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ABSTRACT

Background. Many species use hollows or cavities that form in trees. The effect of an increasing
fire frequency on hollow-bearing trees is unclear. Aims. To predict the effects of increasing fire
frequency on the abundance of hollow-bearing trees and identify how to make forests more
resilient to these changes. Methods. We simulated how increasing fire frequency will affect the
abundance of hollow-bearing trees in forests of south-eastern Australia and conducted a
sensitivity analysis to identify which variables affect these predictions. Key results. Other things
being equal, we found a negative relationship between the number of hollow-bearing trees and
increasing fire frequency. However, we identified scenarios where the number of hollow-bearing
trees remained stable, or increased, with frequent fires. Conclusions. Hollow-bearing trees will
decline where frequent fires co-occur with high rates at which trees collapse (or are removed)
and/or where there are not a sufficient number of suitable mature trees in which new hollows
can be excavated by fire. Implications. The impact of increasing fire frequency on hollow-
dependent fauna is likely to be greatest in forests where regeneration is inhibited, a large number
of trees are removed before they form hollows, and/or where rates of collapse among trees is
elevated.

Keywords: cavity, climate change, Eucalyptus, fire regime, forecasting, forests, simulation, tree

hollows, wildfire.

Introduction

Many organisms have evolved to use hollows (or cavities) that form in trees for denning,
roosting, nesting, as a growing substrate, for feeding and/or to avoid predation (von
Haartman 1957; Gibbons and Lindenmayer 2002). Newton (1994) estimates that 4-11%
of the world’s birds are obligate hollow-nesters. Novak (2005) recorded 456 species using
tree cavities in Slovenia. Thomaes et al. (2015) recorded 161 beetle species from tree
cavities in Belgium, and Gibbons and Lindenmayer (2002) estimate that 300 vertebrate
species utilise tree hollows in Australia.

Trees with hollows have declined, or are forecast to decline, in landscapes managed
for agriculture (Gibbons et al. 2008; Hartel et al. 2013), wood production (Linder and
Ostlund 1998; Cary et al. 2021) and residential development (Le Roux et al. 2014). This is
because trees are removed before they can grow old enough to form hollows, and/or new
hollow-bearing trees are not replaced at the same rate they are lost (Ranius et al. 2009;
Cary et al. 2021). Populations of organisms that have long generation times (or rely on
habitat that has long generation times) are sensitive to phenomena that increase mortal-
ity and reduce recruitment (Jennings et al. 1998; Norse et al. 2012; Turkalo et al. 2017).
Thus, fauna that use hollows that form only in very old trees are also sensitive to the rates
at which these trees collapse and are recruited (Gibbons et al. 2008).

Forest fires are a disturbance that can elevate the mortality and collapse of trees.
Higher rates of collapse among hollow-bearing trees have been observed in Australian
Eucalyptus forests after wildfire (Inions et al. 1989; Stojanovic et al. 2016; Lindenmayer
et al. 2018) and prescribed burning (Conner et al. 1991; Bagne et al. 2008; Bluff 2016).
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Some studies have observed that the number of hollow-
bearing trees that occur in stands is negatively associated
with fire severity (Inions et al. 1989; Lindenmayer et al
2018) and fire frequency (Bagne et al. 2008; Haslem et al.
2012; Salmona et al. 2018; Woolley et al. 2018). However,
fire is also an agent for hollow formation. Fire can damage
or kill trees, predisposing them to decay and hollow forma-
tion, and cause limbs to break, thus exposing hollows in
decayed heartwood and/or excavate hollows by burning
decayed heartwood (Inions et al. 1989; Gibbons and
Lindenmayer 2002). Indeed, fire is a natural disturbance
in most forests in south-eastern Australia, and most
hollow-bearing trees have evidence of damage by fire
(Gibbons 1999; Stojanovic et al. 2016).

