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Prescribed burning in a mediterranean-
climate region mitigates the disturbance by
bushfire to a critical food resource for an
endangered bird, the Carnaby’s cockatoo
Valerie S. Densmore1* and Emma S. Clingan2

Abstract

Background: Prescribed burning is used to reduce fire hazard in highly flammable vegetation types, including
Banksia L.f. woodland that occurs on the Swan Coastal Plain (SCP), Western Australia, Australia. The 2016 census
recorded well over 1.9 million people living on the SCP, which also encompasses Perth, the fourth largest city in
Australia. Banksia woodland is prone to frequent ignitions that can cause extensive bushfires that consume canopy-
stored banksia seeds, a critical food resource for an endangered bird, the Carnaby’s cockatoo (Calyptorynchus latirostris,
Carnaby 1948). The time needed for banksias to reach maturity and maximum seed production is several years longer
than the typical interval between prescribed burns. We compared prescribed burns to bushfires and unburned sites at
three locations in banksia woodland to determine whether low-intensity prescribed burns affect the number of adult
banksias and their seed production. Study sites were matched to the same vegetation complex, fire regime, and time-
since-fire to isolate fire intensity as a variable.

Results: Headfire rates of spread and differenced normalized burn ratios indicated that prescribed burning was
generally of a much lower intensity than bushfire. The percentage survival of adult banksias and their production
of cones and follicles (seeds) did not decrease during the first three years following a prescribed burn. However,
survival and seed production were significantly diminished followed high-intensity bushfire. Thus, carrying capacity for
Carnaby’s cockatoo was unchanged by prescribed burning but decreased markedly following bushfire in banksia
woodland.

Conclusions: These results suggest that prescribed burning is markedly different from bushfire when considering
appropriate fire intervals to conserve canopy habitats in fire-resilient vegetation communities. Therefore, low-intensity
prescribed burning represents a viable management tool to reduce the frequency and extent of bushfire impacts on
banksia woodland and Carnaby’s cockatoo.

Keywords: Australia, banksia woodland, Carnaby’s cockatoo, fire intensity, fire regime, mediterranean-climate region,
prescribed burning, time-since-fire
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Resumen

Antecedentes: La quema prescrita es usada para reducir el peligro de incendios en tipos de vegetación altamente
inflamable, incluyendo los matorrales de Banksia L.f que se encuentran en las planicies de la costa (Swan Coastal
Plain, SCP), en el territorio del oeste de Australia. El censo de 2016 registró por encima de 1.9 millones las personas
que viven en esas planicies (SCP), que también incluyen a Perth, la cuarta ciudad más grande de Australia. El matorral
de banksia es proclive a igniciones frecuentes que causan fuegos extensos en esos matorrales y que consumen las
semillas de banksia almacenadas en su dosel. Estas semillas son un recurso alimenticio crítico para una especie de
pájaro amenazado, la cacatúa de pico corto (Calyptorynchus latirostris, Carnaby 1948). El tiempo necesario para que las
plantas de banksia lleguen a su madurez y a su máxima producción de semillas es mucho más largo que el intervalo
típico entre quemas prescritas. Comparamos sitios sometidos a quemas prescritas con otros no quemados en tres
ubicaciones en matorrales de banksia, para determinar si las quemas prescritas de baja intensidad afectan el número
de adultos de banksia y su producción de semillas. Los sitios eran comparables en cuanto a complejos de vegetación,
regímenes de fuego y el tiempo desde el último fuego, para poder aislar la intensidad del fuego como variable.

Resultados: La tasa de fuegos frontales y la relación diferencial normalizada de la tasa de quema (differenced
normalized burn ratios) indicaron que las quemas prescritas fueron generalmente de mucha menor intensidad
que la de incendios naturales. El porcentaje de supervivencia de plantas adultas de banksia y su producción
de conos y folículos (semillas), no decreció durante los tres años posteriores a la quema prescrita. Sin embargo, la
producción de semillas fue significativamente disminuida en estos matorrales luego de incendios de alta intensidad.
La capacidad de carga para la cacatúa de pico corto no fue entonces disminuida por las quemas prescritas, pero
decrecieron marcadamente luego de incendios naturales en estos matorrales de banksia.

Conclusiones: Estos resultados sugieren que las quemas prescritas son marcadamente diferentes en relación con los
incendios naturales de estos matorrales cuando se consideran intervalos de fuego apropiados para conservar hábitat
en el dosel de comunidades vegetales resilientes al fuego. Esto indica que las quemas prescritas de baja intensidad
representan un herramienta de manejo viable para reducir la frecuencia y extensión de los impactos del fuego en los
matorrales de banksia y en la cacatúa de pico corto.

