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Abstract: Australian montane sclerophyll shrubland vegetation is widely considered to be resilient to
infrequent severe fire, but this may not be the case in Tasmania. Here, we report on the vegetative and
seedling regeneration response of a Tasmanian non-coniferous woody montane shrubland following
a severe fire, which burned much of the Great Pine Tier in the Central Plateau Conservation Area
during the 2018-2019 fire season when a historically anomalously large area was burned in central
Tasmania. Our field survey of a representative area burned by severe crown fire revealed that more
than 99% of the shrubland plants were top-killed, with only 5% of the burnt plants resprouting one
year following the fire. Such a low resprouting rate means the resilience of the shrubland depends on
seedling regeneration from aerial and soil seedbanks or colonization from plants outside the burned
area. Woody species’ seedling densities were variable but generally low (25 m~2). The low number
of resprouters, and reliance on seedlings for recovery, suggest the shrubland may not be as resilient
to fire as mainland Australian montane shrubland, particularly given a warming climate and likely
increase in fire frequency.

Keywords: Tasmania; montane shrubland; fire severity; crown fire; post-fire regeneration response;
Orites revoluta

1. Introduction

Shrubs, defined here as woody plants less than 3 m high, have often been considered
as grassland and woodland invaders, contributing to woody thickening. Shrub invasion
can be indicative of declining rangeland productivity because they are unpalatable to
livestock or low in feed value [1-3]. However, shrublands provide important ecosystem
functions and services, such as wildlife habitat and food resource, sizeable carbon sinks,
prevention of soil erosion, and hydrological regulation [2,4-6]. These two opposing points
of view of shrublands affect how natural and anthropogenic wildfires are viewed. If shrubs
are viewed as nuisance invaders, then planned and unplanned fires can be used as an
important management tool in their control [7-10]. Alternatively, if shrublands are an
important component of the landscape then fire management is critical. Both cases demand
understanding of the resilience (capacity to return to its pre-disturbance state [11]) of
shrublands to fire. Climate change complicates fire management in shrublands. Shrubs
can be one of the most flammable components within a montane landscape, and under a
warming climate shrub encroachment into grasslands may increase [12,13]. Further, severe
wildfires are expected to become more frequent with a rapidly warming climate [14-16].

Life-history traits affect the dynamics of plant populations and vegetation communi-
ties following disturbances, such as fire [17-20]. In the case of plant populations top-killed
by fire, regeneration can occur in three ways: resprouting from dormant buds (apical, epi-
cormic, or basal); by seed germination; or colonization from elsewhere [21]. Trade-offs exist
between resprouting and investment in seedling regeneration [22,23], and these trade-offs
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are also controlled by fire severity and fire intensity. Fire intensity is defined as the amount
of energy released during a fire per unit time [24], whereas fire severity is defined as the
biological impact of combustion, affecting ecosystem structure and function [24]. Fire
severity is often, but not always, strongly correlated with fire intensity. Obligate post-fire
seeder species are typically killed by all but the lowest severity fires and regenerate from
aerial or soil seedbanks, whereas post-fire resprouters typically rapidly recover vegetatively
from all but the most severe fires [21]. Following severe fire, obligate seeder species will
require time for seed to germinate, grow and mature and produce the next batch of seed.
If fire recurs before this cycle is completed, these species face a significant risk of local
extirpation; this risk is exacerbated if climate change also reduces growth rates [25].

Understanding responses of shrub species to fire is key to managing vegetation
dynamics on the Central Plateau of Tasmania, which features an extensive montane-alpine
shrubland /grassland mosaic. Increases in fire severity and frequency due to a warming
climate pose risks to ecosystems where historically fires may have been rare [12,14,26]. The
Central Plateau is such a system, with increasing risk of severe fire [15] threatening the
montane-alpine woodland, shrubland and grassland communities that characterize the
region [27]. Historical records suggest that "fire-stick” farming was practiced by indigenous
people and European settlers adopted these practices to maintain grassy vegetation for
forage for domestic stock [28-30]. There is anecdotal evidence that the taller woody shrubs
have increased in density following the cessation of this practice (Harold Riley, personal
communication). Furthermore, following European settlement, the area was heavily
grazed by cattle and sheep [31] until around 1989, when grazing was banned within the
Central Plateau Conservation Area (CPCA) [32]. It is possible that burning by graziers
suppressed shrubs and maintained grassiness, and with the cessation of livestock grazing
and associated burning, shrubs have now encroached. Alternatively, overgrazing and
frequent burning by graziers created bare soil and favored establishment of unpalatable
shrubs, requiring graziers to burn more, creating a positive feedback between burning and
shrubs [33-35]. If the Central Plateau shrubland is in fact invaded grassland, management
burning may be warranted to control the shrubs and allow the grassland to re-establish, in
conjunction with the continued exclusion of livestock grazing.

