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Abstract Forests of the Australian Alps (SE Australia) are considered some of the most vulnerable to climate
change in the country, with ecosystem collapse considered likely for some due to frequent fire. It is not yet
known, however, whether increasing fire frequency may stabilize due to reductions in flammability related to
reduced time for fuel accumulation, show no trend, or increase due to positive feedbacks related to vegetation
changes. To determine what these trends have been historically, dynamics were measured for 58 years of
mapped fire history. The 1.4 million ha forested area was divided into broad formations based on structure and
dominant canopy trees, and dynamics were measured for each using flammability ratio, a modification of proba-
bility of ignition at a point. Crown fire likelihood was measured for each formation, based on satellite-derived
measurements of the 2003 fire effects across a large part of the area. Contrary to popular perception but consis-
tent with mechanistic expectations, all forests exhibited pronounced positive feedbacks. The strongest response
was observed in tall, wet forests dominated by Ash-type eucalypts, where, despite a short period of low flamma-
bility following fire, post-disturbance stands have been more than eight times as likely to burn than have mature
stands. The weakest feedbacks occurred in open forest, although post-disturbance forests were still 1.5 times as
likely to burn as mature forests. Apart from low, dry open woodland where there was insufficient data to detect
a trend, all forests were most likely to experience crown fire during their period of regeneration. The implications
of this are significant for the Alps, as increasing fire frequency has the potential to accelerate by producing an
increasingly flammable landscape. These effects may be semi-permanent in tall, wet forest, where frequent fire
promotes ecosystem collapse into either the more flammable open forest formation, or to heathland.
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INTRODUCTION

The fire season is both lengthening and becoming
more severe in Australia, in line with global trends
(Clarke et al. 2013; Flannigan et al. 2013; Jolly et al.
2015). Coupled with the increase in lightning activity
(Reeve & Toumi 1999), this has the potential to
greatly increase the impact of fire on forest and other
ecosystems (Krause et al. 2014), with consequent
feedbacks into the carbon cycle (e.g. (Fisher et al.
2016).
The corollary to external climatic pressure is the

internal flammability response of the vegetation. If
recently burnt, post-disturbance forests are less flam-
mable, then the feedback is negative and stability is
restored. If, however, the feedback is positive and
post-disturbance forests are more flammable, then
the influence of these external climatic drivers will be
amplified by the internal dynamics of the forest
(Bowman et al. 2014b). Research into these feed-
backs has become a priority field in our understand-
ing of the earth system (Bowman et al. 2009; Harris
et al. 2016).

Flammability feedbacks

The inherent flammability of an ecosystem has the
potential to change as its components vary over time
through growth, succession and production–decom-
position processes acting on energy storage. In the
immediate period following a fire, the forest is par-
tially cleared, bare soil produced and the capacity for
fire to spread is low and increasing. In the fuel-age
paradigm that underpins much fire management and
risk modelling (Zedler & Seiger 2000; Fernandes &
Botelho 2003; McCaw 2013), this rising trend is
assumed to continue towards a point of equilibrium,
consistent with the dynamics of fuel accumulation
(Olsen 1963). As a result, the expectation is that for-
ests beyond a certain age are always more flammable
than young forests. In many instances where flamma-
bility dynamics have been measured over longer time
periods, however, the initial increase in flammability
has been a temporary trend, and flammability has
been seen to decrease again after the forest has been
re-established (e.g. Cochrane et al. 1999; Kitzberger
et al. 2012; Perry et al. 2014; Tepley et al. 2016).
This scenario was proposed in the evolutionary the-
ory of the ‘angiosperm revolutions’ by (Bond & Mid-
gley 2012), where angiosperm forests gained
competitive advantage through their ability to create
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mature environments that suppressed the spread of
fire. The causal mechanisms for this have been exam-
ined and described at length for given examples
(Kitzberger et al. 2012, 2016), and related to changes
in forest structure and species composition (Zylstra
2011; Zylstra et al. 2016) through the course of post-
disturbance succession (Zylstra 2013, 2016).
In this study then, flammability dynamics are

described in a three-stage model, consistent with the
Chapman–Richards conception of forest growth
(Fekedulegn et al. 1999). This commences with two
post-disturbance phases comprising a ‘young’ phase
immediately following fire, where some or all of the
forest has been physically cleared. This is followed by
a ‘regrowth’ phase in which re-establishment occurs
and flammability changes rapidly, and culminates in
a quasi-equilibrium ‘mature’ phase. Positive and neg-
ative feedbacks are defined by the difference in aver-
age flammability between mature forest and the two
post-disturbance phases, so that more flammable
mature stands define negative feedbacks, and less
flammable mature stands define positive feedbacks.

Defining flammability

Assessing this requires a clear definition of flamma-
bility. The term refers to the likelihood or ability of
something to burn (Gill & Zylstra 2005; Stevenson
2010), and is physically derived from the components
ignitability, combustibility and sustainability (Philpot
1970). These can operate independently as counter-
measures, or in ways that amplify each other (Gill &
Zylstra 2005). At the level of an individual fuel parti-
cle such as a leaf, it is possible to measure each com-
ponent separately and precisely (P!erez-Harguindeguy
et al. 2013), but combinations of these traits into a
single statistic can be somewhat arbitrary without a
methodology to weigh their relative effects on an
objective outcome. As a result, flammability is often
better defined with three separate components (Pau-
sas et al. 2017).
This situation changes as individual fuel compo-

nents are aggregated into fuel beds, plants or com-
munities of plants. The interaction between each
component forms a complex system, where the out-
come is predicted not by a simple combination of
the inputs (de Magalh~aes & Schwilk 2012; Groote-
maat et al. 2017; Wyse et al. 2017), but emerges
from numerous feedbacks and dynamic changes
(Zylstra 2011; Zylstra et al. 2016). Flame length for
example corresponds to combustibility, but the flame
from a plant is an emergent property that is also
determined by the ways that leaf ignitability and
sustainability affect how many leaves are burning
simultaneously (Zylstra et al. 2016). When viewed as
a complex system with fire behaviour as an emergent

property, a single metric of flammability is possible
at such larger measurement scales. To be meaningful
in an ecological or evolutionary sense, such metrics
may still require additional description (Pausas et al.
2017).
Two requirements are therefore necessary for an

adequate measure of flammability as a single, unified
statistic:
1. It must emerge naturally from the three compo-

nents of ignitability, combustibility and sustain-
ability

2. It must define the likelihood or ability of burn-
ing, as per the broad definition"

The metrics of probability of ignition at a point
(Gill et al. 2000) and severity both satisfy these crite-
ria. Probability of ignition at a point is a measure of
fire frequency analogous to ignitability (Gill & Zylstra
2005), but it emerges from the interactions of
ignitability (likelihood of fire occurrence, rates of
spread), combustibility (flame dimensions affecting
suppression effectiveness and spread via spotting)
and sustainability (the length of time that a fire is
burning and able to spread). Together, these define
the likelihood of burning in the horizontal dimen-
sions. The vertical dimension can be measured by
severity, or by the height to which vegetation is con-
sumed by the fire at a point (Keeley 2009). This also
is an effect of flame dimensions, and as described
earlier, these are emergent properties of the interac-
tion between all flammability components within a
plant or stand.
Both of these statistics can be said to give contex-

