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ARTICLE INFO ABSTRACT

Keywords: As a result of global climate change, ecosystems are facing increasingly long and intense heat events. While plant

Alpine species may be able to tolerate, adapt, or shift their ranges in response to climate change, plants in alpine

Climate change ecosystems are considered especially sensitive to the effects of climate change due to geographic constraints on

Heat event p s L . . . . L.

Plant community upl}ﬂl range expan.smns. We conducte.d a novel, in-situ, active warming expegment (under rainy com.ilt}ons) on

Temperature alpine plants growing near the summit of Mt Hotham, south-eastern Australia. Contrary to our predictions, we
found no relationship between overall change in cover, survival, diversity, or reproductive effort with the in-
tensity or duration of heat events. Additionally, there was no interaction between species’ growth form (i.e., forb,
shrub or graminoid) and change in cover in relation to the heat event intensity and duration. Thus, while climate
change still poses substantial threats to alpine ecosystems, it is not clear how the intensity or duration of extreme
heat events in conjunction with high precipitation might impact alpine communities, or favour particular plant
forms. Improving our understanding of which aspects of climate change pose the largest threats to alpine eco-
systems remains an important goal that can help us to understand how sensitive plant communities may be
affected into the future.

Introduction making adjustments to their physiology [11], phenology [12], or

phenotype [13]. Further, the availability of suitable habitats and op-

Unlike animals, plants cannot seek immediate refuge from the
abiotic conditions they encounter; thus, they face immense pressure to
tolerate or adapt to Earth’s rapidly changing conditions, including
longer and more intense heat events [1-4]. At the community level, heat
events can induce changes in species composition and functional di-
versity, resulting in less diverse and less resilient ecosystems [5,6] or, in
extreme cases, may lead to complete biome shifts (e.g., from tropical
forests to savanna or salt marshes to mangroves) [7-10]. However, some
ecosystems are more sensitive to extreme conditions than others. For
example, plants in alpine regions may respond to extreme heat by

portunities to disperse to higher and cooler elevations becomes limited,
particularly in areas such as high mountain peaks without nival zones
[14-17]. While we know alpine communities are set to experience
increasing intensities and durations of heat events, their longer-term
responses remain poorly understood. It is uncertain whether alpine
species can sustain optimal functionality for the entire extent of such
events, even if maximum temperatures are within their tolerance limits,
as tolerance assays are usually conducted within hours and heat events
can span multiple days or weeks [18]. Understanding how these com-
munities will respond to such climatic extremes is vital for informing
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conservation and management strategies to safeguard their future sur-
vival. In this study, we performed an in-situ active warming experiment
to quantify the ecological impacts of varying intensities and durations of
heat events on an Australian alpine plant community.

Among field-based studies, there is a predominance of sustained
warming experiments where open top chambers raise ambient temper-
atures by 1-2 °C across multiple years [19-23]. While there are issues
with these experiments, including reliance on convection and being
unable to provide heating at night, they provide invaluable insight into
how plant communities might shift with ongoing warming temperatures
[24,25]. The effects of extreme heat events, which are predicted to in-
crease in frequency, intensity and length, are more commonly explored
in a glasshouse setting [11,26-29]. Glasshouse experiments allow for
greater control of high temperatures and improve our understanding of
finer-scale physiological responses [29-31]; however, plants are typi-
cally grown in individual pots, and are divorced from many factors (e.g.
plant-plant interactions) likely to influence responses [32], thus cannot
be extrapolated to the field [33-35]. In this study, we used actively
heated chambers to apply high temperatures in the field [36]. This in-situ
approach enables elevated temperatures day and night so that plants can
maintain their natural interactions, feedbacks, and access to soil mois-
ture and nutrients, all of which are important in shaping responses to
climate change at both the individual and ecosystem scale [6,36-41].