Abbreviations
DBCA: Department of Biodiversity, Conservation and

Attractions, Western Australia
est: estimated coefficient
MCR: mediterranean-climate region
ΔNBR: differenced Normalized Burn Ratio
NBR: Normalized Burn Ratio
NR: Nature Reserve
PB: Prescribed Burn
SCP: Swan Coastal Plain
SF: State Forest

Background
Mediterranean-climate regions (MCRs) have proportion-
ally high levels of biodiversity and endemism encompassed
within relatively flammable ecosystems. The five MCRs in-
clude the Mediterranean basin, southwestern Australia,
the Cape Region of South African, central Chile, and parts
of California and northern Baja California, and these col-
lectively occupy less than 5% of the world’s surface area
but contain around 20% of the earth’s flora (Cowling et al.
1996). The characteristic MCR climate includes cool wet
winters and warm dry summers. This cyclical pattern pro-
motes vegetation growth followed by an extended drying
period and facilitates the regular occurrence of bushfires

or wildfires (Keeley 1986; McCaw and Hanstrum 2003;
Syphard et al. 2009; Van Wilgen et al. 2010). Given the in-
evitability of fire in MCRs, most plant species exhibit traits
that promote their persistence, including resprouting from
heat-shielded buds and germinating from seed stored in
the soil or canopy. Both resprouter and seeder strategies
facilitate resilience, but the relative benefit provided by ei-
ther response depends on the fire regime (Gill 1978;
Keeley 1986).
The term “resilience” captures how rapidly an ecosys-

tem component returns to a pre-disturbance level or
state (Lavorel 1999). The amplitude of a disturbance, or
its severity, directly affects how much time is needed for
recovery. The severity of any given fire depends on how
closely it aligns to the fire regime, which includes the in-
tensity, frequency, extent, and season when fire typically
occurs in that ecosystem (Whelan 1995; Keeley 2009).
These four components interact to influence fuel avail-
ability and fire behavior. Recent studies that have in-
cluded fire severity as well as time-since-fire (AKA
frequency) have found nuanced effects on the resilience
of bird population sizes and distributions. Species rich-
ness declined in areas that experienced high-severity fire
(Fontaine and Kennedy 2012; Lindenmayer et al. 2014),
but the magnitude of change in relative bird abundance
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was also related to time-since-fire (Smucker et al. 2005;
Lindenmayer et al. 2014; Hutto and Patterson 2016) and
habitat preferences (Fontaine and Kennedy 2012; Hutto
and Patterson 2016). These studies have important implica-
tions for fire management, particularly in the use of pre-
scribed burning to mitigate the risk of bushfire to resources
upon which threatened species, such as Carnaby’s cockatoo
(Calyptorynchus latirostris, Carnaby 1948), depend.
Carnaby’s cockatoo is a gregarious black cockatoo en-

demic to south-west Western Australia. Recorded num-
bers of Carnaby’s cockatoo are estimated to have
decreased by up to 50% over the past 45 years, and the
species is currently listed as endangered under Australian
State and Commonwealth legislation (Shah 2006). A key
factor threatening the viability of remaining populations is
reduced food availability due to the loss and fragmentation
of habitat and frequent bushfires (Shah 2006; Valentine
et al. 2014; Stock et al. 2013; Williams et al. 2017). During
the non-breeding season, flocks migrate to banksia wood-
land to feed on a number of serotinous species. Historic-
ally, over 50% of the diet for Carnaby’s cockatoo has been
high-energy seeds from Banksia attenuata R.Br and B.
menziesii R.Br (Saunders 1980; Cowling et al. 1987;
Cooper et al. 2002; Shah 2006), but is increasingly supple-
mented with non-native pine seed as B. attenuata and B.
menziesii become less available due to land-use change
(Stock et al. 2013; Johnston et al. 2016). Both B. menziesii
and B. attenuata annually produce flowers and infructes-
cences (Johnston 2013; Valentine et al. 2014), which are
weakly serotinous in banksia woodland and release the
majority of their seed within 2 and 3.5 years of production,
respectively, without requiring a fire cue (Cowling and
Lamont 1985). This characteristic allows these species to
recruit new individuals during the inter-fire interval, but it
also means that fruiting must not be interrupted by can-
opy scorch if they are to provide a steady food source for
Carnaby’s cockatoo (Lamont 1985; Cowling et al. 1987;
Hobbs and Atkins 1990; Wooller and Wooller 2001).
In 2016, Banksia Woodland of the Swan Coastal Plain

was listed as endangered under Australian Common-
wealth legislation due to vegetation clearing and signifi-
cant fragmentation for land-use changes that included
Perth, the fourth-largest city in Australia (Threatened
Species Scientific Committee 2016). The proximity to a
large human population has increased the frequency of
bushfires (Syphard et al. 2009). Banksia woodland typi-
fies an MCR as a highly flammable vegetation commu-
nity with mild, wet winters and hot, dry summers
(Burrows and McCaw 1990). The compact vertical struc-
ture of this woodland includes an open overstory ap-
proximately 5 to 8 m tall over a moderately dense
elevated (shrub) layer that contains 20 to 50% fine dead
fuel and relatively light and patchy surface (litter) fuels
(Baird 1977; Burrows and McCaw 1990; Hobbs and

