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ABSTRACT

Woody plant demographics provide important insight
into ecosystem state-shifts in response to changing fire
regimes. In Australian tropical savannas, the switch
from patchy landscape burning by Aborigines to
unmanaged wildfires within the past century hasbeen
implicated in biodiversity declines including the fire-
sensitive conifer, Callitris intratropica. C. intratropica
commonly forms small, closed-canopy groves that
exclude fire and allow recruitment of conspecifics and
other fire-sensitive woody plants. C. intratropica
groves provide a useful indicator of heterogeneity and
fire regime change, but the mechanisms driving the
species’ persistence and decline remain poorly
understood. We examined the hypothesis that C. in-
tratropica population stability depends upon a regime
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of frequent, low-intensity fires maintained by Abo-
riginal management. We combined integral projec-
tion models of C. intratropica population behaviour
with an environmental state change matrix to exam-
ine how vital rates, grove dynamics and the frequency
of high- and low-intensity fires contribute to popula-
tion stability. Closed-canopy C. intratropica groves
contributed disproportionately to population growth
by promoting recruitment, whereas singleton trees
accounted for a larger proportion of adult mortality.
Our patch-based population model predicted popu-
lation declines under current fire frequencies and that
the recruitment of new groves plays a critical role in
the species’ persistence. Our results also indicated that
reducing fire intensity, a key outcome of Aboriginal
burning, leads to C. intratropica population persistence
even at high fire frequencies. These findings provide
insight into the relationship between ecosystem
composition and human-fire interactions and the role
of fire management in sustaining the mosaics that
comprise ‘natural’ systems.

Key words: Integral projection model (IPM);
Patch mosaic burning; Tropical savanna; Fire
management; Anthropogenic disturbance; Popula-
tion dynamics.
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INTRODUCTION

The recruitment bottleneck imposed by fire is a
major determinant of the demography of woody
plants and, therefore, affects the composition and
structural complexity of savannas and other grass-
land mosaic ecosystems worldwide (Bond 2008;
Hoffmann and others 2009; Wood and others 2011;
Murphy and Bowman 2012; Ellair and Platt 2013).
For instance, fire suppression has been implicated
in the encroachment of fire-sensitive shrubs into
African and North American grasslands (Roques
2001; Heisler and others 2004), as well as conti-
nental-scale increases in the abundance of fire-
sensitive trees in North America (Nowacki and
Abrams 2008), whereas increases in fire intensity
have been linked to the destruction and degrada-
tion of forest patches in South American and
Australian savannas (Bilbao and others 2010;
Russell-Smith and others 2012). Modelling the ef-
fects of fire on woody plant populations can
therefore provide critical insight into how fire alters
and interacts with the spatial heterogeneity of
vegetation (Hoffmann 1999; Caswell and Kaye
2001; Keeley and others 2006).

Fire frequency alone remains the most common
metric by which to describe fire regimes (Gold-
ammer 1990; Gill and others 2000), frame human
impacts on fire occurrence (Guyette and others
2002) and incorporate fire into demographic
models (Hoffmann 1999; Caswell and Kaye 2001;
Caswell 2006). Fire intensity, however, has critical
effects on woody plant survival, growth and
reproduction (Knapp and Keeley 2006; Hoffmann
and others 2009) and is positively correlated with
fire size (Bessie and Johnson 1995; Yates and oth-
ers 2008). In regions with pronounced rainfall
seasonality, the timing of fire occurrence can pro-
vide a useful proxy for fire intensity. Fire managers
and indigenous landowners are well aware of this
and often ‘jumpstart’” the process of landscape
burning in the early dry season (EDS) before fuels
completely cure to reduce the occurrence and ex-
tent of large, high-intensity fires that commonly
occur in the late dry season (LDS; Gill and others
2000; Laris 2002; van Wilgen and others 2008;
Bliege Bird and others 2012; Murphy and others
2015). The EDS/LDS dichotomy therefore provides
a relative measure of fire intensity, which can be
used to refine analyses of fire effects (Govender and
others 2006; Knapp and Keeley 2006; Russell-
Smith and Edwards 2006; Murphy and others
2015). Research in tropical savannas further indi-
cates that intentional EDS burning alters fire

intensity and patchiness, but has little effect on the
percentage of area burned annually which is likely
driven by climate variability (Gill and others 2000;
Van Wilgen and others 2004; Archibald and others
2009). Thus, mean fire return interval or regional-
scale fire frequency (sensu Li 2002) may be inade-
quate, on its own, to characterize human-mediated
changes to savanna fire regimes.