The effects of heat events are mostly explored at the peak of the
growing season, testing the assumption that the change in resource
allocation following exposure to extreme heat may affect species sur-
vival [42]. However, extreme heat events may occur throughout the
year, and extreme heat events have consistently occurred in
south-eastern Australia in March over the past decades [43-45].
Extreme heat may affect plants differently at the late stages of their
growing season, as most resources have already been allocated for the
upcoming year [46-48]. While late-season extreme climate events are
suggested to have an overall lesser effect on plants [47], plants with
shorter growing seasons may be more severely impacted [42,48].
Further, the reproductive output of alpine plants is influenced by the
conditions experienced in the previous year, including extreme heat
events (carry-over effects: [49]), suggesting that an immediate estima-
tion of reproductive responses might be insufficient to fully gauge the
impacts of climate change [50]. Thus, exploring how extreme heat
occurring at the end of the growing season may influence plants' survival
and reproductive success in the subsequent year may provide vital in-
formation on plant responses to climate change [51].

First, we test the hypothesis that with increasing intensity and
duration of heat events, species’ ground cover, survival, and community
diversity will decrease. In alpine ecosystems, many species can tolerate a
wide range of temperatures from harsh freezing winters to warm sum-
mers [52-55]. However, as heat events become more severe, alpine
species may be at risk of increased mortality and, in extreme cases, local
or complete extinction [5,56]. This dynamic is demonstrated through
the ‘press and pulse’ framework, where extreme climatic events (e.g.,
extreme heat) may amplify the effects of the ongoing changes in climate
[57]. Heat events can be defined as periods of abnormally high tem-
peratures lasting from several days to weeks, typically identified when
temperatures exceed a certain threshold in relation to local temperature
records [4,58,59]. For example, regionally endemic plant species in
central-western Italy experienced an overall mortality rate of 32 %
following extreme heat events (defined as at least two consecutive days
with maximum temperatures above the monthly mean maximum) that
ranged from 8-18 days across 10 sites during one summer season [60].
In turn, responses to abrupt changes (e.g., increased mortality, changes
in diversity, and biotic interactions) may persist into the future, even
after the extreme event has passed [61]. Further, the intensity of the
extreme climatic events affected the ability of biotic communities to
recover; in marine environments for example, more extreme heat events
lead to reduced reintroduction success of herbivore species [62]. We
similarly expect that the duration of a heat event may impact the extent
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of change and the ability of a community to recover. Consequently,
alpine communities may be moderately impacted by shorter heat events
(e.g., up to 2 days), and detrimentally impacted by longer duration heat
events (e.g., >2 days up to several weeks), as sustained exposure to high
levels of heat may exceed plants’ physiological limits and reduce their
capacity for recovery [63,64]. While the literature is replete with studies
investigating the effects of elevated temperature [65-68], or
single-duration/intensity heat events on plant community dynamics
[69-71], we are yet to uncover how diversity, cover and survival are
shaped across communities over time in response to acute heat events of
varying intensities and durations in situ. Our study collects detailed
community-level data before and after applying heat to understand the
finer-scale impacts of heat events on alpine communities.

Different plant growth forms within a community, such as grami-
noids, forbs, and shrubs, are not equally exposed to ambient heat [72].
Morphological traits associated with specific growth forms can influence
plants’ level of heat exposure and their ability to tolerate or recover from
thermal stress [73-76]. For example, different growth forms can possess
different metabolic rates, and differ in nutrient and water uptake effi-
ciency, which may ultimately impact thermal tolerance [77-79]. This
variation in thermal exposure across plant growth forms could lead to
shifts in their relative abundance within a community, or changes in
dominance following more intense and prolonged heat events.
Meta-analysis by Fazlioglu and Wan [80]. incorporated data from 46
studies and found that shrubs responded more positively to warming,
including greater fitness, growth, height, and biomass, compared to
graminoids and forbs. However, these studies use open top chambers to
demonstrate that long term warming can confer a fitness advantage to
shrubs on an individual level. Therefore, it remains unclear whether
more acute heat events, simulated through actively heated chambers,
will elicit similar responses at the community scale. We predict that the
magnitude of cover change following heat events will vary among
growth forms.