Atkins 1990). This fuel arrangement requires moderate
wind speeds to sustain fire spread, and headfire rates of
spread are directly proportional to wind speed. Under
extreme weather conditions, bushfires in banksia wood-
land can reach intensities well above 10 000 kW m−1,
consuming nearly all the foliage and a high proportion
of the aboveground biomass, and killing some of the
overstory (Baird 1977; Wilson et al. 2010; Brundrett
et al. 2018). Following a bushfire, most tree species in
banksia woodland are able to resprout from stem epicor-
mic shoots (Baird 1977; Hobbs and Atkins 1990), and
fuel loads recover after approximately four to six years
(Baird 1977; Burrows and McCaw 1990). Recent studies
have suggested that B. attenuata and B. menziesii re-
quire 10 to 30 years after fire to reach optimum seed
production in banksia woodland (Valentine et al. 2014;
Wilson et al. 2014; Johnston et al. 2016), but these stud-
ies did not examine whether there were interactions be-
tween fire intensity and time-since-fire. Therefore, it
remains unclear whether fire intensity affects the resili-
ence of B. attenuata and B. menziesii seed production.
Prescribed burning is used in banksia woodland to apply

low-intensity fire at select frequencies and seasons. A pri-
mary intent of prescribed burning is to mitigate risks due
to bushfire, but it also provides an opportunity to main-
tain a fire regime that facilitates the resilience of threat-
ened or endemic species. The Department of Biodiversity,
Conservation and Attractions in Western Australia
(DBCA, formerly Department of Parks and Wildlife) pre-
scribes burns in banksia woodland to achieve average fire
intensities below 350 kW m−1. These limits are considered
sufficient to allow most adult banksias to retain their
crowns and continue producing seeds for Carnaby’s cock-
atoo. However, it has not been explicitly tested whether
low-intensity prescribed burns affect survival or seed pro-
duction for B. attenuata or B. menziesii.
Between 2014 and 2016, three bushfires in banksia

woodland occurred near areas that had undergone pre-
scribed burning in the preceding two to eight months.
The temporal and spatial proximity of these fires pro-
vided an opportunity to compare the effects of high-in-
tensity, low-intensity, and no fire in areas that
otherwise had a consistent vegetation profile and fire
regime. Using these areas, the broad aim of this study
was to determine if fire intensity affected the resilience
of seed production by B. attenuata and B. menziesii.
Three hypotheses were posed to address this aim: (1)
more adult B. attenuata and B. menziesii would survive
a low-intensity prescribed burn than a high-intensity
bushfire; (2) prescribed burning would have a lower
amplitude of disturbance to cone production than
bushfire; and (3) seed production would recover to
long-unburned levels at a faster rate after a prescribed
burn compared to a bushfire.
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Methods
Study area
The study areas were located between 50 and 100 km
north of Perth, Western Australia, Australia, in the eco-
logical community of Banksia Woodland on the Swan
Coastal Plain. All study areas fell within the Bassendean
Complex-North on aeolian sands, elevation between 55 to
80 meters above sea level and mean daily maximum tem-
peratures ranging from 17.9 °C in July to 33.5 °C in Janu-
ary. All of the areas contained low woodland dominated
by Banksia species, occasional small stands of Eucalyptus
todtiana F. Muell., and understory species primarily from
the Fabaceae, Myrtaceae, and Proteaceae families (Heddle
et al. 1980). The region occurs within the Gnangara
Groundwater System and experiences a mediterranean-
type climate with average annual rainfall around 650 mm,
80% of which falls during the cooler months of May
through September. Annual rainfall has declined markedly
over the past 30 years (Bates et al. 2008), and urban devel-
opment has decreased both groundwater levels and the
area occupied by native vegetation.
Three separate areas were identified containing sites

that were unburned or had experienced a prescribed
burn or bushfire within two to eight months of each
other. The three areas containing grouped unburned,
prescribed burn, and bushfire study sites were located
in: (1) Moore River Nature Reserve (Moore River NR),
(2) Caraban State Forest (Caraban SF), and (3) Yeal Na-
ture Reserve (Yeal NR) (Fig. 1). Vegetation distribution,
fire history records, and three-year burn plans were
sourced from DBCA and used with ArcMap version
10.3.1. Vegetation complexes were classified as banksia
woodland according to Heddle et al. (1980).
Recorded fire histories dating back to 1966 were com-

piled for each site using ArcMap and the assumption
that areas of interest were actually burned at the time
depicted by the recorded fire histories. The average
interval and total and median season and event type for
each area is provided in Table 1. In each study area, the
prescribed-burn and bushfire sites had experienced the
same antecedent prescribed burn or bushfire prior to
the most recent event under investigation in this study.
The average fire intervals differed by five months to two
years, and the total number of events or number of
events per season were matched to between zero to two
among grouped sites. When areas were compared, aver-
age fire interval ranged between 8.2 to 14 yr, and the
median type and season were either a spring prescribed
burn (Yeal NR) or summer bushfire for the other areas.
The similarities facilitated isolating fire intensity as a
variable within each area, but the differences between
areas would potentially exert a statistical effect that was
addressed by setting up the experiment as a repeated
measures analysis.