The fire season of 2018-2019 was particularly intense in Tasmania burning over
210,000 ha [36]. In February 2019, a wildfire severely burned areas of the eastern CPCA,
destroying almost all above ground biomass. This fire provided an excellent opportu-
nity to better understand the resilience to fire of the CPCA shrubland in the absence of
livestock grazing. With the exception of deciduous heath and coniferous heath commu-
nities, many Tasmanian montane species are thought to be able to regenerate following
infrequent fires [37], but there is little empirical data on the response to fire of Tasmanian
non-coniferous montane shrub communities. Our field research focused on the resprouting
response of woody shrubs within the CPCA to fire. In particular, we characterized the fire
severity using both satellite imagery and ground-based methods. We then investigated
how many species resprouted after fire, and whether resprouting rates were affected by
fire severity and/or shrub size. We also measured post-fire seedling recruitment, to deter-
mine whether fire severity influenced the density of overall seedling recruitment, one-year
post-fire.

2. Materials and Methods
2.1. Study Region

Our study area was the montane shrublands within the CPCA, near Lake Augusta, to
the west of yingina/Great Lake, on Tasmania’s Central Plateau at an elevation of approxi-
mately 1100 m (Figures 1 and 2). The CPCA covers an area of 94,510 ha and is part of the
Tasmanian Wilderness World Heritage Area (TWWHA). In contrast to many other alpine
and subalpine areas globally that are dominated by grasses and herbs [38], approximately
55% of the CPCA is classed as highland and treeless vegetation, of which 71% (36,600 ha) is
scleromorphic alpine heathland and less than 1% is grassland (Figure 2) [39].
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Figure 1. Location of the study area. Map of Tasmania inset showing location of the 2019 fire (black
box respresents area shown in (a,b)) in relation to the Tasmanian Wilderness World Heritage Area
(TWWHA) and Central Plateau Conservation Area (CPCA). (a) Variation in fire intensity (MODIS
and VIIRS Fire Radiative Power (FRP) in MW). To illustrate trend in fire intensity, FRP values have
been rasterized with pixel width approximately 2 km. (b) Burn severity (based on differenced
Normalized Burn Ratio) of the 2019 fire for pre- and post-fire Sentinel 2 imagery. Image dates:
Pre-fire 31 December 2018 and 13 January 2019; post-fire 1 March 2019. dNBR burn severity values:
unburnt < 0.09999; low > 0.09999 < 0.19999; moderate > 0.19999 < 0.39999; high > 0.59999, < 0.99999;
very high > 0.99999. Note that shrubland areas generally burned at very high severities due to
canopy combustion.
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Figure 2. (a) Broad vegetation groups within the vicinity of the 2019 Great Pine Tier fire (black
outline) (from Reference [39]). Uncolored areas indicate other vegetation groups. (b) Burn severity of
the montane treeless shrubland (a subset of the Highland and treeless vegetation group depicted
in (a)) and the location of the survey transects. Burn severity is based on differenced Normal-
ized Burn Ratio of the 2019 fire for pre- and post-fire Sentinel 2 imagery. Image dates: Pre-fire
31 December 2018 and 13 January 2019; post-fire 1 March 2019. dNBR burn severity values: un-
burnt < 0.09999; low > 0.09999 < 0.19999; moderate > 0.19999 < 0.39999; high > 0.59999, < 0.99999;
very high > 0.99999.

