmanian giant Eucalyptus forest. Forest
Ecology and Management, 502, 119724. https://doi.org/10.1016/j.foreco.2021.119724

118


https://fireandemergency.nz/assets/Documents/Research-and-reports/lakeOhau/FENZ-Wildfire-investigation-Report.pdf
https://fireandemergency.nz/assets/Documents/Research-and-reports/lakeOhau/FENZ-Wildfire-investigation-Report.pdf
https://fireandemergency.nz/assets/Documents/fire-plan/Canterbury-Fire-Plan-2021-2024-approved.pdf
https://fireandemergency.nz/assets/Documents/fire-plan/Canterbury-Fire-Plan-2021-2024-approved.pdf
https://doi.org/10.1111/aec.12355
https://doi.org/10.1086/343873
https://doi.org/10.1111/gcb.15411
https://doi.org/10.1002/eap.1371
https://doi.org/10.1016/j.foreco.2021.119724

Gaan, S., & Sun, G. (2007). Effect of phosphorus and nitrogen on flame retardant cellulose:
A study of phosphorus compounds. Journal of Analytical and Applied Pyrolysis,
78(2), 371-377. https://doi.org/10.1016/j.jaap.2006.09.010

Gallagher, R. V., Allen, S. P., Mackenzie, B. D. E., Keith, D. A., Nolan, R. H., Rumpff, L.,
Gosper, C. R., Pegg, G., van Leeuwen, S., Ooi, M. K. J., Yates, C. J., Merow, C.,
Williams, R. J., Nikolopoulos, E. I., Beaumont, L. J., & Auld, T. D. (2022). An
integrated approach to assessing abiotic and biotic threats to post-fire plant species
recovery: Lessons from the 2019-2020 Australian fire season. Global Ecology and
Biogeography, n/a(n/a). https://doi.org/10.1111/geb.13478

Ganteaume, A., Romero, B., Fernandez, C., Ormefio, E., & Lecareux, C. (2021). Volatile and
semi-volatile terpenes impact leaf flammability: Differences according to the level of
terpene identification. Chemoecology, 31(4), 259-275.
https://doi.org/10.1007/s00049-021-00349-1

Gao, C. (2022). ggVennDiagram: A “ggplot2” Implement of Venn Diagram_. R package
version 1.2.2.

https://mran.microsoft.com/web/packages/ggVVennDiagram/qggVennDiagram.pdf

Garcia, M., Saatchi, S., Casas, A., Koltunov, A., Ustin, S., Ramirez, C., Garcia-Gutierrez, J.,
& Balzter, H. (2017). Quantifying biomass consumption and carbon release from the
California Rim fire by integrating airborne LIDAR and Landsat OLI data. Journal of
Geophysical Research: Biogeosciences, 122(2), 340-353.
https://doi.org/10.1002/2015JG003315

Gavini, S. S., Suarez, G. M., Ezcurra, C., & Aizen, M. A. (2019). Facilitation of vascular
plants by cushion mosses in high Andean communities. Alpine Botany, 129(2), 137—
148. https://doi.org/10.1007/s00035-019-00222-6

Gebke, S., Thimmler, K., Sonnier, R., Tech, S., Wagenfihr, A., & Fischer, S. (2020). Flame
retardancy of wood fiber materials using phosphorus modified wheat starch.
Molecules, 25(2), Article 2. https://doi.org/10.3390/molecules25020335

119


https://doi.org/10.1016/j.jaap.2006.09.010
https://doi.org/10.1111/geb.13478
https://doi.org/10.1007/s00049-021-00349-1
https://mran.microsoft.com/web/packages/ggVennDiagram/ggVennDiagram.pdf
https://doi.org/10.1002/2015JG003315
https://doi.org/10.1007/s00035-019-00222-6
https://doi.org/10.3390/molecules25020335

Gedalof, Z., Davy, L. E., & Berg, A. (2022). Exotic grasses reduce infiltration and moisture
svailability in a temperate Oak Savanna. Plants, 11(19). Scopus.
https://doi.org/10.3390/plants11192577

Gibbs, G. W. (2006). Ghosts of Gondwana: The history of life in New Zealand. Craig Potton
Publishing.

Gill, A. M., & Zylstra, P. (2005). Flammability of Australian forests. Australian Forestry,
68(2), 87-93. https://doi.org/10.1080/00049158.2005.10674951

Gitay, H., Lee, W. G., Allen, R. B., & Wilson, J. B. (1992). Recovery of Chionochloa rigida
tussocks from fires in South Island, New Zealand. Journal of Environmental
Management, 35(4), 249-259. https://doi.org/10.1016/S0301-4797(11)80008-3

Gitay, H., & Wilson, J. B. (1995). Post-Fire Changes in Community Structure of Tall
Tussock Grasslands: A Test of Alternative Models of Succession. Journal of Ecology,
83(5), 775-782. https://doi.org/10.2307/2261414

Glogoski, D. (2017). Vegetation recovery following the 2015 Flock Hill fire, Canterbury high
country. https://doi.org/10.26021/8660

Gomes, L., Miranda, H. S., Silvério, D. V., & Bustamante, M. M. C. (2020). Effects and
behaviour of experimental fires in grasslands, savannas, and forests of the Brazilian
Cerrado. Forest Ecology and Management, 458, 117804.
https://doi.org/10.1016/j.foreco.2019.117804

Gowda, J. H., Blackhall, M., Shipley, L., Kitzberger, T., & Tiribelli, F. (2022). Are
digestibility and flammability related? Two variables shaping landscape dynamics of
Northwestern Patagonian forests. Forest Ecology and Management, 503, 119810.
https://doi.org/10.1016/j.foreco.2021.119810

Green, J. (1992). A review of phosphorus-containing flame retardants. Journal of Fire
Sciences, 10(6), 470-487. https://doi.org/10.1177/073490419201000602

Grillakis, M., Voulgarakis, A., Rovithakis, A., Seiradakis, K. D., Koutroulis, A., Field, R. D.,
Kasoar, M., Papadopoulos, A., & Lazaridis, M. (2022). Climate drivers of global

120


https://doi.org/10.3390/plants11192577
https://doi.org/10.1080/00049158.2005.10674951
https://doi.org/10.1016/S0301-4797(11)80008-3
https://doi.org/10.2307/2261414
https://doi.org/10.26021/8660
https://doi.org/10.1016/j.foreco.2019.117804
https://doi.org/10.1016/j.foreco.2021.119810
https://doi.org/10.1177/073490419201000602

wildfire burned area. Environmental Research Letters, 17(4), 045021.
https://doi.org/10.1088/1748-9326/ac5fal

Grootemaat, S., Wright, 1. J., Bodegom, P. M., Cornelissen, J. H. C., Cornwell, W. K., &
Schweitzer, J. (2015). Burn or rot: Leaf traits explain why flammability and
decomposability are decoupled across species. Functional Ecology, 29(11), 1486—
1497. https://doi.org/10.1111/1365-2435.12449

Guo, J., Zhou, Z., Ming, Q., Sun, D., Li, F., Xi, J., Wu, Q., Yang, J., Xia, Q., & Zhao, X.
(2021). Recovering chemical sludge from the zero liquid discharge system of flue gas
desulfurization wastewater as flame retardants by a stepwise precipitation process.
Journal of Hazardous Materials, 417, 126054.
https://doi.org/10.1016/j.jhazmat.2021.126054

Habte, G., Hwang, I. M., Kim, J. S., Hong, J. H., Hong, Y. S., Choi, J. Y., Nho, E. Y., Jamila,
N., Khan, N., & Kim, K. S. (2016). Elemental profiling and geographical
differentiation of Ethiopian coffee samples through inductively coupled plasma-
optical emission spectroscopy (ICP-OES), ICP-mass spectrometry (ICP-MS) and
direct mercury analyzer (DMA). Food Chemistry, 212, 512-520.
https://doi.org/10.1016/j.foodchem.2016.05.178

Hallett, L., Avolio, M., Carroll, 1., Jones, S., MacDonald, A., Flynn, D., Slaughter, P.,
Ripplinger, J., Collins, S., Gries, C., & Jones, M. (2020). _codyn: Community
Dynamics Metrics_. R package version 2.0.5. https://doi.org/10.5063/F1N877Z6), R

package version 2.0.5

He, T., Lamont, B. B., & Pausas, J. G. (2019). Fire as a key driver of earth’s biodiversity.
Biological Reviews, 94(6), 1983-2010. https://doi.org/10.1111/brv.12544

Hempson, G. P., Archibald, S., Donaldson, J. E., & Lehmann, C. E. R. (2019). Alternate
grassy ecosystem states are determined by palatability—flammability trade-offs.
Trends in Ecology & Evolution, 34(4), 286-290.
https://doi.org/10.1016/j.tree.2019.01.007

Hill, M. O., & Gauch, H. G. (1980). Detrended Correspondence Analysis: An Improved

Ordination Technique. In E. van der Maarel (Ed.), Classification and Ordination:

121


https://doi.org/10.1088/1748-9326/ac5fa1
https://doi.org/10.1111/1365-2435.12449
https://doi.org/10.1016/j.jhazmat.2021.126054
https://doi.org/10.1016/j.foodchem.2016.05.178
https://doi.org/10.5063/F1N877Z6
https://doi.org/10.1111/brv.12544
https://doi.org/10.1016/j.tree.2019.01.007

Symposium on advances in vegetation science, Nijmegen, The Netherlands, May 1979
(pp. 47-58). Springer Netherlands. https://doi.org/10.1007/978-94-009-9197-2 7

Holling, C. S. (1973). Resilience and Stability of Ecological Systems. Annual Review of
Ecology and Systematics, 4(1), 1-23.
https://doi.org/10.1146/annurev.es.04.110173.000245

Hua, X., & Ohlemdiller, R. (2018). Geographic versus environmental space: Patterns of
potential native and exotic woody propagule pressure on New Zealand’s indigenous
grasslands. New Zealand Geographer, 74(3), 131-142.
https://doi.org/10.1111/nzg.12187

Jager, H., & Kowarik, 1. (2010). Resilience of native plant community following manual
control of invasive Cinchona pubescens in Galapagos. Restoration Ecology, 18(s1),
103-112. https://doi.org/10.1111/j.1526-100X.2010.00657.x

Jain, P., Castellanos-Acuna, D., Coogan, S. C. P., Abatzoglou, J. T., & Flannigan, M. D.
(2022). Observed increases in extreme fire weather driven by atmospheric humidity
and temperature. Nature Climate Change, 12(1), Article 1.
https://doi.org/10.1038/s41558-021-01224-1

Jaureguiberry, P., Bertone, G., & Diaz, S. (2011). Device for the standard measurement of
shoot flammability in the field. Austral Ecology, 36(7), 821-829.
https://doi.org/10.1111/j.1442-9993.2010.02222.x

Jeschke, M., & Kiehl, K. (2008). Effects of a dense moss layer on germination and
establishment of vascular plants in newly created calcareous grasslands. Flora -
Morphology, Distribution, Functional Ecology of Plants, 203(7), 557-566.
https://doi.org/10.1016/j.flora.2007.09.006

Johnson, P. N. (2001). Vegetation recovery after fire on a southern New Zealand peatland.
New Zealand Journal of Botany, 39(2), 251-267.
https://doi.org/10.1080/0028825X.2001.9512736

Johnstone, J. F., Allen, C. D., Franklin, J. F., Frelich, L. E., Harvey, B. J., Higuera, P. E.,
Mack, M. C., Meentemeyer, R. K., Metz, M. R., Perry, G. L., Schoennagel, T., &

Turner, M. G. (2016). Changing disturbance regimes, ecological memory, and forest

122


https://doi.org/10.1007/978-94-009-9197-2_7
https://doi.org/10.1146/annurev.es.04.110173.000245
https://doi.org/10.1111/nzg.12187
https://doi.org/10.1111/j.1526-100X.2010.00657.x
https://doi.org/10.1038/s41558-021-01224-1
https://doi.org/10.1111/j.1442-9993.2010.02222.x
https://doi.org/10.1016/j.flora.2007.09.006
https://doi.org/10.1080/0028825X.2001.9512736

resilience. Frontiers in Ecology and the Environment, 14(7), 369-378.
https://doi.org/10.1002/fee.1311

Johnstone, J. F., Celis, G., Chapin Ill, F. S., Hollingsworth, T. N., Jean, M., & Mack, M. C.
(2020). Factors shaping alternate successional trajectories in burned black spruce
forests of Alaska. Ecosphere, 11(5), €03129. https://doi.org/10.1002/ecs2.3129

Jones, M. W., Abatzoglou, J. T., Veraverbeke, S., Andela, N., Lasslop, G., Forkel, M., Smith,
A.J. P., Burton, C., Betts, R. A., van der Werf, G. R, Sitch, S., Canadell, J. G,
Santin, C., Kolden, C., Doerr, S. H., & Le Quéré, C. (2022). Global and Regional
Trends and Drivers of Fire Under Climate Change. Reviews of Geophysics, 60(3),
e2020RG000726. https://doi.org/10.1029/2020RG000726

Karavani, A., Boer, M. M., Baudena, M., Colinas, C., Diaz-Sierra, R., Peman, J., .., & Resco
de Dios, V. (2018). Fire-induced deforestation in drought-prone Mediterranean forests
drivers and unknowns from leaves to communities. Ecological Monograph, 88(2),
141-169. https://doi.org/10.1002/ecm.1285

Kasischke, E. S., Turetsky, M. R., Ottmar, R. D., French, N. H. F., Hoy, E. E., & Kane, E. S.
(2008). Evaluation of the composite burn index for assessing fire severity in Alaskan
black spruce forests. International Journal of Wildland Fire, 17(4), 515-526.
https://doi.org/10.1071/\WWF08002

Keeley, J. E. (2006). Fire severity and plant age in post-fire resprouting of woody plants in
sage scrub and chaparral. Madrofio, 53(4), 373-379. https://doi.org/10.3120/0024-
9637(2006)53[373:FSAPAI]2.0.CO;2

Keeley, J. E. (2009). Fire intensity, fire severity and burn severity: A brief review and
suggested usage. International Journal of Wildland Fire, 18(1), 116-126.
https://doi.org/10.1071/WFQ07049

Keeley, J. E., Pausas, J. G., Rundel, P. W., Bond, W. J., & Bradstock, R. A. (2011). Fire as an
evolutionary pressure shaping plant traits. Trends Plant Sci, 16(8), 406—411.
https://doi.org/10.1016/j.tplants.2011.04.002

123


https://doi.org/10.1002/fee.1311
https://doi.org/10.1002/ecs2.3129
https://doi.org/10.1029/2020RG000726
https://doi.org/10.1002/ecm.1285
https://doi.org/10.1071/WF08002
https://doi.org/10.3120/0024-9637(2006)53%5b373:FSAPAI%5d2.0.CO;2
https://doi.org/10.3120/0024-9637(2006)53%5b373:FSAPAI%5d2.0.CO;2
https://doi.org/10.1071/WF07049
https://doi.org/10.1016/j.tplants.2011.04.002

Keeley, J. E., & Syphard, A. D. (2019). Twenty-first century California, USA, wildfires:
Fuel-dominated vs. wind-dominated fires. Fire Ecology, 15(1), 24.
https://doi.org/10.1186/s42408-019-0041-0

Kimball, S., Principe, Z., Deutschman, D., Strahm, S., Huxman, T. E., Lulow, M., & Balazs,
K. (2018). Resistance and resilience: Ten years of monitoring shrub and prairie
communities in Orange County, CA, USA. Ecosphere, 9(5), e02212.
https://doi.org/10.1002/ecs2.2212

Kitzberger, T., Perry, G. L. W., Paritsis, J., Gowda, J. H., Tepley, A. J., Holz, A., & Veblen,
T. T. (2016). Fire vegetation feedbacks and alternative states: Common mechanisms
of temperate forest vulnerability to fire in southern South America and New Zealand.
New Zealand Journal of Botany, 54(2), 247-272.
https://doi.org/10.1080/0028825x.2016.1151903

Knox, K. J. E., & Clarke, P. J. (2012). Fire severity, feedback effects and resilience to
alternative community states in forest assemblages. Forest Ecology and Management,
265, 47-54. https://doi.org/10.1016/j.foreco.2011.10.025

Kraaij, T., Young, C., & Bezuidenhout, H. (2017). Growth form responses to fire in Nama-
Karoo Escarpment Grassland, South Africa. Fire Ecology, 13(3), Article 3.
https://doi.org/10.4996/fireecology.130308594

Krix, D. W., Phillips, M. L., & Murray, B. R. (2019). Relationships among leaf flammability
attributes and identifying low-leaf-flammability species at the wildland—urban
interface. International Journal of Wildland Fire, 28(4), 295.
https://doi.org/10.1071/\WF18167

Ladwig, L. M., Damschen, E. I., Martin-Blangy, S., & Alstad, A. O. (2018). Grasslands
maintained with frequent fire promote cold-tolerant species. Journal of Vegetation
Science, 29(3), 541-549. https://doi.org/10.1111/jvs.12635

Lamont, B. B., Wittkuhn, R., Korczynskyj, D., Lamont, B. B., Wittkuhn, R., & Korczynskyj,
D. (2004). Ecology and ecophysiology of grasstrees. Australian Journal of Botany,
52(5), 561-582. https://doi.org/10.1071/BT03127

124


https://doi.org/10.1186/s42408-019-0041-0
https://doi.org/10.1002/ecs2.2212
https://doi.org/10.1080/0028825x.2016.1151903
https://doi.org/10.1016/j.foreco.2011.10.025
https://doi.org/10.4996/fireecology.130308594
https://doi.org/10.1071/WF18167
https://doi.org/10.1111/jvs.12635
https://doi.org/10.1071/BT03127

Lamothe, K. A., Somers, K. M., & Jackson, D. A. (2019). Linking the ball-and-cup analogy
and ordination trajectories to describe ecosystem stability, resistance, and resilience.
Ecosphere, 10(3), e02629. https://doi.org/10.1002/ecs2.2629

Landesmann, J. B., Tiribelli, F., Paritsis, J., Veblen, T. T., & Kitzberger, T. (2021). Increased
fire severity triggers positive feedbacks of greater vegetation flammability and favors
plant community-type conversions. Journal of Vegetation Science, 32(1), €12936.
https://doi.org/10.1111/jvs.12936

Lavorel, S., & Garnier, E. (2002). Predicting changes in community composition and
ecosystem functioning from plant traits: Revisiting the holy grail. Functional Ecology,
16(5), 545-556. https://doi.org/10.1046/j.1365-2435.2002.00664.x

Le Breton, T. D., Lyons, M. B., Nolan, R. H., Penman, T., Williamson, G. J., & Ooi, M. K. J.
(2022). Megafire-induced interval squeeze threatens vegetation at landscape scales.
Frontiers in Ecology and the Environment, 20(5), 327-334.
https://doi.org/10.1002/fee.2482

Le Breton, T. D., Natale, S., French, K., Gooden, B., & Ooi, M. K. J. (2020). Fire adapted
traits of threatened shrub species in riparian refugia: Implications for fire regime
management. Plant Ecology, 221(1), 69-81. https://doi.org/10.1007/s11258-019-
00993-2

Lé, S., Josse, J., & Husson, F. (2008). FactoMineR: An R package for multivariate analysis.
Journal of Statistical Software, 25, 1-18. https://doi.org/10.18637/jss.v025.i01

Leathwick, J. R., Morgan, F., Wilson, G., Rutledge, D., McLeod, M., & Johnson, K. (2002).
Land environments of New Zealand: A technical guide. Wellington, New Zealand:
Ministry for the Environment.
https://www.landcareresearch.co.nz/uploads/public/Tools-And-
Resources/Maps/LENZ/LENZ_Technical_Guide.pdf

Lee, D. E., Lee, W. G., & Mortimer, N. (2001). Where and why have all the flowers gone?
Depletion and turnover in the New Zealand Cenozoic angiosperm flora in relation to
palaeogeography and climate. Australian Journal of Botany, 49(3), 341-356.
https://doi.org/10.1071/bt00031

125


https://doi.org/10.1002/ecs2.2629
https://doi.org/10.1111/jvs.12936
https://doi.org/10.1046/j.1365-2435.2002.00664.x
https://doi.org/10.1002/fee.2482
https://doi.org/10.1007/s11258-019-00993-2
https://doi.org/10.1007/s11258-019-00993-2
https://doi.org/10.18637/jss.v025.i01
https://www.landcareresearch.co.nz/uploads/public/Tools-And-Resources/Maps/LENZ/LENZ_Technical_Guide.pdf
https://www.landcareresearch.co.nz/uploads/public/Tools-And-Resources/Maps/LENZ/LENZ_Technical_Guide.pdf
https://doi.org/10.1071/bt00031

Lee, W. G., Fenner, M., & Duncan, R. P. (1993). Pattern of natural regeneration of narrow-
leaved snow tussock Chionochloa rigida ssp. Rigida in Central Otago, New Zealand.
New Zealand Journal of Botany, 31(2), 117-125.
https://doi.org/10.1080/0028825X.1993.10419487

Lenth, R. V. (2022). Emmeans: Estimated Marginal Means, aka Least-Squares Means. R
package version 1.7.4-1. https://CRAN.R-project.org/package=emmeans

Lentile, L. B., Morgan, P., Hudak, A. T., Bobbitt, M. J., Lewis, S. A., Smith, A. M. S., &
Robichaud, P. R. (2007). Post-fire burn severity and vegetation response following
eight large wildfires across the western United States. Fire Ecology, 3(1), Article 1.
https://doi.org/10.4996/fireecology.0301091

Lewis, T., Reid, N., Clarke, P. J., & Whalley, R. D. B. (2010). Resilience of a high-
conservation-value, semi-arid grassland on fertile clay soils to burning, mowing and
ploughing. Austral Ecology, 35(4), 464-481. https://doi.org/10.1111/].1442-
9993.2009.02047.x

Liberato, C. G., Barros, J. a. V. A., Virgilio, A., Machado, R. C., Nogueira, A., N6brega, J.
A., & Schiavo, D. (2017). Determination of macro and micronutrients in plants using
the agilent 4200 MP AES. Agilent Technologies: New Delhi, India, 1-5.
https://www.agilent.com/cs/library/applications/4200_MP-AES-5991-7856EN-plant-

nutrients.pdf

Lichstein, J. W., Peterson, B. T., Langebrake, J., & McKinley, S. A. (2021). Leaf economics
of early—And late-successional plants. The American Naturalist, 198(3), 347-359.
https://doi.org/10.1086/715453