Widespread mortality of Northern Cypress Pine
Callitris intratropica R.T Baker & H.G. Smith (Cu-
pressaceae) across northern Australian savannas
provides strong evidence of region-wide increases
in fire intensity in recent decades (Bowman and
Panton 1993; Whitehead and others 2003; Edwards
and Russell-Smith 2009; Trauernicht and others
2013). This has coincided with declines in other
species assemblages in northern Australia, notably
small mammals (Woinarski and others 2010) and
granivorous birds (Franklin and others 2005). The
persistence of a long-lived, fire-sensitive conifer in
one of the most fire-prone biomes on Earth (Gill
and others 2000; Yates and others 2008) has led to
the assertion that C. intratropica establishment is
dependent upon a regime of low-intensity, patchy
fires maintained by Aboriginal burning (Price and
Bowman 1994; Russell-Smith 2006; Trauernicht
and others 2012). Proactive landscape burning to
manipulate resources and mitigate destructive fires
is prevalent among traditional management sys-
tems worldwide, often providing templates for
contemporary land management (Trauernicht and
others 2015).

C. intratropica adults can survive low-intensity
EDS fires but are more vulnerable to damage from
high-intensity LDS fires than the dominant Euca-
lyptus species with which they co-occur (for
example, E. miniata and E. tetrodonta) due to low-
growing crowns and a poor ability to resprout after
burning (Prior and others 2007; Lawes and others
2011; Bowman and others 2014). The species is
non-serotinous and forms no persistent seed banks
in either the soil or retained in canopies. High-in-
tensity fires severely reduce seed production
(Hawkins 1966) and any burning results in high
mortality among seedlings and saplings (Russell-
Smith 2006; Lawes and others 2011). Unlike
eucalypts, C. intratropica frequently occurs in very
small (0.01-0.3 ha) clusters of adult trees (‘groves’)
at a density of about 1 grove ha~' within open
savanna vegetation (Trauernicht and others 2015).
Grove formation appears to be integral to C. intra-
tropica persistence as closed-canopy groves alter
fuel availability and can exclude low-intensity sa-
vanna fires (Trauernicht and others 2012).
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Through this vegetation—fire feedback, C. intratrop-
ica groves with intact, closed canopies promote
both conspecific recruitment (Figure 1A, C) as well
as the establishment of a distinct woody plant
community with a greater abundance of other fire-
sensitive species than that occur in the savanna
matrix (Trauernicht and others 2013). High-in-
tensity fires, however, cause C. intratropica mortal-
ity and canopy damage, and disrupt the fire
exclusion feedback. This results in a state change in
which grassy fuels, the probability of fire occur-
rence and plant community composition become
similar to open savanna, even when adult C. in-
tratropica individuals with damaged crowns persist
(Figure 1B; Trauernicht and others 2012).

Here we examine C. intratropica population be-
haviour in the context of grove dynamics and the
frequency of low- and high-intensity fires to
understand how Aboriginal burning may promote
the species” establishment and persistence. We
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hypothesize that population growth of C. intratrop-
ica depends on the ability of intact groves to ex-
clude low-intensity fires and that the decline of
C. intratropica is a sequential process from intact to
degraded groves, then to singleton trees and
eventually local extirpation. We first construct
integral projection models (IPMs; Easterling and
others 2000; Ellner and Rees 2006) to assess how
‘grove condition’ (singleton trees, intact groves and
degraded groves) and fire disturbance (unburnt,
low-intensity fire and high-intensity fire) affect the
demography of C. intratropica. IPMs improve the
accuracy of population projections for slow-grow-
ing species (Zuidema and others 2010) and provide
the flexibility to model multiple predictors, which
is providing novel insight into the effects of dis-
turbance on population behaviour (Mandle and
others 2015). We then combine IPMs of C. intrat-
ropica population behaviour with an environmental
state change matrix that incorporates the frequency

0.10

0.05

1
10 20,
Stem basal area (m“ha™")

Fig. 1. Characteristics of Callitris intratropica grove condition illustrating (A) a typical intact grove with closed-canopy and
woody understory; (B) a degraded grove with damaged canopy and open, grassy understory; (C) kernel density plots of
stem diameter distributions; and (D) density plots of basal area distribution (within a 10 m radius of each individual) for

each C. intratropica grove condition.
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Fig. 2. Maps of (A) the study site within the Djelk Indigenous Protected Area (I.P.A.) in Arnhem Land indicating the
extent of the Arnhem Plateau ‘Stone Country’ (dark grey) and (B) the Callitris intratropica individuals surveyed in this
study, illustrating the population extent (inset) and the spatial distribution of intact and degraded groves and singleton

trees.

of low- and high-intensity fires observed in the
field and the effect of these fires on transitions
between grove conditions. Our approach builds on
the ‘megamatrix’ approach pioneered with tradi-
tional population matrix models to incorporate
patch dynamics and landscape-scale disturbance
regimes (Horvitz and Schemske 1986; Valverde and
Silvertown 1997; Pascarella and Horvitz 1998). Fi-
nally, by manipulating fire disturbance frequencies
in the model, we examine how the cessation of
Aboriginal burning may be implicated in C. intrat-
ropica decline, as well as the contemporary trend of
homogenization of savanna vegetation in northern
Australia (Russell-Smith and others 2012).