The Central Plateau was extensively glaciated during the Last Glacial Maximum,
which has left a legacy of myriad small lakes and tarns. The underlying geology is predom-
inantly Jurassic dolerite [32,40]. The climate of the Central Plateau region is perhumid cold
to humid cold, with heavy rainfall in the Western Plateau region becoming lighter towards
the east [41]. Snow falls frequently during the winter months but rarely lies on the ground
for extended periods [41,42]. At Liawenee, the nearest weather station to Lake Augusta,
mean monthly maximum temperatures range from 5.6 °C in July to 19.1 °C in January,
and the mean minimum monthly temperature ranges from —1.6 °C in July to 5.5 °C in
January (Figure 3), but minimum temperatures below zero can occur during any month of
the year [43]. The mean annual precipitation is 923 mm, with the wettest months occurring
during winter (Figure 3). In the 2018 calendar year precipitation was 998 mm, but January
2019 (the month in which the fire started) was very dry, with only 4 mm rain, compared
with an average for January of 50 mm. The twelve-month period following the 2019 fire
was slightly drier than average, with a total 771 mm precipitation [43].
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Figure 3. Climate data for Liawenee for the period 2001 to 2019. Bars show mean monthly rainfall
(mm). Solid circles are mean monthly maximum temperatures (C), and open circles mean monthly
minimum temperatures.

Although the CPCA is likely to have experienced many small fires from burning
grasslands for stock grazing, there are no historical records of large fires within the region
until 1960/61, when some 57,500 ha was burnt, purportedly by highland graziers to
enhance forage quality [29]. Little is known about the ecological effects of the 1961 fire
on the montane shrubland. The 2018-2019 summer in Tasmania was the second warmest
on record with many areas of the state experiencing very little rain from late December
to early February resulting in extreme dryness, including in areas that would normally
be too moist to burn [36]. On 15 January 2019, dry lightning ignited several small fires
which combined to form the Great Pine Tier fire. Over a period of three weeks, the fire
burnt 51,224 ha, of which 10,094 ha was within the TWWHA. The CPCA shrubland burnt
between 29 January and 3 February 2019 [36] (Figure 1), and MODIS hotspot data for
this period were downloaded from the MODIS website. Values for fire radiative power
(FRP), a proxy for fire intensity, were calculated from the MODIS and VIIRS active fire
products [44,45]. FRP for the Great Pine Tier fire varied between 0 and 2909 MW, and
averaged 142 MW (Figure 1a), which is substantially less than the average 362 MW reported
for fire in sedge heathland in south-west Tasmania in 2013 [46]. The CPCA shrubland was
severely impacted by the fire, with approximately 84% of the shrubland area being burnt by
a high (26%) or very high (58%) severity fire (as measured by the differenced Normalized
Burn Ratio (dNBR)). By comparison, approximately 59% of the total area burnt at a high
severity (38%) or very high severity (21%) (Figure 1b and Table 1).
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Table 1. Proportion of shrubland within the fireground of the Central Plateau Conservation Area
(CPCA) burnt at differing fire severities (as measured by differenced Normalised Burn Ratio), and
the proportion of plots we surveyed within each burn severity category. Note that the percentages
shown for the CPCA are similar to that for the total fire area.

CPCA Fire Area Survey Plots
Fire Severity
% Total Area % Shrubland % Total Area % Shrubland

Unburnt 5.2 44 5 8.3
Low 4.7 3.2 1 1.7
Medium 14.3 8.2 2 3.3
High 29.2 26.1 8 13.3
Very high 46.6 58.0 44 73.3

2.2. Field Survey

The field survey took place during February and March 2020, 12 months after the
2019 Pine Tier fire. Eleven traverses were made of the burnt shrubland with measurements
made within variable length belt plots established at approximately 50-m intervals along
each traverse (Figure 2b). Each traverse was located in easily accessible areas where the
presence of burnt stems indicated that pre-fire the vegetation consisted of woody shrubs
rather than woodland or grassland. Each plot was at a right angle to the main traverse,
with a width of 1, 2, or 4 m and ranging in length between 1.2 and 39.7 m in order to capture
between 10 and 20 woody shrubs per plot, depending on the local shrub density. All plots
were placed at least 50 m from the Lake Augusta Road, and the starting point for each
plot was determined by haphazardly dropping a stick. In total, we established 55 plots
in the burnt area and 5 plots in unburnt shrubland just outside the fire boundary. The
pre-fire similarity of vegetation in burnt and unburnt plots was determined by inspection
of high-resolution aerial imagery captured before the 2019 fire, on-ground assessment of
vegetation present post-fire and local environment (topography, soil, hydrology), as well as
on the basis of the authors’ familiarity with the study area. Such side-by-side comparisons
of adjoining burned and unburned area are a pragmatic method to contextualize the effects
of fire [47]. GPS coordinates of the start of each plot were recorded using the Handy GPS
Application, Version 34.4 (www.binaryearth.net, accessed on 18 October 2019), operating
on an android smart phone.