tual, rather than absolute flammability. Absolute val-
ues of flammability describe the endogenous
contribution of a leaf, plant or community in units of
measurement, applicable to standardized exogenous
conditions. This can be measured for smaller units
such as leaves or plants that can be tested under
experimental conditions, but plant communities
occur within a context. Exogenous drivers include
the frequency of ignitions, fire contagion from adja-
cent communities, local weather and terrain and sup-
pression activity. These not only influence the
historic likelihood of burning, but also contribute to
the conditions that have shaped the community itself.
To illustrate, rainforest often occurs in moist, shel-

tered areas. Shelter and moisture, however, also
affect the likelihood of fire, so that the flammability
of the rainforest is affected by its context and is not
entirely endogenous. In contrast, absolute flammabil-
ity is not limited by the actual context, but defines
the flammability within a pre-determined set of con-
ditions that may or may not be experienced by the
ecosystem. Bushfire threat levels in New South Wales
are for example assessed against standardized weather
conditions, whether the community is desert, rain-
forest or alpine (NSW Rural Fire Service 2006).
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Contextual flammability can therefore be measured
empirically and has value for understanding the exist-
ing situation, whereas absolute flammability must be
modelled for a changed context, such as under pro-
jected climate change (Cuddington et al. 2013).

Flammability in the Australian Alps

The Australian Alps are vulnerable to numerous
changes, and as an ‘elevationally restricted mountain
ecosystem’ with high numbers of endemic species
(Pickering et al. 2004), they fall into the category of
first concern for Australian ecosystems at risk from
climate change (Laurance et al. 2011). Consistent
with increases in local fire weather severity (Clarke
et al. 2013), fire frequency in the Alps has increased
sharply in the 21st century (Fairman et al. 2016).
Positive flammability feedbacks have long been con-

sidered typical for the area by graziers (Wakefield
1970; Zylstra 2006) and naturalists (Helms 1896;
Stretton 1939; Fawcett 1947), although the evidence
for this was largely anecdotal until recently demon-
strated for some montane (Taylor et al. 2014), sub-
alpine (Zylstra 2013) and alpine (Camac et al. 2017)
communities. In the context of external factors
increasing fire frequency, such amplifying feedbacks
have the potential to produce ‘landscape traps’ (Lin-
denmayer et al. 2011), where fire feeds fire until tip-
ping points are reached and ecosystem collapse occurs
in vulnerable communities (Kitzberger et al. 2012).
In the montane zone, Bowman et al. (2014a) have

measured localized ecosystem collapses produced by
fire in tall, obligate-seeding alpine ash (Eucalyptus del-
egatensis subsp. delegatensis, Myrtaceae) forests.
Although the likelihood of total collapse has so far
been assessed for only the E. regnans (Myrtaceae)
component of montane forests (Ferguson 2010;
Bowman et al. 2014a), there is significant risk of it
for some alpine communities such as snow patch
herbfield or feldmark (Green & Pickering 2009; Wil-
liams et al. 2015), and long-term changes have been
measured across sub-alpine forests and woodlands
(Fairman et al. 2017). Fire can also act as a catalyst
for climate-driven change along ecotones between
formations, as observed in Yellowstone National Park
(Donato et al. 2016).
Such concerns may for some be counterintuitive in

Australian eucalypt forests, which are frequently
described as ‘fire adapted’, with arguments for delib-
erate management increases in fire frequency coming
from both political and some academic sources (Tea-
gue et al. 2010; Attiwill & Adams 2013; Baker &
Catterall 2016). While debate continues over the eco-
logical veracity of this characterization (Bradshaw
et al. 2011), care is needed that ecological

requirements do not become conflated with flamma-
bility dynamics.

Aims

In order to better define the risk posed to the Aus-
tralian Alps through fire, the aim of this paper is to
quantify the fire-flammability feedbacks across all
broad forest formations of the Australian Alps.

MATERIALS AND METHODS

Location

The study was conducted in the forested part of the Aus-
tralian Alps interim bioregion (Hutchinson et al. 2005) that
is contained within the Australian Alps National Parks. As
detailed below, these forests cover 1.4M ha across the states
of New South Wales and Victoria, along with the Aus-
tralian Capital Territory.

The environment is diverse, largely due to topography.
Elevation ranges from close to sea level in the south east, to
the highest forested areas in Australia at 1960 m.a.s.l., and
the area spans two temperate climatic divisions with dis-
tinctly dry summers ranging from mild to hot (Stern et al.
2000). Mean annual rainfall ranges from 500 mm to over
2300 mm, and snow can persist for up to 6 months in areas
above 1400 m.a.s.l. (Clayton-Greene & Ashton 1990;
NSW Office of Environment and Heritage 2016). Pre-Eur-
opean fire return intervals ranged from multiple decades to
centuries (Zylstra 2006; Mooney et al. 2011).

Forest ecosystems

Forests were broadly grouped in formations divided by
structure (Specht 1970) and dominant tree species, com-
bining units from Victorian Ecological Vegetation Groups
(Department of Sustainability and Environment 2010) and
NSW/ACT Formations (Gellie 2005). These were tall wet
forest, open forest, subalpine open forest-woodland, dry
open forest and low, dry open woodland (Table 1, Fig. 1).

Fire history

The primary data used for all fires mapped for 58 years
from 1957 to 2015 were records sourced from State
Government agencies (New South Wales Office of Environ-
ment and Heritage, Australian Capital Territory Emergency
Services Agency, and the Victorian Department of Environ-
ment and Primary Industries, unpublished data). These
were checked for duplicate polygons, and fires that had not
been entered from the archived paper records were added
to the dataset from that used by (Zylstra 2013). Some fires
had been mapped prior to this period, however, the quality
and frequency of this was inconsistent, rendering the data
too poor for analysis.

doi:10.1111/aec.12594 © 2018 Ecological Society of Australia
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Analysis 1: Flammability feedbacks

Flammability feedbacks were determined by relating time
since fire to two measures of Probability of Ignition at a
Point (PIP) – the probability of a cell burning, and the
probability of crown fire within a burning cell. The overall

feedback was measured from the first of these, whereas the
second was used to provide further insight.

The required inputs for each analysis were collected in
ArcGIS (ESRI 2015) from 1-ha grid cells, and analysis per-
formed in the R Statistical Environment (R Core Team
2016).

