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Abstract Western Tasmania, Australia contains some of

the highest levels of biological endemism of any temperate

region in the world, including vegetation types that are con-

servation priorities: fire-sensitive rainforest dominated by

endemic conifer species in the genus Athrotaxis; and fire-

tolerant buttongrass moorlands. Current management focuses

on fire suppression, but increasingly there are calls for the use

of prescribed fire in flammable vegetation types to manage

these ecosystems. The long-term effects of climate and

alternative management strategies on the vegetated landscape

are unknown. To help identify controls over successional

trajectories, we parameterized a spatially explicit landscape-

scale model of vegetation and fire (FireBGCv2) for a study

area in Cradle Mountain-Lake St Clair National Park in

western Tasmania using new data on fine-scale topography,

plant communities, and fuels loads. Our parameterized model

displays a high level of agreement with previous empirical

and modeling studies for the region. The model was experi-

mentally tested for three different levels of ignition suppres-

sion (0, 50, and 90 %); simulations ran for 1000 years and

were replicated 10 times. The different scenarios yielded

distinct fire return intervals, with cascading effects on suc-

cessional dynamics and vegetation composition. Model

results indicate that fire-sensitive endemic conifer rainforest

will be restricted to upland refugia that total far less area than

its present distribution, even under maximal ignition sup-

pression. Because the distribution of vegetation types was

unstable temporally and across stochastic replicates, present

distributions may be a legacy of previous climate, Aboriginal

fire management, or both.

Keywords Athrotaxis � Buttongrass moorland � Cradle
Mountain-Lake St Clair National Park � Ecological
modeling � Fire ecology � Paleoecology

Introduction

Western Tasmania, Australia contains some of the highest

levels of biological endemism of any temperate region in

the world (Kier et al. 2009), and much of this area is now

largely preserved in a United Nations Educational, Scien-

tific, and Cultural Organization (UNESCO) World Her-

itage Area (WHA). This WHA contains a wide range of

vegetation types, including fire-sensitive rainforest domi-

nated by endemic conifer species and fire-tolerant button-

grass moorlands, wet sclerophyll eucalypt forest, and

heathlands comprised of taxa with a range of adaptation to

fire, including resprouting, serotiny, and fire-resistant bark

(Cullen 1987; Read and Hill 1988). These vegetation types

are often juxtaposed on the landscape in fine-scale patches.

Among surviving Gondwanan rainforests in the southern
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hemisphere, the Tasmanian rainforests possess the most

complex human–fire–vegetation interactions, because they

are embedded in a highly flammable landscape whose

successional dynamics depend heavily on fire disturbance

(Holz and Veblen 2011; McWethy et al. 2013; Holz et al.

2015). Inferences from early European accounts, along

with ecological studies, indicate that fire return intervals

for western Tasmania prior to European settlement vary

from as short as a few years for buttongrass moorland

(Marsden-Smedley and Kirkpatrick 2000) to as long as

centuries for rainforests (Bowman and Wood 2009).

Aboriginal Australians used fire as a tool for landscape

management in Tasmania (Marsden-Smedley 1998), and

have lived within the UNESCO World Heritage Area for at

least 35,000 years (Thomas 1993). At lowland sites in

western Tasmania, human burning was responsible for

increased fire frequency during the Holocene, which led to

the expansion and maintenance of buttongrass moorland

(Fletcher and Thomas 2010). At higher elevations (c.

700–900 m) in Tasmania, Aboriginal burning controlled

boundaries between buttongrass moorland and rainforest

vegetation (Bowman et al. 2013). Two key ecological

findings indicate that this result may not be applicable to

sub-alpine sites. First, research has shown that near and

beyond treeline, grasslands may have been stable over time

due to climate, substrate, and non-anthropogenic fire

(Thomas and Hope 1994). Second, diverse vegetation types

have persisted throughout the Holocene, despite the cli-

matic potential for rainforest vegetation (Jackson 1968)

due to the interplay of fire and climate (Kirkpatrick and

Balmer 1991).