Fire behavior parameters
Table 2 lists the forecast weather conditions, headfire rates
of spread, range of fire intensities, and available fuel
weight on the day each bushfire or prescribed burn com-
menced. Litter depth, average height of shrubs, and per-
centage of suspended dead fine fuel was measured at 10 m
intervals along four to seven 100 m transects. Fuel weight
was the sum total of litter fuels, calculated using Sneeuw-
jagt and Peet’s (1985) tabulated values for litter depth and
vegetation type 6, and shrub fuels, calculated using tabular
values for shrub height and density in vegetation type 6
(Sneeuwjagt and Peet 1985; Burrows and McCaw 1990).
Headfire rates of spread were directly measured and
recorded by fire operations staff at each prescribed burn
and bushfire. The range of intensities was calculated ac-
cording to Byram (1959) using the formula I = HwR, where
w = weight of fuel consumed per unit area (kg m−2),
R = headfire rate of spread (m s−1), and H = heat of com-
bustion (kJ kg−1), standardized to 0.5 kJ kg−1.

Prescribed burn versus bushfire severity analyses
Landsat 8 satellite imagery was accessed from https://
libra.developmentseed.org. Images were chosen close to
one month after the bushfire and one year prior to the
post-fire-image, subject to images from the desired time-
frame being free from cloud cover. Band 7 (shortwave
infrared 2) and band 5 (near infrared) were used in Arc-
Map 10.6.1 to calculate the normalized burn ratio (NBR)
using the following formula:

NBR ¼ band 5 − band 7
band 5þ band 7

: ð1Þ

The NBR calculated for the pre-fire image was then
subtracted from the post-fire NBR to determine the dif-
ferenced NBR (ΔNBR), which normalizes the results for
different reflectivity associated with varying landforms
and vegetation or soil types (Walz et al. 2007). Due to
the time differences between prescribed burn and bush-
fire events used for this study, ground-truthing of the
ΔNBR results were not feasible. Instead, pixels were clas-
sified simultaneously for the fire, burn, and unburned
sites within each area using Jenks natural breaks algo-
rithm (Jenks 1967). Consequently, comparisons could be
made across the ΔNBR values for sites within each area.
The pixel differentials for each plot were determined
using the extraction by points tool in ArcMap.

Assessing seed production
Sites were assessed in January of 2017, 2018, and 2019.
The prescribed burn and bushfire had occurred one year
earlier in Moore River NR than Caraban SF and Yeal
NR, so three consecutive years of data collection
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Fig. 1 (See legend on next page.)
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provided an overlap between sites at years 2 and 3. Assess-
ment methodology for this study was adapted from Valen-
tine et al. (2014). Within each site, four (unburned) or
seven (prescribed burn and bushfire) 25 × 25 m plots were
marked using a metal rod for the southwest corner and
flagging tape for the remaining corners to provide visibility
across the plot. Plot eastings and northings were recorded
using a handheld GPS. Fewer plots were located in un-
burned sites because the hypotheses focused primarily on
differences between the burn and fire sites, and values for
unburned sites could be compared to published values
(i.e., Valentine et al. 2014). The total number and live or
dead status of adult (>2 m tall) B. attenuata and B. men-
ziesii individuals were recorded for each plot. Individuals
were considered dead if they did not have any live mater-
ial, such as leaves or flowers, on the branches, stem, or as
coppice. Only standing banksias were counted. Banksias
near the boundaries were recorded if their stem base oc-
curred entirely within the demarcated area.
In each plot, the total number of cones present on all

adult B. attenuata and B. menziesii adults were recorded.
Evidence of foraging (attacked discarded cones and torn
flowers) within each plot was also noted. All cones present
on each adult banksia were counted in this study, rather
than limiting the count to only those cones with closed
follicles (Johnston 2013; Valentine et al. 2014). This ap-
proach was chosen because the height and canopy

dimensions of some adult banksias in long-unburned and
burn sites made it difficult to determine if numerous
cones in the upper canopy retained closed follicles. Conse-
quently, this study reports a significantly greater number
of cones per tree than prior studies.
Subject to the availability of adults in each plot, five

cones from each species were collected to count the
number of closed and open follicles. Each cone was col-
lected from a separate live individual. This method was
chosen to replicate Valentine et al. (2014) to extend the
findings from that study. However, cones were chosen at
random, rather than choosing only cones with closed
follicles as per Johnston (2013) and Valentine et al.
(2014) to compensate for the greater number of cones
per tree reported in this study. This approach corrected
calculations of the number of closed follicles per hectare
to be commensurate with Johnston’s (2013) data, and
calculations of available kilojoules fell within the same
range as that reported by Valentine et al. (2014).