The success of ecological communities depends on not only species’
survival, but also their ability to produce high-quality offspring in suf-
ficient numbers that will comprise successive generations [81]. There-
fore, it is important to consider how heat events impact plants'
investment into their pre- and post-fertilisation reproductive structures.
An extreme summer heat event in the Italian Alps reduced the number of
flowers produced across two local species in comparison to subsequent
years with no heat events [82]. Similarly, Li et al. [83]. observed a
decrease in flower production in two aquatic macrophytes when
exposed to fluctuating intensities of heat events. In crop species, heat
events have varying impacts on offspring quality. For example, when
subjected to heat events, lentils yield less grain overall, but with simi-
larly sized seeds [84], whereas soybeans yield fewer and lighter seeds
[85]. Less is known about the effects of heat events on offspring quality
from non-crop species in natural field settings [5]. We finally predict
that greater intensities and durations of heat events will be correlated
with a decrease in plant reproductive units (i.e. flowers/inflorescences)
and seed mass.

In summary, we hypothesise that:

1. Species’ ground cover, survival, and community diversity will
decrease with increasing intensity and duration of late-season heat
events.

2. Different growth forms will have different magnitudes of cover
change following heat events.

3. The number of species’ reproductive units will decrease with
increased intensities and durations of heat events.

Materials and methods
Site description

Our study took place close to the summit of Mount Hotham, south-
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eastern Australia (—36.97°, 147.13°, WGS 84 Web Mercator, EPSG:
3857), above the alpine tree line at an elevation of 1840 m [as in [36] ].
The region is typically an open grassy herbfield, interspersed with
patches of perennial shrubs. Peak flowering occurs during January,
although some species flower as early as October (spring), through to
March (early autumn). Snowfalls may begin any time and blanket the
area from June with snowmelt starting around September and October,
depending on the topography and elevation [86-88]. Mean summer
maximum temperatures at Mt Hotham reach 19.2 °C while mean min-
imum winter temperatures fall to —1.3 °C (Australian Bureau of Mete-
orology; station 83085). Soils at the study site are shallow (typically <40
cm depth), and considered a skeletal, rocky alpine humus. One hundred
and ninety-seven plant species have been recorded within a 1 km radius
of our study site with 25 of these being introduced to the region (ala.org.
au, accessed 31/08/2023 [based on species with at least two occurrence
records]). The dominant plant families at the site include Asteraceae,
Poaceae, and Apiaceae, with almost complete vegetation cover, which is
unusual for mountain peaks elsewhere in the world.

Experimental design

We established seven experimental blocks, each containing five plots
(one control and four heat treatments), with four blocks placed on the
south-facing ridge and three on the north-facing ridge [as in [36]]. When
selecting plot locations, we aimed for vegetation patches with high di-
versity and a large abundance of individual plants to maximise our
ability to detect changes in community composition. Additionally, each
plot was selected to maximise the inclusion of three native species:
Leptorhynchos squamatus (Asteraceae), Grevillea australis (Proteaceae),
and Poa costiniana (Poaceae) for concurrent studies. We also established
three procedural control plots (hereby chamber controls) near the
treatment blocks, in areas that maximised L. squamatus, G. australis, and
P. costiniana coverage (Appendix A). All plots were marked with metal
pegs at the northern and southern edges to identify and orient them
during and after the experiment. We used a random number generator to
assign the five plots within each block to heat treatments or to controls.
No plots received continual heat, and we instead calculated the heat
applied using temperature loggers (described below).

We placed 1.5 m diameter cylindrical chambers and lids onto plots
that we identified as either heat-treated or chamber controls. Within
each chamber, a central 1 m x 1 m quadrat was established and used to
quantify mortality, cover change, and reproductive effort. Destructive
sampling for parallel projects occurred within the 1.5 m chambers but
outside the central quadrat [89,90]. Control plots had no chambers
applied, and these were marked to avoid trampling or disturbance when
taking measurements from adjacent plots.

Active heating was applied to our heat treatment plots as described
in Arnold et al. [36]. To summarise, we used diesel-powered heaters (5
kW Caravan Heater; OnTrack Outdoor Pty Ltd., QLD, Australia) to direct
warm air into the chambers through insulated ducting connected to the
side of each chamber. A temperature actuator feedback system was
deployed in each chamber to keep the inside air temperature at or near
our set targets (described below), and three 12 V fans (AP120i, Silver-
Stone Technology Co., Ltd, Taiwan) connected to the chamber lid were
suspended above the plots to circulate warm air inside the chambers. No
active heating was applied to chamber control plots. Thermocouples
attached to data loggers (Onset HOBO UX120-014 M; Onset Computer
Co., MA, USA) were deployed in the centre of all plots (including con-
trols) and were programmed to take temperature measurements at
one-minute intervals throughout the experiment.