It remains unclear how highly fire-sensitive vegetation

has been able to persist within a matrix of flammable

vegetation. Holocene fire regimes in the sub-alpine zone

under Aboriginal management appear to have been patchy

and of low severity (Holz et al. 2015). Widespread fires

following European colonization threaten endemic fire-

sensitive flora, including the species in the Tasmanian

endemic conifer genus Athrotaxis (Holz et al. 2015), which

are listed as vulnerable on the International Union for

Conservation of Nature and Natural Resources’ (IUCN)

Red List (The IUCN Red List of Threatened Species 2014).

Conservation of sub-alpine Tasmania’s cultural and bio-

logical resources has been an international priority for at

least 25 years (Brown et al. 1990), and the World Heritage

Area contains several National Parks dedicated to the

stewardship of this rich biological legacy. Although but-

tongrass moorland itself is not imperiled, conservation of

buttongrass moorlands and the endemic species they harbor

has been a priority for at least 35 years (Driessen 2006).

Current forest management strategy focuses on fire pre-

vention and suppression to protect human lives and, sec-

ondarily, fire-sensitive species (Tasmania Parks and

Wildlife Service 1999). Some researchers have suggested

that implementing prescribed burning (King et al. 2006), or

even deliberately reproducing Aboriginal burning practices

(Marsden-Smedley and Kirkpatrick 2000), may help to

achieve current conservation goals. There are few data,

however, on the long-term fire history of sub-alpine Tas-

manian forests, let alone on the nature of Aboriginal

burning practices (i.e., seasonality, frequency, severity,

etc.). The role for prescribed fire in mitigating large-scale

high severity fires in this environment is therefore unclear,

and possibly impractical. Questions concerning the stabil-

ity of a landscape composed of vegetation with mixed

responses to fire demand long-term perspectives that are

most practically addressed by using a process modeling

approach.

Several modeling approaches have contributed to our

understanding of sub-alpine vegetation dynamics in sub-

alpine Tasmania. Conceptual models describe successional

trajectories under different fire regimes (Jackson 1968;

Henderson and Wilkins 1975; Mount 1979). Statistical

models have been used to evaluate the importance of fire

and climate in shaping vegetation in sub-alpine Tasmania

(Kirkpatrick and Balmer 1991). Landscape-scale vegeta-

tion models have been used to identify locations where

plant community composition is contingent upon weather,

soils, topography, disturbance, or some combination of

those factors (King et al. 2006). Simulation modeling in

southwestern Tasmania has suggested that prescribed

burning has the potential to preserve rainforest vegetation

over time horizons extending to 1000 years (ignoring cli-

mate change), but only under mild fire weather conditions

(King 2004). During severe fire weather, when fires have

the greatest effects and largest spatial extent, prescribed

burning was found to have little impact on simulated fire

effects for rainforest vegetation. The fine-scale vegetation

mosaics of sub-alpine Tasmanian landscapes limit the

applicability of models developed in the lowlands of

western Tasmania. Here we parameterized FireBGCv2

(Keane et al. 2011) to identify the effects of different levels

of ignition suppression on landscape-level patterns of

vegetation and successional dynamics in sub-alpine

Tasmania.

Materials and methods

Study area

For the present study, we selected a study area of

approximately 50,000 ha that surrounds the region around

Dove Lake within Cradle Mountain-Lake St Clair National

Park, where we collected our field data (Fig. 1). Simulation

sites (Fig. 2) were differentiated on the basis of elevation
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(low \650 m; mid 650–1070 m; high [1070 m), aspect

(cool 45�–225�; warm 225�–45�), and dominant current

vegetation type (forest, non-forest).

Cradle Mountain-Lake St Clair National Park

(41�4904900S 145�5502700E; elevation c. 300–1545 m; see

Fig. 1) is part of an extensive upland plateau in western

Tasmania. Much of the geological substrate is ancient in

origin, including Precambrian mudstone and highly meta-

morphosed quartzite, as well as Jurassic dolerite. The

landscape was substantially altered by Pleistocene glacia-

tion (Kirkpatrick and Balmer 1991), and consequently the

topography is rugged, with exposed dolerite bedrock in

many areas. Peat forms on all substrates at higher eleva-

tions, and in areas with poor drainage at lower elevations

(Kirkpatrick and Balmer 1991). Based on the data from the

Australian Water Availability Project (Jones et al. 2009),

mean annual rainfall in the study area, from 1911 to 2011,

was 260.9 cm, and mean annual temperature was 6.50 �C.
Vegetation in the study area is exceptionally diverse,