Climate change is, or is predicted to be, associated with a
larger area burnt, increasing fire frequency and/or increas-
ing fire severity in several regions of the world (Westerling
et al. 2006; Moritz et al. 2012). In Australia, Clarke et al.
(2013) and Dowdy (2018) reported that the severity of fire
weather has generally increased over the last 40 years, and
Lucas et al. (2007) predicted there will be 10-300% more
days of extreme fire danger in south-eastern Australia by
2050. Although changes to the climate may diminish fire
activity over parts of Australia due to the effect on fuel
accumulation (Bradstock 2010), Cary (2002), Bradstock
(2010), King et al. (2013) and Abram et al. (2021) predicted
that the effects of a changing climate on fire regimes in
Australia’s temperate forests are likely to be realised as
increasing fire extent. Abram et al. (2021) added that cli-
mate change would increase the intensity of fires in this
region. In the most comprehensive study on changing fire
regimes in south-eastern Australia, Canadell et al. (2021)
observed that the main changes to fire regimes have been an
increase in the area of forest burned and decreasing fire
interval. For example, Canadell et al. (2021) reported that
the mean number of years since the last fire has declined
from 56-112 to 18-47 years over the last 30 years in forests
across the study area.

Fire regimes outside the range of historic variation are
difficult to evaluate based on retrospective studies. This is
exacerbated for a slow response variable such as tree hol-
lows, which typically take >120-220years to develop in
trees of the genus Eucalyptus (Gibbons and Lindenmayer
2002). Ecological forecasting can be used to anticipate
change (Clark et al. 2001) and inform adaptive monitoring
and management (Dietze et al. 2018). In this study, we
therefore developed a simulation model to: (1) predict the
effects of increasing fire frequency on numbers of hollow-
bearing trees that occur in forests; and (2) identify manage-
ment options that can make forests more resilient to these
changes.

We hypothesise that a shorter interval between fires will
reduce the number of hollow-bearing trees in the forests of
south-eastern Australia. This is because higher rates of col-
lapse of hollow-bearing trees have been observed after fires

(Inions et al. 1989; Parnaby et al. 2010; Bluff 2016;
Stojanovic et al. 2016; Lindenmayer et al. 2018) and thus
the more fires to which a stand is exposed, the greater rate
that trees will collapse before they reach an age that they
typically form hollows (>120-220 years).

Methods

Study area

Our study focused on temperate forest ecosystems in south-
eastern Australia dominated by the genus Eucalyptus. Fires
in these forests have become larger and more frequent over
time due to climate change (Canadell et al. 2021). We
focused on 10 widespread tree species that occur in eastern
Victoria, eastern New South Wales, the Australian Capital
Territory and/or south-eastern Queensland for which we
could source sufficient data (Supplementary Table S1).

Simulation model

We forecast impacts of increasing fire frequency on hollow-
bearing trees using a modified version of a model developed
to simulate mature and hollow-bearing trees in wood pro-
duction forests, agricultural landscapes and urban areas
(Gibbons et al. 2008, 2010; Fischer et al. 2010; Manning
et al. 2013; Le Roux et al. 2014). Because many of the
factors that influence the number of hollow-bearing trees
are inherently variable or uncertain, we forecast impacts of
increasing fire frequency on hollow-bearing trees using a
Monte Carlo simulation. That is, the simulation model was
run 400 times with key parameters in the model drawn
randomly from a range of feasible values for each run of
the model, so changes to, or uncertainty in, each of these
parameters on hollow-bearing trees could be evaluated in
sensitivity analyses. Data used to populate the simulation
model are discussed in the next section.

Our model simulated the dynamics of hollow-bearing
trees in stands as follows:

1. All simulations began with a stand (a small area of forest
that shares similar abiotic and biotic features) containing
one hollow-bearing tree with a diameter at breast height
(DBH) randomly drawn from a uniform distribution
between 100 and 150 cm and a random number (0-10)
of additional trees without hollows with a DBH drawn
randomly from a range of values between 50 and 80 cm.

2. The age of each tree initially retained in the stand was
predicted using relationships between tree age and DBH
for each tree species and the DBH for each living tree was
predicted from tree age using the inverse of this relation-
ship every 5 years.

3. Fires were introduced stochastically. The probability of
fire in a given year was based on a mean fire interval
selected randomly from a range of values. If a random
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value drawn from a uniform distribution between 0 and 1
was less than the probability of fire in a given year, then
a fire occurred.