MATERIALS AND METHODS
Study Location

Censuses of C. intratropica growth and survival
were conducted at Dukladjarranj (12°3910.90”S,
134°18’1.40”E), an Aboriginal ‘estate’ on the
north-eastern edge of the Arnhem Plateau owned
and managed by a Gunei-speaking clan within the
Djelk Indigenous Protected Area of Arnhem Land,
Northern Territory, Australia (Figure 2A). The
Arnhem Plateau is a low massif (<400 m eleva-
tion) of deeply dissected Middle Proterozoic
quartzose sandstone and is a regional centre of
species endemism (Freeland and others 1988;
Woinarski and others 2006). The region is domi-
nated by mesic savanna with annual rainfall (c.
1500 mm) driven by the Asian monsoon, with
90% of precipitation occurring from November to
May. The region is characterized by very short fire
return times of 1-3 years (Gill and others 2000).

Detailed descriptions of the study area are provided
elsewhere (Yibarbuk and others 2001; Murphy and
Bowman 2007). Observations of cone and seed
production used to estimate fecundity were made
in a climatically and compositionally similar sa-
vanna in Litchfield National Park, about 200 km
west of Dukladjarranj (Lawes and others 2013).

Demographic Surveys

We recorded the growth and survival of 722 C. in-
tratropica individuals ranging from 1 to 650 mm in
stem diameter (measured at 1 m from the ground)
and 563 C. intratropica seedlings ranging from 35 to
1300 mm in height over three growing seasons
between 2006 and 2009. The former, hereafter
referred to as ‘adults’, were systematically sampled
across a 2.5 km expanse of open savanna domi-
nated by Eucalyptus tetrodonta and E. miniata with a
grass understory (Figure 2B). Seedlings were tag-
ged and monitored in thirteen 30 m? circular plots
in the same area. Sampling encompassed a range of
grove conditions and fire disturbances. Adult trees
were identified as occurring as lone, singleton trees
(>5 m from any adult conspecific; N = 299) or
within either an intact, closed-canopy grove
(N =215 among 12 groves) or a degraded, open-
canopy grove (N =208 among 24 groves). De-
graded groves were distinguished from intact
groves based on open, fire-damaged canopies and
continuous grassy fuels in the understory, follow-
ing Trauernicht and others (2012). LANDSAT
satellite-derived fire scar maps (30 m resolution;
Edwards and Russell-Smith 2009) were used to
establish whether adult trees and seedling plots
were exposed to low-intensity EDS fires (May—
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July), high-intensity LDS fires (August—October) or
no fire in the year prior to measurements. These
data were corroborated on the ground by recording
fire damage for each individual. Fecundity was
determined by measuring cone and seed produc-
tion and seed germination rates from 31 trees
sampled from closed-canopy groves, open-canopy
groves and singleton trees (Lawes and others
2013).

Analyses of Vital Rates

We modelled C. intratropica adult survival and
diameter growth, and seedling survival and height
growth as continuous functions of initial tree
diameter or initial seedling height using linear and
generalized linear models, including random effects
where applicable. We included (i) fire disturbance
(unburnt, low-intensity fire, high-intensity fire)
and (ii) grove condition (intact grove, degraded
grove, singleton tree) as categorical covariates in
our global models wherever appropriate (Table S1).
Adult growth and survival models included both
fire disturbance and grove condition as covariates.
Seedling growth included fire disturbance and basal
area of adult C. intratropica per seedling plot as
covariates, whereas seedling survival included only
low-intensify fire disturbance as a covariate (no
high-intensity fires occurred during survival cen-
suses; Table S1). We included individual and year
as random effects to account for re-censusing
individuals and annual climatic variation, respec-
tively. Global models of adult growth and survival
included two-way interactions between fire dis-
turbance and grove condition and initial diameter
and grove condition. Linear mixed models of both
adult and seedling growth included exponential
variance structures to account for heterogeneous
variance (Zuur and others 2009).

