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Introduction
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gis because of fuel limitation (Murphy

S at promote rapid re-establishment from seed
or recovery thro®gh resprouting (Lawes et al. 2011; Bradstock
et al. 2012; Clarke et al. 2013). Nevertheless, changes in fire
regimes are of concern both because of the rapidly escalating
social and economic costs (Ashe et al. 2008; Crompton and
McAneney 2008; Stephenson et al. 2012; Hughes and Steffen
2013) and because of the potential impacts on vegetation and
biodiversity (Bradstock 2008; Williams et al. 2009; Gill 2012).

Climate projections for the 21st century (Collins et al. 2013;
Kirtman et al. 2013) show significant warming over Australia,
with decreased precipitation in many regions. Warmer and drier
conditions are generally considered to increase in the risk of fire
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-induced vegetation changes, fuel limitation,
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in Australia (Williams et al. 2001; Hennessy et al. 2005; Lucas
et al. 2007; Pitman et al. 2007; Fox-Hughes et al. 2014).
However, increased fire risk does not necessarily translate into
increased burning in situations where the climate changes
reduce vegetation productivity and hence fuel loads (Harrison
et al. 2010; Bistinas et al. 2014; Higuera et al. 2015; Knorr et al.
2016a, 2016b). Indeed, statistical modelling suggests either a
reduction (Krawchuk et al. 2009) or only a moderate increase
(Moritz et al. 2012) in fire activity in Australia. The reliability of
these projections is compromised because they do not account
for the impact of changing CO, concentrations on vegetation
productivity and water-use efficiency or for potential changes in
vegetation distribution and their impact on fire regimes under a
changing climate. Both of these effects are included in process-
based dynamic global vegetation models (DGVMs).

Here, we use a version of the Land surface Processes and
eXchanges Dynamic Global Vegetation Model (LPX-Mvl
DGVM; Kelley et al. 2014) driven by outputs from nine coupled
ocean—atmosphere models forced using two different future
scenarios of changes in atmospheric composition and land use
from the fifth phase of the Coupled Model Intercomparison
Project (CMIPS; Taylor et al. 2012) to examine potential
changes in Australian fire regimes over the 21st century and
the implications of these changes for natural vegetation patterns.

www.publish.csiro.au/journals/ijwf
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Methods
Study area

Australia spans 29° of latitude, with a temperature gradient from
tropical in the north to temperate in the south. Much of the
continent is arid or semiarid. Precipitation regimes reflect the
seasonal migration of the subtropical anticyclone belt (Sturman
and Tapper 2005). Most of the north is influenced by south-
easterly trade winds in winter and monsoonal flow in summer,
and hence has highly seasonal rainfall, with dry winters and wet
summers. The central interior, dominated by travelling anti-
cyclones throughout the year, is dry. Troughs between the
travelling anticyclones entrain maritime north-westerly air-
flows, bringing summer rain to parts of the east coast and
southern highlands. Southern Australia, dominated by travelling
anticyclones in summer and westerly winds in winter, has winter
rainfall and dry summers. Much of northern and eastern
Australian experiences considerable interannual variability in
precipitation, associated with the E1 Nino—Southern Oscillation.

The natural vegetation of Australia follows a structural
continuum reflecting these rainfall patterns (Groves 1994).
Closed forests are distributed discontinuously along the east
coast from north-eastern Queensland to western Tasmania, in
regions with year-round rainfall. Tall, open forests occur
throughout coastal and montane south-eastern Australia and in
south-western Australia, in subhumid sites with either summer
or winter rainfall. Woodlands occupy drier areas inland, wher-
ever rainfall is sufficient regardless of source or season. Malleg,
shrubland occurs in areas of southern Australia with a long
season but where westerly flow brings rain in winter. The ari
interior is largely characterised by shrubland and tussock grass

Fire plays a major role in shaping Australia
patterns, and many plants show adaptations to firg

regime in northern Aust
season and promotes rap1

fire seasons than arthern Australia. The role of fuel loads in
creating the diver: of fire regimes across the continent
provides a major justification for using process-based modelling
to investigate the impacts of climate change on fire regimes.

The model and modelling approach

We use the LPX-Mv1 fire-enabled DGVM (Kelley et al. 2014)
to simulate the response of Australian fire regimes and vegeta-
tion to climate changes resulting from two scenarios of
21st century changes in atmospheric composition and land use.
We use outputs from multiple coupled ocean—atmosphere
models driven by these two scenarios to encompass the range of
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potential responses to each scenario. LPX-Mv1 (Kelley et al.
2014) was developed from the LPX DGVM (Prentice et al.
2011); the vegetation dynamics component of LPX was based
on the Lund—Potsdam—Jena (LPJ) DGVM (Sitch et al. 2003).
The model simulates vegetation and fire properties on a spatial
grid of 0.5° by 0.5°; it does not simulate spatially explicit dis-
tributions within a grid cell.

Vegetation within a grid cell is described in terms of
fractional coverage of plant functional types (PFTs), defined
by life form (tree, grass), with grasses further subdivided by
photosynthetic pathway (C;, C,4) and trees by bioclimatic toler-
ance (tropical, temperate, boreal), leaf't adleaf, needle-

deciduous). LPX-Mv1 differs from L
and non-resprouting variants
trees, tropical broadleaf decg

sprouting PFTs. The abun-
ctermined through competition, as a
uctivity. Gross primary production
or each PFT ®8ing an explicit photosynthesis model
iao of the water and energy exchanges between
tmosphere (Sitch et al. 2003). Transpiration,
s primary production (GPP), is limited if

ic CO, concentration affects the water cost per unit produc-
rimary Production (NPP) is calculated after accounting
maintenance and growth respiration, and allocated in fixed
oportions to roots, leaves and woody tissues.