Table 1. Forest formations within the study area, showing details of the component formations† in the New South Wales
and Australian Capital Territory forests, followed by the Ecological Vegetation Community (EVC) groups‡ in Victoria

Mapped
area (ha)

Elevation
range

(m.a.s.l.)
Canopy

height (m) Typical canopy species
Formations EVC

Groups Indicative structure

Tall Wet Forest
228888 <1400 20–50 Eucalyptus delegatensis, E. regnans,

E. dalrympleana, E. pauciflora,
E. fastigata (Myrtaceae)

Ash eucalypt forests,
Rainforests

Wet or damp forests,
Rainforests

Open Forest
486891 700–1300 20–35 Eucalyptus dalrympleana,

E. robertsonii subsp. robertsonii,
E. macrorhyncha, E. bridgesiana,
E. pauciflora, E. viminalis,
E. rubida subsp. rubida,
E. aggregata, E. stellulata
(Myrtaceae)

Moist eucalypt forests,
Montane tableland
forests, Swamp forests/
sedgelands

Montane shrublands,
grasslands, or
woodlands

Subalpine Forest and Woodland
189598 1000–1960 5–15 Eucalyptus debeuzevillei,

E. niphophila,
E. pauciflora (Myrtaceae)

Subalpine low forests
Subalpine shrublands,

grasslands or
woodlands

Dry Open Forest
417005 300–1100 15–20 E. macrorhyncha, E. rossii, E. dives,

E. mannifera (Myrtaceae)
Grass/shrub forests

Dry forests

Low, Dry Open Woodland
94102 <550 15–30 Eucalyptus blakelyi, E. melliodora,

E. bridgesiana, E. albens,
E. polyanthemos subsp.
polyanthemos (Myrtaceae),
Callitris glaucophylla
(Cupressaceae)

Grassy woodlands/
grasslands

Lower slopes or hills
woodlands

Total
1416586

†(Gellie 2005), ‡(Department of Sustainability and Environment 2010).
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To find the probability of a cell burning, PIP was calcu-
lated using flammability ratio FR (Zylstra 2013), as this
includes a scaling factor to account for noise produced by
small age-class samples. PIP is defined as the proportion of
an age-class that is burnt; but smaller age-classes are likely
to be either missed by a fire, or consumed entirely. To
account for this noise in the data, the standard calculation
(left hand term of Eqn 1) is multiplied by a scaling factor
to give the area factor (AF, Eqn 1). Scaling is provided by
the ratio of total burnt area in a given year Rb to the aver-
age area of each age-class "xA.

AF ¼ Ab

A
:
"xA
Rb

(1)

where Ab is the area of the age-class burnt, and A is the
total area of that age-class.

This can be understood by rearranging the Eqn. If the
denominators are swapped, then we have the proportion of
the burn footprint composed by a particular age-class (Ab/Σb),
scaled by the relative frequency of that age-class ("xA=A). If all
age-classes are equally likely to burn, then on average, they
should make up equal parts of the burn area. Not all age-
classes are equally common, however, the scaling factor in the
right-hand term is required to correct this. If for example, one
age-class is half as widespread as the average for the other age-
classes, its presence in the burn footprint is doubled by the
scaling factor to give it an equal weight to the others.

FR for a given age and year is equal to the AF divided
by the average of all AF values across all ages and years,
and the FR for that age across all years is the average of all
FR values collected for that age.

Spatial autocorrelation is likely within a given year, as fire
burns discrete patches rather than random cells. This can,
however, be disregarded when multiple years are examined,
as new patches are formed in each year.

As the fire history data spans multiple decades, it includes
the influence of changing climates and fire suppression effec-
tiveness. Although recently burnt forests were available for

analysis in all years, the older age-classes were only available
for measurement more recently, and therefore may reflect
changed flammability resulting from these influences. To
determine whether such an effect is present and significant,
the FR was averaged for each year, for all age-classes that
spanned the complete time series across all forests. This was
then tested to determine whether there was a significant
(P < 0.05) correlation betweenmean FR and year of burning.

Analysis 2: Likelihood of crown fire ignition

To find the likelihood of crown fire Lcb in any burning cell,
crown fire measurements were made from difference

Fig. 1. Location and forest formations composing the study area in south eastern Australia.

Fig. 2. Contender functions used to describe flammability
dynamics, as per Eqns 2–7.
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Normalized Burn Ratio dNBR (e.g. (Keeley 2009)),
mapped for a 632,448 ha subset of the 2003 bushfires in
NSW and the ACT (Barrett 2006), using only the highest
class of severity to denote crown fire.

As this was only measured for a single year, the dataset was
smaller than the FR analysis, subject to the possibility of small,
highly influential outliers and to spatial autocorrelation.

To account for noise from small outliers, these were
identified using Grubbs’ test (Grubbs 1950) via the ‘out-
liers’ package in R (Komsta 2011), and the largest outlier
for each formation was removed if P < 0.05 for Grubbs’
statistic. To limit the loss to data, a maximum of one out-
lier constituting less than 0.5% of the area of each forma-
tion was removed.

To account for spatial autocorrelation, severity measure-
ments were made using a random grid of cells that covered
75% of each formation.

Fitting functions

To find trends in the dynamics, a series of functions were
fit to the data using the non-linear least squares (NLS)
package for R (Bates & Chambers 1992). Where more than
one contender was identified, the best was chosen by
comparing the Akaike information criterion (AIC (Akaike
1974)) using Akaike weight (Symonds & Moussalli 2011)
to give the probability that this was the best approximating
model. For the smaller datasets used in the second analysis,
AICc was used (Symonds & Moussalli 2011).

All dynamics were assumed to commence with a period
of low, increasing flammability, where ground fuels are
absent immediately following fire. Five functions were
tested for this purpose (Fig. 2). The Olsen function
((Olsen 1963), Eqn 2) and a logistic function (Eqn 3)
describe negative feedbacks, however, the logistic function

Table 2. Statistics for testing hypotheses and characterizing feedbacks for the models that could be fit to the data

Area burnt
(ha) Model

Model strength Constants

Dynamics
Feedback
statisticsMax age (mean FR)

RSE R2
Akaike
weight a/sc b/sd Mean Y R M

YE
(years) FS

Tall Wet Forest
141,255 Modified

Burr
10.01 0.16 2.340*** 1.602*** 3 (0.98) 21 (1.54) (0.17) 0 8.3

Olsen 1.046*** 0.575
Open Forest
338,432 Modified

Burr
15.59 0.07 2.324*** 5.510* 6 (0.48) 28 (1.29) (0.73) 4 1.5

Binomial 129.84 35.27 "12.5
Olsen 1.033* 0.846
Burr_O 7.39 0.01 2.221*** 1.065***