Fecundity was modelled as the count of cones
produced as a function of adult tree diameter and
grove condition, including an interaction term,
using a generalized linear model with log-normal
Poisson errors for overdispersed data (Elston and
others 2001). We also incorporated cone presence/
absence data from the adult population census to
construct a size-based model of the probability of
cone production. We then used mean counts of
seeds per cone and percentage of seed germination
for each grove type (Lawes and others 2013) to
construct a size-based predictive model of viable
seed production for adult C. intratropica trees. We
determined the probability of seedling establish-
ment as the proportion of newly established seed-
lings in our seedling plots to the total pofential seed

production of the C. intratropica adults in each plot
based on this predictive model. C. intratropica is
wind dispersed but the seeds are relatively large
and Russell-Smith (2006) found that 94% of
C. intratropica recruitment occurs within 10 m of
adult trees. We therefore did not account for seed
dispersal out of the plots. The best-supported
models for analysis were determined via multi-
model inference based on the Akaike Information
Criterion (AICc) according to the Information-
Theoretic approach (Anderson and Burnham
2002). All analyses were completed in R (vers.
3.1.1) using the Ime4 (version 1.1) and nlme
(version 3.1) packages. Model code and model
selection tables are provided in the Supplementary
Materials.

Modelling Population Behaviour

We used an IPM that combines model coefficients
from the continuous, size-based functions of C. in-
tratropica growth, survival and fecundity described
above into a single function—the kernel—to pro-
ject population behaviour (see Supplementary
Methods; Easterling and others 2000; Ellner and
Rees 2006). IPMs provide the same projections as
traditional matrix models, such as long-term pop-
ulation stability, or lambda (4), long-term popula-
tion structure or stable stage distribution (SSD), in
addition to sensitivity and elasticity analyses, but
are considered more accurate for slow-growing
plant species (Zuidema and others 2010). The use
of fire disturbance and grove condition (see above)
as categorical covariates in the kernel effectively
resulted in nine separate IPMs, corresponding to all
combinations of the three levels in each covariate.
Seedling survival was parameterized using model
results for unburnt conditions for intact groves
across all fire conditions to represent the vegeta-
tion—fire feedback described above (Trauernicht
and others 2012). The breakdown of this feedback
due to high-intensity fires is ‘captured’ in the
patch-based transitions among groves described
below. Seedling survival for degraded groves and
singleton trees was parametrized for no fires and
low-intensity fires from census data and assumed
to be zero under high-intensity fires based on field
observations and prior work (Bowman and others
2014). We calculated the long-term population
growth rate (1) for each IPM with the popbio
package in R (Stubben and Milligan 2007). Values
of A above 1 indicate a growing population whereas
4 below 1 indicates a population expected to de-
cline, although lambda values may provide a better
measure of relative growth rate among populations
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intensity fire occurrence.

than a prediction of actual future population
growth (Menges 2000).

Environmental State Change Transition
Matrix

To model C. intratropica patch dynamics relative to
fire disturbance, we constructed matrix F, a 9 x 9
discrete-state Markov chain of transition probabil-
ities from time ¢ to time ¢ + 1 for all grove condition
categories across all fire disturbance categories (see
Supplementary Methods; Horvitz and Schemske
1986; Valverde and Silvertown 1997; Pascarella
and Horvitz 1998). Grove condition transitions
were derived from the responses of intact groves,
degraded groves and singleton C. intratropica trees
to low- and high-intensity fires observed from
surveys and experimental fires (Figure 3; Prior and
others 2011; Trauernicht and others 2012, 2013).
We calculated the probability of fire disturbance
from LANDSAT satellite imagery (~30 m resolu-
tion) of EDS and LDS fire scars for each annual
time-step between 1990 and 2011 across the entire

28,000 km? region encompassing our field site and
comprising the Western Arnhem Land Fire Abate-
ment project (Edwards and Russell-Smith 2009).
We used matrix F to project SSDs of each of the
nine possible ‘fire-states’, from which we derived
the predicted proportions of grove conditions across
the landscape under known or hypothetical fire
disturbance probabilities. We also used grove con-
dition SSDs to examine the sensitivity of these
outputs to changes in the grove condition transi-
tion parameters (see Supplementary Methods).

The Megamatrix

Finally, we combined our environmental state
change matrix, F, with the IPMs derived for each of
the nine combinations of fire disturbance and grove
condition using a ‘megamatrix’ to project popula-
tion demography across different environmental
patches (Figure 3 and Supplementary Methods;
Valverde and Silvertown 1997; Pascarella and
Horvitz 1998). This approach produced the proba-
bilities of a plant of a given size within a given
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Fig. 4. Callitris intratropica (A) diameter growth and (B) survival as a function of initial diameter across fire conditions
(unburnt, low-intensity fires and high-intensity fires) and stand types (Intact stands, damaged stands and singleton trees).
Solid lines illustrate model predictions and dotted lines represent upper and lower 95% confidence intervals for model
predictions. Akaike weights (w;) are presented relative to all candidate models.

environmental state (that is, grove condition x fire
disturbance) transitioning to another combination
of size and state instead of following populations
within individual patches as they moved through
successional states (Caswell 2006). The megamatrix
enabled us to project long-term stability (1) for the
entire population across all environmental states,
thereby incorporating demography, patch dynam-
ics and fire disturbance into a single model. All
code for the IPM, environmental state change
matrix and megamatrix are provided in the Sup-
plementary Materials.