We planned to apply continuous heat events ranging from 1 to 6 days
in length to replicate plots, and aimed to keep all active heating cham-
bers close to 32 °C during daylight hours (from 08:00 AM to 08:00 PM)
and 22 °C overnight, for the entire duration of the experiment. These
target temperatures were chosen as they represent 4 °C warmer than the
highest daytime (28 °C) and night-time (18 °C) temperatures ever
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recorded at Mt Hotham, which might be expected with global warming
reaching 2-3 °C [91]. However, due to substantial rain, wind, and an
electrical storm, which necessitated the shutdown of heaters for 12 h due
to safety concerns, temperatures did not always remain on target, and
treatments did not always receive continuous heat [36]. To calculate the
level of heat experienced by each plot (including controls and chamber
controls), we used HOBOware software (https://www.onsetcomp.com/
) to extract plot-level temperature from data loggers situated 100 mm
above the vegetation [36]. While varying slightly from meteorological
data in absolute terms, the temperature measured in the control plots
was comparable to and closely tracked the simultaneous data reported
by the nearest weather station [36]. From these data, we calculated two
metrics:

1. Heat event intensity: the cumulative sum of degrees over the 90th
percentile that was recorded in each 1-minute interval per plot
[similar to [91]]. The 90th percentile threshold was based on data
from the Australian Bureau of Meteorology (station 83085) for the
entirety of March at Mt Hotham. The threshold was adjusted ac-
cording to the time of day, where between 06:00 AM and 06:00 PM,
plot temperatures needed to exceed 18.2 °C to add to its cumulative
sum, whereas at night the threshold dropped to 10.5 °C. For example,
if at any given 1-minute interval during daylight hours a plot
recorded a temperature of 18.2 °C or below, the number added to
that plot’s cumulative sum of degrees over the 90th percentile was
zero. But if that same plot recorded a daytime interval temperature of
20 °C, then 1.8 °C would be added to that plot’s cumulative degree
sum.

2. Heat event duration was computed as the number of instances
(based on 1-minute intervals) when a plot reached a temperature
greater than the 90th percentile (adjusted for time of day) [similar to
[92,93]]. For example, if at any given 1-minute interval (during
daylight hours) a plot recorded a temperature below the 18.2 °C
threshold, the number added to that plot’s number of instances over
the 90th percentile would be zero. However, if that same plot
recorded an interval temperature of 20 °C, then a value of 1 would be
added.

Some plots reached temperatures above our thresholds either before
or after their allotted heating time during the experimental period. To
account for these natural heat fluctuations, we added an adjusted value
of the cumulative sum of degrees and instances over the 90th percentile
from control plots within the same block to each plot’s total heat event
intensity and duration (see Appendix B). This method ensured that
temperature values for each minute of the entire experimental period
(not just the heating period) were accounted for in each plot.

Community composition responses

Immediately prior to the experimental heating, and also one year
after our heating experiment, we collected data from a total of 33 plant
species (29 native and 4 introduced) from 38 plots. To detect any
changes in the plant community across treatments, we:

1. Visually estimated the percent cover of all plant species (per 1 m x 1
m quadrat) immediately prior to and 1 year after the experiment. We
estimated the exact (i.e., not binned) percentage of cover for each
species, which has shown to be accurate, with a low measurement
error, for experienced estimators [94,95].

2. Used the point-intercept method (1 m x 1 m grid divided into a
hundred 10 cm x 10 cm cells) to identify plant species that were
within a ~2 cm radius from the upper left corner of each grid cell
before and 1 year after the experiment [96]. In the post-experiment
observations, the presence/absence of each species, along with any
new species that were present, were recorded.
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Baseline measurements prior to the experiment were conducted be-
tween the 22nd to 25th February 2022 with the first day of the experi-
mental heating treatments commencing on 2nd March 2022. Species
names and growth form (forb, shrub or graminoid) were determined
with the Flora of Victoria (VicFlora; https://vicflora.rbg.vic.gov.au/)

Reproductive responses

To evaluate how heat events may impact plant reproduction, we
measured four aspects of reproductive effort in species that were
actively flowering, fruiting, or seeding one year following the experi-
ment, including:

(a) proportion of reproductive grid cells — We counted the number of

grid cells (out of 100) in which each species was present (both

wholly or part of) and then counted the number of those grid cells

in which each species was seeding/fruiting/flowering (i.e.

reproductive cells). We then divided the number of reproductive

cells by the number of cells a species was present in to obtain the
per-plot proportion of reproductive grid cells per species.

reproductive units per unit cover — For each species, we used a

random number generator to identify three cells in each plot.