Subalpine Forest & Woodland
85,693 Modified

Burr
8.5 0.09 0.63 2.230*** 1.163*** 6 (0.81) 25 (1.31) (0.5) 3 2.3

Binomial 0.37 43.319** 11.982* 17.143***
Olsen 1.066*** 0.382

Dry Open Forest
331,946 Modified

Burr
5.85 0.36 0.80 2.306*** 1.671*** 3 (0.62) 19 (1.49) (0.5) 2 2.6

Binomial 0.20 31.240*** 6.496*** 11.415***
Olsen 1.048*** 0.631

Low, Dry Open Woodland
84,254 Modified

Burr
2.197*** 0.521 2 (0.67) 14 (1.50) (0.67) 2 2

Olsen 1.109** 0.403
Burr_O 8.45 0.07 2.303*** 2.285***

Models that could be fit using NLS are shown, regardless of their goodness of fit. The constants a and b fit either modified
Burr or Olsen as indicated, and sc, sd and fit the binomial model, showing significance for each constant (*0.01, **0.001,
***0.0001). Where all constants were significant for more than one model, Akaike weight is shown for significant models to
indicate the likelihood of the best approximating model. When this was >0.5, the model was further refined for some forma-
tions with the removal of outliers, in which case this adjusted model is shown with the suffix _O. Strength of the best model
for each formation is given by residual standard error RSE, and R2. The dynamics columns divide the forest into the three
age-classes young Y (flammability ratio FR < 1), regrowth R (FR ≥ 1), and mature M (second period where FR < 1). The
classes Y and R are described by maximum age, and all classes show mean flammability in italics. Two feedback statistics are
given; these are young equivalent YE, which is the number of years after fire for which the FR ≤ the mean FR for M, and
feedback strength FS, which is the mean FR for post-disturbance forests (Y and R) divided by the mean FR for M. In all
cases, FS is greater than one, indicating that mean flammability of regrowing forest is greater than the mean flammability of
mature forests. The best fitting model for each forest is shown in bold.
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allows for a longer period of initial reduced flammability
compared to Olsen. The other functions (Burr 1942),
Eqn 4 and modified to Eqn 5), the standard binomial dis-
tribution (Eqn 6) and the moisture function (Eqn 7,
McCarthy et al. 2001) allow for positive feedbacks; with
Burr capable of representing both. Equation 6 produces a
very close approximation of Burr, but can be fit more
easily in the R package.

F ¼ a 1" e"b:T! "
(2)

F ¼ K
1þ e a"r:Tð Þ (3)

F ¼ ab
0:1Ta"1

1þ 0:1Tað Þbþ1 (4)

F ¼ ab
0:1Ta"1

1þ 0:1Tað Þb þ 1
(5)

F ¼ sc
s

ffiffiffiffiffiffi
2p

p : e
"T""xð Þ2

2s2 (6)

F ¼ a 1" e"bT! "
cþ e"dT! "

(7)

where F is a flammability metric (either FR or Lcb), T is
years since the last fire, a to d are constants, r is the biotic
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0
1

2
3

4

Open forest

Years since fire

FR

5 15 25 35 45 55

0
1

2
3

Subalpine forest−woodland
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Tall, wet forest
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Fig. 3. Modelled flammability ratio FR (curved lines), and mean FR values grouped into 5-year clusters. The horizontal
broken line shows FR = 1, so that values above the line represent ages that are more flammable than average for that commu-
nity, and those below the line are less flammable than average. The formations low, dry open woodland and open forest have
outliers removed. Box plots show standard quartile divisions for annual mean data, with outliers up to the default of 1.5 times
the interquartile range from the box.
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rate of increase, K is an asymptote, sc is a scaling factor, s
is the standard deviation and is the mean.

Models were excluded if they could not be fit using
NLS, or if when fit, all constants did not have P < 0.01.
When this occurred in the FR analysis, outliers were suc-
cessively identified using Grubbs’ test (Grubbs 1950; Kom-
sta 2011) and subsequently removed before re-examination.
As this dataset was much larger than that used in the sec-
ond analysis, rather than set as an arbitrary limit to the size
of outliers, the percentage burnt area that was removed was
reported as qualifying data. The largest outlier in the data-
set used for the second analysis was routinely removed, if it
constituted less than 0.5% of the formation area.

A model was chosen if it achieved significance, and
where more than one did so, if Akaike weight was >0.5.
Only the better-fitting of either Eqns 4 or 5 was examined,
as both approximate the same distribution. If no model sat-
isfied these criteria, the null hypothesis was not rejected.

In order to best represent the data, any FR model chosen
that did not achieve the highest level of significance
(P < 0.001) was again examined for outliers. If these out-
liers constituted only a very small part of the burnt study
area and did not change support from one alternate hypoth-
esis to another, they were removed until maximum signifi-
cance was achieved, if that was possible. Again, the area of
forest removed as outliers was reported to provide qualifica-
tion to these models.

Measuring feedbacks

Feedbacks were measured from the first analysis, where the
null hypothesis H0 of no feedback (i.e. flammability
remains constant) was tested against the alternate hypothe-
ses of negative feedback H1 and positive feedback H2.
Feedbacks were positive if the average flammability of
mature forests was less than the average of post-disturbance
forests, negative if mature forests were more flammable, or
null if no model could be fit.

Flammability dynamics in the Olsen and logistic models
were divided into young forests (Y) in which modelled
FR < 1, and mature forests (M) of all ages beyond this. For
the other functions where FR dropped below unity at older
age-classes, Y was calculated, followed by regrowth (R) where
modelled FR ≥ 1, than mature forest, where FR was once
again <1. The mean FR for each of these periods was mea-
sured from the raw data, after the removal of any outliers.

The strength and direction of each feedback was quanti-
fied as feedback strength (FS), which is the mean FR for
post-disturbance forest (Y, or Y+R depending on the func-
tion) divided by the mean FR for M. Where the feedback
was positive, young equivalent (YE) was calculated as the
number of years for which the mean modelled flammability
of post-disturbance forests was less than or equal to the
mean flammability of mature forests.

For both analyses, the strength of the best model for
each community was indicated by residual standard error
for the full datasets, and by R2. For FR, R2 was measured
against mean FR values for each age in preference to raw
values, to minimize the noise arising from inter-annual
stochastic differences and thereby providing a better repre-
sentation of the feedback.

Final models

To find the annual likelihood of fire Lf in each age and for-
mation, the relevant FR models were multiplied by the
mean likelihood of fire L across the formation being studied
(Eqn 8).

L ¼ RbY

RAY
(8)

where RAY is the sum of all areas of known age for all
years, and RbY is the sum of all burnt areas within those
known ages, for all years.

To find the annual likelihood of crown fire Lc in each age
and formation, the relevant models for likelihood of crown
fire in a burning stand Lcb were multiplied by Lf.

RESULTS

Flammability feedbacks

Flammability ratio could be measured for the
52 years following 1964 in all formations except low,
dry open woodland, where the first fire to burn forest
of a known age was in 1965 (Appendix S1). Exami-
nation of the combined forest dataset found no evi-
dence that FR changed due to climate or
management, as there was no significant correlation

Table 3. Statistics for the models that could be fit to crown fire data (Lcb)

Formation Model Samples

Model strength Constants

"xRSE R2 a/sc b/s

Tall, wet forest Binomial 40 0.057 0.17 1.494*** 6.655*** 23.704***
Open forest Binomial 30 0.078 0.12 4.184*** 11.184*** 23.206***
Dry, open forest Modified Burr 30 0.167 0.01 1.455*** 0.992*
Subalpine forest-woodland Binomial 26 0.132 0.11 4.010*** 6.63** 20.356***
Low, dry open woodland Mean 20 0.107

Model strength is given by residual standard error RSE and R2. The constants sc, s and describe the binomial model
(Eqn 6), and asterisks indicate their significance (*0.01, **0.001, ***0.0001). Where no model could be fit, the mean of the
dataset is given as the Null value.
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between the year of fire and the mean FR of the ages
1–6 that were present in all years examined
(P = 0.133).