Fire Regime Scenarios

To examine the effects of changing fire frequencies
on our model projections, we first maintained the
probabilities of no fire occurring at time ¢+ 1
(established from the LANDSAT data in matrix D
above) and altered the probabilities of fire occur-
ring as a low-intensity or high-intensity fire at time
t + 1. This allowed us to maintain the overall fre-
quency of fire occurrence to better reflect the ef-
fects of actual savanna fire management which
alters fire seasonality and intensity with little effect
on total area burned (Gill and others 2000; Van
Wilgen and others 2004). We also created hypo-
thetical fire regime scenarios in which we varied
both the absolute probability of fire occurring
(overall fire frequency) and the probability of fire
occurring as a low- versus high-intensity fire. This
allowed us to examine whether and how the effects
of moderating fire intensity on population stability
decline when overall fire frequency increases.

REsuLTS
Vital Rates

Our analyses confirmed initial diameter, fire dis-
turbance and grove condition as important predic-
tors of both diameter growth and survival of
C. intratropica adults (Size increment: Akaike
weight (w;) = 0.95, R*=0.45, N =2112, Fig-
ure 4A; Survival: w; = 0.65, R* = 0.11, N = 2342,
Figure 4B). The effect of tree diameter on diameter
growth differed among grove types, with a positive
relationship in intact groves, a small negative
relationship among singleton trees and almost no
effect among degraded groves. Low-intensity fires
increased diameter growth among trees in intact
groves but had very little effect on singletons and
trees in degraded groves. High-intensity fires de-
creased diameter growth with the greatest delete-
rious effect on intact groves (Figure 4C).

Fire disturbance increased C. intratropica mortal-
ity with high-intensity fires having the strongest
effect on tree mortality (Figure 4). Trees in de-
graded groves experienced slightly higher mortality
than in intact groves, whereas singleton trees
experienced much higher rates of mortality, being
most pronounced for high-intensity fires (Fig-
ure 4F). Although we did not explicitly include
density effects in our models, intact and degraded
C. intratropica had higher tree densities (Figure 2B)
and basal area (for example, mean of 12.65 m?/ha
for intact groves, 12.18 m?/ha for degraded groves
and 4.99 m?*/ha for singletons; Figure 1D) and
therefore including grove condition as an
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explanatory variable in our analyses incorporated
potential effects of density on vital rates.

Our analysis of C. intratropica seedling growth
only supported initial height and basal area of adult
C. intratropica trees as important factors, with no
effect of fire (w; = 0.82, R> = 0.91, N = 367). The
effect of adult tree basal area was incorporated into
the IPM using mean values for each grove type.
Analyses of seedling survival identified both initial
height and fire disturbance (low-intensity fires
only) as important correlates (w; = 0.70, R* = 0.08,
N = 972, Figure 5A), with low-intensity fires neg-
atively affecting survival. In our models of fecun-
dity, only tree diameter was supported as a
predictor of both the count of cones produced
(w; = 0.55, R = 0.024, N = 31, Figure 5B) and the
probability of cone production (w; > 0.99,
R*=0.42, N = 1227).

Population Dynamics

The individual IPMs enabled us to examine popu-
lation behaviour for each grove condition under
each fire disturbance. These models alone are
inadequate for assessing the overall population
stability of C. intratropica because projections as-
sume constant fire disturbance (that is, no fires vs.
annual high- and low-intensity fires) as opposed to
variable patterns of disturbance among patches
across the landscape. The A values from these
individual IPMs (Figure 6A), however, do indicate
how different grove conditions contribute to
overall population stability as well as susceptibility
of each grove condition to fire disturbance. Our
models indicated positive population growth
(A > 1) among all grove conditions in the absence
of fire and for intact groves under low-intensity
fires. IPMs projected negative population growth
(A < 1) for all other combinations of grove con-
dition and fire disturbance, with high-intensity
fires having a strong negative effect on the popu-

40
Stem diameter (cm)

lation stability of degraded groves and singleton
trees.