4. The proportion of trees that collapsed annually was
selected randomly from a uniform distribution of values,
with a different rate of collapse employed in the 5 years
after fires.

5. Trees that did not collapse had a finite standing life,
which was selected randomly from a range of ages that
the tree species in the study area are known to attain plus
the expected standing life of dead trees.

6. Sufficient new trees were recruited into a stand at each
fire event to keep the number of stems initially retained
at step 1 constant. For example, if five trees were initially
retained in addition to one hollow-bearing tree, then
sufficient new trees were recruited at each fire event to
ensure six trees occurred in the stand.

7. The number of standing trees, their age, diameter,
whether they were living or dead and the number of
trees with hollows was recorded every 5years for the
duration of the simulation (300 years).

Data used to populate the simulation model

Tree mortality and collapse

Mortality and collapse among trees occur continuously
due to processes such as competition, disease and senes-
cence. Spikes in mortality and collapse among trees in
Eucalyptus-dominated forests occur with significant distur-
bances such as fire (Inions et al. 1989; Conner et al. 1991;
Bagne et al. 2008; Fairman et al. 2015; Bluff 2016;
Stojanovic et al. 2016; Lindenmayer et al. 2018). The major-
ity of trees of the species examined here are not killed by
fire, and even when trees die, they may remain standing and
provide hollows suitable for fauna (Gibbons and
Lindenmayer 2002). Therefore, rates at which trees collapse
is more important than rates of mortality, with respect to the
abundance of tree hollows in a stand.

There are relatively little published data on the rates at
which trees collapse after fire in Eucalyptus forest. In the
montane ash forests of Victoria, which are outside our study
area and include tree species that are killed by fire,
Lindenmayer and Wood (2010) observed that hollow-
bearing trees collapsed at a rate of 3.6-8.5% per annum
over 15years. In forests dominated by mountain ash (E.
regnans) in Victoria, 18-26% of trees collapsed after fire
over 10years (Lindenmayer et al. 2023). In drier forests
inland from our study area, Parnaby et al. (2010) observed
that 15% of hollow-bearing trees collapsed in the first year
after a planned burn. In Tasmania, also outside our study
area, Stojanovic et al. (2016) predicted that 43% of nest
trees for the swift parrot (Lathamus discolor) collapsed over
10 years after wildfire, compared with 4% in unburnt forest
over the same period. In the southern part of our study area
(East Gippsland, Victoria), Bluff (2016) found that 19.3% of

hollow-bearing trees within the boundary of planned burns
collapsed within the first year after fire, rising to 26.5% for
hollow-bearing trees that were directly impacted by fire.

We also examined published data on the rates at which
trees retained in harvested areas collapse after the post-
harvest slash-burn. In the southern part of our study area,
0.5% of all trees collapsed within 2-5 years after harvesting
and a low-severity slash-burn; and in the same forest type
after harvesting and a high-severity slash-burn, the rate of
collapse among all trees over the same period was 1.5%
(Gibbons et al. 2000a). In Tasmania, Koch et al. (2018)
examined collapse among trees in clumps retained within
harvested areas treated with no post-harvest burning or a
low severity post-harvest slash-burn. Over 8 years, 11.7% of
all trees and 1.5% of hollow-bearing trees collapsed on
harvested sites, compared with 2.8% of all trees and 0.3%
of hollow-bearing trees in unharvested sites (Koch
et al. 2018).

In summary, we selected annual rates of collapse of trees
from a uniform distribution between the lower and upper
bounds of annual collapse reviewed. Using the following
formula for mortality:

1- (S%),

where S is the proportion of trees surviving after t years,
annual rates of collapse among trees in unburnt forests were
between 0.04 and 0.9% per annum; and in the first 5 years
after fire, annual rates of collapse were between 0.1 and
5.7% per annum (excluding estimates for montane ash for-
ests, which do not occur in the study area and are more
likely to be killed by fire than most of the tree species in our
study area). Rates or mortality and/or collapse of trees after
fire in different mixed-species Eucalyptus forest have been
variously reported to be highest in the smaller DBH classes
(Bennett et al. 2016; Prior et al. 2016), highest in the largest
DBH classes (Forestry Corporation of NSW 2016) or not vary
with DBH (Gibbons et al. 2000a; Koch et al. 2018). Given
this uncertainty, we applied the same annual rates of col-
lapse to all stems in each run of the model, although an
additional rate of mortality is applied to reflect the maxi-
mum standing life of older stems as described in the next
section. Nevertheless, as we discuss later, improved data are
required for the rates at which trees collapse.