From here we estimated the percent cover of our species in the 10

cm X 10 cm cell (or the closest cell in which the species was

present) and recorded the number of reproductive structures. The
structures varied across species, as some were at different stages
of development (e.g. some species were flowering, whereas
others had fruit), but the units measured were held constant
within a species. Details of the specific reproductive structures

measured on each species are provided in Appendix A.

(c) reproductive units per cluster — We collected up to three repro-
ductive clusters (e.g. grass spike, daisy capitulum, etc.) for each
species from each plot (one from the top-right corner of each
randomly chosen cell or nearby if none were present in the cell).
For species that were not actively reproducing in any plots, no
samples were collected. These reproductive clusters were stored
in labelled paper bags and kept in a well-ventilated container
prior to their reproductive units being counted in the laboratory 3
to 5 days following collection. Species-specific measurement de-
tails are provided in Appendix A.

(d) mean seed mass — Where mature seeds were available (c), they
were oven-dried at 50 °C for 3 days and then placed into a
desiccator (see Appendix A for species and structures measured).
Once cooled, seeds were weighed, and means were calculated for
each species per plot.

(b

-

Data analysis

We used RStudio version 4.4.2 to perform all data analyses [97]. For
each statistical analysis, we visually inspected model residuals and
calculated p-values, marginal R? values [98], and 95 % confidence in-
tervals using the model parameters function within the “parameters”
package [99] unless otherwise stated.

To test for an association between changes in ground cover and the
intensity and duration of heat events, we ran linear mixed-effects models
using the Imer function in the “lme4” package [100]. The response
variable, change in plant cover, was calculated as the difference between
the cover abundance one year after the heating experiment and cover
abundance immediately prior to the experiment. Our predictor variables
(tested separately) were the cumulative sum of degrees over the 90th
percentile (i.e., heat event intensity) and the number of instances where
temperature was above the 90th percentile (i.e., heat event duration). To
optimise our model fit across all proceeding analyses, both predictor
variables were standardised using the scale function, as they spanned an
extremely wide scale which was much larger than our response variable.
Block and species were accounted for in our models as random effects
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terms.

To understand whether plant survival was affected by heat events,
we calculated the proportion of plants that remained alive a year after
the heating experiment for each species within each plot. We then ran
linear mixed-effects models with the proportion of survivors as our
response variable, heat event intensity or duration as our predictors, and
species and block as random effects terms. We ran similar models to test
for a correlation between change in community diversity and heat event
intensity and duration. Community diversity both prior to and one year
after the experiment were calculated using Shannon’s H-index [101]
with the diversity function within the vegan package [102]. Change in
diversity was therefore computed as the difference in H-indices one year
after the experiment and immediately prior.

Next, we asked whether growth form affected change in cover in
relation to heat event intensity or duration. First, we ran the afore-
mentioned ground cover model with an additional predictor term of
growth form and checked the variance inflation factor (VIF) using the
check_collinearity function. The model showed low correlation (VIF = 1)
between variables, so we proceeded with performing two separate
ANCOVAs where cover change was always our response variable, along
with species and block as random effects. Our predictor variables were
either heat event intensity or duration, which was interacted with
growth form. To determine statistical significance, we performed esti-
mated marginal contrast analyses using the false discovery rate adjust-
ment with the estimate_contrasts function [103].

Finally, to quantify the relationship between reproductive traits and
heat event intensity and duration, we performed separate linear mixed-
effects models. Our response variables were either the proportion of
reproductive cells, reproductive units per unit cover (square-root
transformed), reproductive units per cluster (square-root transformed),
or mean seed mass (log;o-transformed). Heat event duration and in-
tensity were our predictor variables, and species and block were
included as random effects terms.