The only significant models in all formations were
Burr, modified Burr and the binomial distribution
(Table 2, Fig. 3), with modified Burr providing the
strongest fit in all cases. Dry, open forest, subalpine
forest-woodland and tall, wet forest all had the high-
est category of significance for the study
(P = 0.0001) when modelled from the full dataset
using modified Burr. Open forest was significant with
the full dataset (P = 0.01), but removal of two out-
liers constituting 0.007% of the studied burnt area
increased this to P = 0.0001. Low, dry open wood-
land was only significant if the largest outlier was
removed, but removal of another two outliers consti-
tuting 0.183% of the burnt area produced a model
with P = 0.0001. Large outliers remained in both,
but were not removed after maximum significance
was reached.
Feedback strength was greater than one for all for-

mations, indicating that flammability of post-distur-
bance forests was higher than that of mature forests.

Likelihood of crown fire ignition

The number of age-classes burnt in 2003 and for
which data was available varied between 20 for low,
dry open woodland, and 40 for tall, wet forest, allow-
ing functions to be fit to all formations except for the
woodland (Table 3, Appendix S2). The trend was
binomial in three cases, and followed a modified
Burr curve for dry, open forest due to a weak trend
of more crown fire in the first two decades of post-
fire recovery (Fig. 4). Although this model was
weakly significant, it had little explanatory power
(R2 = 0.01).

Final models

The mean likelihood of fire per annum L varied only
slightly between formations when all ages were com-
bined (Table 4), however, the formations of open
forest and subalpine forest-woodland differed notably
from the others when age effects were taken into
account by finding Lf (Fig. 5a). This pattern varied
again when likelihood of crown fire at a burning site
Lcb was considered (Fig. 5b), and as a result, the
combined function Lc produced large differences in
the annual likelihood of crown fire at a point
(Fig. 5c).

DISCUSSION

Contrary to widely held perceptions of eucalypt for-
ests, feedbacks in the study area have been pro-
nounced and are positive in all formations over the
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Fig. 4. Frequency of crown fire (the highest dNBR class)
in decadal groupings of each formation. As per (Hintze &
Nelson 1998) violin plots are composed of box plots indi-
cating data range, quartiles and median, and the shaped
area shows the density trace. Labels refer to dry, open for-
est (DOF), low, dry open woodland (LDOW), open forest
(OF), subalpine forest and woodland (SFW), tall, wet for-
est (TWF).
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past half century. Forest stands have burnt 1.5 (open
forest) to 8.3 (tall wet forest) times more often in
post-disturbance forest than in mature forest, and
crown fires appear to have been mostly confined to
post-disturbance stands.
Time since fire affected the flammability of all

formations, but the proportion of its influence varied
between them. The highest R2 was measured for dry,
open forest, where time since fire has contributed to
more than one-third of the variability in fire size,
regardless of weather and other effects. The lowest
R2 was measured for open forest and low, dry open
woodland, reflecting the influence of a small number
of remaining outliers rather than a weak trend
(Fig. 3).

Driving mechanisms

These findings are consistent with broad mechanistic
expectations that have been proposed for angiosperm
forests (Bond & Midgley 2012), and challenge the

assumption that fuel accumulation will override other
processes to produce negative feedbacks. Positive
feedbacks have been shown to correlate with the
development of a gap between canopy and under-
storey plants, and to both understorey thinning and
succession to less flammable species that occurs with
canopy growth (Kitzberger et al. 2012, 2016; Zylstra
2016). In addition to observed correlation, however,
these mechanisms have been shown to be the pri-
mary endogenous determinants of fire behaviour in
these forests, explaining 80% of the variability in
flame heights observed within the four forest (non-
woodland) communities during a major bushfire in
2003. In contrast, fuel load was able to explain only
11% of that variability (Zylstra et al. 2016).
This analysis adds to the empirical body of evi-

dence, as such post-fire vegetation dynamics are
common in the forests of the Alps (Fig. 6a,b). Feed-
back strength is likely to derive from the degree to
which these factors change between post-disturbance
and mature forests, so that the strongest feedbacks
are evident in forests that progress from dense, flam-
mable regrowth close to the ground, to mature stands
with large separations between dense tree crowns and
more open, less flammable understorey growth.

Limitations

An implication of this is that less severe fire impacts
may produce weaker feedbacks, because the differ-
ence is smaller between mature and post-disturbance

Table 4. Mean annual likelihood L of fire at a point in a
formation

Formation L Standard error

Tall, wet forest 0.026 0.013
Open forest 0.025 0.014
Dry, open forest 0.032 0.012
Subalpine forest-woodland 0.023 0.019
Low, dry open woodland 0.032 0.016

Fig. 5. Flammability trends for each formation, where the x-axis gives years since the last fire, and the y-axis gives likelihood
for (a) fire burning a point (Lf), (b) crown fire occurring if that point is burning (Lcb) and (c) crown fire occurring at any
point (Lc). Labels refer to dry, open forest (DOF), low, dry open woodland (LDOW), open forest (OF), subalpine forest and
woodland (SFW), tall, wet forest (TWF).
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states. Weaker feedbacks may potentially occur where
fires do not kill the crown, promote growth close to
the ground, or do not produce a more continuous
ladder of fuels between ground and canopy fuels,
such as through the promotion of epicormic growth.
It cannot yet be determined whether such fires can
change the direction of feedback by creating a regen-
eration period that is less flammable than the mature
period, but they may produce weaker positive feed-
backs. The strength of this effect will depend on the
formation in question, as structure and species’ sensi-
tivity to fire could have overriding effects (Fig. 6c–f).
The analyses in this study are also limited in that

they describe historical trends only. If changing
atmospheric and climatic influences act to vary
species’ dominance, structure or leaf traits such as
thickness or chemistry, then the flammability of com-
ponent species will also vary, with unforeseen effects
on stand flammability. For example, (Prior & Bow-
man 2014) found that large eucalypt species are
likely to grow more slowly in a warmer environment,
and as the onset of the mature phase is related to the

formation of a sufficient gap between canopy and
lower plants, this may act to extend the flammable
period of regeneration. Biophysical modelling is
required to assess these effects and determine abso-
lute flammability measures.