The dynamic vegetation component of the model provides
information on vegetation type and productivity that is then used
to specify fuel loads in the fire component of the model. Woody
material contributes to coarse fuel, while leaves and grass
contribute to fine fuel loads (Fig. 1). The soil moisture account-
ing scheme in the vegetation component is used to predict the
moisture content of live fuel. Vegetation information is passed
to the fire module once a year.

The fire module in LPX-Mv1 represents the influence of
potential ignition rates, vegetation properties and weather con-
ditions on biomass burning through explicit formulations of the
probability of fires starting, their rate of spread, fire intensity and
the amount of fuel combusted, and the consequences for the
mortality and regeneration of different PFTs. The model simu-
lates multiple aspects of the fire regime (number of fires, fire
type, intensity, frequency and burnt area), and changes in these
characteristics influence vegetation composition.

Fire is explicitly simulated in each grid cell on a daily time-
step. This temporal resolution means that the model is adapted to
using daily mean climate conditions as inputs; it does not take
account of sub-daily or short-lived extreme conditions such as
wind gusts. The number of fire starts is a function of lightning
ignitions and fire susceptibility (Fig. 1). LPX-Mv1 does not
include human ignitions. Although human ignitions affect the
number and seasonality of fires (Russell-Smith er al. 2007;
Archibald et al. 2013), they have little effect on burnt area
(Bistinas et al. 2014; Knorr et al. 2014; Knorr et al. 2016a).
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and sed . ally partitions strike distribution
between wS@ dry days, and has a variable number of strikes
on dry days et al. 2014). Fire susceptibility takes into

account the am®¥nt, properties and moisture content of the
available fuel load. There are four fuel size classes: 1-h or
fine fuel (derived from leaves and grass), 10-h (from small
branches), 100-h (from large branches) and 1000-h (from boles
and trunks) fuels. The size class determines the rate at which fuel
moisture equilibrates to relative humidity on dry days. Ignitions
do not result in a fire unless the combined load of 1-, 10- and
100-h fuel is greater than 200 g m ™2, a surrogate for minimal fuel
continuity (Thonicke e al. 2001). Fuel loads can be reduced
through fire or decomposition, where coarse and fine fuels
decompose at different rates (Brovkin et al. 2012).
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Fire spread, intensity and residence time are dependent on
wind speed and fuel moisture (Fig. 1), and calculated using the
Rothermel equations (Rothermel 1972). Fires are assumed to
be elliptical and fire size is therefore calculated using a simple
geometric relationship with rate of spread. Wind speed is
modulated by vegetation type and density, as measured by foliar
projective cover. Burnt area is calculated as the product of the
number of fires and fire spread.

Mortality occurs through crown scorching and cambial
death, where cambial damage is determined by fire intensity
and residence time in relation to the bark thickness of woody
vegetation. In LPX-Mv1, the PFT-specific bark thickness is
specified as a range when new populations establish. Fires will
preferentially remove thin-barked trees, leading to a change in
average bark thickness as a consequence of fire history (Kelley
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Table 1. Summary of the simulation protocol for model spin-up and the simulations
CRU TS3.1, Climate Research Centre Time Series 3.1 (CRU TS3.1) dataset; NCEP, National Center for Environmental
Prediction reanalysis data set; LIS-OTD, High Resolution Monthly Climatology of lightning flashes from the Lightning

Imaging Sensor—Optical Transient Detector

Period CO, Maximum and minimum Wind speed Lightning
temperature, precipitation,
rain days, and sunshine hours
Spin-up 286 ppm Detrended CRU TS3.1 Detrended NCEP Climatology LIS-OTD
1850-1900 Transient Detrended CRU TS3.1 Detrended NCEP Climatology LIS-OTD
1901-1947 Transient Transient CRU TS3.1 Detrended NCEP Climatology LIS-OTD
1948-1979 Transient Transient CRU TS3.1 Transient NCEP Climatology L]
1980-2006 Transient Transient CRU TS3.1 Transient NCEP
2006-2100 Transient Transient Transient

et al. 2014). Resprouting PFTs survive fires if there is uncon-
sumed aboveground biomass; plant size and productivity after
resprouting are, however, reduced in proportion to the amount of
biomass consumed.

Given its spatial and temporal resolution, LPX-Mvl is
particularly well adapted to simulate regional-scale changes in
burnt area, the aspect of the fire regime that is important for
carbon cycle and climate feedbacks, in response to changes in
climate. The 21st century LPX-Mvl simulations are idealised
experiments focusing on the impact of climate and CO, changes
on vegetation and fire regimes. They do not account for potential
future changes in the number of lightning strikes or in anthro
pogenic fire suppression. There is no convincing evidence
changes in thunderstorm frequency over the late 20th centu
(Hartmann et al. 2013) and estimates of the change in lightning
flash rate with future warming vary considerabl lli

probability that a strike will cause i
Anthropogenic landscape fragme
fire spread and hence burnt are

lation between the monthly
asd to the midpoint of each month.
Imum temperature, precipitation,
cloud cover, and ger of wet days were obtained from the
Climate Research CeWre Time Series 3.1 (CRU TS3.1) dataset
(Harris et al. 2013) and monthly wind speed from the National
Center for Environmental Prediction (NCEP) reanalysis dataset
(Kalnay et al. 1996). The model includes a weather generator
(Geng et al. 1988) that allocates precipitation to wet days taking
account of persistence in dry and wet conditions, and distributes
the observed monthly precipitation to wet days using an
empirically based function of rainfall distribution such that the
amount of rain falling on each wet day is different. A seasonal
climatology of lightning ignitions is calculated from the High-
Resolution Monthly Climatology of lightning flashes from the