Initially, all woody plants were recorded, but, for the later plots, only those plants
with at least one stem with a basal diameter > 2 cm were recorded. Within each plot, all
woody shrubs were identified to species level where possible. Where a group of stems
were growing close together, they were considered to be part of the same plant if they
appeared to be connected underground. For each plant, we recorded whether it was burnt
or not, condition (alive, dead, or resprouting), number of stems, and width and length of
the lignotuber, from which we calculated shrub basal area. As a proxy for fire severity, we
measured the diameter (to the nearest mm) of the smallest burnt twig. One measurement
was recorded for each plant within the plot. Larger minimum burnt twig measurements
indicate a more severe fire [48,49] and have been well correlated with survival of a fire-
sensitive Tasmanian conifer [50]. Minimum burnt twig measurement was recorded as ‘0’
for all plants that had an unburnt canopy, including the occasional unburnt plant within the
burnt plots. For those plants resprouting, the number of resprouting shoots, and height of
tallest resprout was recorded. For plants within the unburnt plots, the presence or absence
of a canopy seedbank was noted.

Three 50 x 50 cm quadrats were established at the beginning, center, and end of each
belt plot. We counted the number of seedlings present in each quadrat. We were not able to
identify species due to the very small size of the seedlings. Within each quadrat, the total
number of scats and type of animal (macropod, wombat, rabbit, deer) were also recorded.
Plots were characterized by visually estimating the percentage of rock, forbs, grasses, and
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bare soil for a 1 m? quadrat located at the center of the belt plot. Due to the very open and
flat terrain of the study site, we did not record slope or aspect.

Travel restrictions due to Covid-19 were imposed towards the end of the planned
field work, so we measured fewer unburnt plots than planned. In addition, we observed
resprouting Olearia myrsinoides shrubs but were unable to survey populations of this species
or include them in the results.

2.3. Data Analysis

We compared our percentage estimate of environmental variables in burned and
unburned quadrats using t-tests, after confirming that the data were normally distributed
and variances equal. In the burnt plots, most stems were largely consumed by the fire.
Therefore, we used the shrub basal area (calculated as length x width occupied by the shrub
stems at ground level, thereby incorporating below ground lignotuber or rhizome) and
number of stems per plant as indicators of plant size, which would be loosely correlated
with shrub age.

Orites revoluta was the only species in our survey plots that resprouted in sufficient
numbers for analysis. The resprouting response (whether dead or resprouting) of burnt
O. revoluta shrubs was analyzed using a binomial generalized linear model (glm) with
resprouting as a binary response variable and fire severity (represented by burnt twig
diameter at the plant level) and shrub basal area as explanatory variables.

We investigated the relationship between seedling density and fire severity by com-
paring Poisson, zero-inflated Poisson and negative binomial glms using average minimum
burnt twig diameter per plot as a continuous predictor variable. This plot level fire severity
proxy, calculated by averaging burnt twig measurement for all burnt plants within the plot,
was used as a fire severity proxy because seedling data were recorded at the plot level.
We also tested whether there was a humped response to fire severity by comparing linear
models with those that also included a quadratic (twig diameter squared) term. Vuong
tests and AIC were used to select the best model [51,52].

All data exploration and statistical analysis was undertaken using R statistical software
(version 3.6.3) [53].

3. Results
3.1. Site Condition

The percentage of bare ground, rock, and vegetation cover varied considerably be-
tween the plots, although there was no significant difference between the mean cover of
the burnt plots compared to unburnt according to t-tests. For the burnt plots, bare ground
ranged from 0% to 80%, with a mean of 28%, and rock cover ranged from 0% to 90% with a
mean of 19%. Forbs and grass cover in the burnt plots ranged from 0% to 80% and 70%,
respectively, with means of 15% and 9%. Scats (macropod, rabbit, wombat, and deer) were
present in most plots surveyed (n = 49; 82%). Most scats were native macropods, with feral
fallow deer and introduced rabbit scats recorded in only 9 plots and 1 plot, respectively.
Only macropod scats were present in the unburnt plots (Table Al).