including grasslands dominated by Poa species, sedgelands

dominated by Gymnoschoenus, mixed shrublands, wet

sclerophyll forests dominated by one of a few species of

Eucalyptus (E. coccifera, E. subcrenulata, E. delegatensis,

E. nitida, and E. gunnii), and rainforests, including those

dominated by Lophozonia species, as well as those domi-

nated by endemic Athrotaxis cupressoides and A. selagi-

noides (Williams and Potts 1996). Aboriginal Tasmanians

used the region seasonally, although the specifics of their

fire usage remain unclear (Holz et al. 2015). Herbaceous

vegetation types around the Park have been burned from at

least the time of early European settlement, and with high

frequency until the early 1960s to maintain pastures

Fig. 1 Satellite imagery of the

study area. In a, note the

simulation area (black outline)

surrounding Dove Lake

(indicated by the white arrow)

in Cradle Mountain-Lake St

Clair National Park (white

outline), and location in

Tasmania, Australia (insets).

Circles in b show the locations

of plots used to parameterize the

model. Source: a CNES/

Astrium and Digital Globe, via

Google Earth, imagery date

2012-04-13; b Digital Globe,

via Google Earth, imagery date

2011-10-18

Fig. 2 Map of site types in the

simulation landscape. Sites were

differentiated by elevation (low,

mid, high), aspect (cool, warm),

and dominant vegetation type

(forest, non-forest)
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(Kirkpatrick and Balmer 1991). To the best of our

knowledge, however, European settlers did not deliberately

burn forested sites considered in this study (Johnson and

Marsden-Smedley 2002). Three major fires occurred in the

early 20th or late 19th centuries (Kirkpatrick and Balmer

1991), and based on historical sources and mapping,

Johnson and Marsden-Smedley identified two extensive

wildland fires south and southwest of our study area,

mostly likely in 1933–1934, and the early 1950s (Johnson

and Marsden-Smedley 2002). Herbaceous vegetation is

estimated to have a fire return interval of approximately

13 years (Jarman et al. 1988). For substantial areas, how-

ever, especially at higher elevation, there is no evidence of

fire after 1890 (Kirkpatrick and Balmer 1991), which is

probably the most accurate estimate for our study area.

Climate data

FireBGCv2 uses daily weather data to drive tree growth,

mortality, and regeneration. For our simulations, we used

101 years of available daily weather data for western

Tasmania from 1911 through 2011, made available through

the Australian Water Availability Project (Jones et al.

2009). We applied corrections to each site’s weather data

based on elevation, slope and aspect, using the Mountain

Climate Simulator (Running et al. 1987; Hungerford et al.

1989). We then repeated the resulting 101-year daily

weather records for the duration of the 1000-year simula-

tions (i.e., we ignored past or future climate change).

FireBGCv2 customization

FireBGCv2 includes an individual-tree model of ecological

succession, and a spatial fire disturbance model that

includes simulation of fire ignition, spread, and effects. The

model is described in greater detail elsewhere (Keane et al.

2011), but, briefly, FireBGCv2 is organized around five

hierarchical representations of vegetation and landscapes,

and simulates process at each of these levels. From finest to

coarsest these are the levels of the individual tree, species,

stand, site, and landscape. Growth of the individual trees

depends on species-specific interactions of solar radiation,

temperature, precipitation, and soil moisture. Tree regen-

eration depends on soil moisture, litter depth (a product of

tree growth and decomposition), and seed crop (a product

of long-term climate). Ignitions are located randomly

across the landscape, and fires start based on the amount

and type of fuel present in the stand, as well as the site-

level fire frequency probability. Fire spread is determined

by wind, slope, and stand-level fuel availability and

moisture. Fire spread is further constrained by a random

selection from a maximum fire size function, based on the

fire return interval and mean fire size for each site.