. The detrended climate data were obtained
nual average values for all climate variables
—2000 on each grid cell and removing the

1storical run (Table 1) used transient CO, from 1850
The detrended climate data were used until time-
data were available, i.e. after 1948 for wind speed and
om 1901 onwards for all other climate variables (Table 1).
LPX-Mvl was run from 2006 to 2100 using climate realisa-
tions from nine coupled ocean—atmosphere climate models
(Table 2) forced by two alternative Representative Concentra-
tion Pathway (RCP) scenarios (van Vuuren ef al. 2011): RCP4.5
and RCP8.5. Lightning ignitions are prescribed as in the historic
simulation. However, because the number of dry-day strikes is
determined by number of wet days per month, the interannual
variability in the number of dry strikes is different in the future
simulations from in the historic period. LPX-Mv1 is also driven
by atmospheric CO,, which changes in the RCP4.5-driven
simulations from 380.8 to 576 ppm by 2080 CE and stabilises
thereafter. In the RCP8.5 simulations, CO, concentrations
increase continuously to reach 1231 ppm by 2100. To examine
the direct impact of increasing CO, on vegetation productivity
and water-use efficiency, we made additional simulations in
which climate varied but CO, was held constant at the 2006 level
of 380.8 ppm (fixed-CO, experiment).

Model evaluation

The historic simulation was evaluated by comparing simulated
and observed vegetation distribution (DeFries and Hansen
2009), fine litter production, as a surrogate for fuel load (Veg-
etation And Soil-carbon Transfer (VAST) dataset: Barrett
2001), carbon (Ruesch and Gibbs 2008), and burnt area and
timing of the fire season from the 4th version of the Global Fire
Emissions Data (GFED4; Giglio et al. 2013). The simulations do
not take account of land-use changes, so cropland areas were
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Information on the models used to provide future climate scenarios

OA models are coupled ocean—atmosphere models; OAC models include a marine and terrestrial carbon cycle. The
resolution (number of grid cells by latitude and longitude) is that of the atmospheric and land-surface components of each

model
Code Centre Type Original resolution
CNRM-CM5 Centre National de Recherches Meteorologiques OA 128, 256
GISS-CM5 NASA Goddard Institute for Space Studies OA 90, 144
HadGEM2-CC Hadley Centre, UK Meteorological Office OA 145,192
MRI-CGCM3 Meteorological Research Institute OA 160, 320
HadGEM2-ES Hadley Centre, UK Meteorological Office OAC 145,192
IPSL-CM5a-LR Institut Pierre-Simon Laplace OAC
MIROC-ESM Japan Agency for Marine—Earth Science and Technology OAC
MPI-ESM-LR Max Planck Institute for Meteorology OAC
BCC-CSM1-1 Beijing Climate Centre

Table 3. Benchmarking metrics for the modern simulation of Au;
The Manhattan Metric (MM) is used to assess vegetation properties, the normalised
area and carbon, and the mean phase difference (MPD) to assess fire seasonality.
variable are given for comparison. Values that are better than the mean null mo

Tree cover Grass cover Fire season Carbon
Observed mean 8.4% 65% n/a 2388 g Cm >
Simulated mean 4.9% 55% n/a 3481 gCm™?
Metric MM MM MPD NME
Mean null model 0.43 0.49 0.45 1
Random null model 0.52+0.002 0.66 + 10.00! 1.144+0.003 0.47+0.002 1.194+0.013
LPX-MvI mean 0.16* 0.51%* 0.88* 0.43%* 0.94%*

masked out (using the Global Lan
5 x 5 land-cover map; Bartho
making these comparisons.
We used benchmarking
expressed relative to ame

00)
2005) in

We use the norm
geographic patternin
averages; thesg

error (NME) to account for
i of total values and annual

E takes the value 0 when
reement is equal to that expected
a1l observations is substituted for the
vhen the model’s performance is worse
than the null 1. We use the Manhattan Metric (MM) for
measures of rela®e abundance (i.e. where the sum of items in
each grid cell must be equal to 1, e.g. for vegetation cover).
MM takes the value 0 for perfect agreement, and 2 for complete
disagreement. Temporal differences in the timing of the
fire season were assessed by calculating the mean phase differ-
ence (MPD, Table 3) in months between observation and
simulations, where 0 indicates perfect agreement and 1 perfect
disagreement in timing.

Two null models were constructed for each benchmark to
facilitate interpretation of the metric scores (Table 3). The
‘mean null model” compares each benchmark with a dataset of

the same size, filled with the mean of the observations. The
‘random null model’ is constructed by creating a dataset of the
same dimensions as the benchmark dataset by bootstrap resam-
pling of the observations, using 1000 randomisations to estimate
a probability density function of the scores.

Analyses of future fire

We examine the 21st century changes in vegetation and fire,
focusing on burnt area, for the continent as a whole and for
regions where there is a consistent signal in the direction of the
simulated change in burnt area during the 21st century. We
defined four regions for this second analysis: northern Australia
(north of 17°S), central Australia (between 24° and 35°S and
124° and 148°E), south-eastern Australia (the area lying to the
south-east of the line joining 32°S 153°E and 38°S 141°E) and
south-western Australia (the area south-west of the line joining
25°S 113°E and 33°S 124°E).