Lindenmayer, D., Thorn, S., & Banks, S. (2017). Please do not disturb ecosystems further.
Nature Ecology & Evolution, 1(2), 0031. https://doi.org/10.1038/s41559-016-0031

Lipoma, M. L., Gurvich, D. E., Urcelay, C., & Diaz, S. (2016). Plant community resilience in
the face of fire: Experimental evidence from a semi-arid shrubland. Austral Ecology,
41(5), 501-511. https://doi.org/10.1111/aec.12336

126


https://doi.org/10.1080/0028825X.1993.10419487
https://cran.r-project.org/package=emmeans
https://doi.org/10.4996/fireecology.0301091
https://doi.org/10.1111/j.1442-9993.2009.02047.x
https://doi.org/10.1111/j.1442-9993.2009.02047.x
https://www.agilent.com/cs/library/applications/4200_MP-AES-5991-7856EN-plant-nutrients.pdf
https://www.agilent.com/cs/library/applications/4200_MP-AES-5991-7856EN-plant-nutrients.pdf
https://doi.org/10.1086/715453
https://doi.org/10.1038/s41559-016-0031
https://doi.org/10.1111/aec.12336

Livingston, A. C., & Varner, J. M. (2016). Fuel moisture differences in a mixed native and
non-native grassland: Implications for fire regimes. Fire Ecology, 12(1), 73-87.
https://doi.org/10.4996/fireecology.1201073

Lloret, F., Pefiuelas, J., Prieto, P., Llorens, L., & Estiarte, M. (2009). Plant community
changes induced by experimental climate change: Seedling and adult species
composition. Perspectives in Plant Ecology, Evolution and Systematics, 11(1), 53-63.
https://doi.org/10.1016/j.ppees.2008.09.001

Loboda, T. V., French, N. H. F., Hight-Harf, C., Jenkins, L., & Miller, M. E. (2013).
Mapping fire extent and burn severity in Alaskan tussock tundra: An analysis of the
spectral response of tundra vegetation to wildland fire. Remote Sensing of
Environment, 134, 194-2009. https://doi.org/10.1016/j.rse.2013.03.003

Lord, J. M., Schloots, C.-L., & Steel, J. B. (2022). Flammability trajectories following
destocking and forestation: A case study in the New Zealand high country.
Restoration Ecology, 30(8), €13696. https://doi.org/10.1111/rec.13696

MacDermott, H. J., Fensham, R. J., Hua, Q., & Bowman, D. M. J. S. (2017). Vegetation, fire
and soil feedbacks of dynamic boundaries between rainforest, savanna and grassland.
Austral Ecology, 42(2), 154-164. https://doi.org/10.1111/aec.12415

Magalhaes, R. M. Q., & Schwilk, D. W. (2012). Leaf traits and litter flammability: Evidence
for non-additive mixture effects in a temperate forest. Journal of Ecology, 100(5),
1153-1163. https://doi.org/10.1111/].1365-2745.2012.01987.x

Mandle, L., Bufford, J. L., Schmidt, I. B., & Daehler, C. C. (2011). Woody exotic plant
invasions and fire: Reciprocal impacts and consequences for native ecosystems.
Biological Invasions, 13(8), 1815-1827. https://doi.org/10.1007/s10530-011-0001-3

Mark, A. F. (1965). Effects of management practices on narrow-leaved snow tussock,
Chionochloa rigida. New Zealand Journal of Botany, 3(4), 300-319.
https://doi.org/10.1080/0028825X.1965.10429022

Mark, A. F. (1969). Ecology of snow tussocks in the mountain grasslands of New Zealand.
Vegetatio, 18(1/6), 289-306. http://www.jstor.org/stable/20035468

127


https://doi.org/10.4996/fireecology.1201073
https://doi.org/10.1016/j.ppees.2008.09.001
https://doi.org/10.1016/j.rse.2013.03.003
https://doi.org/10.1111/rec.13696
https://doi.org/10.1111/aec.12415
https://doi.org/10.1111/j.1365-2745.2012.01987.x
https://doi.org/10.1007/s10530-011-0001-3
https://doi.org/10.1080/0028825X.1965.10429022
http://www.jstor.org/stable/20035468

Mark, A. F. (1994). Effects of Burning and Grazing on Sustainable Utilisation of Upland
Snow Tussock (Chionochloa spp.) Rangelands for Pastoralism in South Island, New
Zealand. 42(2), 149-161. https://doi.org/10.1071/BT9940149

Mark, A. F., Barratt, B. I. P., & Weeks, E. (2013). Ecosystem services in New Zealand’s
indigenous tussock grasslands: Conditions and trends (p. 33).

https://www.researchgate.net/publication/301654843 Ecosystem services in New Z

ealand's indigenous tussock grassland conditions and trends#full TextFileContent

Mark, A. F., & Dickinson, K. J. M. (2003). Temporal responses over 30 years to removal of
grazing from a mid-altitude snow tussock grassland reserve, Lammerlaw Ecological
Region, New Zealand. New Zealand Journal of Botany, 41(4), 655-667.
https://doi.org/10.1080/0028825X.2003.9512876

Mark, A. F., Wilson, J. B., & Scott, C. (2010). Long-term retirement of New Zealand snow
tussock rangeland: Effects on canopy structure, hawkweed (Hieracium spp.) invasion
and plant diversity. 49(2), 243-262. https://doi.org/10.1080/0028825X.2010.533685

Mark, A. F., Galloway, D. J., Morris, R., Orlovich, D., Patrick, B., Steel, J., & Tocher, M.
(2012). Above the treeline: A nature guide to alpine New Zealand. Craig Potton
Publishing.

Mason, N. W. H., Frazao, C., Buxton, R. P., & Richardson, S. J. (2016. Fire form and
function: Evidence for exaptive flammability in the New Zealand flora. Springer, 217.
https://doi.org/10.1007/s11258-016-0618-5

Matthews, W. J., Marsh-Matthews, E., Cashner, R. C., & Gelwick, F. (2013). Disturbance
and trajectory of change in a stream fish community over four decades. Oecologia,
173(3), 955-969. https://doi.org/10.1007/s00442-013-2646-3

Mazerolle, M. J. (2020). Model selection and multimodel inference using the AICcmodavg

package. 22.

McColl-Gausden, S. C., & Penman, T. D. (2019). Pathways of change: Predicting the effects
of fire on flammability. J Environ Manage, 232, 243-253.
https://doi.org/10.1016/j.jenvman.2018.11.063

128


https://doi.org/10.1071/BT9940149
https://www.researchgate.net/publication/301654843_Ecosystem_services_in_New_Zealand's_indigenous_tussock_grassland_conditions_and_trends#fullTextFileContent
https://www.researchgate.net/publication/301654843_Ecosystem_services_in_New_Zealand's_indigenous_tussock_grassland_conditions_and_trends#fullTextFileContent
https://doi.org/10.1080/0028825X.2003.9512876
https://doi.org/10.1080/0028825X.2010.533685
https://doi.org/10.1007/s11258-016-0618-5
https://doi.org/10.1007/s00442-013-2646-3
https://doi.org/10.1016/j.jenvman.2018.11.063

McDaniel, J. K., Alexander, H. D., Siegert, C. M., & Lashley, M. A. (2021). Shifting tree
species composition of upland oak forests alters leaf litter structure, moisture, and
flammability. Forest Ecology and Management, 482, 118860. Scopus.
https://doi.org/10.1016/j.foreco.2020.118860

McGlone, M. S. (2001). The origin of the indigenous grasslands of southeastern South Island
in relation to pre-human woody ecosystems. New Zealand Journal of Ecology, 25(1),

15. https://newzealandecology.org/nzje/2113.pdf

McGlone, M. S., Duncan, R. P., & Heenan, P. B. (2001). Endemism, species selection and
the origin and distribution of the vascular plant flora of New Zealand. Journal of
Biogeography, 28(2), 199-216. https://doi.org/10.1046/j.1365-2699.2001.00525.x

McGlone, M. S., Moar, N. T., & Meurk, C. D. (1997). Growth and Vegetation History of
Alpine Mires on the Old Man Range, Central Otago, New Zealand. Arctic and Alpine
Research, 29(1), 32-44. https://doi.org/10.2307/1551834

McGlone, M. S., Perry, G. L. W., Houliston, G. J., & Connor, H. E. (2014). Fire, grazing and
the evolution of New Zealand grasses. New Zealand Journal of Ecology, 38(1), 1-11.
http://www.jstor.org/stable/24060818

McGlone, M. S., & Topping, W. W. (1983). Late Quaternary vegetation, Tongariro region,
central North Island, New Zealand. New Zealand Journal of Botany, 21(1), 53-76.
https://doi.org/10.1080/0028825X.1983.10428525

McLauchlan, K. K., Higuera, P. E., Miesel, J., Rogers, B. M., Schweitzer, J., Shuman, J. K.,
Tepley, A. J., Varner, J. M., Veblen, T. T., Adalsteinsson, S. A., Balch, J. K., Baker,
P., Batllori, E., Bigio, E., Brando, P., Cattau, M., Chipman, M. L., Coen, J., Crandall,
R., ... Watts, A. C. (2020). Fire as a fundamental ecological process: Research
advances and frontiers. Journal of Ecology, 108(5), 2047—-2069.
https://doi.org/10.1111/1365-2745.13403

McMiillan, E. A. (2012). Frugal Country and Hard on the Boots: A History of the Lake Ohau
Valley. Eileen McMillan. https://books.google.co.nz/books?id=0xeCMwWEACAAJ

McWethy, D. B., Higuera, P. E., Whitlock, C., Veblen, T. T., Bowman, D. M. J. S., Cary, G.
J., Haberle, S. G., Keane, R. E., Maxwell, B. D., McGlone, M. S., Perry, G. L. W.,

129


https://doi.org/10.1016/j.foreco.2020.118860
https://newzealandecology.org/nzje/2113.pdf
https://doi.org/10.1046/j.1365-2699.2001.00525.x
https://doi.org/10.2307/1551834
http://www.jstor.org/stable/24060818
https://doi.org/10.1080/0028825X.1983.10428525
https://doi.org/10.1111/1365-2745.13403
https://books.google.co.nz/books?id=0xeCMwEACAAJ

Wilmshurst, J. M., Holz, A., & Tepley, A. J. (2013). A conceptual framework for
predicting temperate ecosystem sensitivity to human impacts on fire regimes:
Evaluating human impacts on fire regimes. Global Ecology and Biogeography, 22(8),
900-912. https://doi.org/10.1111/geb.12038

McWethy, D. B., Whitlock, C., Wilmshurst, J. M., McGlone, M. S., Fromont, M., Li, X.,
Dieffenbacher-Krall, A., Hobbs, W. O., Fritz, S. C., Cook, E. R., & Meltzer, D. J.
(2010). Rapid landscape transformation in South Island, New Zealand, following
initial Polynesian settlement. Proceedings of the National Academy of Sciences of the
United States of America, 107(50), 21343-21348.
https://www.jstor.org/stable/25756886

Melia, N., Dean, S., Pearce, H. G., Harrington, L., Frame, D. J., & Strand, T. (2022).
Aotearoa New Zealand’s 21st-century wildfire climate. Earth’s Future, 10(6),
e2022EF002853. https://doi.org/10.1029/2022EF002853

Michel, P., Burritt, D. J., & Lee, W. G. (2011). Bryophytes display allelopathic interactions
with tree species in native forest ecosystems. Oikos, 120(8), 1272—1280.
https://www.jstor.org/stable/23014928

Michel, P., Payton, I. J., Lee, W. G., & During, H. J. (2013). Impact of disturbance on above-
ground water storage capacity of bryophytes in New Zealand indigenous tussock
grassland ecosystems. New Zealand Journal of Ecology, 37(1), 13.

https://newzealandecology.org/nzje/3070

Miller, J. E. D., & Safford, H. D. (2020). Are plant community responses to wildfire
contingent upon historical disturbance regimes? Global Ecology and Biogeography,
29(10), 1621-1633. https://doi.org/10.1111/9eb.13115

Miller, R. G., Tangney, R., Enright, N. J., Fontaine, J. B., Merritt, D. J., Ooi, M. K. J.,
Ruthrof, K. X., & Miller, B. P. (2020). Fire seasonality mechanisms are fundamental
for understanding broader fire regime effects. Trends in Ecology & Evolution, 35(10),
869-871. https://doi.org/10.1016/j.tree.2020.08.002

130


https://doi.org/10.1111/geb.12038
https://www.jstor.org/stable/25756886
https://doi.org/10.1029/2022EF002853
https://www.jstor.org/stable/23014928
https://newzealandecology.org/nzje/3070
https://doi.org/10.1111/geb.13115
https://doi.org/10.1016/j.tree.2020.08.002

Molinari, N. A., & D’Antonio, C. M. (2020). Where have all the wildflowers gone? The role
of exotic grass thatch. Biological Invasions, 22(3), 957-968.
https://doi.org/10.1007/s10530-019-02135-1

Molloy, B. P. J., & Hodder, R. A. C. (1976). Joint report: Pukaki reserve, Mackenzie Basin
(p. 9). DSIR and Lands and Survey.

Moore, N. A., Camac, J. S., & Morgan, J. W. (2019). Effects of drought and fire on
resprouting capacity of 52 temperate Australian perennial native grasses. The New
Phytologist, 221(3), 1424-1433. https://doi.org/10.1111/nph.15480

Moreira, B., Castellanos, M. C., & Pausas, J. G. (2014). Genetic component of flammability
variation in a Mediterranean shrub. Molecular Ecology, 23(5), 1213-1223.
https://doi.org/10.1111/mec.12665

Mdiller-Doblies, D. (1995). WARDLE, P., Vegetation of New Zealand. Feddes Repertorium,
106(3-4), 324-324. https://doi.org/10.1002/fedr.19951060327

Murray, B. R., Hardstaff, L. K., & Phillips, M. L. (2013). Differences in leaf flammability,
leaf traits and flammability-trait relationships between native and exotic plant species
of dry sclerophyll forest. PLoS One, 8(11), e79205.
https://doi.org/10.1371/journal.pone.0079205

New Zealand Plant Conservation Network. (2022). New Zealand Plant Conservation

Network. https://www.nzpcn.org.nz/

NIWA. (2021). The National Climate Database, National Institute of Water and Atmospheric
Research. CliFlo: NIWA’s National Climate Database on the Web.

https://cliflo.niwa.co.nz

Nolan, R. H., Anderson, L. O., Poulter, B., & Varner, J. M. (2022). Increasing threat of
wildfires: The year 2020 in perspective: a global ecology and biogeography special
issue. Global Ecology and Biogeography, 31(10), 1898-1905.
https://doi.org/10.1111/geb.13588

131


https://doi.org/10.1007/s10530-019-02135-1
https://doi.org/10.1111/nph.15480
https://doi.org/10.1111/mec.12665
https://doi.org/10.1002/fedr.19951060327
https://doi.org/10.1371/journal.pone.0079205
https://www.nzpcn.org.nz/
https://cliflo.niwa.co.nz/
https://doi.org/10.1111/geb.13588

Nolan, R. H., Blackman, C. J., de Dios, V. R., Choat, B., Medlyn, B. E., Li, X., Bradstock, R.
A., & Boer, M. M. (2020). Linking forest flammability and plant vulnerability to
drought. Forests, 11(7), Article 7. https://doi.org/10.3390/f11070779

Nolan, R. H., Collins, L., Leigh, A., Ooi, M. K. J., Curran, T. J., Fairman, T. A., Resco de
Dios, V., & Bradstock, R. (2021). Limits to post-fire vegetation recovery under
climate change. Plant, Cell & Environment, 44(11), 3471-3489.
https://doi.org/10.1111/pce.14176

O’Connor, K. F., & Alison, J. C. (1963). Studies on the management of snow-tussock
grassland. New Zealand Journal of Agricultural Research, 6(5), 354-367.
https://doi.org/10.1080/00288233.1963.10423278

Ogden, J. (1998). Botanical briefing fire, forest regeneration and links with early human
habitation: Evidence from New Zealand. Annals of Botany, 81(6), 687—696.
https://doi.org/10.1006/anbo.1998.0637

Ogden, J., Basher, L., & McGLONE, M. (1998). Fire, Forest Regeneration and Links with
Early Human Habitation: Evidence from New Zealand. Annals of Botany, 81(6), 687—
696. https://www.jstor.org/stable/42765741

Oksanen, J. (2021). Vegan: An introduction to ordination. Vegan 2.5-7.
http://doi.acm.org/10.1145

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R.,
O’Hara, R. B., Solymos, P., Stevens, M. H. H., Szoecs, E., Wagner, H., Barbour, M.,
Bedward, M., Bolker, B., Borcard, D., Carvalho, G., Chirico, M., Caceres, M. D.,
Durand, S., ... Weedon, J. (2022). vegan: Community ecology package (2.6-2).
https://CRAN.R-project.org/package=vegan

Oliveira, S. L. J., Campagnolo, M. L., Price, O. F., Edwards, A. C., Russell-Smith, J., &
Pereira, J. M. C. (2015). Ecological implications of fine-scale fire patchiness and
severity in tropical savannas of Northern Australia. Fire Ecology, 11(1), Article 1.
https://doi.org/10.4996/fireecology.1101010

132


https://doi.org/10.3390/f11070779
https://doi.org/10.1111/pce.14176
https://doi.org/10.1080/00288233.1963.10423278
https://doi.org/10.1006/anbo.1998.0637
https://www.jstor.org/stable/42765741
http://doi.acm.org/10.1145
https://cran.r-project.org/package=vegan
https://doi.org/10.4996/fireecology.1101010

Ormefio, E., Ruffault, J., Gutigny, C., Madrigal, J., Guijarro, M., Hernando, C., & Ballini, C.
(2020). Increasing cuticular wax concentrations in a drier climate promote litter
flammability. Elsevier, 473, 118242. https://doi.org/10.1016/].foreco.2020.118242

Ozyhar, T., Tschannen, C., Thoemen, H., & Zoppe, J. O. (2022). Evaluating the use of
calcium hydrogen phosphate dihydrate as a mineral-based fire retardant for
application in melamine-urea-formaldehyde (MUF)-bonded wood-based composite
materials. Fire and Materials, 46(3), 595-604. https://doi.org/10.1002/fam.3009

Padullés Cubino, J., Buckley, H. L., Day, N. J., Pieper, R., & Curran, T. J. (2018).
Community-level flammability declines over 25 years of plant invasion in grasslands.
Journal of Ecology, 106(4), 1582—-1594. https://doi.org/10.1111/1365-2745.12933

Palmquist, E. C., Ralston, B. E., Sarr, D., Merritt, D. M., Shafroth, P. B., & Scott, J. A.
(2017). Functional traits and ecological affinities of riparian plants along the Colorado
river in grand canyon. In Western North American Natiralist (Vol. 77, Issue 1, pp.
22-30). BRIGHAM YOUNG UNIV. https://doi.org/10.3398/064.077.0104

Paradis, E., & Schliep, K. (2019). ape 5.0: An environment for modern phylogenetics and
evolutionary analyses in R. Bioinformatics, 35(3), 526-528.
https://doi.org/10.1093/bioinformatics/bty633

Paritsis, J., Veblen, T. T., & Holz, A. (2015). Positive fire feedbacks contribute to shifts from
Nothofagus pumilio forests to fire-prone shrublands in Patagonia. Journal of
Vegetation Science, 26(1), 89-101. https://doi.org/10.1111/jvs.12225

Parks, S. A., Holsinger, L. M., Miller, C., & Nelson, C. R. (2015). Wildland fire as a self-
regulating mechanism: The role of previous burns and weather in limiting fire
progression. Ecological Applications, 25(6), 1478-1492. https://doi.org/10.1890/14-
1430.1

Pascolini-Campbell, M., Lee, C., Stavros, N., & Fisher, J. B. (2022). ECOSTRESS reveals
pre-fire vegetation controls on burn severity for Southern California wildfires of 2020.
Global Ecology and Biogeography, 31(10), 1976-1989.
https://doi.org/10.1111/geb.13526

133


https://doi.org/10.1016/j.foreco.2020.118242
https://doi.org/10.1002/fam.3009
https://doi.org/10.1111/1365-2745.12933
https://doi.org/10.3398/064.077.0104
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1111/jvs.12225
https://doi.org/10.1890/14-1430.1
https://doi.org/10.1890/14-1430.1
https://doi.org/10.1111/geb.13526

Paudel, A., Coppoletta, M., Merriam, K., & Markwith, S. H. (2022). Persistent composition
legacy and rapid structural change following successive fires in Sierra Nevada mixed
conifer forests. Forest Ecology and Management, 509, 120079.
https://doi.org/10.1016/j.foreco.2022.120079

Pausas, J. G., Alessio, G. A., Moreira, B., & Corcobado, G. (2012). Fires enhance
flammability in Ulex parviflorus. New Phytologist, 193, 18-23.
http://www.jstor.org/stable/newphytologist.193.1.18

Pausas, J. G., Bradstock, R. A., Keith, D. A., & Keeley, J. E. (2004). Plant functional traits in
relation to fire in crown-fire ecosystems. Ecology, 85(4), 1085-1100.
https://doi.org/10.1890/02-4094

Pausas, J. G., & Keeley, J. E. (2021). Wildfires and global change. Frontiers in Ecology and
the Environment, 19(7), 387-395. https://doi.org/10.1002/fee.2359

Pausas, J. G., Keeley, J. E., Schwilk, D. W., & Rees, M. (2017). Flammability as an
ecological and evolutionary driver. Journal of Ecology, 105(2), 289-297.
https://doi.org/10.1111/1365-2745.12691

Pausas, J. G., & Paula, S. (2020). Grasses and fire: The importance of hiding buds. New
Phytologist, 226(4), 957-959. https://doi.org/10.1111/nph.15964

Pausas, J. G., & Ribeiro, E. (2017). Fire and plant diversity at the global scale. Global
Ecology and Biogeography, 26(8), 889-897. https://doi.org/10.1111/geb.12596

Payton, I. J., Lee, W. G., Dolby, R., & Mark, A. F. (1986). Nutrient concentrations in narrow-
leaved snow tussock (Chionochloa rigida) after spring burning. New Zealand Journal
of Botany, 24(4), 529-537. https://doi.org/10.1080/0028825X.1986.10409940