For most of our analyses (exceptions below), we amalgamated re-
cords of Deyeuxia monticola and Poa costiniana (two graminoids in the
Poaceae) as it was not possible to reliably differentiate them in their
non-reproductive states in the field. For reproductive units per unit
cover, we removed records of D. monticola as they could not be amal-
gamated with P. costiniana because measured cells differed across spe-
cies. P. costiniana and D. monticola records were kept separate when
analysing reproductive units per cluster and mean seed mass, as we were
confident in distinguishing reproductive structures between the species.

Results

Across all plots, heat event intensity ranged from 478 to 112,374
cumulative degrees Celsius above the 90th percentile threshold, while
heat event duration ranged from 275 min (~0.2 days) to 10,156 min
(~7 days) above the 90th percentile threshold. Overall change in species
cover per plot was not related to the intensity (Fig. 1a; p = 0.99) or
duration of heat events (Fig. 1b; p = 0.63). There were no significant
relationships between the proportion of surviving plants per species per
plot and the intensity (Fig. 1c; p = 0.33) or duration (Fig. 1d; p = 0.52) of
heat events. We found no evidence for a correlation between changes in
plot diversity (Shannon’s H-index) and the intensity (Fig. 1e; p = 0.23)
or duration of heat events (Fig. 1f; p = 0.18). Marginal R? values and
confidence intervals for all models are presented in Appendix C.

We did not find an interaction between species growth form (forb,
graminoid or shrub), and change in species cover per plot, with
increasing heat event intensity (Fig. 2a; p > 0.51 across all contrasts) and
duration (Fig. 2b; p > 0.50 across all contrasts) of heat events.

We found no evidence for a correlation between the proportion of
grid cells in which plants were reproducing (i.e., flowering, fruiting, or
seeding) and the intensity (Fig. 3a; p = 0.63) or duration (Fig. 3b; p =
0.87) of heat events. Similarly, we found no relationship between the
proportion of reproductive units per unit cover and heat event intensity
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Fig. 1. Effects of heat event intensity (a, ¢, e) and duration (b, d, f) on per cent change in species cover per plot (a, b), proportion of survivors for each species per plot
(c, d), and change in diversity per plot (e, f). Positive and negative values (a, b, e, f) represent increases or decreases relative to baseline measurements. Horizontal

dashed black lines at zero (a, b, e, f) indicate no change.

(Fig. 3c; p = 0.09) or duration (Fig. 3d; p = 0.15). Reproductive units per
cluster were not correlated with the intensity (Fig. 3e; p = 0.10) or the
duration of heat events (Fig. 3f; p = 0.07). Finally, we found no rela-
tionship between seed mass and heat event intensity (Fig. 3g; p = 0.45)
or heat event duration (Fig. 3h; p = 0.22).

Discussion

Contrary to our predictions, neither heat event intensity nor duration
impacted the survival, composition or reproductive effort of these alpine
plant communities (Fig. 1, 3). This is potentially welcome news, as it
provides hope that some of the world’s most sensitive plant communities
may be able to withstand the inevitable periods of prolonged heat

brought on by climate change. Several factors may explain the lack of
impact we observed. First, our experiment was carried out when a high
rainfall event (50 mm) occurred on day 3, which may have enabled
plants to respond to the increased heat through transpirational cooling
[36,104-107]. Second, we exposed plants to heat events at the end of
their growing season, which supports evidence from other studies on the
reduced impact of late-season extreme climatic events on plant survival
and fitness [46,47]. While late-season drought can negatively affect
plants [48], late-season heat events appear to be less damaging [46,47].
The combination of increased precipitation and late-season timing likely
contributed to the minimal responses we observed. Running similar
experiments during periods of naturally low soil moisture and in
different stages of the growth season (early and/or peak) would be a
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worthwhile future direction. However, it is also possible that these
alpine communities are simply resistant to periods of warming [52,89,
108].