FireBGCv2 is sensitive to custom physiological parameters

(see Online Resource 1), which makes this model an

appropriate choice for the plant species inhabiting our

study area, given its steep climatic gradients and rugged

topography.

This study reflects the first attempt to parameterize

FireBGCv2 for a landscape in the southern hemisphere in

general, and in sub-alpine Tasmania in particular. Like all

mechanistic, individual-tree models, FireBGCv2 relies on

hundreds of parameters to drive its algorithms. We con-

ducted field work to measure as many of these parameters

as was possible. Fifteen vegetation types were identified in

the study area, based on previous vegetation mapping

(Kitchener and Harris 2013). Fieldwork was conducted

using 0.04 ha circular plots. Saplings, mature trees, and

species composition were assessed over the entire plot area.

Seedlings and understory species were counted by 2 cm

diameter class for the 0.004 ha at the center of this plot. All

dead, downed, woody debris greater than 5.6 cm in diam-

eter was counted for a 0.01 ha plot centered on the 0.04 ha

circular plot. Dead, downed, woody debris smaller than

6.35 cm in diameter was counted in three size classes

(\0.635 cm, 0.635 to\2.54 cm, and 2.54 to\6.35 cm) at

four 1 m2 plots, located 5 m from the center of the 0.04 ha

circular plot in each of the cardinal directions (Keane and

Dickinson 2007).

Physiological parameters for the species found in the

study area were drawn from many sources (Read and Hill

1985; Cullen 1987; Kirkpatrick 1990; Read 1995; Brodribb

and Feild 2000; Blackman et al. 2010; Kirkpatrick et al.

2010; Dean et al. 2011) (see also Online Resource 1 for a

complete listing of sources used). Often precise parameters

were not available for species of interest, and were inferred

from closely related species where empirical observations

were available. For example, aboveground and below-

ground biomass values for the Eucalyptus species in our

simulations were inferred from equations in Hamilton et al.

(2005) and Resh et al. (2003), based on parameters in

Blackman et al. (2010). When physiological parameters

were not available for species included in the model, they

were drawn from the closest related species in White et al.

(2000). Established and demonstrably functional parame-

ters in White et al. (2000) are an effective substitute for

physiological parameters that are not available in the pri-

mary literature. This technique was used principally for

Athrotaxis species, where empirical observations of bio-

mass and allometry were inadequate to parameterize

FireBGCv2 entirely empirically. For Athrotaxis biomass,

for example, parameters were used from Thuja plicata

Donn ex D. Don (Cupressaceae), the closest related species

in White et al. (2000), to translate known age-size rela-

tionships in Athrotaxis species (Read 1995) into biomass

for discrete tree tissues.
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Simulation design

Three simulation scenarios test the functionality of the

novel FireBGCv2 parameterization in sub-alpine Tasma-

nia. The only variable differentiating simulations is the

degree to which model-calculated fire ignitions are sup-

pressed. Fire ignitions in FireBGCv2 are calculated from

the user-input fire frequency for each site (Online Resource

1), and the amount of available fuel in each stand, and the

input climate data; the simulation scenarios randomly

suppress the specified proportion of these ignitions. Fires

then proceed based on climate, topography, and fuel

availability. The three levels of ignition suppression are 0

(full fire), 50, and 90 % (nearly complete ignition sup-

pression); each level of ignition suppression results in a

unique fire regime. Because rainforest tree species in these

simulations are extremely long-lived, we ran simulations

for 1000 years. While this simulation length is shorter than

the maximum lifespan of some of the rainforest species

included in the model, it is long enough to allow for their

regeneration, growth, and reproduction. This simulation

length is also far longer than any estimated fire return

interval for the simulation area (Jarman et al. 1988; Kirk-

patrick and Balmer 1991). FireBGCv2 is a cumulative

effects model that relies on stochastic processes. Because

of this, the model is best-suited to assessing long-term

trends in ecosystem dynamics, with each scenario averaged

over several replicates. To this end, we ran ten replicates of

each experimental scenario. Model runs were initiated from

a map of current vegetation distributions (Kitchener and

Harris 2013).

Output and analysis

To assess the simulated fire regimes we present the number

of fires experienced by each pixel in the landscape (Fig. 3).