Ensemble averages of the LPX-Mv1 outputs were created by
simple averaging of the results of individual simulations for
each of the RCP scenarios, with and without changes in CO,
(RCP4.5 varying-CO,, RCP4.5 fixed-CO,, RCP8.5 varying-CO,,
RCP8.5 fixed-CO,). The robustness of the simulated changes
is assessed by the agreement between models, while signifi-
cance is measured by the strength of the change relative to
interannual variability in the historic period (1997-2006).
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Changes in vegetation are assessed in terms of the abundance
of individual PFTs and as shifts in major vegetation types
(biomes). We convert the simulated abundance of individual
PFTs to biomes using a version of the algorithm described in
Prentice et al. (2011), in which the boundaries between biomes are
defined by the presence and/or absence of specific PFTs and the
absolute amounts of tree cover. We define five biomes: grassland
and shrubland, sclerophyll woodland, temperate forest, tropical
savanna, and tropical forest. We distinguish tropical biomes
(tropical savanna, tropical forest) by the presence of either tropical
broadleaf evergreen trees or tropical broadleaf deciduous trees.
The boundary between shrubland and woodland is set at 2% tree
cover and that between woodland and forest at 60% tree cover.

Results

Simulation of present-day vegetation properties
and fire regimes

LPX-Mvl reproduces the observed pattern of tree and grass
abundance reasonably well, though there is less woody vege-
tation in northern Australia and more in south-eastern Australia
than observed (Fig. 2; Table 3). Although the model under-
estimates the amount of woody vegetation (Table 3), transitions
from forest through woodland and savanna to grassland in
northern and eastern Australia are well captured. LPX-Mvl
reproduces the changing abundance of resprouters and non-
resprouters with increasing aridity and post-fire vegetation
recovery rates at sites where this has been measured (Kelle
et al. 2014). Vegetation productivity (NPP) is close to obs
vationally constrained estimates of NPP during the recen
decade (Table 3: 2191 Tg C year™' compared with observed
values of 2210 + 398 Tg C year™': Haverd et al, B The

lated mean 202 g m > year '

mean values of 230 g m 2 year
LPX-Mvl performs much bet

able levels in the fuel-
e model overestimates
nd south-eastern Australia,
area in northern Australia (Fig. 2).
Wirectly predicts the broad-scale
patterns in fire sc& lity (Table 3), including the prevalence
of fires in autumn an®¥inter in northern Australia and in spring
and summer in southern Australia. However, there are discre-
pancies in the timing of peak fire month and fire-season length
in central Australia: the timing of the peak fire month can differ
by more than 3 months and the fire season can be longer by a
similar amount.

Continental response to future climate scenarios

The ensemble average climate shows a robust and significant
increase in temperature over the 21st century (Fig. 3) in response
to both forcing scenarios. The response to the RCP4.5 scenario is
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patison of observed (left-hand column) and simulated (right-
umn) vegetation and fire during the recent period. Observed values
over were obtained from DeFries and Hansen (2009). Observed
es for (b) carbon were obtained from Ruesch and Gibbs (2008).
bserved (c¢) average burnt area for the period 1997 to 2006 is from GFED4
iglio et al. 2013). Grid cells with >50% cropland or urban land are shaded
in grey; these cells are not taken into account in the model benchmarking.

less extreme: the RCP8.5 ensemble average increase in mean
annual temperature (MAT) is 4°C by the end of the 21st century,
with changes of >5°C in north-western Australia, whereas the
RCP4.5 ensemble response is 3°C, although parts of north-
western Australia still have increases of >5°C (Fig. 4). The
average change in mean annual precipitation (MAP) is small in
both scenarios. There is a small but robust and marginally sig-
nificant decrease in precipitation in northern Australia of
~50 mm year ' in the RCP4.5 scenario runs (Fig. 4), although
the decrease can be up to 200 mm year ' in limited areas.
Precipitation increases in some regions of the eastern coastal
plains, south-eastern Australia and Tasmania, and also south-
western Australia, but the changes are small, not robust and not
significant. The decrease in precipitation in northern Australia is
slightly smaller in the RCP8.5 simulations (~40 mm year ),
although again larger decreases (~125 mm year ') occur in
some places. Changes in MAP over the rest of the country are
small, not consistent in sign, and not significant. These climate
changes result in an increase in the frequency of ‘fire weather’,
as measured by the cumulative values of the McArthur Mark 5
Forest Fire Danger Index (McArthur 1967; Noble et al. 1980) in
forest and woodland biomes, and the Grassland Mark 3 Fire
Danger Index (McArthur 1966; Pitman et al. 2007) in grasslands
(Fig. 2, Fig. 3), and drive an overall increase in burnt area.
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Fig.3. Changes in climate, fire risk,

the century in the RCP4.5
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1% (RCPS.5) of the historic burnt area.
Despite the inS§@e in burnt area, tree cover increases during the
century and reac¥€s nearly 22% by the end of the century in the
RCP8.5 simulations.