3.2. Plant Response

Of the 1036 woody shrubs surveyed in total, 92% (952) had been burnt, with more
than 99% (946) of the burnt plants top-killed (Table 2 and Figure 4c,d). By contrast, most
plants (94%) in the unburnt plots were alive (Table 2). Within the burnt plots, the level of
resprouting was low, with only 5% (43) of the burnt shrubs observed to be resprouting
from basal buds.
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Figure 4. Photographs of Central Plateau Conservation Area shrubland. (a,b) Unburnt shrubland in
the vicinity of Lake Augusta. (c,d) The shrublands 12 months following the 2019 fire, illustrating the
severity of the fire. Photographs: (a,b) R. Corkrey; (c,d) J. Foulkes.

Table 2. Number of shrubs in the unburnt and burnt plots, condition of shrubs in the burnt plots and mean basal area of
shrubs in the unburnt and burnt plots. Note that only 5 of the unburnt shrubs were dead, and none was resprouting, so
their condition is not presented here.

Condition of Shrubs in the Shrub Basal Area
Species Unburnt Burnt Burnt Plots (cm?) £ s.d.
Alive Dead Resp. Unburnt Burnt
Acrothamnus montanus (R.Br.) Quinn 0 1 1 0 0 n.a. 250
Bauera rubioides Andrews 0 1 0 0 1 n.a 135
Leptospermum rupestre Hook.f. 0 15 1 12 2 n.a 169 £ 256
Orites acicularis (R.Br.) Roem. & Schult. 14 40 0 40 0 303 £+ 394 225 + 216
Orites revoluta R.Br. 9 77 2 35 40 223 +294 528 £+ 1130
Ozothamnus hookeri Sond. 30 13 0 13 0 141 £ 223 108 4+ 101
Richea acerosa (Lindl.) EMuell. 24 54 9 45 0 224 + 306 178 + 228
Richea sprengeloides (R.Br.) EMuell. 0 43 0 43 0 n.a 65 £ 72
Unknown 0 715 0 715 0 n.a 72 £97
Total 77 959 8 901 43

We observed resprouting in three species (Orites revoluta, Leptospermum rupestre and
Bauera rubioides) (Figure A1) in our study plots (in addition to Olearia myrsinoides, observed
outside our survey plots). Of the 90 plants from the three species observed to resprout, 48%
(43) were resprouting, and 93% (40) of the resprouters were O. revoluta (Table 2). The other
resprouters were 2 L. rupestre shrubs (representing 17% of burnt L. rupestre) and the sole
observed B. rubioides shrub (Figure Al).

Of the 75 O. revoluta plants that were burnt, 53% (40) were resprouting (Table 2).
There was no significant relationship between fire severity and resprouting of O. revoluta
(Figure 5), although this may be due to low sample size at the higher fire severities. There
was a significant positive relationship (p < 0.01) between the proportion of O. revoluta plants
resprouting and shrub basal area (Figure 5b,d). Resprouting was prolific in the surviving
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O. revoluta plants (Figure Ala). The median number of resprout shoots per resprouting
plant was 21, with three plants having at least 100 resprout shoots. The height of the tallest
resprout shoot ranged from 3 cm to 90 cm, with a median of 14 cm.
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Figure 5. Proportion of Orites revoluta resprouting in relation to (a) burnt twig diameter and (b) shrub
basal area. The total number of O. revoluta plants is also shown in relation to (c) burnt twig diameter
and (d) shrub basal area. Note that Shrub basal area is shown on a logj scale.

3.3. Seedling Recruitment

Seedlings were present in all unburnt plots, and most plants in the unburnt plots had a
canopy seedbank at the time of the survey. Seedlings were absent in nine of the burnt plots
(15%), and most of these were in plots burnt at lower than average fire severity. Across all
plots, seedling density was very variable, ranging from zero up to a maximum density of
242 m~2, with a mean density of 25 m~2. The best model between seedling density and
fire severity was the negative binomial quadratic (AIC = 465), followed by zero-inflated
poisson quadratic (AIC = 1255) and poisson quadratic regression (AIC = 1680). This shows
a humped relationship, with higher seedling density occurring under intermediate fire
severity conditions (Figure 6).
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Figure 6. Seedling density as a function of fire severity (measured by mean burnt twig diameter per
plot). Note that one outlier was removed for illustration purposes, but was included in the analysis.