To assess successional trajectories, we present species

dominance by cover (Figs. 4, 5, 6). When possible, we

present the means of those variables across the ten repli-

cates (Figs. 3, 4, 6). For output variables where such

averaging is not possible (i.e., spatial locations of vegeta-

tion types over time) we present a series of maps that

represent time-slices from what we considered to be the

model’s central tendency for that scenario (Fig. 5). In this

paper, we define complete temporal stability as a pixel

remaining as a single vegetation type for the duration of the

simulation. We define complete stochastic stability as a

pixel being a single vegetation type for the last 100 years

of simulation time over all ten replicate simulations for a

single scenario. Figures 5 and 6 demonstrate the temporal

and stochastic stability of modeled vegetation, respec-

tively. Data processing and analysis were conducted in the

R statistical programming language (R Development Core

Team 2008).

Results

Fire regime

Fire was spatially variable in the model, with stands

burning on average a maximum of 49.2 times over a

1000-year simulation (Fig. 3a). Ignition suppression in the

model effectively eliminated nearly all fires—under the

90 % ignition suppression scenario, no stand experienced

more than two fires over a 1000-year simulation (Fig. 3c).

Fig. 3 Cumulative number of fires experienced by each stand,

averaged over ten replicates, for each of three simulation scenarios:

no ignition suppression (a), 50 % ignition suppression (b), 90 %

ignition suppression (c). Note that each panel has its own legend
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Mean landscape fire return interval was 56.08 years

(SD = 10.0) for 0 % ignition suppression, 98.66 years

(SD = 23.7) for 50 % ignition suppression, and

564.3 years (SD = 174.7) for 90 % ignition suppression,

which are significantly different [F(2, 27) = 68.8,

p � 0.001].

Large fire events recurred periodically, and resulted in

repeated abrupt successional shifts that were superimposed

over the broad successional trends within each scenario

(Fig. 4). Each fire event was associated with a decrease in

the abundance of all of the modeled tree genera (Euca-

lyptus, Lophozonia, and Athrotaxis). Each fire was likewise

associated with an increase in the abundance of shrublands

and, to a lesser extent, buttongrass moorlands.

Maximum ignition suppression was required to increase

the abundance of Lophozonia rainforest on a sub-alpine

Tasmanian landscape, reflecting the broad environmental

tolerances of this tree; no ignition suppression strategy

Fig. 4 Dominant vegetation

cover. Each panel is the mean of

10 replicates for three different

ignition suppression scenarios:

0 % (a), 50 % (b), and 90 % (c)

Fig. 5 Composite of images of dominant species by cover for each

50 year time slice from year 50 to year 1000 of a single randomly

selected simulation, for each of three different ignition suppression

scenarios: 0 % (a), 50 % (b), and 90 % (c). The legend shows the

color for each vegetation type associated with complete temporal

stability. Regions where the colors most closely match those in the

legend are the least variant. Regions where the colors are muddled

indicate greater temporal variability over the course of a simulation
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increased the abundance of Athrotaxis rainforest: the spe-

cies was confined to the coolest, mid-and high-elevation

sites. Intermediate levels of ignition suppression maxi-

mized the abundance of eucalypt forest on the landscape,

and Eucalyptus expansion was possible at all but the

coolest, wettest sites. Low levels of ignition suppression

maintained the greatest abundance of buttongrass moor-

land, principally at the warmest, least mesic sites, although

moorland was less abundant than the landscape’s initial

condition.

Successional trajectories

Ecological succession in the model matches our under-

standing of the region’s ecology in several ways. In the

absence of fire, the amount of time required in the model

for vegetation to transition to Lophozonia rainforest is on

the order of 500–1000 years (Fig. 4). For the landscape as

a whole, eucalypt forests are slowly replaced by other

vegetation types over the 1000-year simulations. In a

landscape with more fire, shrublands replaces these euca-

lypt forests; with less frequent fire, Lophozonia rainforest

replaces the eucalypt forest. This process is quite slow,

taking on the order of centuries. In the scenario with less

frequent fire, there is also an initial increase in the abun-

dance of eucalypt forest over the first century of simulation

time. This increase comes principally at the expense of

shrubland and Athrotaxis rainforest. Many of the intricacies

of the successional dynamics are evident in an animation of

all of the simulations, available as Online Resource 2.