Payton, I. J., & Mark, A. F. (1979). Long-term effects of burning on growth, flowering, and
carbohydrate reserves in narrow-leaved snow tussock (Chionochloa rigida ). New
Zealand Journal of Botany, 17(1), 43-54.
https://doi.org/10.1080/0028825X.1979.10425159

134


https://doi.org/10.1016/j.foreco.2022.120079
http://www.jstor.org/stable/newphytologist.193.1.18
https://doi.org/10.1890/02-4094
https://doi.org/10.1002/fee.2359
https://doi.org/10.1111/1365-2745.12691
https://doi.org/10.1111/nph.15964
https://doi.org/10.1111/geb.12596
https://doi.org/10.1080/0028825X.1986.10409940
https://doi.org/10.1080/0028825X.1979.10425159

Payton, 1. J., & Pearce, H. G. (2009). Fire-induced changes to the vegetation of tall-tussock
(Chionochloa rigida) grassland ecosystems. Department of Conservation.

https://www.doc.govt.nz/globalassets/documents/science-and-technical/sfc290.pdf

Pearce, G. H., & Clifford, V. (2008). Fire weather and climate of New Zealand. NZ Journal
Of Forestry, 53(3), 13-18. https://www.researchgate.net/profile/H-
Pearce/publication/288656341 Fire weather _and_climate of New_Zealand/links/56
e7ef9d08aec65ch45e6968/Fire-weather-and-climate-of-New-Zealand.pdf

Pearce, H. G., Kerr, J., Clark, A., Mullan, B., Ackerley, D., Carey-Smith, T., & Yang, E.
(2011). Improved estimates of the effect of climate change on NZ fire danger.

https://www.researchgate.net/publication/298342845 Improved estimates of the eff

ect of climate change on NZ fire danger

Pei, B., Zhu, Z., Yang, S., Wei, S., Pan, R., Yu, M., & Chen, L. (2021). Evaluation of the
suppression effect on the flame intensification of ethanol fire by N2 twin-fluid water
mist containing KQ compound additive. Process Safety and Environmental
Protection, 149, 289-298. https://doi.org/10.1016/j.psep.2020.11.005

Pekin, B. K., Wittkuhn, R. S., Boer, M. M., Macfarlane, C., & Grierson, P. F. (2012).
Response of plant species and life form diversity to variable fire histories and biomass
in the jarrah forest of south-west Australia. Austral Ecology, 37(3), 330-338.
https://doi.org/10.1111/j.1442-9993.2011.02280.x

Pérez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P.,
Bret-Harte, M. S., Cornwell, W. K., Craine, J. M., Gurvich, D. E., Urcelay, C.,
Veneklaas, E. J., Reich, P. B., Poorter, L., Wright, I. J., Ray, P., Enrico, L., Pausas, J.
G.,de Vos, A. C., ... Cornelissen, J. H. C. (2013). New handbook for standardised
measurement of plant functional traits worldwide. Australian Journal of Botany,
61(3). https://doi.org/10.1071/bt12225

Perry, G. L. W., Ogden, J., Enright, N. J., & Davy, L. V. (2010). Vegetation patterns and
trajectories in disturbed landscapes, Great Barrier Island, northern New Zealand. New
Zealand Journal of Ecology, 34(3), 13.
https://newzealandecology.org/system/files/articles/NZJEcol34 3 311.pdf

135


https://www.doc.govt.nz/globalassets/documents/science-and-technical/sfc290.pdf
https://www.researchgate.net/profile/H-Pearce/publication/288656341_Fire_weather_and_climate_of_New_Zealand/links/56e7ef9d08aec65cb45e6968/Fire-weather-and-climate-of-New-Zealand.pdf
https://www.researchgate.net/profile/H-Pearce/publication/288656341_Fire_weather_and_climate_of_New_Zealand/links/56e7ef9d08aec65cb45e6968/Fire-weather-and-climate-of-New-Zealand.pdf
https://www.researchgate.net/profile/H-Pearce/publication/288656341_Fire_weather_and_climate_of_New_Zealand/links/56e7ef9d08aec65cb45e6968/Fire-weather-and-climate-of-New-Zealand.pdf
https://www.researchgate.net/publication/298342845_Improved_estimates_of_the_effect_of_climate_change_on_NZ_fire_danger
https://www.researchgate.net/publication/298342845_Improved_estimates_of_the_effect_of_climate_change_on_NZ_fire_danger
https://doi.org/10.1016/j.psep.2020.11.005
https://doi.org/10.1111/j.1442-9993.2011.02280.x
https://doi.org/10.1071/bt12225
https://newzealandecology.org/system/files/articles/NZJEcol34_3_311.pdf

Perry, G. L. W., Wilmshurst, J. M., & McGlone, M. S. (2014). Ecology and long term history
of fire in New Zealand. New Zealand Journal of Ecology, 38(2), 157-176.
https://www.jstor.org/stable/24060795

Perry, G. L. W., Wilmshurst, J. M., McGlone, M. S., McWethy, D. B., & Whitlock, C.
(2012). Explaining fire-driven landscape transformation during the Initial Burning
Period of New Zealand’s prehistory. Global Change Biology, 18(5), 1609-1621.
https://doi.org/10.1111/j.1365-2486.2011.02631.x

Piepho, H. P. (2004). An Algorithm for a Letter-Based Representation of All-Pairwise
Comparisons. Journal of Computational and Graphical Statistics, 13(2), 456-466.
https://doi.org/10.1198/1061860043515

Pilon, N. A. L., Cava, M. G. B., Hoffmann, W. A., Abreu, R. C. R., Fidelis, A., & Durigan,
G. (2021). The diversity of post-fire regeneration strategies in the cerrado ground
layer. Journal of Ecology, 109(1), 154-166. https://doi.org/10.1111/1365-2745.13456

Plucinski, M. P., & Anderson, W. R. (2008). Laboratory determination of factors influencing
successful point ignition in the litter layer of shrubland vegetation. 17, 628-637.
https://doi.org/10.1071/WFQ07046

Pretorius, 1., Sturman, A., Strand, T., Katurji, M., & Pearce, G. (2020). A meteorological
study of the Port Hills fire, Christchurch, New Zealand. Journal of Applied
Meteorology and Climatology, 59(2), 263-280. https://doi.org/10.1175/JAMC-D-19-
0223.1

Prevéy, J. S., Germino, M. J., & Huntly, N. J. (2010). Loss of foundation species increases
population growth of exotic forbs in sagebrush steppe. Ecological Applications, 20(7),
1890-1902. https://doi.org/10.1890/09-0750.1

Prior, L. D., Murphy, B. P., Williamson, G. J., Cochrane, M. A., Jolly, W. M., & Bowman,
D. M. J. S. (2017). Does inherent flammability of grass and litter fuels contribute to
continental patterns of landscape fire activity? Journal of Biogeography, 44(6), 1225—
1238. https://onlinelibrary.wiley.com/doi/abs/10.1111/jbi.12889

136


https://www.jstor.org/stable/24060795
https://doi.org/10.1111/j.1365-2486.2011.02631.x
https://doi.org/10.1198/1061860043515
https://doi.org/10.1111/1365-2745.13456
https://doi.org/10.1071/WF07046
https://doi.org/10.1175/JAMC-D-19-0223.1
https://doi.org/10.1175/JAMC-D-19-0223.1
https://doi.org/10.1890/09-0750.1
https://onlinelibrary.wiley.com/doi/abs/10.1111/jbi.12889

Qian, H., & Jin, Y. (2016). An updated megaphylogeny of plants, a tool for generating plant
phylogenies and an analysis of phylogenetic community structure. Journal of Plant
Ecology, 9(2), 233-239. https://doi.org/10.1093/jpe/rtv047

R Core Team. (2022). A language and environment for statistical computing. R Foundation

for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Ratajczak, Z., Nippert, J. B., Briggs, J. M., Blair, J. M., & Sala, O. (2014). Fire dynamics
distinguish grasslands, shrublands and woodlands as alternative attractors in the
Central Great Plains of North America. Journal of Ecology, 102(6), 1374-1385.
https://doi.org/10.1111/1365-2745.12311

Ratnam, J., Bond, W. J., Fensham, R. J., Hoffmann, W. A., Archibald, S., Lehmann, C. E. R.,
Anderson, M. T., Higgins, S. L., & Sankaran, M. (2011). When is a ‘forest’ a savanna,
and why does it matter? Global Ecology and Biogeography, 20(5), 653-660.
https://doi.org/10.1111/].1466-8238.2010.00634.x

Raubenheimer, S. L., Simpson, K., Carkeek, R., & Ripley, B. (2021). Could CO2-induced
changes to C4 grass flammability aggravate savanna woody encroachment? African
Journal of Range & Forage Science, 1-14.
https://doi.org/10.2989/10220119.2021.1986131

Raunkiaer, C. (1934). The life forms of plants and statistical plant geography; being the
collected papers of C. Raunkiaer. The Life Forms of Plants and Statistical Plant
Geography; Being the Collected Papers of C. Raunkiaer.
https://www.cabdirect.org/cabdirect/abstract/19340701044

Raunkiaer, C. C. (1905). Types biologiques pour la géographie botanique.

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spectrum: A traits
manifesto. Journal of Ecology, 102(2), 275-301. https://doi.org/10.1111/1365-
2745.12211

Revell, L. J. (2010). Phylogenetic signal and linear regression on species data. Methods in
Ecology and Evolution, 1(4), 319-329. https://doi.org/10.1111/].2041-
210X.2010.00044.x

137


https://doi.org/10.1093/jpe/rtv047
https://www.r-project.org/
https://doi.org/10.1111/1365-2745.12311
https://doi.org/10.1111/j.1466-8238.2010.00634.x
https://doi.org/10.2989/10220119.2021.1986131
https://www.cabdirect.org/cabdirect/abstract/19340701044
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/j.2041-210X.2010.00044.x
https://doi.org/10.1111/j.2041-210X.2010.00044.x

Revell, L. J., Harmon, L. J., & Collar, D. C. (2008). Phylogenetic signal, evolutionary
process, and rate. Systematic Biology, 57(4), 591-601.
https://doi.org/10.1080/10635150802302427

Richardson, S., King, S., Rose, A., McGlone, M., & Holdaway, R. (2018). Post-fire recovery
of a dryland forest remnant in the Wither Hills, Marlborough. New Zealand Journal of
Ecology, 42(2). https://doi.org/10.20417/nzjecol.42.16

Roberts, D. W. (2019). Labdsv: Ordination and multivariate analysis for ecology. R package
version 2.0-1. https://CRAN.R-project.org/package=labdsv

Rodhouse, T. J., Irvine, K. M., & Bowersock, L. (2020). Post-fire vegetation response in a
repeatedly burned low elevation sagebrush steppe protected area provides insights
about resilience and invasion resistance. Frontiers in Ecology and Evolution, 8.
https://www.frontiersin.org/articles/10.3389/fevo.2020.584726

Rodrigues, C. A., & Fidelis, A. (2022). Should we burn the Cerrado? Effects of fire
frequency on open savanna plant communities. Journal of Vegetation Science, 33(6),
e13159. https://doi.org/10.1111/jvs.13159

Rogers, B. M., Soja, A. J., Goulden, M. L., & Randerson, J. T. (2015). Influence of tree
species on continental differences in boreal fires and climate feedbacks. Nature
Geoscience, 8(3), Article 3. https://doi.org/10.1038/nge02352

Rogers, G. M., & Leathwick, J. R. (1994). North Island serai tussock grasslands: 2. autogenic
succession: change of tussock grassland to Shrubland. New Zealand Journal of
Botany, 32(3), 287-303. https://doi.org/10.1080/0028825X.1994.10410472

Rogers, G. M., Walker, S., Basher, L. M., & Lee, W. G. (2007). Frequency and impact of
Holocene fire in eastern South Island. New Zealand Journal of Ecology, 31(2), 14.

https://newzealandecology.org/system/files/articles/NZJEcol31 2 129.pdf

Sage, R. F. (2020). Global change biology: A primer. Global Change Biology, 26(1), 3-30.
https://doi.org/10.1111/gcb.14893

Saladyga, T., Palmquist, K. A., & Bacon, C. M. (2022). Fire history and vegetation data
reveal ecological benefits of recent mixed-severity fires in the Cumberland

138


https://doi.org/10.1080/10635150802302427
https://doi.org/10.20417/nzjecol.42.16
https://cran.r-project.org/package=labdsv
https://www.frontiersin.org/articles/10.3389/fevo.2020.584726
https://doi.org/10.1111/jvs.13159
https://doi.org/10.1038/ngeo2352
https://doi.org/10.1080/0028825X.1994.10410472
https://newzealandecology.org/system/files/articles/NZJEcol31_2_129.pdf
https://doi.org/10.1111/gcb.14893

Mountains, West Virginia, USA. Fire Ecology, 18(1), 19.
https://doi.org/10.1186/s42408-022-00143-6

Santos, F., Wymore, A. S., Jackson, B. K., Sullivan, S. M. P., McDowell, W. H., & Berhe, A.
A. (2019). Fire severity, time since fire, and site-level characteristics influence
streamwater chemistry at baseflow conditions in catchments of the Sierra Nevada,
California, USA. Fire Ecology, 15(1), 3. https://doi.org/10.1186/s42408-018-0022-8

Scarff, F. R., Gray, B. F., & Westoby, M. (2012). Exploring phosphate effects on leaf
flammability using a physical chemistry model. International Journal of Wildland
Fire, 21(8), 1042-1051. https://doi.org/10.1071/wf09065

Scarff, F. R., & Westoby, M. (2006). Leaf litter flammability in some semi-arid Australian
woodlands. Functional Ecology, 20(5), 745-752. https://doi.org/10.1111/].1365-
2435.2006.01174.x

Scarff, F. R., & Westoby, M. (2008). The influence of tissue phosphate on plant
flammability: A Kinetic study. Polymer Degradation and Stability, 93(10), 1930—
1934. https://doi.org/10.1016/j.polymdegradstab.2008.06.014

Schafer, J. L., & Mack, M. C. (2018). Nutrient limitation of plant productivity in scrubby
flatwoods: Does fire shift nitrogen versus phosphorus limitation? Plant Ecology,
219(9), 1063-1079. https://doi.org/10.1007/s11258-018-0859-6

Schertzer, E., & Staver, A. C. (2018). Fire spread and the issue of community-level selection
in the evolution of flammability. Journal of The Royal Society Interface, 15(147),
20180444.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6228483/pdf/rsif20180444.pdf

Schwilk, D. W., & Kerr, B. (2002). Genetic Niche-Hiking: An Alternative Explanation for
the Evolution of Flammability. Oikos, 99(3), 431-442.
https://www.jstor.org/stable/3547832

Schwilk, D. W. (2003). Flammability Is a Niche Construction Trait: Canopy Architecture
Affects Fire Intensity. The American Naturalist, 162(6), 725-733.
https://doi.org/10.1086/379351

139


https://doi.org/10.1186/s42408-022-00143-6
https://doi.org/10.1186/s42408-018-0022-8
https://doi.org/10.1071/wf09065
https://doi.org/10.1111/j.1365-2435.2006.01174.x
https://doi.org/10.1111/j.1365-2435.2006.01174.x
https://doi.org/10.1016/j.polymdegradstab.2008.06.014
https://doi.org/10.1007/s11258-018-0859-6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6228483/pdf/rsif20180444.pdf
https://www.jstor.org/stable/3547832
https://doi.org/10.1086/379351

Shinneman, D. J., Mcllroy, S. K., & de Graaff, M. -A. (2021). Disentangling the effects of
multiple fires on spatially interspersed sagebrush (Artemisia spp.) communities.
Journal of Vegetation Science, 32(n/a), 32:12937. https://doi.org/10.1111/jvs.12937

Simpson, C. C., Pearce, G. H., Sturman, A. P., & Zawar-Reza, P. (2014). Behaviour of fire
weather indices in the 2009-10 New Zealand wildland fire season. International
Journal of Wildland Fire, 23(8). https://doi.org/10.1071/wf12169

Simpson, K. J., Archibald, S., & Osborne, C. P. (2022). Savanna fire regimes depend on grass
trait diversity. Trends in Ecology & Evolution, 37(9), 749-758.
https://doi.org/10.1016/j.tree.2022.04.010

Simpson, K. J., Jardine, E. C., Archibald, S., Forrestel, E. J., Lehmann, C. E. R., Thomas, G.
H., & Osborne, C. P. (2021). Resprouting grasses are associated with less frequent
fire than seeders. New Phytologist, 230(2), 832—-844.
https://doi.org/10.1111/nph.17069

Simpson, K. J., Ripley, B. S., Christin, P. A., Belcher, C. M., Lehmann, C. E., Thomas, G.
H., & Osborne, C. P. (2016). Determinants of flammability in savanna grass species.
Journal of Ecology, 104(1), 138-148. https://doi.org/10.1111/1365-2745.12503

Slowikowski, K., Schep, A., Hughes, S., Dang, T. K., Lukauskas, S., Irisson, J.-O., Kamvar,
Z.N., Ryan, T., Christophe, D., Hiroaki, Y., Gramme, P., Abdol, A. M., Barrett, M.,
Cannoodt, R., Krassowski, M., Chirico, M., & Aphalo, P. (2021). ggrepel:
Automatically position non-overlapping text labels with “ggplot2” (0.9.1).
https://CRAN.R-project.org/package=ggrepel

Smith, S. A., & Brown, J. W. (2018). Constructing a broadly inclusive seed plant phylogeny.
American Journal of Botany, 105(3), 302—314. https://doi.org/10.1002/ajb2.1019

Sousa-Silva, R., Verheyen, K., Ponette, Q., Bay, E., Sioen, G., Titeux, H., Van de Peer, T.,
Van Meerbeek, K., & Muys, B. (2018). Tree diversity mitigates defoliation after a
drought-induced tipping point. Global Change Biology, 24(9), 4304-4315.
https://doi.org/10.1111/gcb.14326

Speed, J. D. M., Cooper, E. J., Jonsdattir, I. S., Van Der Wal, R., & Woodin, S. J. (2010).

Plant community properties predict vegetation resilience to herbivore disturbance in

140


https://doi.org/10.1111/jvs.12937
https://doi.org/10.1071/wf12169
https://doi.org/10.1016/j.tree.2022.04.010
https://doi.org/10.1111/nph.17069
https://doi.org/10.1111/1365-2745.12503
https://cran.r-project.org/package=ggrepel
https://doi.org/10.1002/ajb2.1019
https://doi.org/10.1111/gcb.14326

the Arctic. Journal of Ecology, 98(5), 1002-1013. https://doi.org/10.1111/j.1365-
2745.2010.01685.x

Springer, J. D., Stoddard, M. T., Huffman, D. W., Laughlin, D. C., Fulé, P. Z., & Daniels, M.
L. (2022). Long-term plant community responses to resource objective wildfires in
montane coniferous forests of Grand Canyon National Park, USA. Forest Ecology
and Management, 515, 120224. https://doi.org/10.1016/j.foreco.2022.120224

Staver, A. C., Archibald, S., & Levin, S. A. (2011). The global extent and determinants of
savanna and forest as alternative biome states. Science, 334(6053), 230-232.
https://doi.org/10.1126/science.1210465

Steel, Z. L., Foster, D., Coppoletta, M., Lydersen, J. M., Stephens, S. L., Paudel, A.,
Markwith, S. H., Merriam, K., & Collins, B. M. (2021). Ecological resilience and
vegetation transition in the face of two successive large wildfires. Journal of Ecology,
109(9), 3340-3355. https://doi.org/10.1111/1365-2745.13764

Strand, E. K., Satterberg, K. L., Hudak, A. T., Byrne, J., Khalyani, A. H., & Smith, A. M. S.
(2019). Does burn severity affect plant community diversity and composition in
mixed conifer forests of the United States Intermountain West one decade post fire?
Fire Ecology, 15(1). Scopus. https://doi.org/10.1186/s42408-019-0038-8

Sun, X., Kang, H., Kattge, J., Gao, Y., & Liu, C. (2015). Biogeographic patterns of multi-
element stoichiometry of Quercus variabilis leaves across China. Canadian Journal
of Forest Research, 45, 1827-1834. https://doi.org/10.1139/cjfr-2015-0110

Teixeira, A. M. C., Curran, T. J., Jameson, P. E., Meurk, C. D., & Norton, D. A. (2020). Post-
fire resprouting in New Zealand woody vegetation: Implications for restoration.
Forests, 11(3), 269. https://doi.org/10.3390/f11030269

The Ohau Conservation Trust. (2017). Restoring the balance: A biodiversity and natural
heritage strategy for the Lake Ohau basin: The Ohau conservation trust. The Ohau

Conservation Trust. https://ohauconservationtrust.nz/wp-

content/uploads/2020/04/the ohau conservation trust strategic plan march 2017.pd
f

141


https://doi.org/10.1111/j.1365-2745.2010.01685.x
https://doi.org/10.1111/j.1365-2745.2010.01685.x
https://doi.org/10.1016/j.foreco.2022.120224
https://doi.org/10.1126/science.1210465
https://doi.org/10.1111/1365-2745.13764
https://doi.org/10.1186/s42408-019-0038-8
https://doi.org/10.1139/cjfr-2015-0110
https://doi.org/10.3390/f11030269
https://ohauconservationtrust.nz/wp-content/uploads/2020/04/the_ohau_conservation_trust_strategic_plan_march_2017.pdf
https://ohauconservationtrust.nz/wp-content/uploads/2020/04/the_ohau_conservation_trust_strategic_plan_march_2017.pdf
https://ohauconservationtrust.nz/wp-content/uploads/2020/04/the_ohau_conservation_trust_strategic_plan_march_2017.pdf

The R Core Team. (2020). The R Foundation for Statistical Computing Platform: X86_64-
w64-mingw32/x64 (64-bit). R version 4.0.2.