4. Discussion

Our study contributes to understanding the fire ecology of Tasmanian montane shrub-
lands which are rarely burned, and provides a record of some of the impacts of the
anomalous 2018-2019 fire season that impacted several regions within the Tasmanian
Wilderness World Heritage Area including the Central Plateau Conservation Area (CPCA).
We found montane shrubland in central Tasmania is largely comprised of post-fire obligate
seeder species and the shrubland was severely burnt by the 2019 Great Pine Tier fire. It
is unknown if the fire regimes for this shrubland community are restricted to such stand
replacing crown fire or also include mixed, or low severity fires. Despite our sampling
design that sought to be representative of burned shrublands, we acknowledge that our
survey plots were slightly biased against the low and moderate fire severities, but high
or very high severity fire predominated in both our survey plots (87%) and the CPCA
shrubland (84%). High consumption of shrub biomass by surface fires is common, with a
study of 38 fires in temperate Australia finding a median 80% consumption [47]. Overall
post-fire resprouting in our survey was very low, with only 5% of all burnt plants, and
only three species, observed to resprout. Such a low resprouting rate is similar to the 7.5%
found by Reference [54] following a severe fire in shrubby and heathy coastal vegetation
on Clarke Island, off the north east coast of Tasmania, but less than the 16% observed by
Reference [46] in heath sedgeland in south-west Tasmania. However, in both the Nicholson
and French studies, a higher proportion of recorded species had at least one plant resprout-
ing (approximately 60% and 80%, respectively, compared with only 38% in the current
study). The 38% of species resprouting in the current study was also substantially less
than the 85% observed in subalpine shrubland in Kosciuszko National Park, New South
Wales, following the 2003 fires [55]. The observed resprouter rate is also lower than the
53% resprouting response for woody shrubs that has been recorded in the New England
Tableland Bioregion in central eastern Australia [56] and up to 80% in southwest Western
Australia [57].

The dominant resprouter species, O. revoluta, was a vigorous resprouter, with indi-
vidual plants sometimes producing more than 100 basal shoots. There was also a higher
proportion of O. revoluta individuals resprouting than observed by Reference [54] for any
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species on Clarke Island. This highlights the variability among species in the vigour and
consistency of the resprouting response, which can vary with factors, such as plant size, and
the type and severity of stress [58,59]. Interestingly, O. revoluta did not display the apparent
humped relationship between resprouting rates and fire severity reported by Reference [54],
but we encountered too few individuals that experienced high severity fire to be confident
that resprouting rates were maintained at these more extreme severities. It is possible that
more species could have resprouted with fire that is less severe than occurred in 2019. For
instance, this could be why we found no instances of resprouting in Ozothamnus hookeri,
which is reported to be an early successional resprouter that produces large quantities
of wind-dispersed seed [60]. It has also been suggested that pre-fire drought combined
with a high severity fire may significantly reduce resprouting success [61]. The rainfall
records for Liawenee do not show an unusually prolonged dry period immediately prior
to the 2019 fire, so short-term drought stress is unlikely to explain the lack of resprouting.
However, carbohydrate reserves of resprouters may have declined over a longer-term dry
trend reported for this region, which is known to be affecting the population health of
some woody plants [62,63].

Given the weak resprouting response following the 2019 fire, recovery of the pre-fire
shrubland will depend on regeneration from seed, which, in this region, can be precarious.
The main germination period for seedlings is autumn, but the harsh winter environment
on the Central Plateau, and particularly frost heave events, result in substantial seedling
losses [32]. Therefore, woody shrubs tend to establish in bare ground in the less exposed
sites, such as under existing vegetation cover [32,64,65]. Additionally, the size of the bare
ground gaps can influence regeneration, with smaller gaps favoring grasses and larger
gaps favoring woody shrub seedlings [66]. The other main threat to seedling survival is
herbivory [64,67-69]. Fire can result in increased macropod densities [70]. In addition to
native marsupials, other important herbivores are the introduced rabbits [30,31,64] and
feral fallow deer [71]. We found scant evidence of rabbit or deer presence, but macropod
scats were present in most survey plots, suggesting that, in our survey area, the dominant
herbivory pressure immediately post-fire came from native herbivores.