Implications

The findings of this study have significant implica-
tions for the Australian Alps, as they demonstrate
that positive flammability feedbacks are not only pre-
sent in the alpine area, but are pronounced and
prevalent across the entire forested bioregion. Kitz-
berger et al. (2012) showed through spatial modelling
that, where such feedbacks exist, increases in igni-
tions ‘may, in synergism with increased climate vari-
ability, induce abrupt shifts and large-scale forest
degradation.’
Such concern has already been raised with regard

to the ash-type forests in the tall, wet forest formation
(Bowman et al. 2014a; Burns et al. 2015), which are

Fig. 6. Post-fire recovery of (a) dry, open forest with a canopy both resprouting and reseeding, and (b) tall, wet forest regen-
erating from seed alone. Both formations have produced abundant low fuel with little canopy protection. Severity effects vary,
depending on the formation, so that in open forest, low severity fire can leave the canopy intact, but stimulate ground growth
(c), whereas high severity can change both factors (d). In subalpine forest and woodland, both low (e) and high (f) severity
tend to kill the canopy and promote ground growth, although to differing extents.

doi:10.1111/aec.12594 © 2018 Ecological Society of Australia

588 P. J . ZYLSTRA



experiencing significant decline due to frequent fire,
and to logging in areas adjacent to park. Two forms
of transformation in these forests fit the definition of
ecosystem collapse (Keith et al. 2013). Firstly, where
the canopy is heavily dominated by the obligate-seed-
ing ash, successive crown deaths within the primary
juvenile period result in a distinct tipping point, and
consequent transition to shrubland. This transition
has been observed in several locations since 2003
(Bowman et al. 2014a; Wright & Robertson 2014).
Secondly, where a resprouting sub-dominant canopy
tree such as E. dalrympleana is present in sufficient
numbers, frequent fire leads to a shift in formation
from tall, wet forest to open forest. This second form
of collapse is potentially well advanced already,
although differences in survey technique introduce
uncertainty in that determination. Early surveys found
that E. delegatensis almost entirely dominated ash for-
est canopies in the NSW Alps (Byles 1932), yet data
from recent surveys (Wright & Robertson 2014)
showed dominance in only 68% of sites in mapped
ash forest, with other species typical to the open forest
formation dominating the remaining fraction.
Transition from tall, wet forest to open forest

introduces changes to landscape flammability in the
Alps that may be considered permanent on a scale of
human management, as mature open forest is more
flammable than mature tall, wet forest (Table 2). In
terms of Lf and Lc (Fig. 5a,c) averaged for these
mature periods, this represents a doubling in the like-
lihood of fire at any point, and four times the likeli-
hood that any point will experience crown fire in a
given year. This has potential to increase fire conta-
gion and transform the flammability of the entire
bioregion.

Concluding remarks

This study constitutes the first examination of fire-
flammability feedbacks for these forests, and thereby
provides a basis by which fire risk assessment and
mitigation can transition from assumed feedbacks to
an evidential basis. Across the Australian Alps,
recently burnt forests have been on average more
flammable than mature forests, consistent with his-
toric observation and the mechanistic understanding
arising from plant growth and species’ change.
Increases in fire frequency are therefore likely to cre-
ate a more flammable landscape, with implications
for both natural and built assets. Drivers of post-fire
succession such as fire severity or expected climatic
and atmospheric changes may vary the pattern or
strength of these feedbacks, but this has yet to be
shown through either empirical measurement or
mechanistic modelling.

ACKNOWLEDGEMENTS

This project arose from work funded by the Aus-
tralian Alps Liaison Committee, and was later carried
out with support from the University of Wollongong
School of Biological Sciences, with further expenses
covered by the National Parks Association of the
Australian Capital Territory. Fire spread data was
provided by the relevant agencies under licence to
the University of Wollongong. Owen Price offered
helpful guidance in the use of R.

REFERENCES

Akaike H. (1974) A new look at the statistical model
identification. IEEE Trans. Automat. Contr. 19, 716–23.

Attiwill P. M. & Adams M. A. (2013) Mega-fires, inquiries and
politics in the eucalypt forests of Victoria, south-eastern
Australia. For. Ecol. Manage. 294, 45–53. https://doi.org/
10.1016/j.foreco.2012.09.015

Baker A. G. & Catterall C. (2016) Managing fire-dependent
vegetation in Byron Shire, Australia: are we restoring the
keystone ecological process of fire? Ecol. Manag. Restor. 17,
47–55.

Barrett T. W. (2006) Modelling burn severity for the 2003
NSW/ACT unplanned fires using Landsat imagery. In:
Bushfire Conference 2006. Life in a fire-prone environment:
translating science into practice. Brisbane, Qld.

Bates D. M. & Chambers J. M. (1992) Nonlinear models. In:
Statistical Models in S (eds J. M. Chambers & T. J. Hastie)
pp. 421–53. Wadsworth & Brooks/Cole, Belmont, CA.

Bond W. J. & Midgley J. J. (2012) Fire and the angiosperm
revolutions. Int. J. Plant Sci. 173, 569–83.

Bowman D. M. J. S., Balch J. K., Artaxo P. et al. (2009) Fire
in the Earth system. Science (80-.) 324, 481–4.

Bowman D. M. J. S., Murphy B. P., Neyland D. L. J.,
Williamson G. J. & Prior L. D. (2014a) Abrupt fire regime
change may cause landscape-wide loss of mature obligate
seeder forests. Glob. Chang. Biol. 20, 1008–15.

Bowman D. M. J. S., Murphy B. P., Williamson G. J. &
Cochrane M. A. (2014b) Pyrogeographic models,
feedbacks and the future of global fire regimes. Glob. Ecol.
Biogeogr. 23, 821–4.

Bradshaw S. D., Dixon K. W., Hopper S. D., Lambers H. &
Turner S. R. (2011) Little evidence for fire-adapted plant
traits in Mediterranean climate regions. Trends Plant Sci.
16, 69–76.

Burns E. L., Lindenmayer D. B., Stein J. et al. (2015)
Ecosystem assessment of mountain ash forest in the
Central Highlands of Victoria, south-eastern Australia.
Austral Ecol. 40(4), 386–99.

Burr I. W. (1942) Cumulative frequency functions. Ann. Math.
Stat. 13, 215–32.

Byles B. U. (1932) A Reconnaissance of the Mountainous Part of
the River Murray Catchment in New South Wales. Bulletin
No. 13. Commonwealth Forestry Bureau, Canberra,
ACT.

Camac J. S., Williams R. J., Wahren C.-H., Hoffmann A. A. &
Vesk P. A. (2017) Climatic warming strengthens a positive
feedback between alpine shrubs and fire. Glob. Chang.
Biol. 23, 3249–58.

© 2018 Ecological Society of Australia doi:10.1111/aec.12594

FLAMMABILITY DYNAMICS IN THE AUSTRALIAN ALPS 589

https://doi.org/10.1016/j.foreco.2012.09.015
https://doi.org/10.1016/j.foreco.2012.09.015


Clarke H., Lucas C. & Smith P. (2013) Changes in Australian
fire weather between 1973 and 2010. Int. J. Climatol. 33,
931–44.

Clayton-Greene K. A. & Ashton D. H. (1990) The dynamics
of Callitris columellaris/Eucalyptus albens communities along
the Snowy River and its tributaries in South-eastern
Australia. Aust. J. Bot. 38, 403–32.

Cochrane M. A., Alencar A. A. C., Schulze M. D. et al.
(1999) Positive feedbacks in the fire dynamic of closed
canopy tropical forests. Science (80-.) 284, 1832–5.