Patch Dynamics and the Megamatrix

The grove condition SSDs (projected proportions)
from the environmental state change matrix, F,
were robust to changes in the transition probabili-
ties of intact groves under low-intensity fires, and
for both intact and degraded groves under high-
intensity fires (Supplementary Methods; Fig-
ure S1). Grove condition SSDs were sensitive to
changes in the recruitment of intact groves (that is,
increasing contributions from degraded groves and
singleton trees to intact groves; Figure S1d). How-
ever, the probabilities of intact grove recruitment
used in matrix F were kept at low levels (1%
probability) and were assumed to occur only under
conditions of no fire.

Grove condition SSD under current fire proba-
bilities projected higher proportions of singleton
trees and lower proportions of intact and degraded
groves (Intact: 5%, Degraded: 11%, Singletons:
84%) than the actual proportions of the population
among grove conditions observed in the field (In-
tact: 30%, Degraded: 29%, Singletons: 41%). It
must be noted, however, that the environmental
state change matrix does not include singleton
mortality—this is accounted for in the megamatrix
by including singleton tree mortality from the IPM.
Therefore, some proportion of singletons projected
by the SSD (that is, 84%) actually represent pat-
ches that are wunoccupied by C. intratropica.
Increasing the proportion of fires that occur as low-
intensity fires resulted in a greater projected pro-
portion of intact C. intratropica groves in the land-
scape (Figure 6B).

The megamatrix projected negative population
growth (41 =0.98) for the overall C. intratropica
population across all grove types under observed
probabilities of fire disturbance. The 4 values for
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Fig. 6. Results from integral projection models (IPM), the environmental state change matrix (EM) and the patch-based
‘megamatrix’ model of Callitris intratropica population behaviour illustrating: (A) population growth (1) derived from IPMs
for each combination of fire disturbance type (unburnt, low-intensity and high-intensity fires) and grove condition (intact
groves, degraded groves and singleton trees) ignoring patch dynamic effects; (B) observed proportions and stable stage
(projected) proportions of grove conditions derived from the EM under different probabilities that fire occurs at low- vs.
high-intensity, keeping overall fire frequency constant (c. 40% burned annually); (C) the response of 1 to changing the
probability that fire occurs at low-intensity, keeping overall fire frequency constant (c. 40% land area burned); and (D) a
surface plot of the response of lambda to hypothetical changes in both total fire frequency (y-axis) and the probability that
fire occurs at low-intensity (x-axis). Values of A above 1 indicates positive population growth and A below 1 indicates
populations are declining. The dashed vertical lines in (B) and (C) indicates actual observed probabilities that fire occurs as
low-intensity (early dry season) fires versus high-intensity (late dry season) fires, derived from satellite imagery.

overall C. intratropica population stability increased ropica population growth even under very high
as the prevalence of low-intensity increased rela- total fire frequencies (Figure 6D)
tive to high-intensity fires (Figure 6C). Altering

both the. pr(.)bablh'ty of ﬁr§ occurrence and low- DISCUSSION

versus high-intensity fires, indicated that decreas-

ing total fire frequency in the model also increased The demographic patterns of C. intratropica support
C. intratropica population stability. However, these the hypothesis that the patchy burning that char-
results also suggested that increasing the preva- acterizes Aboriginal management enabled this fire-

lence of low-intensity fires may increase C. intrat- sensitive conifer to establish and persist in highly
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fire-prone vegetation (Bowman and Panton 1993;
Trauernicht and others 2012). The differences in
C. intratropica population stability among grove
conditions (intact, degraded and singleton trees)
indicate that overall population growth depends on
the ability of closed-canopy, intact groves to ex-
clude fire (Figure 6). Although this feedback may
enable population growth under the high fire fre-
quencies that characterize northern Australian
savannas (that is, 1-3 years between fires; Gill and
others 2000), it is most effective under conditions
of low-intensity fire (Trauernicht and others 2012).
Areas still managed by Aboriginal communities,
including our study site, have some of the lowest
reported fuel loads among Australian savannas
(600-1200 kg ha™'; Bowman and others 2007;
Trauernicht and others 2012); increases in fire
intensity due to the cessation of Aboriginal patch
burning is a widely cited cause of declines in
C. intratropica and other fire-sensitive vegetation, as
well as declines in the structural complexity and
plant diversity of Australian savannas more gen-
erally (Bowman and Panton 1993; Edwards and
Russell-Smith 2009; Russell-Smith and others
2012; Trauernicht and others 2013; Murphy and
others 2015). Projected declines of C. intratropica
under contemporary frequencies of low- and high-
intensity fires in our model further corroborate
these observations. Our results indicate that both
vegetation—fire feedbacks and human-imposed
limitations on fire intensity contribute to the per-
sistence of fire-sensitive vegetation in Australian
savannas.