Regardless of the simulation scenario, small amounts of

both Athrotaxis and buttongrass moorland persist on the

landscape (Figs. 4, 5, 6). Spatially, however, this persis-

tence is markedly different. Athrotaxis principally only

occurs in a few locations, the largest of which is an area of

upland plateau to the southwest of Dove Lake. Other

smaller patches of persistent Athrotaxis rainforest occur at

upland plateaus throughout the simulation area. The but-

tongrass moorland, on the other hand, occurs transiently in

many different areas across the entire simulation time, and

across all the scenarios.

The stability of dominant vegetation types varies spa-

tially across the landscape, as well as by scenario. Figure 5

shows the temporal stability of the landscape, and Fig. 6

shows the stability of the landscape for stochastic repli-

cates. The most stable regions occur under no ignition

suppression in the northwestern portion of the landscape

(Figs. 5a, 6a) and across nearly the entire landscape under

90 % ignition suppression (Figs. 5c, 6c). Stable vegetation

types under the no ignition suppression scenario are

shrublands and buttongrass moorland, whereas stable

vegetation types under 90 % ignition suppression are pre-

dominantly Lophozonia rainforest.

Discussion

FireBGCv2 attempts to include both stochastic changes in

fire frequency, and plant demography, to help identify

patterns of landscape-scale vegetation change in the

Fig. 6 Composites of dominant species by cover near the end of

simulations (years 900 and 950), averaged across ten replicates for

each of three different ignition suppression scenarios: 0 % (a), 50 %

(b), and 90 % (c). The legend shows the color for each vegetation

type associated with complete stochastic stability. Regions where the

colors most closely match those in the legend are the least variant.

Regions where the colors are muddled indicate greater variability in

the final condition of the landscape across stochastic replicates
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Tasmanian sub-alpine landscape under contrasting ignition

suppression scenarios (Bowman and Wood 2009). Overall,

the amount of time required for successional changes to

occur agrees with previous estimates of successional tra-

jectories and rates in Tasmanian rainforests (King et al.

2006). Areas of the landscape that show greater variability,

either temporally or across stochastic replicates, exhibit

greater path dependence (Brown et al. 2005); that is, the

state of these regions of the landscape is more dependent

on prior conditions and stochastic events. Comparing fire

frequencies (Fig. 3) to the stability of dominant vegetation

(Figs. 5, 6) reveals that the greatest path dependence in

successional dynamics occurs for areas of intermediate fire

frequency.

Our model results support the persistence of upland

Athrotaxis refugia southwest of Dove Lake, and the sta-

bility of shrub-dominated vegetation in the western portion

of the simulation landscape (Figs. 5a, 6a). The eastern and

central portions of the landscape undergo seral stages from

buttongrass through eucalypt forest to rainforest following

fire, under the 0 and 50 % ignition suppression scenarios

(Figs. 5a, b, 6a, b). This is mostly likely due to the model

parameterization, which makes Athrotaxis unsuited to fre-

quent disturbance. Patches of buttongrass that persist for

long periods of time occur only under the 0 % suppression

scenario (Fig. 5a), which also has the shortest fire return

intervals.

Fires appear to be widespread across the simulation

landscape in only a few select years. After such fire years

there is a pulse in buttongrass distribution, but only a

pulse—buttongrass levels almost immediately return to a

low level (Fig. 4). Under the scenario with no ignition

suppression, there may be a modest trend toward increasing

buttongrass abundance on the landscape as a whole

(Fig. 4a). Even so, under all scenarios, the persistent dis-

tribution of buttongrass on the landscape is much smaller

than observed at present. In the model, it is never as

extensive in the uplands as modern vegetation mapping

indicates.