Tiribelli, F., Kitzberger, T., & Morales, J. M. (2018). Changes in vegetation structure and fuel
characteristics along post-fire succession promote alternative stable states and positive
fire—vegetation feedbacks. Journal of Vegetation Science, 29(2), 147-156.
https://doi.org/10.1111/jvs.12620

Tolhurst, K. G. (2012). Fire severity and ecosystem resilience: Lessons from the wombat fire
effects study (1984-2003). Proceedings of the Royal Society of Victoria, 124(1), 30.
https://doi.org/10.1071/RS12030

Triepke, F. J., Muldavin, E. H., & Wahlberg, M. M. (2019). Using climate projections to
assess ecosystem vulnerability at scales relevant to managers. Ecosphere, 10(9),
e02854. https://doi.org/10.1002/ecs2.2854

Tsafrir, A., Osem, Y., Shemesh, H., Carmel, Y., Soref, C., & Ovadia, O. (2019). Fire season
modifies the perennial plant community composition through a differential effect on
obligate seeders in eastern Mediterranean woodlands. Applied Vegetation Science,
22(1), 115-126. https://doi.org/10.1111/avsc.12408

Tumino, B. J., Duff, T. J., Goodger, J. Q. D., & Cawson, J. G. (2019). Plant traits linked to
field-scale flammability metrics in prescribed burns in Eucalyptus Forest. PLoS ONE,
14(8). Scopus. https://doi.org/10.1371/journal.pone.0221403

Turner, M. G., Whitby, T. G., Tinker, D. B., & Romme, W. H. (2016). Twenty-four years
after the Yellowstone Fires: Are postfire lodgepole pine stands converging in
structure and function? Ecology, 97(5), 1260-1273. https://doi.org/10.1890/15-1585.1

USEPA. (1996). Method 3050B: Acid digestion of sediments, sludges, soils (Revision 2).
USEPA. http://www.greenrivertech.com.tw/stand-method-pdf/rohs/EPA3050b.pdf

Uyehara, I. K., & Pacala, S. W. (2018). The role of succession in the evolution of
flammability. Theoretical Ecology, 11(3), 291-303. https://doi.org/10.1007/s12080-
018-0366-3

142


https://doi.org/10.1111/jvs.12620
https://doi.org/10.1002/ecs2.2854
https://doi.org/10.1111/avsc.12408
https://doi.org/10.1371/journal.pone.0221403
https://doi.org/10.1890/15-1585.1
http://www.greenrivertech.com.tw/stand-method-pdf/rohs/EPA3050b.pdf
https://doi.org/10.1007/s12080-018-0366-3
https://doi.org/10.1007/s12080-018-0366-3

Viedma, O., Chico, F., Fernandez, J. J., Madrigal, C., Safford, H. D., & Moreno, J. M.
(2020). Disentangling the role of prefire vegetation vs. Burning conditions on fire
severity in a large forest fire in SE Spain. Remote Sensing of Environment, 247,
111891. https://doi.org/10.1016/j.rse.2020.111891

Vila, M., Lloret, F., Ogheri, E., & Terradas, J. (2001). Positive fire—grass feedback in
Mediterranean basin woodlands. Forest Ecology and Management, 147(1), 3-14.
https://doi.org/10.1016/S0378-1127(00)00435-7

Vilar, L., Herrera, S., Tafur-Garcia, E., Yebra, M., Martinez-Vega, J., Echavarria, P., &
Martin, M. P. (2021). Modelling wildfire occurrence at regional scale from land
use/cover and climate change scenarios. Environmental Modelling & Software, 145,
105200. https://doi.org/10.1016/j.envsoft.2021.105200

Wainwright, C. E., Wolkovich, E. M., & Cleland, E. E. (2012). Seasonal priority effects:
Implications for invasion and restoration in a semi-arid system: priority effects and
invasion. Journal of Applied Ecology, 49(1), 234-241. https://doi.org/10.1111/j.1365-
2664.2011.02088.x

Walker, B., Holling, C. S., Carpenter, S., & Kinzig, A. (2004). Resilience, Adaptability and
Transformability in Social-ecological Systems. Ecology and Society, 9(2).
https://doi.org/10.5751/ES-00650-090205

Walker, R. B., Coop, J. D., Parks, S. A., & Trader, L. (2018). Fire regimes approaching
historic norms reduce wildfire-facilitated conversion from forest to non-forest.
Ecosphere, 9(4), e02182. https://doi.org/10.1002/ecs2.2182

Watson, B. L., Lukas, S. B., Morris, L. R., DeBano, S. J., Schmalz, H. J., & Leffler, A. J.
(2021). Forb community response to prescribed fire, livestock grazing, and an
invasive annual grass in the Pacific Northwest Bunchgrass Prairie. Applied Vegetation
Science, 24(4), e12619. https://doi.org/10.1111/avsc.12619

Wardle, P. (1991). Vegetation of New Zealand. Cambridge University Press.
https://books.google.co.nz/books?id=iwc8AAAAIAAJ]

143


https://doi.org/10.1016/j.rse.2020.111891
https://doi.org/10.1016/S0378-1127(00)00435-7
https://doi.org/10.1016/j.envsoft.2021.105200
https://doi.org/10.1111/j.1365-2664.2011.02088.x
https://doi.org/10.1111/j.1365-2664.2011.02088.x
https://doi.org/10.5751/ES-00650-090205
https://doi.org/10.1002/ecs2.2182
https://doi.org/10.1111/avsc.12619

Webb, C. O. (2000). Exploring the phylogenetic structure of ecological communities: An

example for rain forest trees. The American Naturalist, 156(2), 145-155.
https://doi.org/10.1086/303378

Whitman, E., Parisien, M., Thompson, D. K., Hall, R. J., Skakun, R. S., & Flannigan, M. D.
(2018). Variability and drivers of burn severity in the northwestern Canadian boreal
forest. Ecosphere, 9(2), e02128. https://doi.org/10.1002/ecs2.2128

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L. D., Frangois, R., Grolemund,
G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T. L., Miller, E., Bache, S.
M., Miiller, K., Ooms, J., Robinson, D., Seidel, D. P., Spinu, V., ... Yutani, H.

(2019). Welcome to the tidyverse. Journal of Open Source Software, 4(43), 1686.
https://doi.org/10.21105/j0ss.01686

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L. D., Francgois, R., Grolemund,
G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T. L., Miller, E., Bache, S.
M., Miiller, K., Ooms, J., Robinson, D., Seidel, D. P., Spinu, V., ... Yutani, H.

(2019). Welcome to the Tidyverse. Journal of Open Source Software, 4(43), 1686.
https://doi.org/10.21105/j0ss.01686

Wragg, P. D., Mielke, T., & Tilman, D. (2018). Forbs, grasses, and grassland fire behaviour.
Journal of Ecology, 106(5), 1983-2001. https://doi.org/10.1111/1365-2745.12980

Wratt, D., Tait, A., Griffiths, G., Espie, P., Jessen, M., Keys, J., Ladd, M., Lew, D., Lowther,
W., Mitchell, N., Morton, J., Reid, J., Reid, J., Richardson, A., Sansom, J., &
Shankar, U. (2006). Climate for crops: Integrating climate data with information

about soils and crop requirements to reduce risks in agricultural decision-making.
315, 305-315.

Wright, B. R., Albrecht, D. E., Silcock, J. L., Hunter, J., & Fensham, R. J. (2019).
Mechanisms behind persistence of a fire sensitive alternative stable state system in the
Gibson desert, Western Australia. Oecologia, 191(1), 165-175.
https://doi.org/10.1007/s00442-019-04474-1

Wright, 1. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F., Cavender-

Bares, J., Chapin, T., Cornelissen, J. H. C., Diemer, M., Flexas, J., Garnier, E.,

144


https://doi.org/10.1086/303378
https://doi.org/10.1002/ecs2.2128
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.1111/1365-2745.12980
https://doi.org/10.1007/s00442-019-04474-1

Groom, P. K., Gulias, J., Hikosaka, K., Lamont, B. B., Lee, T., Lee, W., Lusk, C., ...

Villar, R. (2004). The worldwide leaf economics spectrum. Nature, 428(6985), 821
827. https://doi.org/10.1038/nature02403

Wright, 1. J., & Westoby, M. (2003). Nutrient concentration, resorption and lifespan: Leaf

traits of Australian sclerophyll species. Functional Ecology, 17(1), 10-19.
https://doi.org/10.1046/j.1365-2435.2003.00694.x

Wu, C., Venevsky, S., Sitch, S., Mercado, L. M., Huntingford, C., & Staver, A. C. (2021).

Historical and future global burned area with changing climate and human

demography. One Earth, 4(4), 517-530. https://doi.org/10.1016/j.oneear.2021.03.002

Wyse, S. V., Perry, G. L. W., O’Connell, D. M., Holland, P. S., Wright, M. J., Hosted, C. L.,
Whitelock, S. L., Geary, I. J., Maurin, K. J. L., & Curran, T. J. (2016). A quantitative
assessment of shoot flammability for 60 tree and shrub species supports rankings

based on expert opinion. International Journal of Wildland Fire, 25(4), 466-477.
https://doi.org/10.1071/\WF15047

Xu, W., He, H. S, Huang, C., Duan, S., Hawbaker, T. J., Henne, P. D., Liang, Y., & Zhu, Z.
(2022). Large fires or small fires, will they differ in affecting shifts in species
composition and distributions under climate change? Forest Ecology and

Management, 510, 120131. https://doi.org/10.1016/].foreco.2022.120131

Yan, L., Xu, Z., & Liu, D. (2019). Synthesis and application of novel magnesium phosphate
ester flame retardants for transparent intumescent fire-retardant coatings applied on
wood substrates. Progress in Organic Coatings, 129, 327-337.
https://doi.org/10.1016/j.porgcoat.2019.01.013

Yang, R. T., & Steinberg, M. (1977). Combustion of carbon. Effect of sulfur dioxide. The
Journal of Physical Chemistry, 81(11), 1117-1118.

https://doi.org/10.1021/j100526a018

Yeates, G. W., & Lee, W. G. (1997). Burning in a New Zealand snow tussock grassland:

Effect on vegetation and soil fauna. New Zealand Journal of Ecology, 21(1), 7.
https://newzealandecology.org/nzje/2014.pdf

145


https://doi.org/10.1038/nature02403
https://doi.org/10.1046/j.1365-2435.2003.00694.x
https://doi.org/10.1016/j.oneear.2021.03.002
https://doi.org/10.1071/WF15047
https://doi.org/10.1016/j.foreco.2022.120131
https://doi.org/10.1016/j.porgcoat.2019.01.013
https://doi.org/10.1021/j100526a018
https://newzealandecology.org/nzje/2014.pdf

Yu, G., Smith, D. K., Zhu, H., Guan, Y., & Lam, T. T.-Y. (2017). ggtree: An r package for
visualization and annotation of phylogenetic trees with their covariates and other
associated data. Methods in Ecology and Evolution, 8(1), 28-36.
https://doi.org/10.1111/2041-210X.12628

Yutani, H. (2022). gghighlight: Highlight lines and points in “ggplot2” (0.3.3).
https://CRAN.R-project.org/package=gghighlight

Zanne, A. E., Tank, D. C., Cornwell, W. K., Eastman, J. M., Smith, S. A., FitzJohn, R. G,,
McGlinn, D. J., O’Meara, B. C., Moles, A. T., Reich, P. B., Royer, D. L., Soltis, D.
E., Stevens, P. F., Westoby, M., Wright, I. J., Aarssen, L., Bertin, R. I., Calaminus,
A., Govaerts, R., ... Beaulieu, J. M. (2014). Three keys to the radiation of
angiosperms into freezing environments. Nature, 506(7486), Article 7486.
https://doi.org/10.1038/nature12872

Zhang, D., Hui, D., Luo, Y., & Zhou, G. (2008). Rates of litter decomposition in terrestrial
ecosystems: Global patterns and controlling factors. Journal of Plant Ecology, 1(2),
85-93. https://doi.org/10.1093/jpe/rtn002

Zimmermann, J., Higgins, S. I., Grimm, V., Hoffmann, J., Minkemuller, T., & Linstadter, A.
(2008). Recruitment filters in a perennial grassland: The interactive roles of fire,
competitors, moisture and seed availability. Journal of Ecology, 96(5), 1033-1044.
https://doi.org/10.1111/j.1365-2745.2008.01409.x

Zomer, M. A., & Ramsay, P. M. (2021). Post-fire changes in plant growth form composition
and diversity in Andean paramo grassland. Applied Vegetation Science, 24(1),
e12554. https://doi.org/10.1111/avsc.12554

Zylstra, P. J. (2018). Flammability dynamics in the Australian Alps. Austral Ecology, 43(5),
578-591. https://doi.org/10.1111/aec.12594

146


https://doi.org/10.1111/2041-210X.12628
https://cran.r-project.org/package=gghighlight
https://doi.org/10.1038/nature12872
https://doi.org/10.1093/jpe/rtn002
https://doi.org/10.1111/j.1365-2745.2008.01409.x
https://doi.org/10.1111/avsc.12554
https://doi.org/10.1111/aec.12594

Appendices

Appendix A: Supplementary figures and tables
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Figure S2.1. Map of study area showing locations of burns in montane grasslands (in
rectangle) for the wildfire of November 2019 at Deep Stream, and August 2020 at Pukaki,
South Island, New Zealand. Colour of texts and points in the map represent plots that had
different fire history treatments of 2001 (circle: light green, red and blue) in addition to 2019
wildfire at Deep Stream (source: Eagle Technology, Land Information New Zealand). Plot
layout for vegetation surveys to assess post-fire plant community response at a) Deep Stream
and b) Pukaki. At Deep Stream, there were nine 1 hectare permanent plots that has inside it
two 20-m plots, one open (used in this study) and one closed. Inside those 20-m plots were
three 1 m subplots that was then divided by 4, 0.25-m? quadrats. In unburnt area, 3, 20-m
plots were made approximately 1 kilometre from this permanent transects but not shown in
this map. At Pukaki, two 20-m plots (modified Whitaker’s nested sampling) were set up at
the first measurement. Within plot, four 1 m subplots were made on each corner and was then
divided into 4, 0.25-m? quadrats
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Figure S2.2. Flow chart of vegetation measurements in montane grasslands relative to
wildfire of November 2019 at Deep Stream and August 2020 at Pukaki, New Zealand.

At Deep Stream, colour of rectangles represents the plots that had different fire history
treatments of 2001 (rectangle: light green, red, blue and grey) in addition to 2019 wildfire at
Deep Stream. Plots in those fire history treatments were measured three times following 2019
wildfire. At Pukaki, there was no fire history. In the initial measurement, two plots were set
up in montane grasslands at one month post-fire and remeasured twice at 4 and 16 months. n
represents the number of 400-m? plots measured at each site across the time (and fire history
treatments at Deep Stream). In each of 400-m? plots, 12, 0.25-m? quadrats were made to

record vascular plant species in each measurement at both the sites
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Figure S2.3. Photos of 400-m? plots at 2 and 13 months after wildfire of spring (November) 2019 in three different fire history treatments in
montane grasslands at Deep Stream, New Zealand. Photos were not taken at 26 months. Note these photos were taken in different locations at
each time. There were no photos taken at third measurement time
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Figure S2.4. Photos of 400-m? plots taken at one, four, and 16 months post-fire in which

vegetation was measured at Pukaki, New Zealand. Note these photos were taken in different
locations at each time
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Table S2.1.Species recorded in post-fire in 0.25-m? quadrats in 12, 400-m? plots within 26
months in montane grasslands at Deep Stream, New Zealand. All 42 species were categorised
into fourteen groups (bold in colour) based on plant life form, clonality (Day at al.
unpublished; Padullés Cubino et al., 2018; Pérez-Harguindeguy et al., 2013) and meristem
height based on apical bud position (Raunkiaer, 1934; Raunkiaer, 1905);
https://www.nzflora.info). Species names and biostatus were taken from Flora of New
Zealand the (https://www.nzflora.info) and New Zealand Plant Conservation Network
(https://www.nzpcn.org.nz). Asterisk (*) at the species end represents those species that were
excavated to assess proportion of seed germination in the post-fire. Code represents first three
letters each from genus and species epithet. Growth forms basically are summarised from

fourteen groups and biostatus represents origin of the species.

Life history category and botanical Code Growth ~ Meristem  Biostatus
name form height
Herbaceous, rosette plants (alal) <20 cm

Aciphylla aurea ACIAUR  Forb High Native
Anisotome aromatica ANIARO Forb Low Native
Anisotome flexuosa ANIFLE Forb Low Native
Aporostylis bifolia APOBIF Forb Low Native
Brachyglottis lagopus* BRALAG  Forb Low Native
Celmisia gracilenta* CELGRA  Forb Low Native
Chaerophyllum ramosum CHARAM  Forb Low Native
Craspedia uniflora CRAUNI Forb Low Native
Epilobium species EPILOB Forb Low Native
Gentianella grisebachii GENGRI Forb Low Native
Pilosella officinarum* PILOFF Forb Low Exotic
Plantago lanceolata PLALAN  Forb Low Exotic
Prasophyllum colensoi PRACOL Forb Low Native
Viola cunninghamii VIOCUN Forb Low Native
Wahlenbergia albomarginata WAHALB  Forb Low Native
Herbaceous, rosette plants (ala2) >20 cm

Hieracium lepidulum HIELEP Forb Low Exotic
Hypochaeris radicata* HYPRAD  Forb Low Exotic
Herbaceous, elongated, leaf-bearing rhizomatous (albl) <8 cm

Geranium microphyllum GERMIC  Forb Low Native
Herbaceous, elongated, leaf-bearing rhizomatous (alb2) > 8 cm

Pterostylis venosa PTEVEN Forb Low Native
Thelymitra nervosa THENER  Forb Low Native
Thelymitra species THELYM  Forb Low Native
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Life history category and botanical Code Growth ~ Meristem  Biostatus
name form height
Herbaceous, cushion plants (alcl)

Colobanthus strictus COLSTR Forb Low Native
Gonocarpus montanus* GONMON  Forb Low Native
Herbaceous, extensive-stemmed herbs (ald1) <20 cm

Helichrysum filicaule* HELFIL Forb Low Native
Stackhousia minima STAMIN Forb Low Native
Herbaceous, extensive-stemmed herbs (ald2) > 20 cm

Cirsium vulgare CIRVUL Forb Low Exotic
Lycopodium fastigiatum* LYCFAS Forb Low Native
Tussocks (alel)

Chionochloa rigida CHIRIG Graminoid Low Native
Graminoids (alfl) > 15cm

Carex species* CAREX Graminoid Low Native
Herpolirion novae-zelandiae* HERNOV  Graminoid LOow Native
Luzula rufa LUZRUF  Graminoid Low Native
Rytidosperma gracile RYTGRA  Graminoid LOw Native
Graminoids (alf2) < 15

Agrostis capillaris* AGRCAP Graminoid Low Exotic
Anthoxanthum odoratum ANTODO  Graminoid Low Exotic
Deyeuxia avenoides* DEYAVE  Graminoid LOow Native
Poa colensoi* POACOL  Graminoid Low Native
Woody, prostrate shrubs (a3al)

Acrothamnus colensoi ACRCOL Woody High Native
Leucopogon fraseri LEUFRA Woody High Native
Pentachondra pumila PENPUM Woody High Native
Woody, dwarf shrub (subshrub)

(a3bl)

Gaultheria macrostigma* GAUMAC  Woody High Native
Pimelea oreophila* PIMORE Woody High Native
Woody, shrub and trees (a3cl)

Coprosma species COPROS  Woody High Native
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Table S2.2. Species recorded in post-fire in 0.25-m? quadrats in 2, 400-m? plots within 16
months in montane grasslands at Pukaki, New Zealand. All 48 species were categorised into
fourteen groups and data collated from online sources same as at Deep Stream (see details in
Table S1). Asterisks * at the end of the species represent those species that were excavated
four months post-fire respectively to assess proportion of seed germination. Geranium

microphyllum excavated at four months was not present on vegetation survey plot.

Life history category and botanical ~ Code Growth  Meristem  Bio -
name form height status
Herbaceous, rossette plants (alal) < 20 cm

Brachyglottis lagopus (Raoul) B.Nord. BRALAG  Forb Low Native
Celmisia gracilenta Hook.f. * CELGRA  Forb Low Native
Hypochaeris radicata L.* HYPRAD Forb Low Exotic
Pilosella aurantiaca (L.) F.W.Schultz ~ PILAUR  Forb Low Exotic
& Sch.Bip.*

Pilosella officinarum Vaill.* PILOFF Forb Low Exotic
Pilosella PILPIL Forb Low Exotic

piloselloides subsp. praealta (Gochnat)
S.Braut. & Greuter

Prasophyllum colensoi Hook.f. PRACOL  Forb Low Native
Wahlenbergia albomarginata Hook. ~~ WAHALB  Forb Low Native
Wahlenbergia Schrad. ex Roth * WAHLEN  Forb Low Native
Herbaceous, rossette plants (ala2) > 20 cm

Anisotome aromatica Hook.f.* ANIARO  Forb Low Native
Herbaceous, elongated, leaf-bearing rhizomatous (albl) <8 cm

Hydrocotyle novae-zeelandiae DC. HYDNOV  Forb Low Native
Viola cunninghamii Hook.f.* VIOCUN  Forb Low Native
Herbaceous, elongated, leaf-bearing rhizomatous (alb2) > 8 cm

Blechnum penna-marina (Poir.) Kuhn ~ BLEPEN  Fern Low Native
Pteridium esculentum (G.Forst.) PTEESC  Fern Low Native
Cockayne *

Thelymitra longifolia J.R.Forst. & THELON  Forb Low Native
G.Forst.

Herbaceous, extensive-stemmed herbs (aldl) <20 cm

Anaphalioides bellidioides (G.Forst) ~ ANABEL  Forb Low Native
Glenny

Cirsium arvense (L.) Scop. CIRARV  Forb Low Exotic
Cuscuta epithymum (L.) L. CUSEPI Forb Low Exotic
Dianthus armeria L. DIAARM  Forb High Exotic
Epilobium ciliatum Raf. EPICIL Forb Low Exotic
Gonocarpus micranthus Thunb. GONMIC  Forb Low Native
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Life history category and botanical ~ Code Growth  Meristem  Bio -
name form height status
Helichrysum filicaule Hook.f. HELFIL  Forb Low Native
Stellaria elatinoides Benth. ex Hook.f. STEELA  Forb Low Unknown
Stellaria L. STELLA  Forb Low Native
Herbaceous, extensive-stemmed herbs (ald2) > 20 cm

Bellardia viscosa (L.) Fisch. & BELVIS  Forb High Exotic
C.A.Mey.