Patch Dynamics and C. intratropica Vital
Rates

The strongest impacts of fire on C. intratropica
demography is via seedling and sapling mortality
(Bowman and Panton 1993; Price and Bowman
1994; Russell-Smith 2006; Prior and others 2007,
2011). Adult trees are highly fecund (Figure 5B)
and the species recruits abundantly in fire-pro-
tected sites (Bowman and others 1988; Lawes and
others 2013). Yet even low-intensity fires signifi-
cantly reduce seedling survival (Figure 5A; Russell-
Smith 2006) and frequent savanna fires impose a
strong recruitment bottleneck on C. intratropica
(Price and Bowman 1994; Prior and others 2007).
By maintaining positive population growth under
low-intensity fires, our analyses indicate that intact
groves are a key driver of population stability via
their ability to exclude fires (Figure 6A). These
dynamics highlight the importance of applying a
patch-based approach to modelling C. intratropica

demography that incorporates the fire exclusion
feedback imposed by intact groves (Trauernicht and
others 2012).

Several processes may be affecting C. intratropica
growth. Higher growth rates of smaller C. intrat-
ropica singletons than of individuals of the same
size occurring in intact groves (Figure 5) suggest
that grove condition may be correlated with a
density-dependent reduction in growth rate. Ar-
rested growth in fire-protected, high-density C. in-
tratropica stands supports this interpretation
(Bowman and others 1988; Lawes and others
2013). In addition, reduced growth of large trees
occurring as singletons versus those among intact
groves may be due to accumulated canopy damage
due to exposure to repeated fires (Bowman and
others 2014). The limited effect of tree size on
growth among degraded groves suggests that these
trees may experience the worst of both worlds,
with competition and canopy damage reducing
growth for trees across all size classes. The legacy
effects of canopy damage from previous fires,
where living foliage is restricted to the upper most
branches (Bowman and others 2014), probably also
explain the negligible effects of high-intensity fires
on growth rates of singletons and trees in degraded
groves.

Whereas intact groves contribute disproportion-
ately to C. intratropica seedling and sapling recruit-
ment (Figure 1C), singleton trees conversely
accounted for a larger proportion of the mortality
events than adult trees occurring in groves, espe-
cially under high-intensity fires (Figure 4B). These
findings support our hypothesis that degraded
groves and singleton trees represent sequential
stages in the process of C. intratropica decline. In the
absence of the fire exclusion feedback, degraded
groves and singleton trees do little to promote
seedling/sapling survival (Figure 1C) and therefore
do not represent intermediate stages of grove for-
mation. Moreover, the dependence of seedling/
sapling recruitment on fire exclusion suggests that
most extant C. intratropica adults in open savanna
vegetation—whether currently part of a grove or
singletons—originated as part of a grove.

New groves of seedling/sapling cohorts are
occasionally observed in the field (C. Trauernicht,
pers. obs.). Any extant adult tree may contribute to
grove formation as a seed source—our patch dy-
namic model allows for this by including the
probability of transitioning from degraded groves
and singletons to intact groves (Figure 3). How-
ever, new grove formation ultimately depends on
the availability of habitat patches that remain un-
burnt long enough for seedling cohorts to establish
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and suppress fuels, and thereby alter the local dis-
turbance regime. Habitat modelling suggests
increasing the spatial heterogeneity of fire distur-
bance—which is also associated with regimes of
low-intensity fires—can increase patch age diver-
sity and thus the availability of older, unburnt
habitat for C. intratropica recruitment (Trauernicht
and others 2015). Yet the inevitability of high-in-
tensity fires, even when low-intensity fires pre-
dominate, suggests that C. intratropica groves will
not persist indefinitely and, therefore, the rate of
grove establishment is a critical driver of grove
dynamics (Figure S1d; see below) and long-term
population stability.

Population Dynamics and Fire Feedbacks

Individual IPMs for each combination of fire distur-
bance and grove condition illustrate how under
conditions of no fire, all grove types are capable of
maintaining similar positive population growth
(Figure 6A). The IPMs also revealed that despite
little change in tree growth rates among degraded
groves and singletons exposed to low-intensity fires
(Figure 4B), the reduction in seedling survival
(Figure 5A) is sufficient to project negative popula-
tion growth (4 < 1;Figure 6A). Furtherincreasesin
tree mortality under high-intensity (LDS) fires drove
IPM projections well below levels of stable popula-
tion behaviour across all grove conditions.