Cuddington K., Fortin M.-J., Gerber L. R. et al. (2013)
Process-based models are required to manage ecological
systems in a changing world. Ecosphere 4, 1–12.

Department of Sustainability and Environment (2010) EVC
Benchmarks. [online]. Available from URL: http://www.de
pi.vic.gov.au/environment-and-wildlife/biodiversity/evc-be
nchmarks#valp.

Donato D. C., Harvey B. J. & Turner M. G. (2016)
Regeneration of montane forests a quarter-century after
the 1988 Yellowstone Fires: a fire-catalyzed shift in lower
treelines? Ecosphere, 7, e01410.

ESRI (2015) ArcGIS Desktop: Release 10.4.1. ESRI, Redlands,
CA.

Fairman T. A., Nitschke C. R. & Bennett L. T. (2016) Too
much, too soon? A review of the impacts of increasing
wildfire frequency on tree demography and structure in
temperate forests. Int. J. Wildl. Fire 25, 831–48.

Fairman T. A., Bennett L. T., Tupper S. & Nitschke C. R.
(2017) Frequent wildfires erode tree persistence and alter
stand structure and initial composition of a fire-tolerant
sub-alpine forest. J. Veg. Sci. 28, 1151–65.

Fawcett M. (1947) The journal of Maisie Fawcett (Stella Carr)
Omeo and thereabouts in the 1930s and 1940s.

Fekedulegn D., Mac Siurtain M. P. & Colbert J. J. (1999)
Parameter estimation of nonlinear growth models in
forestry. Silva Fenn. 33, 327–36.

Ferguson I. (2010) Strategic seedbanks to meet fire risks for
Victorian ash-type species. Aust. For. 74, 97–107.

Fernandes P. M. & Botelho H. S. (2003) A review of
prescribed burning effectiveness in fire hazard reduction.
Int. J. Wildl. Fire 12, 117–28.

Fisher J. P., Estop-Aragon!es C., Thierry A. et al. (2016) The
influence of vegetation and soil characteristics on active-
layer thickness of permafrost soils in boreal forest. Glob.
Chang. Biol. 22, 3127–40.

Flannigan M., Cantin A. S., De Groot W. J., Wotton M.,
Newbery A. & Gowman L. M. (2013) Global wildland fire
season severity in the 21st century. For. Ecol. Manage. 294,
54–61.

Gellie N. J. H. (2005) Native vegetation of the southern forests:
south-east highlands, Australian Alps, south-west slopes,
and SE corner bioregions. Cunninghamia. 9, 219–53.

Gill A. M. & Zylstra P. (2005) Flammability of Australian
forests. Aust. For. 68, 87–93.

Gill A. M., Ryan P. G., Moore P. H. R. & Gibson M. (2000)
Fire regimes of World Heritage Kakadu National Park.,
Australia. Austral Ecol. 25, 616–25.

Green K. & Pickering C. M. (2009) The decline of
snowpatches in the Snowy Mountains of Australia:
importance of climate warming, variable snow, and wind.
Arctic, Antarct. Alp. Res. 41, 212–18.

Grootemaat S., Wright I. J., van Bodegom P. M. &
Cornelissen J. H. C. (2017) Scaling up flammability from
individual leaves to fuel beds. Oikos 126, 1428–38.

Grubbs F. E. (1950) Sample criteria for testing outlying
observations. Ann. Math. Stat. 21, 27–58.

Harris R. M. B., Remenyi T. A., Williamson G. J., Bindoff N.
L. & Bowman D. M. J. S. (2016) Climate–vegetation–fire
interactions and feedbacks: trivial detail or major barrier to
projecting the future of the Earth system? WIREs Clim.
Chang. 7, 910–31. https://doi.org/10.1002/wcc.428

Helms R. (1896) The Australian Alps, or Snowy Mountains. J.
R. Geogr. Soc. Australas, VI, 75–96.

Hintze J. L. & Nelson R. D. (1998) Violin Plots: a box plot-
density trace synergism. Am. Stat. 52, 181–4.

Hutchinson M. F., Mcintyre S., Hobbs R. J., Stein J. L.,
Garnett S. & Kinloch J. (2005) Integrating a global agro-
climatic classification with bioregional boundaries in
Australia. Glob. Ecol. Biogeogr. 14, 197–212.

Jolly W. M., Cochrane M. A., Freeborn P. H. et al. (2015)
Climate-induced variations in global wildfire danger from
1979 to 2013. Nat. Commun. 6, 7537.

Keeley J. E. (2009) Fire intensity, fire severity and burn
severity: a brief review and suggested usage. Int. J. Wildl.
Fire 18, 116–26.

Keith D. A., Rodr!ıguez J. P., Rodr!ıguez-Clark K. M. et al.
(2013) Scientific foundations for an IUCN Red List of
ecosystems. PLoS ONE 8, e62111.

Kitzberger T., Ar!aoz E., Gowda J. H., Mermoz M. & Morales
J. M. (2012) Decreases in fire spread probability with
forest age promotes alternative community states, reduced
resilience to climate variability and large fire regime shifts.
Ecosystems 15, 97–112.

Kitzberger T., Perry G. L. W., Paritsis J. et al. (2016) Fire–
vegetation feedbacks and alternative states: common
mechanisms of temperate forest vulnerability to fire in
southern South America and New Zealand. New Zeal. J.
Bot. 54, 247–72.

Komsta L. (2011) Package ‘outliers’. 15.
Krause A., Kloster S., Wilkenskjeld S. & Paeth H. (2014) The

sensitivity of global wildfires to simulated past, present,
and future lightning frequency. J. Geophys. Res.
Biogeosciences. 119, 312–22.

Laurance W. F., Dell B., Turton S. M. et al. (2011) The 10
Australian ecosystems most vulnerable to tipping points.
Biol. Conserv. 144, 1472–80.

Lindenmayer D. B., Hobbs R. J., Likens G. E., Krebs C. J. &
Banks S. C. (2011) Newly discovered landscape traps
produce regime shifts in wet forests. Proc. Natl Acad. Sci.
USA 108, 15887–91.

de Magalh~aes R. M. Q. & Schwilk D. W. (2012) Leaf traits
and litter flammability: evidence for non-additive mixture
effects in a temperate forest. J. Ecol. 100, 1153–63.

McCarthy M. A., Gill A. M. & Bradstock R. A. (2001)
Theoretical fire-interval distributions. Int. J. Wildl. Fire 10,
73–7.

McCaw W. L. (2013) Managing forest fuels using prescribed
fire - A perspective from southern Australia. For. Ecol.
Manage. 294, 217–24.

Mooney S. D., Harrison S. P., Bartlein P. J. et al. (2011) Late
Quaternary fire regimes of Australasia. Quat. Sci. Rev. 30,
28–46.

NSW Office of Environment and Heritage (2016) Australian
Alps - climate. [online]. Available from: http://www.e
nvironment.nsw.gov.au/bioregions/AustralianAlps-Climate.
htm [Accessed August 4, 2016].