Cerastium fontanum Baumg. CERFON  Forb Low Exotic
Lotus pedunculatus Cav. LOTPED  Forb Low Exotic
Microtis unifolia (G.Forst.) Rchb.f. MICUNI  Forb Low Native
Trifolium repens L. TRIREP Forb Low Exotic
Verbascum thapsus L. VERTHA  Forb Low Exotic
Tussocks (alel)

Chionochloa rigida (Raoul) Zotov CHIRIG ~ Graminoid Low Native
Festuca novae-zelandiae(Hack.) FESNOV  Graminoid Low Native
Cockayne

Graminoids (alfl) >15cm

Carex L. CAREX Graminoid Low Native
Juncus articulatus L. JUNART  Graminoid Low Exotic
Juncus conglomeratus L. JUNCON  Graminoid Low Exotic
Luzula rufa Edgar LUZRUF  Graminoid Low Native
Graminoids (alf2) < 15cm

Agrostis capillaris L.* AGRCAP  Graminoid Low Exotic
Anthosachne solandri (Steud.) ANTSOL  Graminoid Low Exotic
Barkworth & S.W.L.Jacobs

Anthoxanthum odoratum L.* ANTODO  Graminoid Low Native
Deyeuxia avenoides (Hook.f.) DEYAVE Graminoid Low Native
Buchanan

Festuca rubra L. FESRUB  Graminoid Low Exotic
Poa colensoi Hook.f. POACOL  Graminoid Low Native
Schoenus pauciflorus (Hook.f.) SCHPAU  Graminoid Low Native
Hook.f.

Woody, prostrate shrubs (a3al)

Coprosma petriei Cheeseman COPPET ~ Woody High Native
Leucopogon fraseri A.Cunn. LEUFRA  Woody High Native
Woody, dwarf shrub (subshrub) (a3b1)

Gaultheria parvula Heenan GAUPAR  Woody High Native
Pimelea prostrata (J.R.Forst. & PIMPRO  Woody High Native

G.Forst.)

Woody, shrub and trees (a3cl)
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Life history category and botanical ~ Code Growth ~ Meristem  Bio -
name form height status
Acrothamnus colensoi (Hook.f.) Quinn ACRCOL  Woody High Native
*

Corokia cotoneaster Raoul * CORCOT  Woody High Native
Discaria toumatou Raoul * DISTOU  Woody High Native
Gaultheria depressa Hook.f.* GAUDEP  Woody High Native
Pinus contorta Loudon PINCON  Woody High Exotic
Rosa rubiginosa L. ROSRUB  Woody High Exotic
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Figure S2.5. Ordination diagrams for a PCoA for Jaccard dissimilarity of plant species

presence in 0.25-m? quadrats in 12, 400-m? plots showing a) site scores and b) species at

Deep Stream, New Zealand. Colour of the points represents fire history treatments and colour

gradient shows vegetation measurement time relative to November 2019 fire. Colours of text

represents the biostatus of species: exotics (green) and natives (purple)
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Unburnt

Number of quadrats

0
Species rank

Figure S2.6. Rank abundance curves based on number of quadrats 0.5 x 0.5-m each species
occurred in each fire history treatment which were measured three times in 400-m? plots after
November 2019 wildfire in montane grasslands at Deep Stream, New Zealand. The x- axis
represents species rank determined from the number of quadrats in which species occurred.
Shapes represent growth forms classified as forb (circle), graminoid (rectangle) and woody
(triangle). Ferns were included in forbs. Point colours represent plant biostatus: native
(hollow) or exotics (black). Line colours represent post-fire 2 (orange), 13 (green), 26 (blue)

and 2 unburnt (grey) months
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Table S2.3. Result of Post-hoc test after generalised linear mixed effect model (gImmTMB) for comparison of post-fire species richness over
time (in months). Mean quadrat species richness was compared in between post-fire measurement months for growth forms: forb, graminoid and
woody within biostatus (natives and exotics) across the fire history treatments at Deep Stream and plots at Pukaki. Significant post-fire months

contrasts (P < 0.05) are presented in bold.

Site Post-fire Category  Fire history/ plot Growth Estimate  S.E. df t - ratio P - value
months form
contrast

Deep 2-13 Natives Unburnt 2001 Forb 0.15 0.16 104.00 0.90 0.64

Stream 13-26 Natives Unburnt 2001 Forb -0.27 0.16 104.00 -1.66 0.23
2-26 Natives Unburnt 2001 Forb -0.12 0.15 104.00 -0.77 0.72
2-13 Natives Unburnt 2001 Graminoid  -0.10 0.15 104.00 -0.62 0.81
13-26 Natives Unburnt 2001 Graminoid  -0.04 0.15 104.00 -0.30 0.95
2-26 Natives Unburnt 2001 Graminoid  -0.14 0.15 104.00 -0.91 0.63
2-13 Natives Unburnt 2001 Woody -0.26 0.24 104.00 -1.08 0.53
13-26 Natives Unburnt 2001 Woody -0.79 0.19 104.00 -4.10 <0.001
2-26 Natives Unburnt 2001 Woody -1.05 0.21 104.00 -4.97 <0.001
2-13 Natives Spring burnt 2001 Forb 0.04 0.13 104.00 0.32 0.94
13-26 Natives Spring burnt 2001 Forb -0.08 0.13 104.00 -0.64 0.80
2-26 Natives Spring burnt 2001 Forb -0.04 0.13 104.00 -0.32 0.95
2-13 Natives Spring burnt 2001 Graminoid  0.09 0.17 104.00 0.52 0.86
13-26 Natives Spring burnt 2001 Graminoid  -0.06 0.18 104.00 -0.35 0.93
2-26 Natives Spring burnt 2001 Graminoid 0.03 0.17 104.00 0.17 0.98
2-13 Natives Spring burnt 2001  Woody -0.55 0.20 104.00 -2.71 <0.05
13-26 Natives Spring burnt 2001  Woody -0.56 0.15 104.00 -3.66 <0.01
2-26 Natives Spring burnt 2001  Woody -1.12 0.19 104.00 -5.97 <0.001

2-13 Natives Summer burnt 2001 Forb 0.11 0.14 104.00 0.83 0.69
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Site Post-fire Category  Fire history/ plot Growth Estimate  S.E. df t - ratio P - value
months form
contrast
13- 26 Natives Summer burnt 2001 Forb -0.13 0.14 104.00 -0.96 0.60
2-26 Natives Summer burnt 2001 Forb -0.02 0.13 104.00 -0.13 0.99
2-13 Natives Summer burnt 2001 Graminoid -0.06 0.18 104.00 -0.36 0.93
13- 26 Natives Summer burnt 2001 Graminoid -0.11 0.18 104.00 -0.62 0.81
2-26 Natives Summer burnt 2001 Graminoid -0.05 0.17 104.00 -0.26 0.96
2-13 Natives Summer burnt 2001 Woody -0.65 0.20 104.00 -3.21 <0.01
13-26 Natives Summer burnt 2001 Woody -0.38 0.15 104.00 -2.48 <0.05
2-26 Exotics Summer burnt 2001 Woody -1.03 0.19 104.00 -5.40 <0.001
2-13 Exotics Unburnt 2001 Forb -0.13 0.21 104.00 -0.63 0.81
13- 26 Exotics Unburnt 2001 Forb -0.22 0.19 104.00 -1.14 0.49
2-26 Exotics Unburnt 2001 Forb -0.35 0.20 104.00 -1.76 0.19
2-13 Exotics Unburnt 2001 Graminoid -0.66 0.21 104.00 -3.09 <0.01
13- 26 Exotics Unburnt 2001 Graminoid -0.08 0.17 104.00 -0.43 0.90
2-26 Exotics Unburnt 2001 Graminoid -0.74 0.21 104.00 -3.49 <0.01
2-13 Exotics Spring burnt 2001 Forb -0.08 0.18 104.00 -0.45 0.89
13-26 Exotics Spring burnt 2001 Forb -0.08 0.17 104.00 -0.43 0.90
2-26 Exotics Spring burnt 2001 Forb -0.16 0.18 104.00 -0.88 0.65
2-13 Exotics Spring burnt 2001 Graminoid -0.60 0.21 104.00 -2.87 <0.05
13-26 Exotics Spring burnt 2001 Graminoid  -0.08 0.17 104.00 -0.43 0.90
2-26 Exotics Spring burnt 2001 Graminoid -0.68 0.21 104.00 -3.27 <0.01
2-13 Exotics Summer burnt 2001  Forb -0.09 0.17 104.00 -0.52 0.86
13- 26 Exotics Summer burnt 2001  Forb -0.03 0.17 104.00 -0.17 0.98
2-26 Exotics Summer burnt 2001  Forb -0.12 0.17 104.00 -0.69 0.77
2-13 Exotics Summer burnt 2001 Graminoid -0.59 0.21 104.00 -2.84 <0.05
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Site Post-fire Category  Fire history/ plot Growth Estimate  S.E. df t - ratio P - value
months form
contrast
13- 26 Exotics Summer burnt 2001 Graminoid 0.00 0.18 104.00 0.00 1.00
2-26 Exotics Summer burnt 2001 Graminoid -0.59 0.21 104.00 -2.84 <0.05

Pukaki 1-4 Natives Puk-1 Forb -1.04 0.47 44.00 -2.19 0.08
16-4 Natives Plot 1 Forb 0.86 0.29 44.00 2.96 <0.05
1-16 Natives Plot 1 Forb -1.90 0.44 44.00 -4.33 <0.001
1-4 Natives Puk-1 Graminoid -0.56 0.63 44.00 -0.89 0.65
16-4 Natives Plot 1 Graminoid 0.89 0.45 44.00 1.98 0.13
1-16 Natives Plot 1 Graminoid -1.45 0.56 44.00 -2.60 <0.05
1-4 Natives Plot 1 Woody -21.89 13335.17 44.00 0.00 1.00
16-4 Natives Plot 1 Woody 0.85 0.28 4400 3.01 <0.05
1-16 Natives Plot 1 Woody -22.73 13335.17 44.00 0.00 1.00
1-4 Natives Plot 2 Forb -0.89 0.45 44.00 -1.98 0.13
16 -4 Natives Plot 2 Forb 0.75 0.29 44.00 2.55 <0.05
1-16 Natives Plot 2 Forb -1.64 0.41 44.00 -3.96 <0.001
1-4 Natives Plot 2 Graminoid -0.36 0.49 44.00 -0.72 0.75
16 -4 Natives Plot 2 Graminoid 1.06 0.37 44.00 2.90 <0.05
1-16 Natives Plot 2 Graminoid -1.42 0.42 44.00 -3.38 <0.05
1-4 Natives Plot 2 Woody -0.41 0.91 44.00 -0.44 0.90
16 -4 Natives Plot 2 Woody 1.10 0.67 44.00 1.65 0.24
1-16 Natives Plot 2 Woody -1.50 0.78 44.00 -1.92 0.14
1-4 Exotics Plot 1 Forb -1.79 0.62 44.00 -2.87 <0.05
16 -4 Exotics Plot 1 Forb 0.67 0.29 44.00 2.29 0.07
1-16 Exotics Plot 1 Forb -2.46 0.60 44.00 -4.08 <0.001
1-4 Exotics Plot 1 Graminoid -0.39 0.31 44.00 -1.23 0.44
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Site Post-fire Category  Fire history/ plot Growth Estimate  S.E. df t - ratio P - value

months form
contrast
16-4 Exotics Plot 1 Graminoid 0.22 0.27 44.00 0.80 0.70
1-16 Exotics Plot 1 Graminoid -0.60 0.30 44.00 -1.99 0.13
1-4 Exotics Plot 2 Forb -0.21 0.37 44.00 -0.56 0.84
16-4 Exotics Plot 2 Forb 0.78 0.30 44.00 2.59 <0.05
1-16 Exotics Plot 2 Forb -0.99 0.32 44.00 -3.05 <0.05
1-4 Exotics Plot 2 Graminoid -0.69 0.33 44.00 -2.12 0.10
16-4 Exotics Plot 2 Graminoid 0.13 0.26 44.00 0.52 0.86
1-16 Exotics Plot 2 Graminoid -0.83 0.32 44.00 -2.58 <0.05
1-4 Exotics Plot 2 Woody 24.34 136383.4  44.00 0.00 1.00

5
16 -4 Exotics Plot 2 Woody 24.75 136383.4  44.00 0.00 1.00

5
1-16 Exotics Plot 2 Woody -0.41 0.91 44.00 -0.44 0.90




Table S2.4.Number of individual plants excavated that were survived or germinated from

seed in relation to three predictors biostatus (native vs. exotics), substrate type (moss vs. not

on moss) and meristem height (low vs. high meristem) in the post-fire in montane grasslands

at two months at Deep Stream, and four months at Pukaki, New Zealand. n represents the

total number of individuals excavated after wildfire.

Site and Fixed effect Predictors Survived Germinated
time category from seed
Deep Biostatus Native 165 15
Stream Exotics 137 43
(n =360) Substrate Notonmoss 181 53
at 2 months MOSS 121 5
Meristem height Low 267 0
High 35 58
Pukaki Biostatus Native 15 5
(n=37) Exotics 15 2
at4months  gypstrate Notonmoss 30 7
Meristem height Low 21 0
High 9 7
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Figure S2.7. Ordination diagrams for a PCoA of Jaccard dissimilarity of plant species

presence in 0.25-m? quadrats in 2, 400-m? plots showing a) site scores and b) species in post-

fire at Pukaki, New Zealand. Colour of the points represent vegetation measurement time

relative to August 2020 fire and plots. Colours of texts represent the biostatus of species:

exotics (green) and natives (purple)
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Figure S2.8. Rank abundance curves based on number of quadrats 0.5 x 0.5-m each species
occurred in on the two 400-m? plots measured three times (until 16 months) after August
2020 wildfire in montane grasslands at Pukaki, New Zealand. The x - axis represents species
rank determined from the number of quadrats in which species occurred. Shapes represent
growth forms classified as forbs (circle), graminoids (rectangle) and woody (triangle). Ferns
were included in forbs. Point colour represents plant biostatus: native (hollow) or exotics
(black). Line colours represent measurement time relative to August 2020 fire: one month

(orange), 4 months (pink) and 16 months (blue) post-fire.
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Figure S2.9. Post-fire short-term occurrence (number of 0.25-m? quadrats in three 400-m? plots in each of the fire history) of ten species (most
common species on the plot) a) six native species and b) four exotic species relative to wildfire of November 2019 across different fire history
treatments within 26 months in montane grasslands at Deep Stream, New Zealand. The x - axis represents post-fire months and y — axis
represents the total number of occurrences in 0.25-m? quadrats for each measurement time and fire history treatments. Colour of lines represent

growth forms: forbs (green), graminoids (blue), and woody (orange). Species codes can be found in (Table S2.1, Appendix A)
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Figure S2.10. Post-fire species occurrence (based on number of 0.25-m? quadrats in each
400-m? plot) of 12 most common species a) six native species and b) six exotic species
relative to August 2020 wildfire in montane grasslands at Pukaki, New Zealand. The x - axis
represents months post-fire and y — axis represents the total number of occurrences in 0.25-
m? quadrats for each measurement time on each plot. Generalised linear model (GLM)
showed that Acrothamnus colensoi (ACRCOL), was significantly (P < 0.01) in post-fire. Line
colours represent growth forms: forbs (green), graminoids (blue) and woody (orange).
Species codes can be found in Table S5.3, Appendix A
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Figure S3.1. Map of the study area showing the locations of the four permanent 100-m
transects that were burnt (red dots; OHAT042, OHAT043, OHATO044) and not burnt (black
dots; OHATO042, OHATO045) in the October 2020 wildfire (source: Eagle Technology, LINZ
and Earthstar Geographics) at Lake Ohau, Canterbury, South Island, New Zealand. The blue
polygon with a red outline approximately represents the boundary of the area that was burnt
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Unburnt

1983 (42.burnt, 42.unburnt, 43, 44, 45)
Unburnt

1993 (42.burnt, 42. unburnt, 43, 44, 45)
Unburnt

2006 (42.burnt, 42. unburnt, 43, 44, 45)

2020 2 weeks post-fire Unburnt
(42.burnt, 43, 44) (42.unburnt)

3 months post-fire
202 1 (42.burnt, 43, 44)

2022 15 months post-fire Unburnt
(42.burnt, 43, 44) (42.unburnt, 45)

Figure S3.2. Diagram showing the study design and data collection at Lake Ohau,

Canterbury, South Island, New Zealand. Measurements of plant community structure were
taken over time within 0.25-m? quadrats on four permanent transects (OHAT042, OHAT043,
OHATO044, and OHATO045), measured repeatedly between 1983 and 2022. A wildfire in
October 2020 burnt all of two transects (OHAT043 and OHATO044), partially burnt a third
transect (OHATO042) and the fourth transect (OHATO045) remained entirely unburnt. Three
post-burn measurements were conducted, two weeks after fire, three months after fire, and

fifteen months after fire. Transect OHATO042 was split into two sections prior to analysis:
OHATO042.1 (burnt quadrats 1-35 m) and OHATO042.2 (unburnt 41-99 m); quadrats at 37 m
and 39 m were excluded from all analysis as a walking trail was put over them prior to the

2020 measurement, destroying the vegetation
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Table S3.1. Species recorded in 0.25-m? quadrats on 100-m permanent transects sampled between 1983 and 2022 at Lake Ohau, Canterbury,
South Island, New Zealand. All 88 species were categorised into 13 groups based on plant life form, clonality (Day at al. unpublished; Padullés
Cubino et al., 2018; Pérez-Harguindeguy et al., 2013) and meristem height based on apical bud position (Raunkiaer, 1934; Raunkiaer, 1905);
https://www.nzflora.info). Species names and codes were taken from Flora of New Zealand the (https://www.nzflora.info) and New Zealand
Plant Conservation Network (https://www.nzpcn.org.nz). Meristem type is based on the bud position according to Raunkier’s life form
classification (Raunkiaer, 1934). Clonality is recorded as either non-clonal, clonal belowground or clonal aboveground. Asterisks (*) represent

species for which flammability data from experimental burning exist (Curran et al. unpublished,; this thesis).

Life history category and botanical name Code Biostatus Clonality Meristem type
Herbaceous, rosette plants < 20 cm

Brachyglottis lagopus (Raoul) B.Nord. BRAlag ~ Native ~ Non-clonal Low
Brachyscome longiscapa G.Simpson & BRAlon  Native  Non-clonal Low
J.S.Thomson

Celmisia gracilenta Hook.f. CELgra ~ Native  Non-clonal Low
Cotula L. COTULA Exotic Non-clonal High
Craspedia incana Allan CRAInc  Native Non-clonal Low
Hieracium lepidulum (Stenstr.) Omang HIElep ~ Exotic ~ Non-clonal Low
Hypochaeris radicata L. HYPrad Exotic Non-clonal Low
Lagenophora cuneata Petrie LAGcun  Native  Clonal Low
Leptinella pectinata (Hook.f.) D.G.Lloyd & LEPpec ~ Native  Clonal Low
C.J.Webb

Microseris scapigera (Sol. ex A.Cunn.) Sch.Bip. MiICsca  Native Non-clonal Low
Pilosella aurantiaca (L.) F.W.Schultz & Sch.Bip. ~ PlLaur Exotic Clonal Low
Pilosella officinarum Vaill. PILoff Exotic  Clonal Low
Pilosella piloselloides subsp. praealta (Gochnat) PILpsp Exotic Clonal Low

S.Braut. & Greuter
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Life history category and botanical name

Code

Biostatus Clonality

Meristem type

Plantago lanigera Hook.f.

Taraxacum officinale F.H.Wigg.
Wabhlenbergia albomarginata Hook.
Herbaceous, rosette plants < 20 cm
Anisotome aromatica Hook.f.

Anisotome flexuosa J.W.Dawson
Chaerophyllum colensoi (Hook.f.) K.F.Chung
Crepis capillaris (L.) Wallr.

Ophioglossum coriaceum A.Cunn.
Ranunculus foliosus Kirk

PLAIng
TAROff
WAHalb

ANlaro
APIsp
CHACcol
CREcap
OPHcor
RANfol

Herbaceous, elongated, leaf-bearing rhizomatous < 8 cm

Hydrocotyle novae-zeelandiae DC.
Viola cunninghamii Hook.f.

HYDnov
VI10cun

Herbaceous, elongated, leaf-bearing rhizomatous > 8 cm

Geranium sessiliflorum Cav.

Pteridium esculentum (G.Forst.) Cockayne
Thelymitra longifolia J.R.Forst. & G.Forst.
Herbaceous, cushion plants

Colobanthus strictus Cheeseman

Galium perpusillum (Hook.f.) Allan

Gonocarpus Thunb.

Nertera balfouriana Cockayne

Raoulia subsericea Hook.f.

Scleranthus biflorus (J.R.Forst. & G.Forst.) Hook.f.
Herbaceous, extensive-stemmed herbs <20 cm

GERses
PTEesc
THElon

COLstr
GALper
GONOCA
NERDbal
RAQOsbs
SCLbif

Native
Exotic
Native

Native
Native
Native
Exotic
Native
Native

Native
Native

Native
Native
Native

Native
Native
Native
Native
Native
Native

Non-clonal
Non-clonal
Clonal

Clonal
Clonal
Non-clonal
Non-clonal
Clonal
Clonal

Clonal
Non-clonal

Non-clonal
Clonal
Clonal

Non-clonal
Clonal
Non-clonal
Clonal
Clonal
Non-clonal

Low
Low
Low
Low
Low
Low
Low
High
Low
Low

Low
Low

Low
Low
Low

Low
Low
Low
Low
Low
Low



0LT

Life history category and botanical name

Code

Biostatus Clonality

Meristem type

Anaphalioides bellidioides (G.Forst.) Glenny
Cerastium fontanum Baumg.

Epilobium L.

Euchiton audax (D.G.Drury) Holub

Euphrasia zelandica Wettst.

Helichrysum filicaule Hook.f.

Prunella vulgaris L.

Rumex acetosella L.

Trifolium dubium Sibth.

Herbaceous, extensive-stemmed herbs > 20 cm

Acaena Mutis ex L.

Achillea millefolium L.
Centaurium erythraea Rafn.
Dianthus armeria L.

Linum catharticum L.

Microtis unifolia (G.Forst.) Rchb.f.
Trifolium repens L.

Verbascum thapsus L.
Herbaceous, tussocks

Aciphylla aurea W.R.B.Oliv.
Chionochloa rigida (Raoul) Zotov
Festuca novae-zelandiae (Hack.) Cockayne
Herbaceous, graminoids < 15 cm
Agrostis petriei Hack.

Carex L.