Assessing food availability
The number of cones per tree and closed follicles per
cone were averaged for each plot. The weight of seeds
produced per hectare was calculated using dry husked
seed weights of 0.075 g for B. attenuata and 0.053 g for B.
menziesii (Johnston 2013). To calculate annual carrying

(See figure on previous page.)
Fig. 1 Location of research sites relative to ΔNBRs in areas affected by prescribed burns, bushfires, or remaining unburned (unburned). The three
sets of areas were located in (a) Caraban State Forest, where the prescribed burn occurred on 12 May 2015 and the bushfire occurred on 1 Jan
2016; (b) Moore River Nature Reserve, where the prescribed burn occurred on 9 Oct 2014 and the bushfire occurred on 2 Dec 2014; and (c) Yeal
Nature Reserve, where the prescribed burn occurred on 18 Sept 2015 and the bushfire occurred on 22 Nov 2015. The dates of pre- and post-
event Landsat 8 images used to derive the ΔNBRs are provided in each map title. The white box in (c) denotes the location of the research sites
within Australia (map subset)

Table 1 Recent fire history for the nine prescribed burn, bushfire, and unburned sites located in three areas on the Swan Coastal
Plain north of Perth, Western Australia, Australia, measured each January from 2017 to 2019, inclusive. The date, season, and fuel age
when the prescribed burn or bushfire occurred is provided in the initial columns. The total number of bushfires or prescribed burns
and seasons when they occurred is then provided. The average interval between bushfires or prescribed burns (events) and the
median categories of event type and season are listed in bold text. Burn = prescribed burn, Fire = bushfire, N/A = not applicable,
N/D = not determined due to insufficient data, NR = Nature Reserve, SF = State Forest

Area name
Event
category Date Season

Fuel age at
event (yr)

Average event
interval (yr)

Number of
fires recorded

Number of
burns recorded

Median
category

Number of events per season
Median
seasonSpring Summer Autumn

Yeal NR Burn 18 Sep 2015 Spring 11 12.3 0 5 Burn 2 0 2 N/D

Fire 22 Nov 2015 Spring 11 11.0 2 3 Burn 3 1 1 Spring

Unburned N/A N/A N/A 13.0 2 3 Burn 3 2 0 Spring

Caraban SF Burn 12 May 2015 Autumn 10 8.2 3 4 Burn 2 4 1 Summer

Fire 01 Jan 2016 Summer 11 10.0 4 2 Fire 2 4 0 Summer

Unburned N/A N/A N/A 9.5 4 1 Fire 1 4 0 Summer

Moore River NR Burn 09 Oct 2014 Spring 12 12.0 1 1 N/D 1 1 0 N/D

Fire 02 Dec 2014 Summer 12 12.0 2 0 Fire 0 2 0 Summer

Unburned N/A N/A N/A 14.0 1 0 Fire 0 1 0 Summer
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capacity per hectare, seed weights per hectare were
summed for B. attenuata and B. menziesii and 17.267 ki-
lojoules per gram (kJ g−1) were used for both species
(Stock et al. 2013). A foraging threshold, or giving-up
density, was set at 97 cones ha−1; harvesting rate or for-
aging waste was set at 80%; and metabolization rate was
80%. The annual energy requirement for a Carnaby’s
cockatoo was estimated at 175.5 MJ (Williams et al. 2017).

Statistical analyses
Data collected two and three years following the pre-
scribed burns and bushfires were analyzed using a gener-
alized linear mixed-effects model (glmer) for the
negative binomial regression with the glmer.nb function
from the lme4 package version 1.1-21 in R version 3.5.1
(Bates et al. 2015; R Core Team 2018). Negative binomial
regression was chosen both to allow for overdispersion in
the dependent count variables and because graphs indi-
cated that the plot variances were quadratic to the plot
means for counts of live or dead trees, cones per live tree,
and closed follicles per cone (Ver Hoef and Boveng 2007).
The effect of treatment and possible interactions between
treatment and year were analyzed, and area was included
as a random crossed variable. The glmer.nb function fit
the glmer model by maximum likelihood using the La-
place approximation applied to the random effects of the
integrated likelihood (Vonesh 1996). The proportion of
live trees compared to both live and dead trees was ana-
lyzed using beta regression with the betareg function in
the betareg package (Cribari-Neto and Zeileis 2010).
The type II analysis of deviance function from the car

package was used on each regression model to detect any
differences (α ≤ 0.050). When only a treatment effect was
found significant, estimated marginal means from the
emmeans package were used post-hoc with a Sidak
method to adjust the confidence level, and Tukey method
(Day and Quinn 1989) to adjust P values for comparing a
family of three estimates. When a significant interaction
between treatment and year was detected, contrasts

between estimated marginal means were used with a
Tukey method to adjust P values (Mangiafico 2016).

Results
Intensity and severity of prescribed burns versus
bushfires
The prescribed burns produced markedly lower ranges of
fire intensity compared to the bushfires (Table 2). Differ-
enced normalized burn ratios (ΔNBRs) suggested that
20% or more area on average experienced moderate- or
high-severity fire from bushfires compared to prescribed
burns (Fig. 2). A few pixels in the unburned sites were
classified as low- or moderate-severity fire, providing a
guide to the overall accuracy of ΔNBR, which is normally
equivalent to or slightly less than 80% (Cocke et al. 2005).

Survival of B. attenuata and B. menziesii
Over 25% more banksias survived a low-intensity pre-
scribed burn compared to a high-intensity bushfire (esti-
mated coefficient [est] = 0.21, P < 0.01). Prescribed
burning did not decrease the percentage of banksias that
survived compared to unburned sites (est = 0.01, P = 0.94;
Table 3). The higher survival rates were due to over 60%
more live B. attenuata (est = 0.49, P < 0.01) and B. men-
ziesii (est = 0.88, P < 0.01) adults in sites that experienced
a prescribed burn compared to a bushfire (Table 3). Al-
though a trend was apparent for more dead adult banksias
following a bushfire, the effect was only significant com-
pared to unburned sites (est = −0.94, P = 0.047).