The low percentage of species that we found resprouting supports the findings of Ref-
erence [72] that Tasmanian montane flora recovers very slowly, and appears less resilient to
infrequent severe fire than mainland Australian montane flora. The low rate of resprouting,
together with the patchy seedling regeneration observed, indicates that recovery of this
shrubland will likely take a lot longer than the 8 years postulated by Reference [73] for
recovery of the alpine Bogong High Plains in Victoria, Australia. The marked reduction we
observed in live shrub cover is likely to persist for many years, given slow growth rates in
this area: twelve months after the fire, median resprout height was 14 cm, and, at this rate,
it would take at least eight years for the few surviving shrubs to attain the height of those
in unburnt areas. We have observed high grass cover in the burnt areas, consistent with
findings of Reference [72], that, in burnt alpine coniferous heath, there was an increase in
grass and herb cover, which persisted for about 30 years, thereby increasing the risk of
subsequent fire.

With only one resprouting species (O. revoluta) currently dominating the shrub regen-
eration in our study area, it will be interesting to see whether the fire causes long term
reductions in the woody shrub diversity of the shrubland. Identification of shrub seedlings
will be needed to develop a detailed picture of how the floristics of this shrubland will
change following the fire. A longer-term study focusing on regeneration of species over
time would improve our understanding of the impact of the 2019 fire on the vegetation
dynamics of the shrubland, allowing better informed management decisions to be made.

The dominance of obligate seeders within the shrubland may mean this community
has reduced resilience in response to anthropogenic climate change and associated in-
creased frequency of droughts and fires [74]. Under warmer, drier climate conditions
plants may grow more slowly and produce fewer seeds, and therefore require longer
periods between fires to recover biomass and re-establish a seedbank. Additionally, un-
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favorable weather conditions, such as drought and/or frosts, following a severe fire may
reduce post-fire recruitment. At the same time, a drier, warmer climate is likely to lead
to increased fire frequency. The combination of shorter fire intervals and slower growth
rates caused by a warming, drying climate has been termed interval squeeze by Refer-
ence [25] and poses a particular risk for obligate seeder systems [74], such as the CPCA
shrubland. This could lead to a shift from shrubland to grassland [75-77], that combined
with a corresponding increase in fire frequency, may become an irreversible state change.

Woody encroachment by shrubs and small trees has been reported in many areas of
the world. The major underlying cause appears to be increased grazing pressure from
domestic animals reducing the cover and continuity of flammable grasses, which reduces
fire frequency and severity, enhancing survival of woody plants, which are generally less
palatable than grasses [34,78-80]. It is possible that this process has led to an expansion
and/or thickening of shrub cover during the decades when sheep-grazing occurred on
the Central Plateau. However, this study is unable to advance this question of whether
the current shrubland distribution is a legacy of past fire and grazing since European
settlement, including the disruption of Aboriginal fire management regimes. Further
research needs to focus on historical land cover changes using both palaeoecological and
historical techniques, which have been applied in other landscape settings in Tasmania (e.g.,
References [81,82]), as well as contrasting post-fire recovery of montane shrublands that
are still subjected to livestock grazing with those where livestock grazing does not occur.

In conclusion, the 2019 Great Pine Tier fire that swept through the Central Plateau
Conservation Area in February 2019 was a high severity crown fire that killed almost all
above ground vegetation in the shrubland. Only three out of eight species identified as
being present prior to the fire resprouted in the 12 months following the fire, and only
one, Orites revoluta, exhibited a strong resprouting response. In the absence of additional
resprouting, regeneration of this shrubland will rely on seedling recruitment or colonization
and low fire frequency to enable seedlings to mature. It is unclear if the pre-fire shrubland
resulted from the combined effects of frequent fire and intense stock grazing on natural
grasslands. If this can be shown to be the case, then more frequent fires may be beneficial in
reducing shrub cover and restoring grassland. Conversely, fires that are too frequent could
endanger populations of the predominantly obligate seeder shrub species found in the
area, requiring minimizing fire frequency in order to assure long term persistence of these
species. Understanding past trends in shrub cover and fire activity will assist managers in
implementing ecologically appropriate fire regimes.
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Appendix A

Table A1. Scat presence and number within survey plots.

Animal Number of Plots Number of Scats
Burnt Unburnt Burnt Unburnt
Macropod 39 5 217 105
Wombat 3 0 16 0
Deer 9 0 18 0
Rabbit 1 0 21 0
Total 272 105

Figure A1l. Resprouting shrubs. (a) Orites revoluta from large basal lignotuber; (b) Bauera rubioides
and (c) Leptospermum rupestre. Photographs by J. Foulkes.
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