The longevity of eucalypts

Eucalyptus species from the study area have a maximum
life-span in the range of 300-400 years (Mackowski 1984;
Gibbons et al. 2000b; Wormington et al. 2003). Once trees
reach the end of their life-span, they may remain standing
and provide suitable hollows as dead trees. Although dead
trees appear to collapse at higher rates than living trees
(Parnaby et al. 2010; Koch et al. 2018), there are no pub-
lished estimates of the longevity of dead trees, other than an
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observation that ringbarked trees in alpine ash (E. delega-
tensis) forest remained standing as dead trees for at least
50 years (Shepherd 1957), and many dead trees killed in the
fires of 1939 remain standing in the Central Highlands of
Victoria (Lindenmayer and Wood 2010). For each run of the
simulation model, we therefore selected the maximum age
that trees are likely to remain living at random from a
uniform distribution between 300 and 400 years, enabled
dead trees to remain standing for a random length of time
drawn from a uniform distribution between 0 and 100 years
and applied the same rate of collapse to standing dead trees
and living trees. Thus, the maximum standing life of trees
was simulated to be 300-500 years.

Fire interval

The interval between fires was selected randomly for each
run of the model. As indicated previously, Canadell et al
(2021) reported that the mean number of years since the last
fire has declined from 56-112 to 18-47 years over the last
30 years in forests across south-eastern Australia. Prescribed
burning, where it is employed, may occur as frequently as
every 5years (NSW Rural Fire Service 2006). We therefore
selected the fire interval randomly for each run of the model
from a uniform distribution between 5 and 60 years.

Tree growth

Tree age within the genus Eucalyptus can be predicted
from DBH. We compiled coefficients to predict age from
DBH for 10 Eucalyptus species in the study area
(Supplementary Table S1) in the form:

Age = a X DBH

where Age is tree age (years), a is the regression coefficient,
DBH is tree diameter (cm) and we assumed a y-intercept of
zero. Coefficients for predicting tree age from DBH were
taken from published linear models for E. fastigata (H.
Deane & Maiden), E. obliqua (L’Her.) and E. microcorys (F.
Muell) (Supplementary Table S1). However, growth rates
for most tree species of the genus Eucalyptus in the study
area are published as diameter increments (Wormington and
Lamb 1999; Bauhus et al. 2002; Bowman et al. 2014; Ngugi
et al. 2015). Age can be predicted from tree diameter incre-
ments using the equation:

Age = % X DBH

where Age is tree age (years) and b is the mean diameter
increment for each tree species (cm year_l).Growth rates
vary among trees of the same species and different species
for many reasons (e.g. competition, site productivity, sto-
chastic events such as fire, senescence), and there is uncer-
tainty about the effects of climate change and changing fire
regimes on growth rates of eucalypts (Murphy et al. 2010;
Drake et al. 2015; Jordan et al. 2017). We implemented

simple linear relationships between tree age and DBH
based on the mean annual diameter increment over the
life of each tree species. To simulate variation in growth
rates for trees, a coefficient to predict age from DBH for each
run of the model was selected randomly from a uniform
distribution that was up to *+30% of the values for each
species in Supplementary Table S1. This resulted in highly
variable simulated rates at which each tree grows
(Supplementary Fig. S1).