NSW Rural Fire Service (2006) Planning for Bush Fire
Protection. NSW Rural Fire Service, Homebush.

doi:10.1111/aec.12594 © 2018 Ecological Society of Australia

590 P. J . ZYLSTRA

http://www.depi.vic.gov.au/environment-and-wildlife/biodiversity/evc-benchmarks#valp
http://www.depi.vic.gov.au/environment-and-wildlife/biodiversity/evc-benchmarks#valp
http://www.depi.vic.gov.au/environment-and-wildlife/biodiversity/evc-benchmarks#valp
https://doi.org/10.1002/wcc.428
http://www.environment.nsw.gov.au/bioregions/AustralianAlps-Climate.htm
http://www.environment.nsw.gov.au/bioregions/AustralianAlps-Climate.htm
http://www.environment.nsw.gov.au/bioregions/AustralianAlps-Climate.htm


Olsen T. S. (1963) Energy storage and the balance of producers
and decomposers in ecological systems. Ecology 44, 322–31.

Pausas J. G. H., Keeley J. E. & Schwilk D. W. (2017)
Flammability as an ecological and evolutionary driver. J.
Ecol.. https://doi.org/10.1111/1365-2745.12691

P!erez-Harguindeguy N., D!ıaz S., Garnier E. et al. (2013) New
handbook for standardised measurement of plant
functional traits worldwide. Aust. J. Bot. 61, 167–234.

Perry G. L. W., Wilmshurst J. M. & McGlone M. S. (2014)
Ecology and long-term history of fire in New Zealand. N.
Z. J. Ecol. 38, 157–76.

Philpot C. W. (1970) Influence of mineral content on the
pyrolysis of plant materials. For. Sci. 16, 461–71.

Pickering C. M., Good R. & Green K. (2004) Potential Effects
of Global Warming on the Biota of the Australian Alps.
Australian Greenhouse Office, Canberra, ACT.

Prior L. D. & Bowman D. M. J. S. (2014) Big eucalypts grow more
slowly in a warm climate: evidence of an interaction between
tree size and temperature.Glob. Chang. Biol. 20, 2793–9.

R Core Team (2016) R: A Language and Environment for
Statistical Computing. [online]. Available from: http://www.
r-project.org/.

Reeve N. & Toumi R. (1999) Lightning activity as an indicator
of climate change. Q. J. R. 125, 893–903.

Specht R. L. (1970) Vegetation. In: The Australian Environment
(ed. G. W. Leeper) pp. 44–67. Melbourne University
Press, Melbourne, Vic.

Stern H., de Hoedt G. & Ernst J. (2000) Objective
classification of Australian climates. Aust. Meteorol. Mag.
49, 87–96.

Stevenson A. (2010) Oxford Dictionary of English. Oxford
University Press, Oxford, UK.

Stretton L. E. (1939) Report of the Royal Commission to
inquire into the causes of and measures taken to
prevent the bush fires of January, 1939, and to protect life
and property, and the measures taken to prevent bush fires
in Victoria and protect life and property in the eve. 36.

Symonds M. R. E. & Moussalli A. (2011) A brief guide to
model selection, multimodel inference and model
averaging in behavioural ecology using Akaike’s
information criterion. Behav. Ecol. Sociobiol. 65, 13–21.

Taylor C., McCarthy M. A. & Lindenmayer D. B. (2014)
Nonlinear effects of stand age on fire severity. Conserv.
Lett. 7, 355–70.

Teague B., McLeod R. & Pascoe S. (2010) 2009 Victoran
Bushfires Royal Commission: Final Report. Government
Printer for the State of Victoria, Melbourne, Vic.

Tepley A. J., Veblen T. T., Perry G. L. W., Stewart G. H. &
Naficy C. E. (2016) Positive feedbacks to fire-driven
deforestation following human colonization of the South
Island of New Zealand. Ecosystems 19, 1325–44.

Wakefield N. A. (1970) Bushfire frequency and vegetational
change in south-eastern Australian forests. Vic. Nat. 87,
152–8.

Williams R. J., Wahren C.-H., Stott K. A. J. et al. (2015) An
International Union for the Conservation of Nature Red
List ecosystems risk assessment for alpine snow patch
herbfields, South-Eastern Australia. Austral Ecol. 40, 433–
43.

Wright G. T. & Robertson G. (2014) Alpine Ash Recovery From
the 2003 Landscape Fires, Kosciuszko National Park, NSW.
NSW Office of Environment and Heritage, Queanbeyan,
NSW.

Wyse S. V., Perry G. L. W. & Curran T. J. (2017) Shoot-level
flammability of species mixtures is driven by the most
flammable species: implications for vegetation-fire
feedbacks favouring invasive species. Ecosystems. https://doi.
org/10.1007/s10021-017-0195-z

Zedler P. H. & Seiger L. A. (2000) Age mosaics and fire size
in chaparral: a simulation study. In: Second Interface
Between Ecology and Land Development in California (ed.
M. B. Keeley) pp. 9–18. U.S. Geological Survey,
Sacramento, CA.

Zylstra P. (2006) Fire History of the Australian Alps. Australian
Alps Liaison Committee, Jindabyne, NSW. [online].
Available from: http://www.australianalps.environme
nt.gov.au/publications/research-reports/fire-history.html.

Zylstra P. (2011) Forest flammability: modelling and managing a
complex system. PhD Thesis, University of NSW, Australian
Defence Force Academy. [online]. Available from: http://
handle.unsw.edu.au/1959.4/51656.

Zylstra P. (2013) The historical influence of fire on the
flammability of subalpine Snowgum forest and woodland.
Vic. Nat. 130, 232–9.

Zylstra P. (2016) Explaining feedbacks between fire and
flammability in the Snowgums and beyond. Australas.
Plant Conserv. 24, 14–15.

Zylstra P., Bradstock R. A., Bedward M. et al. (2016)
Biophysical mechanistic modelling quantifies the effects of
plant traits on fire severity: species, not surface fuel loads
determine flame dimensions in eucalypt forests. PLoS
ONE 11, e0160715.

SUPPORTING INFORMATION

Additional Supporting Information may be found in
the online version of this article at the publisher’s
web-site:

Appendix S1. Data used to calculate the flammabil-
ity ratio.
Appendix S2. Data used to calculate crown fire like-
lihood.

© 2018 Ecological Society of Australia doi:10.1111/aec.12594

FLAMMABILITY DYNAMICS IN THE AUSTRALIAN ALPS 591

https://doi.org/10.1111/1365-2745.12691
http://www.r-project.org/
http://www.r-project.org/
https://doi.org/10.1007/s10021-017-0195-z
https://doi.org/10.1007/s10021-017-0195-z
http://www.australianalps.environment.gov.au/publications/research-reports/fire-history.html
http://www.australianalps.environment.gov.au/publications/research-reports/fire-history.html
http://handle.unsw.edu.au/1959.4/51656
http://handle.unsw.edu.au/1959.4/51656