ANADbel
CERfon
EPILOB
EUCaud
EUPzel
HELSil
PRUwvul
RUMace
TRIdub

ACAENA
ACHmil
CENery
DIAarm
LINcat
MICuni
TRIrep
VERtha

AClaur
CHlrig
FESnov

AGRpet
CAREX

Native
Exotic
Native
Native
Native
Native
Exotic
Exotic
Exotic

Native
Exotic
Native
Exotic
Exotic
Native
Exotic
Exotic

Native
Native
Native

Native
Native

Non-clonal
Clonal
Non-clonal
Clonal
Non-clonal
Clonal
Clonal
Clonal
Non-clonal

Clonal
Clonal
Clonal
Non-clonal
Non-clonal
Clonal
Clonal
Non-clonal

Non-clonal
Non-clonal
Non-clonal

Non-clonal
Clonal

Low
Low
Low
Low
High
Low
Low
Low
High

Low
Low
Low
High
Low
Low
Low
Low

Low
Low
Low

Low
Low



TLT

Life history category and botanical name

Code

Biostatus Clonality

Meristem type

Luzula rufa Edgar
Herbaceous, graminoids < 15
Agrostis capillaris L.

Agrostis muelleriana Vickery

Anthosachne solandri (Steud.) Barkworth &
S.W.L.Jacobs

Anthoxanthum odoratum L.

Bromus diandrus Roth

Deyeuxia avenoides (Hook.f.) Buchanan
Dichelachne crinita (L.f.) Hook.f.
Festuca rubra L.

Holcus lanatus L.

Lachnagrostis filiformis (G.Forst.) Trin.
Poa colensoi Hook.f.

Poa lindsayi Hook.f.

Poa pratensis L.

Rytidosperma Steud.

Schoenus pauciflorus (Hook.f.) Hook.f.
Woody, prostrate shrubs
Acrothamnus colensoi (Hook.f.) Quinn
Androstoma empetrifolium Hook.f.
Coprosma atropurpurea (Cockayne & Allan)

L.B.Moore

Gaultheria nubicola D.J.Middleton
Leucopogon fraseri A.Cunn.
Muehlenbeckia axillaris (Hook.f.) Endl.

LUZruf

AGRcap
AGRmue
ANTsol

ANTodo
BROdia
DEYave
DICcri
FESrub
HOLIan
LACHil
POAcaol
POAIin
POApra
RYTIDO
SCHpau

ACRcol
ANDemp
COpPatr

GAUnub
LEUfra
MUEaxi

Native

Exotic
Native
Native

Exotic
Native
Native
Native
Exotic
Exotic
Native
Native
Native
Exotic
Native
Native

Native
Native
Native

Native
Native
Native

Non-clonal

Clonal
Non-clonal
Non-clonal

Non-clonal
Non-clonal
Non-clonal
Non-clonal
Clonal
Clonal
Non-clonal
Non-clonal
Non-clonal
Clonal
Clonal
Clonal

Non-clonal
Non-clonal
Non-clonal

Non-clonal
Non-clonal
Clonal

Low

Low
Low
Low

Low
Others
Low
Low
Low
Low
High
Low
Low
Low
Low
Low

High
High
High

High
High
High



¢LT

Life history category and botanical name

Code

Biostatus Clonality

Meristem type

Pentachondra pumila (J.R.Forst. & G.Forst.) R.Br.

Podocarpus nivalis Hook.
Woody, dwarf shrub (subshrub)
Gaultheria depressa Hook.f.
Lupinus polyphyllus Lindl.
Pimelea oreophila C.J.Burrows
Woody, shrub and trees
Aristotelia fruticosa Hook.f.
Coprosma propingqua A.Cunn.
Discaria toumatou Raoul

Dracophyllum longifolium (J.R.Forst. & G.Forst.)
R.Br. ex Roemer & Schult.

Leptospermum scoparium J.R.Forst. & G.Forst.
Cytisus scoparius (L.) Link
Rosa rubiginosa L.

PENpum
PODniv

GAUdep
LUPpol
PIMore

ARIfru
COPpro
DIStou
DRAIlon

LEPsco
CYTsco
ROSrub

Native
Native

Native
Exotic
Native

Native
Native
Native
Native

Native
Exotic
Exotic

Non-clonal
Non-clonal

Non-clonal
Clonal
Clonal

Non-clonal
Non-clonal
non-clonal
Non-clonal

Non-clonal
Non-clonal
Clonal

High
High

High
Low
Low

High
High
High
High

High
High
High
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Figure S3.3. Bar graph showing mean percent cover (+ one standard error) of four native
(purple) and exotic (green) graminoid species recorded in 0.25-m? quadrats (n = 5) on 10-m
sections of 100-m permanent transects at Lake Ohau, Canterbury, South Island, New Zealand
measured between 2006 and 2022. The background colour represents before (white) and after
(red) the October 2020 wildfire. For Chionochloa rigida on OHAT043.burnt and
OHATO044.burnt where it was present in only a single quadrat there are no error bars. AGRcap =
Agrostis capillaris; ANTodo = Anthoxanthum odoratum; CHIrig = Chionochloa rigida; FESnov

= Festuca novae-zelandiae
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Figure S3.4. Bar graph showing mean percent cover (x one standard error) of four exotic forb
species recorded in 0.25-m? quadrats (n = 5) on 10-m sections of 100-m permanent transects at
Lake Ohau, Canterbury, South Island, New Zealand measured between 2006 and 2022.

The background colour represents before (white) and after (red) the October 2020 wildfire. For
HIElep where it was present in only single quadrat has no error bars. HIElep = Hieracium
lepidulum; HYPrad = Hypochaeris radicata; PILoff = Pilosella officinarum; PILsp. = Pilosella

piloselloides subsp. praealta
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Figure S3.5. Comparisons between native (purple) and exotic (green) species in their relative

community dynamics (+ one standard error) within 0.25-m? quadrats within 10-m transect

sections on 100-m transects at Lake Ohau, Canterbury, South Island, New Zealand

measured between 2006 and 2022. Each 10-m transect section comprised five quadrats. Relative

changes in species gains, species losses, and species richness were calculated for each 10-m

transect section on 100-m transects. The background colour represents before (white) and after

(red) the October 2020 wildfire. Asterisks indicate significant differences between native and

exotic changes, determined using generalised linear mixed-effects modelling (P < 0.05)
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Figure S4.1. Map of the study area with transect locations at Arthur’s Pass, New Zealand

shown as labelled, coloured points (source: Eagle Technology, LINZ and Earthstar

Geographics)
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Figure S4.2. Climate variables recorded at Arthur’s Pass at Arthur’s Pass, New Zealand

between 1906 and 2021. Total annual rainfall was recorded over the longest time period (115

y). In contrast, average annual wind speed was recorded for only 24 y. Other recorded variables

covered 49 years and include annual potential evapotranspiration, annual relative humidity,

annual solar radiation, annual vapour pressure, annual moisture deficit, annual maximum,

minimum and mean temperatures. Relative soil moisture was recorded as the moisture in the

soil at an average depth (cm), expressed as a percentage by volume
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Table S4.1. Species recorded in transects at Arthur’s Pass, New Zealand sampled between 1932

and 2018. All 134 species were categorised into thirteen groups based on plant life form,

clonality (Padullés Cubino et al., 2018; Pérez-Harguindeguy et al., 2013) and height

(http://nzflora.info)). Species names and codes were taken from Flora of New Zealand the

(http://Inzflora.info) and New Zealand Plant Conservation Network (https://www.nzpcn.org.nz).

Species without * are those for which flammability data were not collected, * represents species

with flammability data and burnt during this study, and ** represents species with flammability

data collated from prior research

Species name and growth form: Code
Herbaceous, rosette plants < 20 cm
Anisotome imbricata (Hook.f.) Cockayne ANlimb
Aporostylis bifolia (Hook.f.) Rupp & Hatch* APODbif
Brachyglottis bellidioides (Hook.f.) B.Nord.* BRAbel
Brachyscome Cass.** BRAchy
Cardamine dolichostyla Heenan CARdIc
Cardamine L. CARdam
Celmisia discolor Hook.f.* CELdis
Celmisia glandulosa Hook.f. CELgla
Craspedia G.Forst.** CRAspe
Gentiana Moench GENtia
Lagenophora strangulata Colenso LAGstr
Leptinella squalida Hook.f.** LEPsqu
Microseris D.Don MICros
Orchid ORChid
Oreomyrrhis Hook.f. OREomy
Ourisia macrocarpa Hook.f.* OURmMcc
Ourisia macrophylla Hook. OURmMap
Plantago L. PLAnNta
Viola lyallii Hook.f.* VI10la
Wahlenbergia albomarginata Hook.** WAHalb
Wahlenbergia gracilis (G.Forst.) A.DC. WAHgra
Herbaceous, rossette plants < 20 cm
Anisotome aromatica Hook.f.* ANlaro
Anisotome haastii (F.Muell.) Cockayne & Laing* ANlhaa
Astelia nervosa Hook.f.* ASTner
Celmisia armstrongii Petrie* CELarm
Celmisia coriacea (G.Forst.) Hook f. CELcor
CELdur

Celmisia durietzii Cockayne & Allan


http://nzflora.info/
http://nzflora.info/
https://www.nzpcn.org.nz/

Species name and growth form:

Code

Celmisia gracilenta Hook.f.*

Celmisia semicordata Petrie

Celmisia spectabilis Hook.f.

Celmisia verbascifolia Hook.f.*
Gingidia montana (J.R.Forst. & G.Forst.) J.W.Dawson
Hieracium lepidulum (Stenstr.) Omang*
Mycelis muralis (L.) Dumort.
Phormium cookianum Le Jol.*
Ranunculus lyallii Hook.f.

Ranunculus reflexus Garn.-Jones
Hypochaeris radicata L.*

Herbaceous, elongated, leaf-bearing rhizomatous < 8 cm
Hydrocotyle novae-zeelandiae DC.*

Herbaceous, elongated, leaf-bearing rhizomatous > 8 cm

Hypolepis millefolium Hook.

Blechnum fluviatile (R.Br.) Lowe ex Salomon
Blechnum minus (R.Br.) Ettingsh.*

Blechnum penna-marina (Poir.) Kuhn*
Geranium L.**

Notogrammitis billardierei (Willd.) Parris
Polystichum vestitum (G.Forst.) C.Presl

Growth form: Herbaceous, cushion plants
Gonocarpus aggregatus (Buchanan) Orchard*
Galium perpusillum (Hook.f.) Allan

Herbaceous, extensive-stemmed herbs < 20 cm
Anaphalioides bellidioides (G.Forst.) Glenny

Epilobium alsinoides subsp. atriplicifolium (A.Cunn.) P.H.Raven &

Engelhorn

Epilobium glabellum G.Forst.
Epilobium L.

Epilobium nerteroides A.Cunn.
Epilobium nummulariifolium R.Cunn.
Epilobium pedunculare A.Cunn.
Euphrasia cockayneana Petrie
Forstera tenella Hook.f.

Lycopodium scariosum G.Forst.*
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CELgra
CELsem
CELspe
CELver
ANGmMon
HIElep
MY Cmur
PHOcoo0
RANGhir
RANIya
HYPrad

HYDnov

HYPmil
BLEflu

BLEmMIn
BLEpen
GERani
NOTDbil

POLves

GONagg
GALper

ANADbel
EPlatr

EPIgla
EPllob
EPIner
EPInum
EPlped
EUPcoc
FORten
LYCsca



Species name and growth form:

Code

Herbaceous, extensive-stemmed herbs > 20 cm
Acaena Mutis ex L.**

Cirsium vulgare (Savi) Ten.

Dolichoglottis lyallii (Hook.f.) B.Nord.*

Huperzia australiana (Herter) Holub

Lobelia angulata G.Forst.

Luzuriaga parviflora (Hook.f.) Kunth

Lycopodium fastigiatum R.Br.*

Phlegmariurus varius (R.Br.) A.R.Field & Bostock

Tussocks

Chionochloa conspicua (G.Forst.) Zotov*
Chionochloa rubra Zotov*

Chionochloa Zotov**

Festuca matthewsii (Hack.) Cheeseman

Graminoids > 15 cm
Juncus L.

Graminoids < 15 cm

Agrostis L.**

Carex corynoidea K.A.Ford*

Carpha alpina R.Br.*

Deyeuxia aucklandica (Hook.f.) Zotov
Deyeuxia avenoides (Hook.f.) Buchanan*
Koeleria cheesemanii (Hack.) Petrie
Luzula picta A.Rich.

Oreobolus strictus Berggr.

Poa colensoi Hook.f.*

Rytidosperma Steud.

Zotovia colensoi (Hook.f.) Edgar & Connor

Graminoids < 15-90 cm

Hierochloe R.Br.

Holcus lanatus L.

Microlaena avenacea (Raoul) Hook.f.
Schoenus pauciflorus (Hook.f.) Hook.f.*

Woody, prostrate shrubs
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ACAena
CIRlan
DOLlya
HUPaus
LOBang
LUZpar
LYCfas
PHLvar

CHlcon
CHlrub
CHlono
FESmat

JUNcus

AGRost
CARex
CARalp
DEYauc
DEYave
KOEche
LUZpic
OREstr
POACcol
RYTido
ZOTcol

HIEroc

HOLIlan
MICave
SCHpau



Species name and growth form:

Code

Androstoma empetrifolium Hook.f.

Coprosma cheesemanii W.R.B.Oliv.*

Coprosma perpusilla Colenso

Lepidothamnus laxifolius (Hook.f.) Quinn
Muehlenbeckia axillaris (Hook.f.) Endl.**

Myrsine nummularia (Hook.f.) Hook.f.*
Pentachondra pumila (J.R.Forst. & G.Forst.) R.Br.*
Podocarpus nivalis Hook.*

Woody, dwarf shrub (subshrub)
Coprosma serrulata Hook.f. ex Buchanan*
Gaultheria antipoda G.Forst.

Gaultheria rupestris (L.f.) D.Don*
Pimelea lyallii Hook.f.

Pimelea oreophila C.J.Burrows**

Woody, shrub and trees

Aristotelia fruticosa Hook.f.**

Brachyglottis elaeagnifolia (Hook.f.) B.Nord.*
Clematis paniculata J.F.Gmel.

Coprosma ciliata Hook.f.

Coprosma colensoi Hook.f.

Coprosma crenulata W.R.B.Oliv.

Coprosma depressa Colenso ex Hook.f.*
Coprosma foetidissima J.R.Forst. & G.Forst.*
Coprosma pseudociliata G.T.Jane

Coprosma pseudocuneata W.R.B.Oliv. ex Garn.-Jones & Elder*
Coprosma rugosa Cheeseman

Coprosma dumosa (Cheeseman) G.T.Jane*
Coprosma J.R.Forst. & G.Forst.

Dracophyllum longifolium (J.R.Forst. & G.Forst.) R.Br. ex Roemer &
Schult.*

Dracophyllum traversii Hook.f.*

Dracophyllum uniflorum Hook.f.*

Fuscospora cliffortioides (Hook.f.) Heenan & Smissen*
Griselinia littoralis (Raoul) Raoul**

Hoheria glabrata Sprague & Summerh.**

Melicytus alpinus (Kirk) Garn.-Jones**

Myrsine divaricata A.Cunn.*

Olearia arborescens (G.Forst.) Cockayne & Laing
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ANDemp
COPche
COPper
LEPlax
MUEaxi
MYRnum
PENpum
PODniv

COPser
GAUant
GAUrup
PIMlya
PIMore

ARIfru
BRAela
CLEpan
COFPcil
COPcaol
COPcre
COPdep
COPfoe
COPpsc
COPpse
COPrug
COPdmo
COPros

DRAIlon

DRAtra
DRAunI
FUScli
GRiIlit
HOHgla
MELalp
MYRdiv
OLEarb



Species name and growth form:

Code

Olearia colensoi Hook.f.

Olearia ilicifolia Hook.f.**

Olearia lacunosa Hook.f.

Olearia nummulariifolia (Hook.f.) Hook.f.

Ozothamnus leptophyllus (G.Forst.) Breitw. & J.M.Ward*
Phyllocladus alpinus Hook.f.*

Pittosporum divaricatum Cockayne**

Podocarpus laetus Hooibr. ex Endl.

Pseudopanax colensoi (Hook.f.) Philipson*
Pseudopanax crassifolius (Sol. ex A.Cunn.) K.Koch**
Raukaua simplex (G.Forst.) A.D.Mitch., Frodin & Heads
Veronica canterburiensis J.B.Armstr.*

Veronica subalpina Cockayne*

OLEcaol
OLEili
OLElac
OLEnum
OZOlep
PHYalp
PITdiv
PODlae
NEOcol
PSEcra
RAUsImM
VERCcan
VERsub
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Table S4.2. Mean (£ standard error) flammability traits for each of the 67 species. n is number of individuals measured for each species.

Ignitability a measure of inverse of time taken by the sample to ignite, combustibility a measure of maximum temperature released when a

sample burns, sustainability a burning time and consumability a visually estimated burnt biomass. A temperature 150°C was assigned to those

species which did not ignite during experimental burning, which was the temperature of the grill. Life history category is the simplified set of

classes based on 14 groups (Table S4.1, Appendix A)

Species Life history category n Ignitability (s) Combustiblity ("C)  Sustainability (s) Consumability (%0)
code

ACAena Extensive stemmed herb 8 9.31+0.09 433 +79.58 6 +2.03 64.38 £ 14.41
AGRost Graminoids 16 9.47 +0.03 198.31 + 26.48 1.44 +1.13 17.5 +9.46
ANlaro Rosette 6 1+0 150+ 0 00 0+0
ANlhaa Rosette 6 1+0 150+ 0 00 0+0

APODif Rosette 6 1+0 150+ 0 00 0+0

ARIfru Tall shrubs and trees 8 4.27 £ NA 200.88 + 21.04 2.25+0.92 7.88+£25
ASTner Rosette 6 3.5+159 202.17 + 34.77 30.33 £22.98 2.83+2.46
BLEmin Rhizomatous 6 6.5+1.31 460.83 + 74.72 11.17 £ 5.47 29.17+7
BLEpen Rhizomatous 6 1+0 150+ 0 0+0 0+£0

BRADel Rosette 6 1+0 150+ 0 00 0+0
BRAchy Rosette 8 7.94 +1.02 150+ 0 0+0 0+0

BRAela Tall shrubs and trees 6 1.5+0.34 166.17 + 14.26 1+0.68 15+131
CARalp Graminoids 6 75+131 271.5+28.13 6.33+1.78 38.83 £10.39
CARcor Graminoids 8 3+1.31 162.88 £ 9.12 1.38+0.94 225+14.73
CELarm Rosette 6 7.83+0.6 467.67 + 68.87 79.83 £ 38.59 21.5+6.37
CELdis Rosette 6 90 451.33 + 20.66 37.67+11.9 75.83 £10.12
CELgra Rosette 6 1.67 £0.67 195+ 45 4+4 25+25
CELver Rosette 6 6.17 + 1.64 235.17 +41.13 5331191 48.33 £ 15.74
CHlcon Tussocks 6 8.67£0.33 419.33 £ 40.99 93.5+17.99 11.17 £5.23
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Species Life history category n Ignitability (s) Combustiblity ("C)  Sustainability (s) Consumability (%0)
code

CHirub Tussocks 7 6.43 £ 1.41 553.43 + 24.8 162.71 + 24.47 49.71 + 9.65
COPche Prostrate shrubs 6 6+1.59 216.33 +23.71 6.5+3.16 15+5.16
COPdep Tall shrubs and trees 6 8+0.77 250.6 + 44.28 11+4.93 20+£6.9
COPdmo Tall shrubs and trees 9 6+1.26 282.67 + 35.67 16.89 £ 4.55 6.11+251
COPfoe Tall shrubs and trees 6 1.5+£05 167.5+11.34 1.33+0.88 0.33+0.21
COPpse Tall shrubs and trees 5 7+1.05 294.6 + 32.98 9.6 +3.25 10+ 3.7
COPser Dwarf shrubs 6 1.17 £0.17 152.67 + 2.67 0.67 +0.67 0.33+0.33
DEYave Graminoids 8 95+0 375.88 £ 25.41 8.62+1.73 83.38 +3.53
DOLlya Extensive stemmed herb 6 1.33+0.33 165.33 £ 15.33 0.67 £0.67 05+0.5
DRAIlon Tall shrubs and trees 6 8.17 £ 0.65 451.17 + 76.68 48 +13.41 26.17 = 8.89
DRAtra Tall shrubs and trees 5 28+1.11 308.4 +£42.11 22.8+11.13 3.2+ 177
DRAUNI Tall shrubs and trees 6 8.17 +0.54 415.17 £ 94.22 49.83 + 14.38 30.83 +13.86
FUScli Tall shrubs and trees 6 8.5+0.22 417.5 + 54.52 26.83 £ 6.86 21.83+9.82
GAUrUp Dwarf shrubs 6 8.67 +0.21 4335+ 44.13 18.17 £ 6.15 30 £7.42
GERani Rhizomatous 16 5.97+1 186.25 + 24.81 0.31+0.25 11.56 +7.93
GONagg Cushion 6 1+0 150+ 0 00 00

GRIlit Tall shrubs and trees 36 3.45+051 284.01 +20.11 5+0.87 5.83+1.66
HIElep Rosette 6 1.17 £ 0.17 199.17 + 49.17 3+3 14.17 £ 14.17
HOHgla Tall shrubs and trees 26 6.4 +0.69 285.62 + 25.5 527+141 14.88 + 2.66
HYDnov Rhizomatous 6 1+0 150+ 0 0+0 0+£0

HYPrad Rosette 6 2.17+1.17 166.17 + 16.17 1+1 0.83 +0.83
LEPsqu Rosette 8 9.12+0.18 150+ 0 0+0 0+0

LUZpic Graminoids 16 9.25+0.1 291.75+41.81 212 £0.77 43.12 +12.63
LYCfas Extensive stemmed herb 6 3.83+1.64 201.17 +35.39 3.67+254 18.83 +£10.74
LYCsca Extensive stemmed herb 6 8.83+0.17 497.33 + 35.95 4433 +15.71 55.17 +14.2
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Species Life history category n Ignitability (s) Combustiblity ("C)  Sustainability (s) Consumability (%0)
code

MELalp Dwarf shrubs 39 55+0.09 280.72 + 23.75 554+1.2 9.1+2.01
MUEaxi Prostrate shrubs 12 2.17+0.47 158.83 £ 7.21 1.83+0.79 417 +1.61
MYRdiv Tall shrubs and trees 6 3.67 +1.69 201+ 31.61 3.5+2.06 0.83+04
MYRnum Prostrate shrubs 6 8.33+0.21 465.67 + 40.25 1417 +2.2 54.17 £15.41
NEOcol Tall shrubs and trees 26 5.75+0.12 478.5 +23 18.81 +3.03 22.69+2.73
OLEarb Tall shrubs and trees 6 2.33+1.33 170+ 20 1.67 +1.67 25+25
OURmMap Rosette 6 8.83+0.17 348 +43.05 31.33+9.55 20.67 + 4.67
0ZOlep Tall shrubs and trees 6 3.5+1.59 270.17 £ 76.58 7.5%5.74 32.5+20.56
PENpum Prostrate-shrubs 6 567+18 443.83 + 73.37 218.33+12852  20+9.75
PHOCo0 Rosette 6 7.83+0.48 625 + 61.47 136 + 38.39 53.83 £ 11.97
PHYalp Tall shrubs and trees 9 8.39+0.23 609.22 + 39.73 15.78 £ 3.24 69.44 + 7.61
PIMore Dwarf shrubs 6 483+1.3 185.17 +15.2 5.83+2.12 0.67 +0.49
PITdiv Tall shrubs and trees 6 5+1.79 159.17 +4.78 3.33+1.74 49.17 + 22
POAcol Graminoids 6 8 +0.63 428.33 + 88.88 41.67 £22.4 24.67 +11.36
PODniv Prostrate shrubs 6 8.5+0.22 429 + 58.17 32.5+13.08 36.33 +£10.02
POLVes Rhizomatous 6 1.83+0.65 253.83 £ 66.42 11.67+7.74 1.17+0.83
PSEcra Tall shrubs and trees 23 0.8 +0.09 170.13 +12.78 0.87 +0.48 0.83+0.48
RYTido Graminoids 8 9.5+0 215+ 42.74 1.12 +0.87 235+15.4
SCHpau Graminoids 6 8.83+0.17 338.17 £ 37.73 9.67 + 2.64 18.33 +5.27
VERCcan Tall shrubs and trees 6 6.5+0.22 344.17 + 33.26 18.17 +£6.28 30.83 £12.16
VERSsub Tall shrubs and trees 6 75+0.43 277.5 % 29.47 33+17.61 10.83 +£3.16
VIOlya Rosette 6 1+£0 150 £ 0 0+0 0+0
WAHalb Rosette 8 6.25+1.54 150 £ 0 0+0 0+0
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Table S4.3. Mean (£ standard error) morphological trait values for the 57 species for which | had measured trait data.