Hollow development

The occurrence of hollows visible in trees of the genus
Eucalyptus is, on average, strongly associated with DBH
(Lindenmayer et al. 1993; Wormington and Lamb 1999;
Gibbons and Lindenmayer 2002). We estimated the propor-
tion of trees by species and age-cohort that contain visible
hollows, using DBH as the explanatory variable in general-
ised linear models (GLM) with a logit-link and binomial
distribution (Supplementary Table S2). GLMs for the data
in Williams (2001) were fitted for each species using stem
counts for each diameter class as weights. To simulate
changes in the rate at which hollow formation can occur
in trees of the genus Eucalyptus after fire (Inions et al. 1989;
McLean et al. 2015), a coefficient to predict the proportion
of trees with hollows from DBH for each run of the model
was selected randomly from a uniform distribution that was
1-2 times the values for each species in Supplementary
Table S2 for the first 5years after each fire. That is, we
simulated a rate of hollow-development up to two times
the mean after each fire.

Sensitivity analyses

We examined how increasing fire frequency and the other
variables in the simulation model (Table 1) affected the
number of hollow-bearing trees that are perpetuated in
stands using a Monte Carlo approach in which the simula-
tion model was run 400 times. In each run of the simulation
model, we selected a value for each variable randomly from
a uniform distribution between the values provided in
Table 1.

We examined how each of the variables in Table 1
affected the number of hollow-bearing trees by fitting a
linear regression model in which the response variable
was the mean predicted number of hollow-bearing trees
over 300years (n = 400), and the explanatory variables
were the seven variables in Table 1. We selected the best
additive model (lowest AIC) by first fitting all of the vari-
ables in Table 1 and then used an automated model selec-
tion algorithm (Barton 2022) to select the additive model
with the lowest AIC value. We then tested whether the effect
of increasing fire frequency is exacerbated by increasing fire
severity by adding an interaction term to this model (i.e. fire
interval X the annual collapse of trees after fire) and an
interaction term to reflect the higher rate at which hollows
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The variables used in the sensitivity analysis and the range of values used to simulate the number of hollow-bearing trees that occur under different fire regimes.

Table |I.

Percentage of trees

Percentage of trees
that collapse annually

Additional trees
recruited into the

Fire
interval
(years)

Maximum
standing life of
trees (years)

Coefficient for

Coefficient for

Tree species

that collapse

predicting hollows
from DBH

predicting age
from DBH

annually
between fires

in the first 5 years

stand (for each
hollow-bearing tree)

after fire

0.7-5.7 0.04-0.9

0-10

5-60

300-500

-2 times the values in
Supplementary

Table S2

* up to 30% of the

values in

1-10 in

Supplementary

Table S|

Supplementary

Table SI

can form in trees after fire (i.e. fire interval X the rate at
which trees develop hollows after fire) and then compared
these models using Akaike’s Information Criterion (AIC).

Before fitting models we log-transformed the response
variable (i.e. the mean number of hollow-bearing trees
occurring over 300 years) so it was normally distributed.
We tested for correlation between covariates in the models
by calculating variance inflation factors (VIFs) with the
‘Performance’ package in R (Liidecke et al. 2021). All mod-
els were checked for homoscedasticity, normality and out-
liers among the residuals using the ‘DHARMa’ package in R
(Hartig and Hartig 2017). We ranked the relative impor-
tance of variables in the additive model using the method
described by Kruskal (1987) implemented within the
‘Relaimpo’ package in R (Gromping 2007).

Results

The best additive linear regression model (AIC = 69.97) used
to predict which variables were most sensitive to the number
of hollow-bearing trees predicted to occur over 300 years
from 400 runs of the simulation model contained all of the
variables in Table 1. This model had an adjusted R? of 0.84.
None of the variables in this model were highly correlated
(VIFs < 1.63). Predictions for each term in this model (while
keeping the other terms constant) are illustrated in Fig. 1. The
mean number of hollow-bearing trees predicted to occur over
the long term increased with: the interval between fires, the
number of additional trees recruited after each fire per
hollow-bearing tree, the rate at which trees grow and form
hollows and the standing life of trees; and decreased with the
proportion of trees that collapse annually (in the first 5 years
after fires and between fires). Tree species with faster growth
rates (i.e. smaller coefficients used to predict age from DBH)
were predicted to support more hollow-bearing trees than
tree species with relatively slow growth rates. The relative
importance of the variables used to predict how many
hollow-bearing trees occurred are illustrated in Fig. 2. The
number of trees recruited into stands after each fire was the
most important variable affecting the numbers of trees with
hollows over the long term.