Amplitude of disturbance for cone production
Cone production was significantly reduced following
bushfire for B. menziesii, but not for B. attenuata
(Table 3). Banksia menziesii produced over 60% less
cones per hectare two and three years after bushfire
compared to prescribed burn (est = 1.06, P < 0.01) or
unburned sites (est = 1.06, P < 0.01). No differences in
cones per tree or per hectare for either Banksia species

Table 2 Weather conditions and fire behavior parameters for the prescribed burns and bushfires that occurred on the Swan Coastal
Plain north of Perth, Western Australia, Australia, that were studied from 2017 through 2019 to compare resulting availability of seed
from B. attenuata and B. menzeseii. Note that the rates of spread listed are for headfire; flank fires spread at approximately half the
headfire rate of spread. Burn = prescribed burn, Fire = bushfire, NR = Nature Reserve, SF = State Forest, Rh= Relative humidity

Area name Type
Date
commenced

Forecast
maximum
temperature
(°C)

Forecast
minimum Rh
(%)

Forecast wind
direction; speed
(km h–1)

Fuel loads
(t ha–1)

Headfire rate of
spread range
(m h–1)

Intensity range
(kW m–1)

Moore River NR Fire 02 Dec 2014 28 23 ESE to SW; 10 to 25 8.6 to 10.9 500 2150 to 2725

Moore River NR Burn 09 Oct 2014 22 43 SW to SSW; 15 to 25 6.6 to 8.4 60 to 150 198 to 630

Yeal NR Fire 22 Nov 2015 38 13 NE to WNW; 20 to 35 16.1 to 19.1 1500 to 8000 12 075 to 76 400

Yeal NR Burn 18 Sep 2015 26 37 WSW; 15 to 25 10.1 to 13.1 60 to 150 303 to 983

Caraban SF Fire 01 Jan 2016 35 20 E to ESE; 20 to 45 9.0 to 10.8 1000 to 4000 4500 to 21600

Caraban SF Burn 12 May 2015 24 38 E to ENE; 15 to 25 7 to 8.8 60 to 150 210 to 660
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were detected between prescribed burn and unburned
sites (est = −0.01, P = 0.99).

Resilience of seed availability
Seed availability for B. attenuata and B. menziesii
showed significantly greater resilience following pre-
scribed burning compared to bushfire (Table 3). Pre-
scribed burning did not significantly reduce the number
of closed follicles per cone for either B. attenuata (est =
0.08, P = 0.86) or B. menziesii (est = 0.35, P = 0.55) com-
pared to unburned sites. After bushfire, B. attenuata
cones had 50% fewer closed follicles compared to B.
attenuata cones from prescribed burn (est = 0.77, P <
0.01) or unburned sites (est = 0.85, P < 0.01). Banksia
menziesii cones showed a 90% reduction in closed folli-
cles two years after bushfire compared to unburned sites
(est = 1.46, P < 0.01) and over 85% fewer closed follicles

than prescribed burn sites (est = 1.11, P < 0.01). The
number of closed follicles per B. menziesii cone ap-
peared to be nearing pre-fire levels by three years after
bushfire, but a significant interaction between treatment
and year was not detected.
Closed follicles contain an average of 1.09 and 1.27

seeds for B. attenuata and B. menziesii, respectively,
while open follicles usually lack seeds due to seed re-
lease. Therefore, the amount (grams) of seed available
per hectare could be estimated with some confidence.
Prescribed burning did not decrease the production of
seed for B. attenuata (est = 0.08, P = 0.86) or B. menzie-
sii (est = 0.88, P = 0.26) compared to unburned sites.
Sites affected by bushfire had around 2.5 times less seed
mass from B. attenuata (est > 0.77, P < 0.01) and B.
menziesii (est > 2.83, P < 0.01) compared to both pre-
scribed burn and unburned sites (Table 3).

Fig. 2 The proportion of pixels falling into the four classes used to classify the ΔNBRs for the three areas located on the Swan Coastal Plain north
of Perth, Western Australia, Australia, that were used in this study, conducted between 2017 and 2019. Classes are arranged gradationally from
unburned (white) to high severity (black) where vegetation cover is absent. The three areas are represented individually in (b) through (d), while
(a) shows the mean and standard error of all areas combined
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Sites that were treated with prescribed burn or were
unburned could potentially support over 75% more Car-
naby’s cockatoos than bushfire-affected sites (est > 1.26,
P < 0.01; Table 3). Prescribed burning did not significantly
affect potential carrying capacity for Carnaby’s cockatoo
compared to unburned sites (est = 0.13, P = 0.84).