Names of traits are based on abbreviations of the morphological traits are leaf length (LL cm), leaf thickness (LT mm), leaf area (LA cm?),

specific leaf area (SLA, cm?/g), leaf dry matter content (LDMC g), bulk density (BD) cm?, % moisture content (MC), shoot dry matter content

(SDMC g), % dead material mass (Dm). Code represents species abbreviations based on first three letter from the genus and specific epithet

(Table S4.1, Appendix A)

Code LA LL LT LDMC  SLA SDMC BD MC Dm
ACAena 0.01£0 011+0  019+0 44+NA 14567+NA 0410  284+13 14916 £11.9 4375+
7.1
AGRost 00 043+0  03+0 085+0 211.36+28 043+0  4.14+16 160.07 +26.9 2438+
35
ANlaro  0.25+0 06801 002+0 031+0 17515+10.6 023+0  36.33+105 278.77+87 0+0
ANlhaa 141+04  151+01 002+0 0310 289.42+372 024+0  23533+619 252.86+13.4 0+0
APObif 33509  468+07 004+0 010 322314721 011+0  433%1 7815+86 00
ASTner 17687+  6527+84 01+0 032+0 6889+108 029+0 1135433+ 236.9+257 11.67+
42.6 3206.5 75
BLEmin 1658+13 11.04+03 003+0 034+0 12535+189 032+0  16056.67 + 19485+232 2+16
1614.2
BLEpen 025%0 058+0.1 002+0 034+0 170.87+151 0.3+0 137 +25.2 20001+64 0+0
BRAbel 224+03 221402 0050 017+0 11657+93 039+02 2055 386.03+32.3 0+0
BRAchy 0010 025+0  029+0 91+NA 865+NA  042+0  162+03 148.17+21.6 1.88+1.3
BRAela 242%16  775+04 005+0 026+0 9337+152 026+0 42409 +6073.9  298.61+347 0.83+0.7
CARalp 27103  98%07 006+0 029+0 14272+146 026+0  864.83+2085  181.87+248 13309
CARcor 1366+34 322+3  003+0 046+  251.11+203 028+0 1166+ 300.4 229.05+154 6.88+4.4
0.1
CELarm 2957+43 2179+18 005+0 036+0 5489+64 031+0  18687+3700.8  2335+88.1 85+3.9
CELdis 156+01  207+01 004+0 038+0 7156+42 034+0  78333+187.4  97.3+20 25.67 +

6.2
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Code LA LL LT LDMC  SLA SDMC BD MC Dm
CELgra 1461%23 69207 0050 0290 790391 023:0  127.33+38 3134+355 6.67+49
CELver 162+02 70707 003+0 025+0 10844+99 0260  40317+1429  25954+21.7 1367+7
CHlcon 30.35+54 9442+45 004+0 043+0 2456+23  038+0  23496.67 + 14922102 45+5
2267.2
CHIrub  386+04  81.85+55 005+0 046+0 861+0.7  047+0 11990 +1269.3 992452  27+8.1
cOoPche 13504 08301 003+0 041+0 866.85+ 039+0 20474481232  12566+6.8 0.17+0.2
222.1
COPdep 0280 09701 003+0 032+0 12677+125 037+0  34154.8+9647.7 139.18+20.6 0+0
CcOPdmo 034+01  083+01 003+0 032+0 17594+426 040 52018.89 + 11831£58 022+0.1
10505.2
COPfoe 384+03  356+01 003+0 025+0 159.78+94 029+0 55195473116  23549+126 00
COPpse  032+01 115401 004%0 0360 96.7+26 034+0  36111.6+ 169.45 +17.8 0.4+0.2
13490.4
COPser 808+11 418+03 006+0 035+0 5151+22 032+0  6978.67+9753 190.69+183 00
DEYave 0%0 093+0  03+0 25+NA 5974+NA  064+01 346+1 648+165 3028
DOLlya 40608 1513+15 008+0 01240 12224%7.3 0130  277.33%130 605.61+384 1+0.8
DRAlon 131+02  9+08 004+0 054+0 5883+13.8 057+0.1 19220+ 2153 851+28 104
DRAtra 104.19+8 5259+17 006+0 047+0 5357+28  039+0  86366+15208.9 12495+63 0.8+0.8
DRAuni 04801  38+01 004+0 05+0  881%253 049+0  12976.67+ 87.31+9 333+15
1435.8
FUScli  059+0.1  108+01 003+0 043+0 10667+4.9 038+0.1 54110+13681.2 112877  05%0.
GAUrp 098+01  173+01 006+0 0390 447329  037+0  9224+11753  14403+83 25%11
GONagg 041+01  099+01 002+0 0260 19356+144 024+0  19%72 255.07 433 0+0
HIElep  1232+25 781+1  002+0 015%0 303.63+211 014%0  302.33+816 491.45+759 5%5
HYDnoy 133%04  082+01 003+0 015+0 28665+402 0130  2.33%0.6 583.41+41.6 00
HyPrad 914+11  811+08 003+0 015+0 1827+141 014+0  746+2495 599.97 654 00
LYCfas 0.03%0 054+0  002+0 043+0 14467+188 034+0 1639 +479.1 152.78 £12.7 0+0
LYCsca 0.04%0 042+0  005+0 037+0 12743+165 037+0  5063+1932.8  157.73+45 00
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Code LA LL LT LDMC  SLA SDMC BD MC Dm
MYRdiv 06601 1020 002+0 031+0 15852%57 034+01 87608.33% 12712163 017%0.2
11664.7
MYRnu 157+0.7 086+0  003+0 041+0 317.88% 043+0  3203.17+14054 11343+43 05+03
m 149.9
NEOcol 2407+33 846+06 006+0 04+0  5151+4 037+0 32990 +96935  163.89+6.6 00
OURmap 47.46+82 9708 006+0 021+0 10064+139 018+0  487.67+177.9 460271 00
0ZOlep 024%0.1  082+0  003+0 0380 10557+254 037+0  26035.33% 12652+7.7 2.33+0.8
5956.7
PENpum 0.05+0 047+0  002+0 047+  97.76+29.9 047+0  326.67+76 72.77+3 0+0
0.1
PHOcoo 294.93+69 7406+5 008+0 04+0  3034+48 039+0  1311333+2882 12249+112 3585
PHYalp 168%02 255%01 0060 047+0 4644+38 043:0  41736+6820.3 113.99+7.2 08303
PIMore 0%0 0080  032+0 05+NA 85+NA 042+0 26507 14507 +17 2333 %
47
PITdiv  0.25+0 1.05£01 002+0 039+0 9667+82 046+0  33833.33% 106.47 £6.7 105+9.9
10356.8
POAcol  0.26+0 566+04 003+0 044+0 8933+96 036+0 423316 15213149 05+0.3
PODniv 0210 113+£01 004+0 04+0  7137+121 041%0 5213083 113194135 00
21236.5
POLves 043+01  101+£01 003+0 033+0 178.86+455 033+0  35972+7031.1  196.8+83 846
RYTido 0.01%0 165+0  019+0 37+NA 15643+NA 042+0  02%0.1 148.44£22.4 31+7
SCHpau 0280 423+06 002+0 031+0 22409+554 031+0 2070 +7417 191114129 524
VERcan 042+01  122+0 0040 041+0 8159+24  042+0 1067633+ 11561 £35 3.17+16
2700.1
VERsub 091+01 23#01 005+0 035+0 5568+52 038+0  23543+124095 144524112 15%0.6
VIOlya 28%05 17802 003+0 018+0 281.89+237 016+0  17+09.7 42411+412 0+0
WAHalb 0%0 022+0  034+0 11+NA 12613+NA 033+0 36+1 225+327 68827




Table S4.4. Summary of the sample sizes for species at Arthur’s Pass, New Zealand that

were burnt (B) and unburnt (UB) by life history class. This life history class was modified to

simplified life history category for data visualization. B is the number of species for which |

had measured shoot flammability data, UB is the number of unburnt species, n is the total

number of species and Percent is the percent of species of that life history category for which

I had measured shoot flammability data. The total number of species for which | obtained

new experimental burn data in this study was 50

Simplified life
Category Life history category history Percent
category
Terrestrial, herbaceous, rosette
) ] 35
alal plants <20 cm Rosette
Terrestrial, herbaceous, rosette
) ] 56
alaz plants >20 cm Rosette
Terrestrial, herbaceous,
albl elongated, leaf-bearing Rhizomatous 100
rhizomatous <8 cm
Terrestrial, herbaceous,
alb2 elongated, leaf-bearing Rhizomatous o7
rhizomatous >8 cm
Terrestrial, herbaceous .
- ) ] 50
alcl cushion plants Cushion
Terrestrial, herbaceous, Extensive
ive- 9
aldl ﬁ)r;[enswe stemmed herbs <20 stemmed herbs
Terrestrial, herbaceous, Extensive
ive- 43
ald? §>r<nten3|ve stemmed herbs >20 stemmed herbs
alel Terrestrial, tussocks Tussocks 2 50
alfl Terrestrial, graminoids >15 cm  Graminoids 1 0
alf2 Terrestrial, graminoids <15 cm  Graminoids 4 58
13 ;:I'rerz]rrestrlal, graminoids 15-90 Graminoids 3 o5
Terrestrial, woody, prostrate 45
a3al shrubs Prostrate shrubs
Terrestrial, woody, dwarf shrub
y ] 67
a3bl (subshrub) Dwarf shrubs
Terrestrial, woody, shrub and Tall shrubs and
a3cl ’ Y, 68
trees trees
Totals 50.00
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Table S4.5. PCA loadings of community weighted means of morphological traits.

Abbreviations of the traits are given in Table S4.3, Appendix A

Community weighted means PCl PC2 PC3 PC4 PCS

of traits

LA 0.85 -0.31 -0.11 0.14 -0.24
LL 0.77 -0.14 -0.10 -0.35 0.47

LT -0.09 0.68 -0.61 0.13 0.00

LDMC -0.10 0.38 0.47 0.73 0.27

SLA -0.46 0.03 0.67 -0.52 -0.02
SDMC -0.81 -0.13 -0.42 -0.13 0.31

BD -0.42 -0.72 0.18 0.31 0.08

MC 0.41 0.79 0.35 -0.15 0.04

DM 0.88 -0.29 0.08 0.10 0.15
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Figure S4.3. Changes in community weighted means of traits over 86 years (1932-2018) of

time at Arthur’s Pass, New Zealand; a) bulk density, b) leaf length, c) leaf thickness, and d)

leaf dry matter content
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Figure S4.4. Histograms of the mean species level flammability trait values for the 67
species for which I had flammability measurements. The components of flammability are
ignitability (s), measured as the time taken for the sample to ignite (samples that did not
ignite were recorded as zero), combustibility (°C), measured as the maximum temperature
reached (samples that did not ignite were recorded as the recorded temperature of the grill
without ignition with the blowtorch applied, i.e., 150 °C), sustainability (s), measured as the
total burning time of the sample and consumability (%), measured as the percent biomass

burnt out of the total biomass in the sample
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Figure S4.5. Box plot of flammability (PC1) of 67 species across plant history category at
Arthur’s Pass, New Zealand
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Figure S4.6. Flammability ranking of the 67 species at Arthur’s Pass, New Zealand based on
their scores on the first component of the species’ flammability trait principal component

analysis (PC1). Species with high values on PC1 values were relatively more flammable than

those with low values on PC1
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Figure S4.7. Community flammability across different sites in different vegetation types
within 86 years (1932-2018) of time at Arthur’s Pass, New Zealand. This graph represents

mean variation of community flammability on each transect within 86 years

Table S4.6. PCA loadings of species level flammability, and morphological traits.

Abbreviations of the traits are given in Table S4.3, Appendix A.

Species traits PC1 PC2 PC3 PC4 PCS
Ignitability 0.79 -0.41 -0.07 0.06 0.08
Combustibility 0.84 -0.05 -0.24 0.35 -0.03
Sustainability 0.72 0.48 0.01 0.08 0.14
Consumability 0.68 -0.40 0.02 0.46 -0.08
LA 0.28 0.70 0.32 -0.21 0.40
LL 0.24 0.82 0.22 0.09 0.02
LT 0.26 0.76 0.10 -0.05 -0.33
LDMC 0.29 -0.54 0.56 -0.41 -0.10
SLA -0.69 -0.40 007 0.16 0.46
SDMC 0.78 -0.36 -0.07 -0.33 0.01
BD 0.33 0.44 -0.73 -0.16 0.15
MC -0.77 0.33 0.29 0.34 -0.08
Dm 0.61 -0.06 0.60 0.22 0.19
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Table S5. 1. List of the 29 plant taxa, for which flammability components ignition score,
maximum temperature, burning time and burnt biomass, leaf nutrient concentration, and
shoot and leaf morphological traits were measured. All plant samples were burnt as ca. 70 cm
shoots, except taxon denoted by *, which were burnt as whole plants (i.e., plants were < 70
cm height), and those denoted by ** were burnt as clump (plant material starting from the
bottom centre of each individual and including dead plant biomass and all other branches and
stems). Taxon in bold denote those for which leaf nutrient concentration data were obtained
from Richardson et al. (unpublished data). Note that some data are presented at the genus
level only, consistent with the permanent plot vegetation data (Burge et al., 2020)). Taxon
names, family, authority, and growth form were taken from Flora of New Zealand
(http://nzflora.info) and New Zealand Plant Conservation Network

(https://www.nzpcn.org.nz)

Life history category and botanical name Family Code
Ferns

*Blechnum minus (R.Br.) Ettingsh. Blechnaceae BLEmin
**Polystichum vestitum (G.Forst.) C.Presl Dryopteridaceae ~ POLves
*Lycopodium scariosum G.Forst. Lycopodiaceae LYCsca
Grasses

**Poa colensoi Hook.f. Poaceae POAcol
*Agrostis L. Poaceae AGRost
Rytidosperma Steud. Poaceae RYTido
**Chionochloa conspicua (G.Forst.) Zotov Poaceae CHilcon
**Chionochloa rubra Zotov Poaceae CHlrub
Forbs

*Anisotome haastii (F.Muell.) Cockayne & Laing Apiaceage ANlhaa
**Phormium cookianum Le Jol. Asphodelaceae PHOcoo
**Astelia nervosa Hook.f. Asteliaceae ASTner
*Celmisia armstrongii Petrie Asteraceae CELarm
*Celmisia discolor Hook.f. Asteraceae CELdis
*Qurisia macrophylla Hook. Plantaginaceae OURmap
Shrubs

Brachyglottis elaeagnifolia (Hook.f.) B.Nord. Asteraceae BRAela
g.rsf.osﬁggtﬁéﬁrglgcg;]m(J.R.Forst. & G.Forst.) Ericaceae DRAlon
Dracophyllum traversii Hook.f. Ericaceae DRAtra
Dracophyllum uniflorum Hook.f. Ericaceae DRAunNI
Gaultheria rupestris (L.f.) D.Don Ericaceae GAUrup
Veronica subalpina Cockayne Plantaginaceae VERsub
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Life history category and botanical name Family Code
Podocarpus nivalis Hook. Podocarpaceae PODniv
Myrsine nummularia (Hook.f.) Hook.f. Primulaceae MYRnum
Coprosma foetidissima J.R.Forst. & G.Forst. Rubiaceae COPfoe
Coprosma serrulata Hook.f. ex Buchanan Rubiaceae COPser
Pimelea oreophila C.J.Burrows Thymelaeaceae PIMore
Trees

Pseudopanax colensoi (Hook.f.) Philipson Araliaceae NEOcol
Fuscospora cliffortioides (Hook.f.) Heenan & Smissen  Nothofagaceae FUScli
Phyllocladus alpinus Hook.f. Podocarpaceae PHYalp
Myrsine divaricata A.Cunn. Primulaceae MYRdiv

Table S5.2. Comparisons based on AICc among candidate phylogenetic generalised least

square models assessing the phylogenetic relationships between relative plant taxon

flammability (response variable), leaf nutrient concentration, and leaf morphology and shoot

traits, based on principal components from PCAs. Principal components (PC) used as

predictors in the models were either leaf nutrient content (PC1_nutrients) or leaf morphology

(PC1_morph) and shoot traits (PC2_morph). For each model, K is the number of parameters,

AICc is the sample size corrected Akaike information criterion, DAICc is difference in AICc

of each model from the top model, W is the relative weight of each model in the model set,

and LL is the model log-likelihood. A key result of this analysis (Table S5. 1, Appendix A) is

that the model with PC1_nutrients alone is no longer a plausible model. R2 is the proportion

of variation of flammability PC1 explained by predictors

Model K AlCc DAICc W LL R2
PC2_morphology 3 121.09 0 053 -57.06 0.48
PC1_nutrients + PC2_morphology 4 12307 199 020 -56.70  0.48
PC1_nutrients + PC1_morphology+ 5 12373 265 0.14 -5556  0.35
PC2_morphology
PC1_morphology + PC2_morphology 4 12379  2.70 0.14 -57.06 037
PC1_morphology 3 140.21 19.12 0 -66.63 0.21
PC1_nutrients + PC1_morphology 4 14054  19.46 0 -65.44  0.19
Null model (intercept) 2 14058 1950 0 6806 O

3 143.06 21.97 0 -68.05 0.02

PC1 nutrients
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Lycopodium scariosum

Blechnum minus

Polystichum vestitum

——Phyillocladus alpinus

Podocarpus nivalis

_[Agrostis species

Poa colensoi

Chionochloa rubra

Chionochloa conspicua

Rytidosperma species

Astelia nervosa

Phormium cookianum

Pimelea oreophila

Fuscospora cliffortioides

~Myrsine nummularia

~Myrsine divaricata

~Dracophyllum traversii

__ }Dracophyllum longifolium

“Dracophylium uniflorum

L Gaultheria rupestris

— |Copmsma foetidissima

ICoprosma serrulata

Ourisia macrophylla

Veronica subalpina

Pseudopanax colensoi

-Anisotome haastii

——Brachyglottis elaeagnifolia

_[Ce!m."s.fa armstrongii
Celmisia discolor
Figure S5.1. Evolution of taxon flammability across the vascular plants at Arthur’s Pass,

South Island, New Zealand. The phylogeny of 29 species were obtained from an R package
‘V.PhyloMaker2’
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Flammability PC1

Figure S5.2. Box plot of relative flammability (PC1) for all individual measurements of
specimens of the 29 plant taxa. The first and second principal components explained 57.39%

and 21.28% of the individual specimen level variation in relative flammability

Table S5.3. Loadings of the four measurements of shoot flammability for the 29 taxa on the

first four principal components of PCA on flammability (Figure 5.1a)

Flammability traits PC1 PC2
Percent variance explained 66.15 % 20.98 %
Ignition score 0.83 -0.31
Maximum temperature ("C) 0.94 0.09
Burnt time (s) 0.60 0.78
Burnt biomass (%) 0.84 -0.35
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Figure S5.3. Principal component analysis biplot of the mean scores for each taxon based on

measurement of leaf nutrient concentration traits (red). Taxon codes are the first three letters

of each of genus and species epithet as code (see full species list, Table S5. 1, Appendix A)
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Figure S5.4. Principal component analysis biplot of the mean scores for each taxon based on
measurement leaf (green) and shoot (purple) morphological traits for the 29 taxa. Taxon
codes are the first three letters of each of genus and species epithet as code (see full species
list, Table S5. 1, Appendix A). Abbreviations of morphological traits are shoot dry matter
content (SDMC; g/g), bulk density (BD; cm3), % moisture content (MC), % dead material
(Dm), leaf length (LL; cm), leaf thickness (LT mm), leaf area (LA; cm?), leaf dry matter
content (LDMC; g/g), specific leaf area (SLA; cm?/g)
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Table S5.4. Correlation among the predictors obtained from dimensional reduction on leaf nutrient concentration PCA and morphological (leaf
and shoot) trait for the 29 taxa. These dimensionally reduced variables are used as predictors in generalised linear modelling of relative shoot or

whole-plant flammability (PC1)