Adding the interaction terms (fire interval X the annual
collapse of trees after fire and fire interval X the rate at
which trees develop hollows after fire) improved the addi-
tive model. The regression model with the interaction terms
added had an AIC of —4.38 (74.35 below the additive
model) and an adjusted R? of 0.87. Predictions from this
model indicated that the number of hollow-bearing trees is
likely to decline where higher fire frequencies co-occur with
lower rates at which trees are recruited into the stand after
each fire and there are higher rates of collapse (or removal)
among all trees (Fig. 3). The number of hollow-bearing trees is
predicted to remain stable, or increase, over the long term
only where higher fire frequencies co-occur with the
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Fig. |I. Predicted mean (x95% confidence interval) numbers of hollow-bearing trees (expressed as a multiple of the number of

hollow-bearing trees that initially occurred in the stand) over 300 years, with changes to each of the variables in the simulation model.
The dashed horizontal lines intersect scenarios where the mean numbers of hollow-bearing trees remain constant over 300 years.
Predictions for each variable are illustrated with the species fixed at C. maculata, the number of trees recruited after each fire =4 and

all other variables held at their median.

recruitment of multiple trees after each fire and there are low
rates of collapse (or removal) among all trees (Fig. 3).

Discussion

Climate change is resulting in forest fires that occur more
frequently in south-eastern Australia (Canadell et al. 2021).
In this study we sought to predict the impacts of these
changes on numbers of hollow-bearing trees that occur in

forests and identify management options that will make
forests more resilient to these changes.

Effects of changing fire regimes on the abundance
of hollow-bearing trees

Although we found a negative relationship between the num-
ber of hollow-bearing trees and fire frequency (Fig. 2), there
were scenarios where the number of hollow-bearing trees
could remain constant, or even increase, with more frequent
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fires (Fig. 3). Therefore, our results only partially supported
our hypothesis that a shorter interval between fires would
reduce the number of trees with hollows in these forests.

Several other studies and simulations within other
Eucalyptus-dominated forests and woodlands have observed
or predicted fewer hollow-bearing trees where the fire inter-
val is shorter (Bagne et al. 2008; Haslem et al. 2012; Salmona
et al. 2018; Woolley et al. 2018; Cary et al. 2021). Where fire
kills the majority of standing trees (e.g. the montane ash
forests of southern Australia), these trees decay and collapse
at a faster rate than living trees, and therefore fires must occur
at sufficiently long interval to allow regenerating trees to
develop hollows (Haslem et al. 2012; Cary et al. 2021).
However, in mixed-species Eucalyptus forest, McLean et al.
(2015) observed that the number of trees with hollows was
positively associated with the number of fires that had
occurred in the stand, but only where the stand was not
harvested intensively for timber. The observations by
McLean et al. (2015) are consistent with our simulations,
which indicated that hollow-bearing trees decline where
frequent fires co-occur with high rates at which trees col-
lapse (or are removed) (Fig. 3).

Making forests more resilient to changing fire
regimes

Our results indicated that hollow-bearing trees can be main-
tained at current numbers across the widest range of fire

40 the linear regression model that contained all of the

variables used in the Monte Carlo simulation.

intervals in stands where there is a sufficient number of
replacement or recruitment trees for every hollow-bearing
tree and there is a low rate of collapse (or removal) among
all trees. With all other variables in Table 1 fixed at their
median or mode, we predicted that the number of hollow-
bearing trees will not decline where =4 trees per extant
hollow-bearing tree are recruited after each fire and the rate
at which trees collapse (or are removed) between, and imme-
diately after, fires remains at or below the approximate
median simulated (Fig. 1). Fires are more likely to result in
the creation of new hollows in larger or older trees
(Lindenmayer et al. 1993; Wormington and Lamb 1999;
Gibbons and Lindenmayer 2002). Thus, to be resilient to
frequent fires, stands must always contain sufficient large
trees in addition to each hollow-bearing tree. Sufficient
recruitment of new trees and their protection over the long-
term is therefore important and particularly applicable in
forests in which natural regeneration is affected (e.g. due to
over-grazing) or trees are removed before they reach an age
where they begin to form hollows (e.g. due to timber harvest-
ing). Indeed, McLean et al.(2015) observed that hollow-
bearing trees declined in stands where multiple fires co-
occurred with a history of intensive timber harvesting.