Discussion
This study found minimal disturbance to survival or
seed production after prescribed burning for either B.
attenuata or B. menziesii. Conversely, bushfire signifi-
cantly reduced both the proportion of adult banksias
that survived and their seed production for at least two
to three years compared to sites that remained unburned
or had experienced a prescribed burn. Comparative as-
sessments of fire behavior and maps of fire severity indi-
cated that fire intensity was markedly greater during
bushfire than prescribed burning. This supports the

hypothesis that fire intensity affects the resilience of seed
production by B. attenuata and B. menziesii, and the
broader argument that multiple components of the fire
regime influence ecological outcomes rather than time-
since-fire in isolation. More specifically, this study sup-
ports the use of prescribed burning as a conservation
tool in banksia woodland, an MCR.
The high rates of survival suggest that low intensity

burning does not constrain the average age of the banksia
canopy to the surrounding fuel age. Previous studies have
reported that few or no banksias are killed due to pre-
scribed burning (Baird 1977; Lamont 1985; Enright and
Lamont 1989; Hobbs and Atkins 1990). Prescribed
burning is more likely to remove a short understory rather
than the midstory or canopy strata (Baird 1977; Lamont
et al. 1995; Hodgkinson 2002; Sitters et al. 2015).
Removing the understory can temporarily reduce resource
competition (Gill 1975), which may enhance growth

Table 3 The numbers of B. attenuata and B. menzeseii adult trees and cones per hectare, closed follicles per cone, and estimated
grams of seed per hectare and carrying capacity for Carnaby’s cockatoo compared among banksia woodland sites located 30 to 50
km north of Perth, Western Australia, from 2017 through 2019. Sites were chosen from paired areas that had been treated with a
prescribed burn, experienced a bushfire, or remained unburned. The mean and standard error (italicized number below the mean)
are provided. Treatments not sharing the same letter are different for that year at α ≤ 0.05

Unburned Prescribed burn Bushfire

Year 2 Year 3 Year 2 Year 3 Year 2 Year 3

Live B. attenuata trees (trees ha–1) 138.7a, b 113.3a, b 171.4a 158.5a 102.1b 108.2b

26.8 24.5 22.4 18.0 17.1 15.2

Live B. menzeseii trees (trees ha–1) 73.3a 89.3a 101.3a 89.9a 33.5b 46.5b

15.1 15.9 13.9 11.1 7.9 10.8

Total live trees (trees ha–1) 212.0a, b 202.7a, b 272.8a 248.4a 135.6b 154.7b

34.2 30.7 28.2 22.0 21.2 23.1

Total dead trees (trees ha–1) 18.7a 13.3a 32.0a, b 18.4a, b 49.5b 38.9b

5.1 4.7 7.4 4.9 16.4 7.6

Survival (%) 90.7a 94.0a 89.2a 92.5a 66.7b 71.1b

2.5 2.1 2.7 1.8 7.0 6.7

B. attenuata cones (cones ha–1) 6122.7 5158.7 5697.5 5049.1 3995.4 4868.6

934.9 708.4 810.4 586.7 912.7 1188.3

B. menzeseii cones (cones ha–1) 1741.3a 2354.7a 1849.1a 1712.0a 554.7b 626.3b

452.7 817.9 339.9 315.2 248.5 255.1

B. attenuata closed follicles (follicles cone–1) 4.0a 3.8a 3.2a 4.1a 1.4b 2.1b

0.8 0.6 0.3 0.4 0.4 0.5

B. menzesii closed follicles (follicles cone–1) 2.1a 1.9a 1.4a 1.6a 0.2b 1.4a

0.8 0.7 0.3 0.4 0.1 0.6

B. attenuata seed (g ha–1) 2069.5a 1480.5a 1556.1a 1896.7a 384.7b 891.5b

515.5 281.9 307.0 327.5 124.4 390.1

B. menzesii seed (g ha–1) 194.4a 436.5a 245.2a 222.1a 12.1b 64.2b

68.5 239.8 78.3 64.7 9.0 31.2

Carnaby’s cockatoo (100 ha–1 yr–1) 14.1a 11.8a 11.1a 13.1a 2.5b 5.9b

3.1 2.2 2.0 2.1 0.8 2.5
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(Stewart et al. 1993) and seed production (Stock et al.
1989). Proteaceae species have demonstrated higher abun-
dance following low or moderate fire intensities compared
to high fire intensity (Enright and Lamont 1989; Hobbs
and Atkins 1990; Roche et al. 1998; Morrison 2002). Thus,
banksia species may be more likely to reach full maturity
and optimal seed production when prescribed burning
mitigates the risk of a stand-replacing bushfire (Burrows
and McCaw 1990; Burrows et al. 2008; Boer et al. 2009).
Previous studies have found that the amount of cones