Traits % of BD Dm MC SDMC LL LT LA LDMC SLA Ca Mg P K S
variance
explained

PC1 nutrients 52.56 -007 -007 026 -05  -037 -022 -023 -0.03 048 02 088 072 077 084
PC2 nutrients 26.64 041 059 034 -012 -018 -003 -006 -0.33 004 092 03 -049 -033 0.2
PC1 morph 2927 000 051 025 029 087 061 075 -011 -072 -03 -039 -041 -01 -0.38
PC2 morph 2386 043 067 -079 055 011 -0.34 -018 065 -002 -052 -042 021 -013 -0.16
PC3 morph 1445 047 037 028 -064 01 -011 037 023 048 -009 022 031 064 02
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Table S5.5. Importance value of response variables in the model averaging in simple
generalised linear modelling. w+ represents models including the parameter and w-

represents models excluding the parameter

Response variables Importance values
w+ w-
PC1_nutrients 0.83 0.17
PC1_morph 0.20 0.80
PC2 morph 0.99 0.01

Table S5.6. Predictors of plant flammability PC1 based on the model-average result
from generalised linear modelling of 29 taxa. Abbreviations: PC1_nutrients represent
four leaf nutrient concentration (K, Mg, P and S), PC1_morph represents mixed
morphological traits: leaf and shoot (LA, LL, LT, BD, MC) and PC2_maorph represents
leaf and shoot traits (LL, LDMC, Dm, SDMC, MC)

Flammability (PC1)

Predictors Estimates Conf. Int (95%0)
(Intercept) -0.00 -0.48 -0.48
PC1_nutrients -0.36 * -0.67 —-0.05
PC2_morph 0.60 *** 0.26 - 0.94
PC1_morph 0.02 -0.33-0.37
Observations 29
R2 0.477

* p<0.05 ** p<0.01 *** p<0.001
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Table S5.7. Predictors of plant flammability PC1 based on the model-average result
from phylogenetic generalised least square of 29 taxa. Abbreviations: PC1 nutrient
represents four leaf nutrient concentration (K, Mg, P and S), PC1 morphology
represents mixed morphological traits: leaf and shoot (LA, LL, LT, BD, MC) and PC2
morphology represents leaf and shoot traits (LL, LDMC, Dm, SDMC, MC)

Flammability (PC1)

Predictor Estimates Conf. Int (95%)
(Intercept) 1.01 -3.08-5.10
PC1 morph 0.13 -0.13-0.38
PC2 morph 0.89 ™ 0.57-1.21
PC1m: PC2 morph 0.21™ 0.08-0.35
PC1 nutrients -0.12 -0.38 - 0.15
PC1 nutrients: PC2 morph -0.15° -0.29 --0.01
PC1 nutrients: PC1 morph -0.09 -0.34-0.16
PC1 nutrients: PC1 morph: PC2 morph 0.03 -0.12-0.19
Observations 29

* <0.05 ** p<0.01 *** p<0.001
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Appendix B. Fire severity in recent burns in South Island, New Zealand
Introduction

Fire severity is the amount of loss or decomposition of biomass or the organic matter both
on the above and below ground and is one of the main characteristics to measure the
impacts of a fire (Keeley, 2009). Variations in fire severity within or among sites can
create different ecological impacts on ecosystems (Keeley, 2009). When there is high fire
severity, this can substantially change the plant community composition and dominant
species because many species die or unable to be replaced, so may lead to alternative
stable states (Day et al., 2022; Knox & Clarke, 2012). Some studies have shown following
fire, short lived and far dispersing species invade the site after fires of high severity
(Brodie et al., 2021).

Fire severity could be influenced by many factors such as plant community
structure, including plant traits that influence flammability, topography, weather, and
fuels (Paudel et al., 2022; Saladyga et al., 2022; Santos et al., 2019), but the degree to
which each contributes to the spatial pattern of fire severity under different conditions
remains poorly understood. Fire severity can also vary depending on fuel moisture and
the relative abundance of particular plant growth forms (Brodie et al., 2021; Estes et al.,
2017). For example, grasses produce high amount of fine fuels and promote rapid fires
that may be of low severity, while trees have lots of dense fuels and promote severe crown
fires (Estes et al., 2017; Pausas et al., 2004; Wragg et al., 2018). Burning conditions and
pre-fire vegetation both can influence the severity of fires; therefore, even under extreme
fire weather conditions, fuel management treatments can limit fire severity (Viedma et
al., 2020; but see Bowman et al., 2021).

Measures of fire severity are not consistent between and within ecosystems Miller
& Safford, 2020) in USA and Australia. In some studies, they measure biomass loss to
determine fire severity whereas others measure the area burnt during fire (Oliveira et al.,
2015; Pascolini-Campbell et al., 2022; Saladyga et al., 2022). Therefore, plant parts
combusted during the fire for example branch diameter and cover of live vegetation after

the fire can determine fire severity.

Researchers have used a range of measures to estimate fire severity (Kasischke et al.,
2008; Keeley, 2006; Nolan et al., 2020). For example sometimes measure the diameter of
woody trees and shrubs (Strand et al., 2019). If a remaining branch has a small diameter,

then it means the fire is of lower severity because there has been less combustion (Day et
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al., 2022). The area of burnt vegetation is often measured to determine fire severity both
from field studies and remotely sensed satellite data. There are many previous studies
where fire severity was assessed based on remotely sensed data basically using NBR
(Normalized Burn Ratio) and NDVI (Normalized Difference Vegetation Index) (Escuin
et al., 2008; Estes et al., 2017; Fernandez-Guisuraga et al., 2021; Garcia et al., 2017;
Lentile etal., 2007b; Loboda et al., 2013; R. B. Walker et al., 2018; Whitman et al., 2018).
This gives us an idea of very large, burnt areas, but area of burnt in field study could also
be estimated at finer spatial scales. We may also be able to estimate community
flammability to tell us about fire severity (Cardoso et al., 2018). If there’s low fire
severity, then we expect greater abundance of low flammable plants. However, this metric

would only work best if there is pre-fire vegetation data.

In this pilot study, | aimed to test the methods for estimating fire severity based
on field measurements of branch diameter, ground covers and plant community
flammability following wildfires in South Island of New Zealand’s tussock-dominated
montane grasslands. | evaluated these potential fire severity methods by relating the
different measurements to each other in recently burnt areas. | expected that in areas of
higher fire severity plants would have larger diameter branches and there would be a
lower percent cover of live vegetation. | also expected that in areas of lower fire severity,
I would observe a higher abundance of less flammable plants.

Methods

Field sampling

This study was conducted in three different sites in Canterbury and Otago regions of
South Island, New Zealand. Deep Stream in Otago was burnt in early summer in 2019,
while Pukaki and Ohau, in the Canterbury region, were burnt in spring 2020 (Figure S2.1;
Figure S3.1, Appendix A). Deep Stream was within the tussock-dominated grassland
(Payton & Pearce, 2009); all of three sites were in montane grasslands. At the Ohau site,
we measured fire severity in 2.5 recently burnt permanent transects set up in 1980s
(Buckley & Freckleton, 2010; Day & Buckley, 2013). At all three sites, branch diameter,
live vegetation cover were measured in field (Figure S1; a &b) and plant were sampled

to burn in laboratory to determine flammability.
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Figure S1. Photos showing a) measurement of branch diameter and b) estimating live

vegetation cover in 0.25-m? quadrat at on burnt site.

Deep Stream

At Deep Stream, we set up nine 10-m transects away from the experimental burn areas
on different aspects: three were north-facing, three were south-facing, and three were on
the top of ridgelines (Figure S2a). To estimate woody combustion along each transect,
we measured diameters minimum of five branches. Most woody species at this site were
prostrate shrubs. To obtain an estimate of area burnt, in each 0.25-m? vegetation quadrat
in the experimental burns (see detail in Chapter 2), we estimated percent covers of live

vegetation.

Pukaki

At Pukaki, we set up seven plots after fire to measure relative fire severity. At this
site, representative burnt areas were selected based on plant community types (tussock-
dominated and shrubland). Within each 20-m by 20-m plot, three transects were run at 5-
m apart (5, 10, 15-m) (Figure S2b). Woody plants were measured for combustion at
regular 1-m intervals. Starting from 1-m along the transect, the woody plant (tree, shrub,
or ground shrub) nearest to the transect on the right side of the line was measured and
identified to species level where possible (but three species could not be identified so
named then as unknown, unknown woody 1 and 2). For each individual up to five
branches with the thinnest tips had their diameters measured; this gives an indication of
fine fuel combustion, where if there are thin branch tips remaining then the fire severity
is lower than if only branches with large diameters remain. If the woody plant had leaves
remaining this was also recorded. To obtain an estimate of area burnt, in each 0.25-m?
vegetation quadrat in the corners of the plot, we estimated percent covers of burnt

vegetation.
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Ohau

At the Ohau site, woody combustion was estimated on three 20-m transects
running perpendicular to the main 100 m transect at 25-m apart (25, 50, 75-m) except on
the half burnt transect OHATO042 (5, 30-m) were made across the permanent transects
(Figure S2c). Woody plants were assessed for combustion at regular 1-m intervals.
Starting from 1-m along the transect, the woody plant (tree, shrub, or ground shrub)
nearest to the transect on the right side of the line was measured and identified to species
where possible (but three species could not be identified so named then as unknown,
unknown woody 1 and 2). For each individual up to five branches with the thinnest tips
had their diameters measured; this gives an indication of fine fuel combustion, where if
there are thin branch tips remaining then the fire severity is lower than if only branches
with large diameters remain. If the woody plant had leaves remaining this was also
recorded. The plant height was measured from ground to tip of the plant; this provides
the level of severity, where the shorter the plant height remains the higher the fire severity.
In runner species (prostrate) plant height was measured from the ground to the top of the
plant. To obtain an estimate of area burned, in each 0.25 m? vegetation quadrat along the

main 100 m transect, we estimated percent covers of burnt vegetation.
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Figure S2. Schematic layout to assess fire severity in relative to branch diameter of
woody species in post-fire at a) Deep Stream and b) Pukaki and ¢) Ohau. At Deep
Stream, nine 10-m transects were made on three different aspects away from 1 hectare
experimental plot and branch diameter of woody species were measured at every 1-m
on the right side. At Pukaki, three transects were made within 20-m vegetation survey
plot at 5, 10 and 15-m and branch diameter of woody species were measured at every 1-
m. At Ohau, three transects were made perpendicular to the 100-m permanent transects
at 25, 50 and 75-m and branch diameter of woody species were measured at every one

meter distance.

Data analysis

To explore variation in the potential measurements of fire severity among sites | used
one-way ANOVA for the branch diameter response variable with site as the predictor. To
assess differences in branch diameters within sites | used the transect as the predictor
variable. I checked normality of the response variables and since the data were not
normally distributed, | log-transformed the branch diameter. | also looked at quadrat
percent covers of unburnt (live) vegetation. Here, | considered a low cover score of live
vegetation to represent a higher fire severity. As there were large differences between
sites at the transect level, we used a post-hoc TukeyHSD test using ‘agricolae’ (De
Mendiburu Delgado & De Mendiburu Delgado, 2009) and ‘multcompView’ (Piepho,
2004) in R v.4.2.1 (R Core Team, 2022).

In addition, | compared community flammability (estimated using the weighted
means method) among sites. To estimate community flammability, | categorized 114

species present in the study area into fourteen classes based on the following traits: life
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form, clonality and plant height following Padullés Cubino et al., 2018. Secondly, |
combined flammability data with existing flammability data (Curran et al. unpublished).
Then, I performed principal component analysis (PCA) using ‘FactoMinor’ in R v.4.2.1
(R Core Team, 2022) at the species level for flammability component for 44 species. The
first flammability component PC1 was further used to calculate community-level
flammability (details in chapter one and (Padullés Cubino et al., 2018)). Then, | calculated
the abundances of each community types and community flammability weighted means
across all the sites in R v.4.2.1 (R Core Team, 2022).

Results
Fire severity in burns measured by branch diameter

Based on branch diameter measurements, fire severity was significantly different (P <
0.05) among the sites (Figure S3). The highest fire severity was at Deep stream (with the
largest mean minimum branch diameter = 0.53 mm) followed by Pukaki (branch diameter
= (.28 mm) and Ohau (branch diameter = 0.25 mm). Within Deep Stream, on some
transects fire severity was significantly higher than others. For example, on transects RT3
(branch diameter = 0.85 mm) and RN3 (branch diameter = 0.55 mm), fire severity was
significantly higher than others (Figure S4a). At Ohau, the highest fire severity was on
the transects OHAT043_75 (branch diameter = 0.40 mm) at transect level (Figure S4b).
At Pukaki, fire severity was the highest on the transect Puk-5_T2 (branch diameter = 0.41
m) and Puk-7_T3 (branch diameter = 0.38 mm) (Figure S4c).

Fire severity in burns measured by quadrat covers

| found the highest fire severity was at Pukaki (% of live vegetation cover = 7.44% and
organic matter = 82.14%) followed by Deep stream (20.16% and 77.84%) and Ohau
(23.40% and 76.92%) based live vegetation cover occupied in the quadrat (Figure S5).
At transect/plot level, the highest severity was on the plot DS_P60 (% of live vegetation
cover = 7.66% of burnt vegetation = 45.08% and organic matter = 59%) whereas the
lowest fire severity was on the DS_P50 (33.41%, 48.75% and 85.83%) at Deep Stream.
At the Pukaki site, there was the highest severity on plots Puk-5 (1.31%, 9.25% and
40.18%) and Puk-7 (1.18%, 26.25% and 89.25%) in terms of live vegetation (Figure S6).
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1.5; Site information (38 transects) .
Deep.Slream: 9 transect 10 m long, 89 individual plants,389 twigs,
Ohau: 8 transect, 20 m long, 130 individual plants, 541 twigs,
Pukaki:21 transect 20 m long,214 individual plants,934 twigs
2
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Deep Stream Ohau Pukaki

Figure S3: Branch diameters of woody species at three recent wildfire sites. Letters
represent significant differences among sites. Letters denote differences in fire severity
among sites from one-way ANOVA and Tukey test (P < 0.05).
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Figure S4. Mean branch diameter as a possible measure of fire severity quantified at the
transect level within each of three sites: a) Deep Stream and b) Ohau and ¢) Pukaki.
Boxes that share letters were not statistically different. Letters denote differences in fire
severity among sites from one-way ANOVA and Tukey test (P < 0.05). Ind = number of
individuals, Twi = total number of branches measured. Sig = significant (P < 0.05).
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B Organic matter [l Total burnt vegetation [l Total unburnt vegetation

75-

o
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Within quadrat; Organic matter is sum of all the
living material, total burnt vegetation is the sum of all the remaining after burns
excluding litter and total unburnt vegetation is the sum of living vegetation after burns

Figure S5. Percent quadrat cover comparison to determine fire severity across three

recent wildfire sites comparing quadrat percent covers (area burnt) at the recently burnt
sites Deep Stream, Ohau and Pukaki.
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Figure S6. Percent quadrat cover comparison to determine potential fire severity
measures across transects and plots within three sites.
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Community flammability

Estimated community flammability was highest at Deep Stream, followed by
Ohau and Pukaki. Within Deep Stream, community flammability was highest on P20
followed by P10 and P40. At the Ohau site, it was highest was on transect OHAT042
followed by OHATO043 and OHATO044. At the Pukaki site, community flammability
was highest on plots Puk-7, Puk-6 and Puk-5 (Figure S7).

Community flammability weighted mean

o

-

Pukaki

B oHATo22 [l P20 [l P60 [l Puk-1 [l Puk-5

’ B oHaTo43 [l P30 [ P70 | Puk-2 [l Puk-6

Life history category 55 5 iaT0a4  pao [l Pe0 [l Puk3  Puk-7
B ri0 P50 [l Peo [l Puk-4

OHATO4IOHATOSOHATO44 P10 P20 P30 P40 PSO  PEO PP PBO PO Puki Puk2 Puk3 Pukd  PukS  Puké  Puk7

~»

Community flammability weighted mean

Figure S7. Estimated community flammability weighted means across a) site (Deep

Stream, Ohau and Pukaki) and b) plot/transect level within each site.
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Discussion and conclusion

| trialled ways to assess fire severity in recent burns in tussock-dominated montane
grassland. Measures of branch diameters, quadrat cover of live vegetation and community
flammability suggested that Deep Stream fire was had highest severity than the other two
sites. However, | was unsure of the ability to directly compare these estimates of fire
severity across sites without knowing different pre-fire vegetation. For example, Pukaki
had pine trees, which are highly flammable, while Deep Stream had lots of fine prostrate
shrubs; these two groups are likely not comparable. In addition, measurements on
individuals were taken on a range of woody species and not all species were present at all
sampled locations, creating additional variation. | recommend future work tries to assess
a good method to measure fire severity in New Zealand’s grasslands. Consistency of
species measuring at different burnt sites will give more robust and confirmatory fire

severity data which is main limitation of my study.

Appendix C. Probability of recovery from seed at Ohau

| destructively sampled 94 individual plants from 39 species (bio-status: 34 natives and 5
exotics; meristem height: 20 high and 19 low). A total of 9 plants were recovering from
seed compared to 85 plants that survived the fire. None of the plants sampled were on
moss. Two weeks after fire, the probability of recovering from seed was significantly
higher in plants with low meristems compared to high, regardless of whether they were

native or exotic (Table S1).

Table S1. Generalised mixed effect modelling results for the probability of individual
plants regenerating from seed in relation to three predictors: biostatus (native vs.
exotics) and meristem height (low vs. high meristem) in post-fire in montane grasslands
at two weeks after fire at Ohau lake, New Zealand, where n = the number of individuals

excavated). Significant predictors (P < 0.001) are shown in bold.

Model Predictor Coefficient  S.E. z-value P -value
Bio-status Exotic (vs. native)  22.34 47864.74 0.00 1
Meristem .

height High (vs. low) -3.75 1.197 -3.13 0.001
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Appendix D: Mathematical expressions used to calculate community

flammability and plant morphological traits

YpnX trait

a) Community weighted means of traits = R
1

where Y., n X trait represent sum of relative percent frequency of species and
trait value and trait represents flammability (PC1) and morphological traits of
species measured

b) Leafarea (LA) for broad leaved species = Length (L) X width (b)

c) Leafarea (LA) for needle leaved species = 2 (Length (L) X thickness (Li))

d) Specific leaf area (SLA)= — 2 2rea

oven dry mass

d
e) Dry matter content (DMC) = T 228

wet mass

Fresh mass—oven dry mass

f) Moisture content (MC) = %100

oven dry mass

Appendix E: Supplementary information (SI) methods

To assess morphological trait variation among taxa, we measured the dimensions of
leaves (length, width, and thickness). We measured length and width using a ruler and
thickness using a micrometre (size 3202-25A of measuring range 0-25 mm). Also, we
scanned leaf samples to create digital images from which we computed the leaf surface
area of individual using ImageJ (version 1.53E). At shoot level, we used two sub-samples
of approximately 10 cm in length for dehydration and saturation tipping. One of the
subsamples was air dried for 24 hours and the other was soaked in water for 7 hours. We
measured the biomass of each water-soaked and air-dried samples. Then both samples
were oven dried for 48 hours at 65°C. Similarly, at the leaf level, the leaves were soaked
in water for 7 hours and then oven dried for 48 hours at 65°C. We weighed fresh mass of

leaf and oven dried biomass of both leaf and shoot.

We estimated the relative flammability of taxa by burning shoot and above-
ground plant samples using a specially designed device by Jaureguiberry et al.(2011) and
modified by Wyse et al. (2016). 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 and
connected to gas cylinder. We collected ca.70 cm long samples for burning from terminal
branches of trees and shrubs. For taxa < 70 cm height whole plants were collected for
burning. Few taxa were flowering at the time of sampling so material that was tested was

mostly vegetative parts.
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Prior to burning, we air dried samples at room temperature for 24 hours. We then
measured the length, width, and height of samples. We visually estimated percent of dead
material (includes leaves, branches, and bark) present on each sample. We laid each
sample horizontally on the grill for two minutes, then ignited for 10 s using a blowtorch.
Ignition time (if it occurred) and burning time measured were recorded in second (s). The
maximum temperature attained during burning was recorded using an infrared
thermometer (Fluke 572, Fluke Corp., Everett, WA, USA) in ‘C. Finally, burnt biomass
was visually estimated as the percent of biomass consumed in the fire. Taxa that did not
ignite were assigned zero percent consumed and the maximum temperature was recorded
as the initial temperature of the grill (Cui, Paterson, Wyse, et al., 2020; Padullés Cubino
etal., 2018).

To investigate relationships among taxon flammability, leaf nutrient
concentration and leaf morphology and shoot traits, we calculated leaf area, leaf dry
matter content, leaf specific leaf area, shoot dry matter content, and shoot moisture
content at the individual level, following previous studies (Padullés Cubino et al., 2018).
We estimated taxa-level values for each flammability, leaf nutrient concentration, leaf
morphology, and shoot trait by taking the mean of values for individual samples within
23 taxa. For taxa that were not sampled, we collated data from existing sources (Cui et
al., 2020; Padullés Cubino et al., 2018; Wyse et al., 2016, Richardson et al. unpublished),

resulting leaf nutrient concentration data and at least partial trait data for 29 taxa.

To determine the phylogenetic signal of plant flammability (PC1) among species,
phylogeny of 29 taxa was assessed using function ‘phylo.maker’ that quantifies the
phylogenetic properties (e.g. phylogenetic diversity and phylogenetic relatedness) of
vascular plants (Qian & Jin, 2016). To visualize species flammability (PC1) pattern across
the phylogeny, a phylogenetic tree was made. The phylogenetic signal was evaluated
using Pagel’s labda (1) correlation structure using function ‘corPagel’ (Freckleton et al.,
2002). Pagel’s A varies from zero to unity. A value of A = 0 indicates that there is no
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 distant relatives;
A =1 indicates a 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 evolved according to
other stochastic ecological pressures rather than linear increase in divergence among the

species with time (Freckleton et al., 2002). Candidate models were set up where species
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flammability (PC1) as a response variable and leaf nutrient and morphological traits
(PC1_nutrients, PC1_morph and PC2_morph) as predictor in phylogenetic generalised

least squared (PGLS) to evaluate phylogenetic pattern of taxon flammability and
morphological traits association.
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