Regional fire regime changes

Despite the decrease in precipitation in northern Australia,
there is a significant decrease in burnt area in both the RCP
scenarios. Burnt area in northern Australia is reduced
from 0.08 x 10° km® year ' in the historic simulations to
0.05 x 10° km? year ' in the RCP 4.5 simulations and to
0.04 x 10° km? year ' in the RCP8.5 simulations (Fig. 5;
Table 4), representing a 35% (RCP4.5) or 47% (RCP8.5)

rthur cumulftive fire danger index (FDI); (e) tree cover (%); (f) total fuel load (kg m~2); and
ividual model simulations is indicated by the shaded bands (red for RCP4.5, blue for RCPS.5).

decrease in the historic burnt area. Part of the explanation for the
decrease is that simulated surface wind speeds decrease during
the fire season, limiting fire spread. The reduction in fire is
accompanied by an increase in tree cover, from 19% during the
historic period to 37% by the end of the 21st century in the
RCPA4.5 scenario and to 62% by the end of the 21st century in
the RCP8.5 scenario. The increase in tree cover leads to a shift in
the ratio of fine to coarse fuel: although fuel loads are increased
overall, the increase in coarse fuel is larger than the increase in
fine fuel (Fig. 5). As a result of this shift, the fuel dries more
slowly and this inhibits fire. The increased tree cover reduces
rates of fire spread (and hence burnt area) by further decreasing
ground wind speed (Rothermel 1972). The increase in tree cover
is due to the CO,-induced increase in C; plant water-use effi-
ciency (Fig. 6). Comparison with the fixed-CO, simulation
shows that climate change alone produces a decrease in tree
cover by 10 and 8% in RCP4.5 and RCP8.5 respectively and no
significant change in fire (Table 5).
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Fig. 4. Maps of the ensemble changes in climate, fire risk, vegetation and fire from the last decade of the 21st century
(2090-99) for the RCP4.5 and RCP8.5 experiments compared with the historic period (1997-2006). The climate
variables are mean annual temperature (MAT, °C), mean annual precipitation (MAP, mm year ') and the ratio of actual
to potential evapotranspiration (o). Fire danger is represented by the McArthur cumulative fire danger index (FDI). The
vegetation parameters are tree cover (%) and fuel load (kg m~2), whereas fire is represented by burnt area (%). Colours
show the absolute change and stippling shows the robustness of the signal (as measured by the standard deviation (s.d.) of
the model results divided by the ensemble mean for each grid cell), where stippled areas indicate higher confidence in the

signal.



Future fire regimes in Australia Int. J. Wildland Fire 1

Table4. Summary of changes in climate, vegetation parameters and burnt area over the 21st century, based on ensemble averages of the simulations
driven by the RCP4.5 and RCP8.5 climate scenarios, for Australia as a whole and for the four subregions used in this study
MAT, mean annual temperature; MAP, mean annual precipitation; «, ratio of actual to equilibrium evapotranspiration; NPP, net primary production. Total land
area for each region is given in parentheses, for comparison with the values for burnt area

MAT (°C) MAP o NPP Tree Fine fuel Coarse fuel Burnt area
(mm year™ ) (kgCm 2 year ")  cover (%) (kg m~?) (kg m~?) (million km?)
Australia Historic 21 503 0.20 0.29 9.81 0.16 0.80 0.41
(7.94 x 10°km?) RCP4.5 24+0.56 494 +28 0.19+£0.02 0.35£0.03 14+1.57 022+£0.02 1.5040.13 0.46 £5.96
RCP8.5 2540.92 487 +48 0.18 £0.02 0.56 £0.07 224425 0.28+0.05 2.10£0.26 0.51+11
South-east Historic 12 832 0.58 0.78 81 1.20 12.1 0.005
(035x 10°km?) RCP4.5 14+0.33 786 +39 0.56 £0.02 0.97+£0.03 734+2.59 1.46+0.26 0.007 £0.11
RCP8.5 16+0.74 807+ 75 0.48 £0.03 1.19£0.06 74 +£3.83 0.01 £0.31
South-west Historic 17 421 0.26 0.37 17 0.037
(0.44 x 10°km?) RCP4.5 2040.48 394 +47 0.23£0.02 0.44£0.04 224+3.18 0.052+£0.38
RCP8.5 2240.88 351+58 0.19+£0.03 0.51£0.10 324+3.84 0.049 £0.84
Central Historic 20 251 0.11 0.14 0.81 0 0.06
(2.18 x 10°km?) RCP4.5 23+0.54 232431 0.10+£0.01 0.17£0.03 0.63£0, 0.00¥=£0.001 0.11+£2.98
RCP8.5 25+0.88 210£50 0.08 £0.02 0.22£0.06 .0034+0.001 0.15+4.49
North Historic 27 1161 0.31 0.50 0.40 0.08
(0.81 x 10°km?) RCP4.5 2940.57 1113+82 0.33+£0.03 0.65£0.08 290+1.7 0.05+£0.88
RCP8.5 31+1.05 1121+139 0.32+0.04 0.87+£0.13 53+3.0 0.04 £0.62

The continental interior, occupied by shrubland and open

savanna, is projected to experience a large increase in fire over
1

the 21st century. Burnt area increases from 0.06 x 10° km?” year ™
in the historic simulations to 0.11 x 10° km? yeaf1 (RCP
0.15 x 10° km? year~' (RCP8.5) by the end of the 21st ¢
(Fig. 5, Table 4), representing a 78% (RCP4.5) or 142% (RC
increase relative to the historic burnt area in this region.

conditions, low fuel loads limit burnt area i
increased temperature and decreased
reduce vegetation productivity an

ould fther
Thus, the

d by 13% in the
ompared with the
educed fuel and a decrease in

RCP4.5 and 26% in t
historic simulation,
burnt area compare
(Table 5; Fig. 6

perieficing a 10-20% increase in burnt
& sury in both RCP simulations (Fig. 4,
{ncreascs result from a combination of increased
fuel load and W@eased fuel moisture (Fig. 5). The increase in
fuel load is a rest®of CO, fertilisation (Fig. 6): in the fixed-CO,
simulations, fuel load is reduced to 1.06 and 0.73 kg m 2 in the
RCP4.5 and RCP8.5 simulations respectively, compared with
1.2 kg m? in the control simulation. Despite the increase in burnt
area, tree cover still increases in the south-eastern interior
(Fig. 4). In contrast, tree cover is reduced in forested coastal
regions (from 81% in the control simulation to 73—74% in the
RCP simulations, Table 4), largely owing to increases in burnt
area in areas with low fire in the historic period (Fig. 4).
South-western Australia is characterised by large projected
increases in fire over the 21st century (Fig. 4). Burnt area

area by
Table 4).