Alpine plant species can exhibit a wide range of thermal tolerance
[54,109-111]. A study comparing thermal tolerance thresholds across
multiple biomes, including alpine, found that all species exhibited
thermal tolerance breadths that exceeded the range of local temperature
variation [109]. Further, many alpine species display maximum thermal
tolerance thresholds far beyond local maximum temperatures [55].
Although our plots experienced varying intensities and durations of heat
events at or above the 90th percentile for March, these temperatures
may not have reached or exceeded species’ maximum thermal tolerance
thresholds, as demonstrated in a concurrent study [89]. Using the same
experimental design but focusing on thermal tolerance, plants subjected
to heat events exhibited a 1.34 °C increase in heat tolerance by day three
of the treatment [89]. Different life forms exhibit different tolerances to
extreme temperatures, often leading to different responses to climate
change [89,112,113]; however, our results suggest that diverging
thermal tolerance might not be reflected in the response to extreme heat
events (Fig. 2). While thermal tolerance might shape species’ response to
climate change, with species with lower tolerance displaying faster
response to climate change [114], many of these studies correlate
short-term thermal tolerance with long-term observed responses (e.g.,
range shifts and extinction risk [114,115]). In contrast, our study
highlights the capacity for rapid physiological acclimation, which likely
enhances thermal resilience under short-term heat stress.

Our study suggests that multi-day heat stress events may not lead to
shifts in plant community composition, contradicting evidence sug-
gesting that extreme heat events may exacerbate the ongoing effects of
climate change and lead to irreversible changes in community compo-
sition [57,62,116]. However, rapid adjustments in thermal tolerance
can buffer individuals against high temperature stress and promote
rapid recovery [117]. Overall, our results suggest that alpine ecosystems
have increased species’ resistance in the face of extreme heat events,
particularly when combined with high soil moisture conditions [117].
However, the timing of heat events may be more critical, particularly
when they coincide with sensitive ontogenetic stages such as flowering,
seed set, or seedling establishment, which are known to be more
vulnerable to thermal extremes [118-120].

Plant growth form did not mediate changes in species cover one year
after our experiment (Fig. 2). This outcome was unexpected as shrubs
are generally considered more resilient to rising temperatures than other
growth forms, with several studies documenting their uphill expansion
[121], advancement of tundra ecotones [122], and increased dominance

under warming conditions [23,123]. However, it is important to note
that these findings are largely based on responses to gradual, sustained
warming, whereas our study examined plant responses to more extreme
climatic anomalies, which may explain the contrasting outcomes.
Further, the differences in heat exposure experienced between growth
forms may not have been substantial enough to drive relative shifts in
cover. A simultaneous study within our experimental plots found that,
overall, all growth forms had increased their thermal tolerance in
response to applied heat events, but forbs less so than shrubs and gra-
minoids [89]. It is possible that community-level shifts in growth form
dominance may take longer to emerge following acute heat events,
especially for slower-growing shrub species, or may only become
apparent after repeated episodes of extreme heat.

A worthwhile direction for future research could explore how
different frequencies of heat events (either standalone or in conjunction
with varying duration and intensity) may impact alpine plant commu-
nities [124]. The frequency at which plants are subjected to heat stress
could be more important in eliciting structural and reproductive
changes at a community level than the effects of heat intensity and
duration alone. Global forecasting has predicted that extreme heat
events are likely to become more frequent under a changing climate [3,
4,58,125]. Reduced intervals between heat events may be a driving
factor of alpine biodiversity loss, as plants may not have enough time to
fully recover from physiological stress or damage [26,30]. We
encourage further research into this topic to better understand their risk
to alpine ecosystems.

Whilst we did not uncover any immediate effects of heat events on
the Mt Hotham alpine plant community, it is unknown whether poten-
tial consequences exist for consecutive generations. Parental environ-
mental conditions can alter the phenotypic outcomes or fitness of an
organism [126-128]. Studies exposing parent plants to higher temper-
atures have shown varied effects on offspring outcomes, including
decreased [129]. and increased germination success [130], and earlier
[131,132] and delayed emergence [129]. Future research could explore
the viability or fitness of seedlings harvested from parent plants exposed
to varying intensities, frequencies and durations of heat events to gain a
clearer understanding of how current climate extremes will affect suc-
cessive plant generations and ecosystems.

In this study, we have comprehensively assessed the relative impact
of the intensity and duration of heat events on the composition, survival,
diversity, and reproductive success of a sensitive alpine plant commu-
nity using novel, in-situ, active warming methods [36]. The enormity of
effort that is required to execute studies of this kind (i.e. remote areas,
challenging conditions, extensive personnel, constant monitoring, and
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