The limited distribution of buttongrass moorland in the

model could be due to the lack of waterlogged soils in the

model, which are thought to be important to the long-term

persistence of buttongrass moorlands (Kirkpatrick and

Balmer 1991), and limit the recruitment and retention of

mature trees. It is not possible to parameterize such edaphic

factors in FireBGCv2, and this missing component could

account for underestimation of the distribution and stability

of buttongrass moorlands. That same missing edaphic

factor, however, should also contribute to the model

overestimating the extent and stability of Athrotaxis-dom-

inated rainforest. By having more land area in the model

where trees could potentially grow than exists in reality,

the model should have a tendency to overestimate the

dominance of all tree species. The area of the landscape

dominated by tree species increases only under the 90 %

ignition suppression scenario (cf. Fig. 4a–c), which indi-

cates that the model is not consistently projecting a reduced

abundance of buttongrass moorland. If waterlogged soils

were a key factor missing from the model, we should

expect to see a loss of buttongrass moorland with prefer-

ential replacement by Athrotaxis in cool upland areas under

all scenarios. Instead, we see reductions in the extent of

buttongrass moorland under the 50 and 90 % suppression

scenarios, and reductions in Athrotaxis rainforest under all

scenarios. While the lack of detail in the model regarding

soils should be viewed as a limitation of our approach, the

model output indicates that something other than edaphic

factors is reducing the extent of both buttongrass moorland

and Athrotaxis rainforest.

Although the extremely limited ranges of species like

buttongrass and Athrotaxis are stable for up to a millen-

nium in the model, this is an exception on the simulation

landscape. The majority of the landscape appears to be

temporally dynamic at all levels of fire frequency, except

for extremely high or extremely low fire frequency. In this

sense, the landscape in Cradle Mountain-Lake St Clair

National Park has not reached a dynamic fire-vegetation

equilibrium, an observation that agrees with the findings of

other high resolution fire-vegetation simulation modeling

in Tasmania (King 2004). Regardless of the ignition sup-

pression scenario, the model takes centuries for vegetation

to equilibrate to a particular fire regime, and the new

equilibrium never matches the initial conditions. Both of

these points indicate that the landscape as it currently exists

is not in equilibrium with the present climatic potential. As

climate changes in the future, we should expect further

destabilization of the vegetation in this landscape.

Under the scenarios we provide here, endemic conifer

species persisted in upland areas for centuries. This per-

sistence was accompanied by an attenuation of endemic

conifer dominance in lowland areas, although the appear-

ance of transient patches of Athrotaxis in upland areas

indicates that the species is not dispersal-limited in the

model. We interpret the persistence of Athrotaxis in

restricted upland areas as indication that the majority of the

simulation landscape is unsuitable habitat for Athrotaxis

over centennial time scales. Upland persistence and low-

land attenuation occur regardless of the scenario, indicating

that, barring climatic change, endemic conifer conservation

is unlikely to depend on fire management in this region.

Because fire ignition and spread are determined proba-

bilistically by the overall fire return interval, climate, and

available fuel, it is not possible to simulate prescribed

individual fires in FireBGCv2. Directly simulating fires

like those that swept through the Central Plateau, east of

our study area, in 1898, 1934, and 1961, is therefore not
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within the scope of FireBGCv2. Nevertheless, fires that

result in widespread losses of Athrotaxis, like those

observed historically in the Central Plateau (Holz et al.

2015), are common and recurrent in the simulations we

presented here. It remains a possibility that the greater

abundance of Athrotaxis during the mid-Holocene (Florin

1963; Hill and Carpenter 1991), and its current decline

(Fletcher et al. 2013), are a result of long-term climatic

trends and current regional warming and drying trends

associated with anthropogenic climatic changes. Losses of

Athrotaxis could be due to these broad climate shifts, both

in reality and in our model.

Future simulations with this newly developed version of

FireBGCv2 will help us to address the role of changing

climate in influencing this region’s vegetation. Land

managers would be well-advised to prepare for substantial

shifts in vegetation in the Cradle Mountain-Lake St Clair

National Park landscape in the future. Further research

should be undertaken to indicate what possible future

conditions may occur on this landscape, and whether prior

Aboriginal fires impacted current vegetation patterns in the

study area. The model results that we present here, how-

ever, should assist land managers seeking to prioritize their

conservation goals and identify fire management best

practices in sub-alpine Tasmania.

Data accessibility

The data for this paper are archived with the USDA Forest

Service, and available by ftp upon request.
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