Our results implied that hollow-bearing trees can theo-
retically be maintained at current numbers, or even
increased, in stands managed with frequent planned fires,
provided these fires result in low rates at which trees collapse
(Fig. 3). However, Bluff (2016) and Parnaby et al. (2010)
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Fig. 3. Predicted mean (+95% confidence interval) numbers of hollow-bearing trees over 300 years with: different rates of annual

collapse among trees in the first 5 years after fire (x-axis); |, 3 or 6 recruitment trees for each hollow-bearing tree; and for fire
intervals of 5, 30 and 60 years. The dashed horizontal lines intersect scenarios where the mean numbers of hollow-bearing trees do
not significantly change over 300 years. Predictions are based on a linear regression model containing all terms in Fig. 2 and
interaction terms between fire interval and the rate at which trees collapse after fire. Predictions for each variable are illustrated
with the species fixed at C. maculata, the rate of hollow formation in the first 5 years after fire fixed at two times higher than the

mean rate and all other variables held at their median.

observed rates of collapse among hollow-bearing trees in
planned fires that occur at the upper range of the values
published. This may be because the loss of hollow-bearing
trees in mixed-species Eucalyptus forest is often associated
with excavation of a cavity at the base of the tree, which can
occur from a fire burning at low severity. Further, planned
fires do not exclude subsequent wildfires, particularly in
severe fire weather (Price 2012; Campbell et al. 2022),
and thus frequent planned fires could exacerbate the effects
of an increasing fire frequency. We therefore suggest that

maintaining hollow-bearing trees using planned fires should
only be implemented experimentally and monitored as part
of a program of active adaptive management before it is
adopted widely.

Adaptive monitoring

Models of the type described here can be used iteratively
to inform forest management but also can be used iteratively
to direct future monitoring which, in turn, can be used to
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improve management. Given we found that the number of
hollow-bearing trees was sensitive to the rate at which trees
grow, form hollows and collapse, there should be a focus on
improving these data. For example, rates of collapse for
trees were derived from three published studies (Gibbons
et al. 2000a; Bluff 2016; Koch et al. 2018), and rates of
collapse were applied uniformly across all DBH classes and
to living and dead trees, which is simplistic given we know
from studies in other Eucalyptus-dominated forests and
woodlands that rates of mortality and/or collapse of trees
after fire can vary with DBH (Bennett et al. 2016) and
whether trees are living or dead (Lindenmayer and Wood
2010). We also used DBH to predict the proportion of trees
with hollows that were visible from the ground. Most hol-
lows visible from the ground are not suitable for occupancy
by vertebrate fauna (Gibbons et al. 2002; Koch et al. 2008;
Stojanovic et al. 2021), so our forecasts would be improved
with better models to predict which trees are suitable for
occupancy by hollow-dependent fauna.

Conclusion

Climate change is affecting the extent and thus the frequency
of fires in south-eastern Australia. We predicted that the
number of hollow-bearing trees is likely to decline where
increasing fire frequencies co-occur with low rates of recruit-
ment of new trees after fire and elevated rates at which trees
collapse (or are removed) after fire. Forests are likely to be
most resilient to changes in fire regimes where they contain
several trees that co-occur with each hollow-bearing tree and
rates of collapse (or removal) among trees is relatively low.
Thus, impacts of changing fire regimes on fauna that use
hollows will be greatest in forests where regeneration is
inhibited (e.g. from over-grazing), the majority of trees are
removed before they form hollows (e.g. due to timber har-
vesting) and/or where rates of collapse among trees is ele-
vated (e.g. where frequent planned fires result in high rates
of collapse among mature trees).

Supplementary material

Supplementary material is available online.
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