0.038 x 10° km? year ' in the historic simula-
10° km? year ' (RCP4.5) and 0.049 x 10° km?
'5) (Fig. 5, Table 4), representing a 37% (RCP4.5)
or 8.5) increase in the historic burnt area. There is
nly a small and non-robust change in fuel moisture, and the
se in fire is almost entirely driven by an increase in fuel
loads (Fig. 5) with average fuel loads increasing from 0.27 to
0.33 and 0.36 kg m” in RCP4.5 and RCP 8.5 respectively. This
increase in fuel load is a result of CO, fertilisation. In the fixed-
CO, simulations, fuel loads decreased by 0.02 kg m? in the
RCP4.5 and 0.08 kg m* in the RCP8.5 simulations compared
with the historic simulation (Table 5). The regional increase in
fire is driven by changes in the woodland and grassland areas of
the interior; fire decreases in those areas where forest replaces
sclerophyll woodland (Fig. 4; Fig. 7) owing to a higher propor-
tion of coarser fuel, which dries more slowly. Overall, tree cover
in south-western Australia increases from 17% in the historic
simulations to 22% in the RCP4.5 and 32% in the RCPS8.5
simulations, partly owing to the conversion from sclerophyll
woodland to forest but also owing to increases in woody
vegetation in the interior, despite the increase in fire.

Impacts of changing fire regimes and climate on
vegetation patterns

The simulated changes in fire regimes and climate produce
noticeable changes in vegetation distribution by the end of the
21st century (Fig. 7). The pattern of expansion and/or contrac-
tion of major biomes is similar in the two RCP scenarios, but
more exaggerated in RCP8.5. The area of grass and shrubland is
reduced from 5.34 x 10° km” in the historic simulation to
4.91 x 10°km” in the RCP4.5 and 3.08 x 10°km” in the RCP8.5
simulation, equivalent to a decrease of 8 and 42% respectively.
These changes largely reflect the expansion of tropical savanna
in northern Australia (Fig. 7). This conversion occurs because of
CO, fertilisation and despite small but significant increases in
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burnt area: there is no southward expansion of tropical savanna
in the fixed-CO, RCP4.5 simulations and grasslands expand in
the fixed-CO, RCP8.5 simulations (except in the region along
the north-eastern coast). Much larger increases in fire (by
~15%) cause grassland to expand into sclerophyll woodlands in
southern Australia (Fig. 7), reducing the area of sclerophyll
woodlands by 0.32 x 10° km? in RCP4.5 and 0.25 x 10° km? in
RCPS8.5. This expansion is even more pronounced in the fixed-
CO, experiments: in the RCP8.5 simulation, for example,
sclerophyll woodland barely expands beyond the area occupied
by temperate forests in the present day. Thus, increased CO,
offsets the negative impacts of increased fire on sclerophyll
woodlands in southern Australia. The area of warm temperate
broadleaved forest expands during the 21st century by 45 and
104% respectively in the RCP4.5 and RCP8.5 simulations. This
expansion also reflects CO, fertilisation as the area of warm
temperate broadleaved forest is reduced slightly compared with
present in the fixed-CO, simulations (Fig. 7).

RCP4.5 RCP8.5

S. P. Harrison and D. I. Kelley

Even within regions where there is no change in biome by the
end of the 21st century, the simulated changes in climate and fire
regimes result in changes in the character of the vegetation
(Fig. 8). Thus, areas that are characterised as tropical savanna
both today and at the end of the 21st century nevertheless show
an increase in tree cover. The increase in tree cover results from
a large increase in the abundance of non-resprouting trees and
there is a decrease in the relative importance of resprouters in
these ecosystems (Fig. 8). Both the increase in tree cover and the
increase in the relative importance of non-resprouters are
consistent with the simulated decrease in burnt area. In areas
where tropical forests persist, increased s to a decrease

and south-western
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. Burnt area . Tree cover . Fuel moisture . Coarse fuel |:| Fine fuel

Fig. 5. Factors affecting regional changes in burnt area in northern (N), central (C), south-western (SW) and south-eastern (SE)
Australia. The histograms show the mean change in burnt area (%), tree cover (%), minimum fuel moisture (i.e. the mean fuel
moisture during the month with the lowest overall values of fuel moisture, %), coarse fuel (kg m~2) and fine fuel (kg m~?) in the last
decade of the 21st century (2090-99) for the RCP4.5 and RCP8.5 experiments compared with the historic period (1997-2006). The
black bars show the standard deviation of the individual experiments.
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Australia show an increase in tree cover despite the simulated
increase in fire, and this is reflected in an increase in the
importance of resprouting trees. Areas that persist as grass and
shrubland nevertheless show a small CO,-induced increase in
woody cover. The increase in non-resprouting trees is greater

Int. J. Wildland Fire K

competitive advantage over resprouters in terms of regeneration
from seed in areas of low vegetation density. The incidence of
fire increases but is still limited by fuel availability, and thus is
not a major determinant in the balance between resprouters and
non-resprouters in this ecosystem. The balance between

resprouting and non-resprouting trees is affected by changes
in fire regimes but is also affected by changes in other ecosystem
properties. This is most clearly seen in areas that persist as
temperate forests in south-ecastern Australia. The decrease in
tree cover in this region (Fig. 8) is largely driven by increased
aridity, rather than fire. In the absence of a significant increase in
fire, the relative abundance of non-reg increases because
they have higher regeneratio on-resprouters.
However, the expected impact fire regime on
prouters is seen

than the increase in resprouting trees, because they have a

RCP4.5

Burnt area

relative increase in
decrease in res

NPP

tralia in rgsponse to projected future changes in temperature
ipif@on (Williams et al. 2001; Hennessy et al. 2005;
07; Pitman et al. 2007; Fox-Hughes et al. 2014).