produced by B. attenuata and B. menziesii correlate sig-
nificantly to plant allometry and time-since-fire. A key
assumption has been that all fire in banksia woodland is
generally sufficient to scorch the canopy and is often
stand replacing (Johnston 2013; Valentine et al. 2014;
Wilson et al. 2014). Full scorch delays flowering in
Banksia species for two years (Lamont 1985), and can-
opy size and volume significantly affect cone production
for B. attenuata and B. menziesii (Johnston 2013). Newly
germinated B. attenuata seedlings require four years be-
fore flowering (Lamont 1985), and B. attenuata and B.
menziesii reach optimum seed production around 16 to
20 and 11 to 15 years post fire, respectively (Johnston
2013; Valentine et al. 2014). Tolerable fire intervals for
banksia woodland have also been estimated at 16 years,
based on twice the average time necessary for obligate
seeding species to set seed (Burrows et al. 2008; Wilson
et al. 2014). However, this study found a significantly
different amplitude of disturbance between low-intensity
prescribed burns and high-intensity bushfires. Prescribed
burns were significantly less likely to scorch the canopy
and permitted flowering and cone production to con-
tinue at a similar rate to age-matched sites that
remained unburned. Bushfires were found to signifi-
cantly reduce cone and seed production for at least three
years. This disturbance to seed production may extend
for well over a decade after bushfire (Burrows et al.
2008; Johnston 2013; Valentine et al. 2014), compound-
ing the loss of seed production after bushfire relative to
low-intensity prescribed burning.
Population sizes of Carnaby’s cockatoo were not mea-

sured in this study, but the two Banksia species monitored
represent an important food resource that is reasonably
expected to affect the population dynamics of these cocka-
toos (Johnston 2013; Valentine et al. 2014; Williams et al.
2017). The resilience of birds to fire in a variety of other
vegetation types has been closely linked to recovery of
habitat variables, particularly cover and food availability.
Neutral or positive responses were common when fires
were of sufficiently low severity to leave the midstory and
canopy predominantly intact (Smucker et al. 2005; Fon-
taine and Kennedy 2012; Lindenmayer et al. 2014; Sitters
et al. 2015). Recovery times for bird populations were
often shorter following low-intensity fire than after high-

intensity fire (Lindenmayer et al. 2014). The amplitude of
fire disturbance to bird populations was also greater in
vegetation types that had a simple vertical structure, such
as heath rather than forest (Barton et al. 2014). Structural
complexity in MCRs has been related to fire frequency
(Cowling et al. 1996), but fire regime and regeneration
strategies also play a key role (Baird 1977; Burrows et al.
2010; Sitters et al. 2015).
This study illustrates the importance of considering

multiple components of the fire regime to determine the
resilience of species following fire. By including fire in-
tensity as well as fire interval, this study confirmed and
extended work by Johnston (2013) and Valentine et al.
(2014) by finding that bushfire markedly reduced seed
availability, but that prescribed burning did not have a
significant effect compared to long-unburned sites.
It is widely accepted that species can persist in flam-

mable ecosystems largely because they possess traits
adapted to the inherent fire regime. Frequency, extent,
seasonality, and intensity are interconnected parameters
that together define a fire regime. Prescribed burns are
conducted to manage intensity and extent by applying
fire at selected seasons and intervals within geographical
boundaries. Bushfires typically occur during warm, dry
seasons that support a high intensity and uniform appli-
cation of fire often over a large area. Thus, bushfires and
prescribed burns generally represent divergent fire re-
gimes that promote different responses by the in situ
species (Whight and Bradstock 1999; Morrison 2002;
Vesk and Westoby 2004; Lawes et al. 2015; Sitters et al.
2015). It is highly recommended that fire ecology studies
distinguish between bushfire and prescribed burns to
avoid producing confounded data.
Land management practices in flammable MCRs need

to incorporate appropriate fire regimes to promote con-
servation of endemic species. Prescribed burning repre-
sents a useful tool to minimize disturbance caused by
unplanned bushfire, particularly when high-intensity
bushfires are typically stand-replacing events. To conserve
viable populations of Carnaby’s cockatoo, it is necessary to
maintain or increase areas that contain productive B.
attenuata and B. menziesii adults, particularly as the
population size of banksia stands may affect seed set
(Lamont et al. 1995). Prescribed burning produces a mo-
saic of lower intensities, including unburned patches,
compared to a more uniform high intensity typical of
bushfires in banksia woodland (Wilson et al. 2010). Thus,
prescribed burning is recommended as current best prac-
tice to maintain food stocks that would otherwise be sus-
ceptible to bushfire (Wilson et al. 2010).

Conclusions
These results suggest that using prescribed burning to
mitigate the risk of bushfire is a viable strategy to
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preserve a critical food resource for the endangered Car-
naby’s cockatoo. This study found that prescribed burning
had a markedly different effect on banksia seed availability
than bushfire. Survival of adult banksias and their produc-
tion of follicles were significantly greater during the first
few years after prescribed burn compared to bushfire. Dif-
ferenced normalized burn ratios and rates of spread indi-
cated that bushfire produced a much higher intensity fire
than prescribed burning that sufficiently limited fire sever-
ity to sustain the availability of banksia seed in banksia
woodland canopy. Consequently, carrying capacity for
Carnaby’s cockatoo by banksia seeds was the same be-
tween unburned sites and those treated with prescribed
burns. The time frame examined in this study was short,
and it is important to continue monitoring these areas in
successive years to determine whether the initial results
persist over the long term. Future research into this or re-
lated areas should include a strong focus on fire intensity
as well as time-since-fire to understand the recovery pro-
cesses following bushfires or prescribed burns. Regardless,
these results have important ramifications for land man-
agement within banksia woodland, namely that prescribed
burning may support rather than harm banksia and cocka-
too populations.
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