Combining fire-dependent transition probabili-
ties among C. intratropica groves with fire frequen-
cies observed in the field (environmental state
matrix F) provided a landscape context from which
to consider the individual IPMs. First, the difference
between projected (SSDs) and observed propor-
tions of grove conditions indicates that, under ob-
served fire frequencies, the distribution of
C. intratropica patches in the field is not in a
stable state and is ‘drifting” towards lower propor-
tions of intact and degraded groves and higher
proportions of singleton trees (Figure 6B). Given
the high rates of singleton mortality, these projec-
tions alone suggest that the current fire regime will
lead to C. intratropica extirpation. However, the
patch dynamic model also suggested that increasing
the prevalence of low-intensity fires may increase
the abundance of intact C. intratropica groves (Fig-
ure 6B), which has been linked to greater struc-
tural heterogeneity and diversity of savanna
vegetation (Trauernicht and others 2013).

Grove condition SSDs derived from environ-
mental state matrix F were robust to altering
transition probabilities (Figure S1), suggesting that

our parameterizations were conservative with re-
spect to the process of transitioning from intact
groves to degraded groves to singleton trees with
fire occurrence. Increasing ‘recruitment’ rates of
intact groves (that is, transitions from degraded
groves and singleton trees) dramatically altered
projected grove proportions (Figure S1d). We based
grove recruitment rates in our model on the fre-
quency of patches of seedling/sapling cohorts (that
is, new groves) relative to mature groves observed
across a landscape of variable fire conditions
(Trauernicht and others 2015). We therefore sug-
gest that these estimates were similarly conserva-
tive because grove establishment under conditions
of no fire was likely underestimated.

The megamatrix approach allowed us to effec-
tively ‘insert” the demographic models of C. intrat-
ropica (the IPMs) into the environmental state
change matrix F (Horvitz and Schemske 1986;
Valverde and Silvertown 1997; Pascarella and
Horvitz 1998). This approach does not account for
the full complexity of savanna dynamics. However,
the megamatrix M provided a model of population
behaviour that incorporates fire exclusion by intact
groves and is ultimately driven by real world
probabilities of low- and high-intensity fire occur-
rence. Given the evidence that management has
little influence on annual area burned (that is,
mean fire return interval) but has major effects on
the intensity and heterogeneity of fire events (Gill
and others 2000; Knapp and Keeley 2006; Russell-
Smith and Edwards 2006; Archibald and others
2009), our model helps disentangle the effects of
how a landscape burns (that is, fire severity sensu
Keeley 2009) from simply kow much of it burns
(that is, area-based fire frequency sensu Li 2002).

The negative population growth (4 = 0.98) pro-
jected by the megamatrix under current frequen-
cies of low- and high-intensity fires corroborates
the documented declines in C. intratropica across
northern Australia (Bowman and Panton 1993;
Edwards and Russell-Smith 2009; Trauernicht and
others 2013). Our findings also provide strong and
novel evidence that increasing the frequency of
low-intensity fires relative to high-intensity fires
increases the population stability of C. intratropica
(Figure 6C). Increasing the predominance of low-
intensity fires contributed to C. intratropica popu-
lation stability as the proportion of the total land-
scape burnt increases as well (Figure 6D). This
supports the application of fire management to
mitigate increases in overall fire occurrence, which
appear to be driven more by climate than man-
agement practices (for example, Bliege Bird and
others 2012; Murphy and others 2015).
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Patch Burning

Our research indicates that understanding the
influence of Aboriginal burning on Australian
savannas requires exploring the effects of multiple
fire regime metrics. In Australian savannas, there is
a clear relationship between the abundance of in-
tact C. intratropica groves and the severity and
heterogeneity of fire disturbance, availability of
refugia for other fire-sensitive species and overall
structural complexity and plant diversity (Trauer-
nicht and others 2012, 2013). The relationship
between fire intensity and C. intratropica persis-
tence evident in our model suggests a potential
mechanism by which limiting high-intensity fires
through patch burning promotes fire feedbacks that
drive mosaics of fire-sensitive and fire-tolerant
vegetation in fire-prone ecosystems. Indeed, recent
analyses of the effects of prescribed burning pro-
grammes on the persistence of fire-sensitive vege-
tation in northern Australian savannas confirm
these findings (Murphy and others 2015).

Our results illustrate the potential of human
management to influence fundamental aspects of
ecosystem composition through the intentional use
of fire, a practice reported across a wide diversity of
indigenous land management systems (Trauernicht
and others 2015). Therefore, understanding the
relationship between disturbance and species
composition may require reshaping our perspective
of what constitutes the ecological baseline in these
systems. The persistence of species such as C. in-
tratropica through more than 40,000 years of Abo-
riginal management strongly implicates the
cessation of patch burning as a contributing factor
to contemporary declines of birds, mammals and
fire-sensitive plants in northern Australia (Franklin
and others 2005; Edwards and Russell-Smith 2009;
Woinarski and others 2010). Our findings provide
critical insight into a millennial-scale relationship
between human-fire interactions and ecosystem
composition, and highlight the role of fire man-
agement in sustaining ‘natural’ systems.
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