Tree cover

21st century in the RCP8.5 scenario over almost the entire
inent (Fig. 4). The extent of the region characterised by
cased fire danger by the end of the 21st century is more
limited in the RCP4.5 simulations but nevertheless most of
western and central Australia shows an increase in fire danger.
However, increased fire danger does not map on to changes in
burnt area. Our simulations show reduced burnt area in northern
Australia despite a significant and robust increase in fire danger.
This reflects the fact that changes in vegetation density and in

Fig. 6. Maps of the difference in burnt area (%), nc#
(NPP, kg C m~2) and tree cover (%) in the last deg

therefore have the sense here of the i
variable.

%> climate scenarios but with CO, held constant at the 2006 level of 380.8 ppm (fixed-CO, experiment)
NPP, net primary production

NPP (kg C m ?year ') Tree cover (%) Fine fuel (kgm 2) Coarse fuel (kgm ) Burnt area (million km?)

Historic 0.29 9.81 0.16 0.80 0.41
RCP4.5 0.26 +0.03 8.28 +0.62 0.14+0.01 0.80+0.11 0.36 +4.89
RCP8.5 0.2340.03 6.31+1.12 0.1040.01 0.4840.07 0.28 4 6.80
South-east (0.35 Historic 0.78 81 1.20 12.1 0.005
RCP4.5 0.8340.03 69+1.98 1.06+0.16 10.74+3.20 0.004 %+ 0.09
RCP8.5 0.81+0.04 56+6.59 0.73 +0.06 0.58 +5.90 0.006 £ 0.27
South-west (0.44 x 10° km?) Historic 0.37 17 0.27 0.28 0.04
RCP4.5 0.35+0.04 1342.09 0.25+0.03 0.36 +0.06 0.04 +0.50
RCP8.5 0.28 +0.05 8.024+2.19 0.19 +0.04 0.35+0.05 0.03+0.92
Central (2.18 x 10° km?) Historic 0.14 0.81 0.02 0.006 0.06
RCP4.5 0.1240.02 0.2140.06 0.0240.01 0.003 4 0.001 0.0641.91
RCP8.5 0.10 +0.02 0.08 +0.04 0.01+0.01 0.002 £ 0.001 0.04
North (0.81 x 10° km?) Historic 0.50 16 0.22 0.40 0.08
RCP4.5 0.43 +0.06 16+3.53 0.15+0.05 0.93 +3.90 0.08+0.61
RCP8.5 0.37 +0.09 144573 0.10 £ 0.05 0.58 +£0.33 0.07+0.78
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Biome area (million km?)

RCP4.5

RCP8.5
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Grass & shrubland
Sclerophyll woodland
Tropical savanna
Temperate forest

Tropical forest

described in Prentice ez al. (2011).
the last decade of the 21st centur

egetation types (biomes) using a modified version of the algorithm

3 of each biome (million km?) between the last decade of the historic period and

e areas that show the
RCP4.5 scenario runs,

CCts the role of vegetation changes —
in particular the 1gmase in fuel loads — in modulating fire
regimes. Fire danger Widices were developed as a management
tool to predict the likelihood of fire in response to changes in
fire-promoting weather conditions (McArthur 1973; Deeming
et al. 1977; Van Wagner 1987; Matthews 2009). They are not
appropriate tools to examine the consequences of long-term
changes in climate, changes that impact vegetation properties
directly, on fire regimes.

The direct effects of increasing CO, on vegetation produc-
tivity and water-use efficiency influence simulated fire regimes.
CO, effects tend to increase fuel loads and fuel continuity in arid
regions where fuel rather than climate conditions currently

limits the occurrence of fire. However, in more wooded regions,
CO, leads to increased vegetation density and this generally
reduces burnt area. The role of increasing CO, on vegetation
productivity and fuel loads has been highlighted as the dominant
cause of changing fire regimes on glacial-interglacial times-
scales (Martin Calvo et al. 2014). Increased productivity and
fuel loads, and increased vegetation density, have also been
identified as a response to CO, fertilisation in simulations of
21st century changes in fire regimes and emissions made with
the model LPJ-GUESS-SIMFIRE (Knorr et al. 2016b), although
the impact on burnt area was not quantified. The projections of
future fire regimes used in the recent Intergovernmental Panel
on Climate Change (IPCC) report (Settele et al. 2014) were
based on statistical modelling from Moritz ef al. (2012), which
cannot account for the independent effects of changes in CO, on
fuel loads. Fire-enabled DGVMs, which explicitly simulate the
impact of CO, on fuel loads, are more appropriate tools to
examine the consequences of long-term changes in climate on
fire regimes.
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by the end of the 21st
resprouting and non-

ry is comparatively small,
e continent burnt each year

economic impac® of fire (Ashe er al. 2008; Crompton and
McAneney 2008; Stephenson et al. 2012; Hughes and Steffen
2013). Nevertheless, although the changes in fire are muted, the
combined effects of changing climate, atmospheric CO, con-
centration and fire regimes have large impacts on ecosystems.
According to our simulations, 22% of the continent will be
affected by changes large enough to cause a shift in biome type
under the RCP4.5 scenario, whereas 49% of the continent will
be affected by biome shifts in the RCP8.5 scenario. The area of
tropical forests increases by ~218% (648%) and the area of
tropical savannas by ~45% (200%) by the end of the century in
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RCP4.5

RCP8.5

Sclerophyll
woodland

® = © = Temperate
forest

urnt area
ee cover
esprouting cover

Non-resprouting cover

ire on plant functional types (PFTs) in regions where biomes remain unchanged
> d 8.5 scenario simulations. The plots show the change in the abundance of
ces (%) compared with changes in burnt area (%) and tree cover (%) within each of the five

the RCP 4.5 (RCP8.5) scenario. At the same time, the area of
sclerophyll woodlands decreases by ~13% (23%) and the area
of grass and shrublands by ~9% (43%) by the end of the century
in the RCP 4.5 (RCP8.5) scenario. Even in regions where the
combined influence of climate, CO, and fire is insufficient to
cause biome changes, there are changes in the relative abun-
dance of different PFTs. Although we have focused on changes
in tree cover and in the abundance of resprouting trees, because
of the potential feedbacks between these vegetation parameters
and fire, the simulations also show large shifts in the abundance
of evergreen versus deciduous trees or between broadleaf and
needleleaf trees in specific regions. These changes in ecosystem
properties could have significant impacts on biodiversity and
ecosystem services (Steffen e al. 2009; Booth 2012).
Human-set fires are a major component of modern-day fire
regimes in many regions of the world and may affect both the
type and timing of fires (Archibald ez al. 2013). Human-set fires
are a major management tool in northern Australia, for example,
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and have been invoked to explain the large area burnt there
annually (Murphy et al. 2013). However, in contrast to many
other fire models, LPX-Mv1 does not include anthropogenic
ignitions. Our motivation for this is that the number of ignitions
is not a limiting factor on overall burnt area at a regional scale;
regional analyses have shown that burnt area is strongly con-
trolled by fuel availability and fuel moisture (Bistinas et al.
2014; Knorr et al. 2016a). Indeed, the apparent relationship
between population density and burnt area (which forms the
basis for the parameterisation of human ignitions in other fire
models: Hantson et al. 2016) is an artefact due to the causal
correlations between population density, vegetation productivity
and aridity (Bistinas e al. 2014). Lack of anthropogenic ignitions
does not explain the underestimation of burnt area in northern
Australia in our simulations, which is a result of simulated fuel
loads being too wet throughout the year and is not improved by
increasing or changing the timing of ignitions.

The RCP4.5 and RCP8.5 scenarios represent a moderate and
a high-end increase in radiative forcing over the 21st century,
leading to an increase in global temperature of 1.8 £+ 0.7 and
3.7 £+ 1.1°C respectively by the end of the century. However, our
simulations do not take into account possible increases in the
frequency of lightning associated with warming temperatures
and increased convection because of the large uncertainty about
the quantitative relationship between these variables. Increases
in the number of lightning strikes may lead to increases in
ignitions, but this would not necessarily translate into an
increase in fire — there is an increasing amount of evideng
indicating that the number of ignitions is not the limiting fact
on biomass burning globally (Bistinas et al. 2014; Knorr et al
2016b). Nevertheless, changes in lightning ignitions could be

tion in that we do not include anthropogenic fi
how this might change in response to the g

to treating fire suppression in stat
et al 2016).

The trajectory of future
and our focus on the R
arbitrary. Furthermore, t
the response of diffeg
use of an ensg
average statg
2010). Furth®
the amount of

igible differences in
these changes and the
not guarantee that the
1 and Knutti 2007; Knutti
itself has regional biases in both
r (and hence fuel loads) and in the
simulated burnt a der modern conditions. These biases
likely affect the abso®€ magnitude of simulated changes during
the 21st century, although they should not affect the direction
and relative magnitudes of change. Thus, for many reasons, our
results are indicative rather than definitive statements about the
likely changes in regional fire regimes and vegetation during the
21st century across Australia. However, process-based model-
ling provides a tool for addressing the complexity of the
interaction between vegetation and fire, and these simulations
show that future fire regimes are influenced by these interac-
tions. The projections should provide a more robust basis for
developing fire management and mitigation strategies.

S. P. Harrison and D. 1. Kelley

Conclusion

Simulations with the LPX-Mvl DGVM show an increase in
burnt area of between 12 and 24% by the end of the 21st century
under the RCP4.5 and RCP8.5 scenarios. The change in burnt
area is modest given the simulated changes in climate and the
large increases in climate-determined ‘fire risk” as measured by
the McArthur Fire Danger Index. CO,-induced changes in
vegetation productivity modulate the direct climate impacts on
fire regimes, leading to increased burnt area in currently fuel-
limited regions but decreasing burnt area in many forested
regions. Changes in fire regimes in turn affect natural ecosys-

orld Climate Research Program’s Working Group on
g, which is responsible for CMIP, and the climate model-
s for producing and making available their model output. (For
S Department of Energy’s Program for Climate Model Diagnosis
Intercomparison provides coordinating support and led development of
ftware infrastructure in partnership with the Global Organisation for Earth
stem Science Portals.) The analyses and figures are based on data archived
by 18 June 2013. DIK was supported by an iMQRES scholarship at Macquarie
University and postdoctoral funding from the University of Reading. We
thank Colin Prentice for comments on the draft manuscript.
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