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Abstract. In an era characterized by recurrent large wildfires in many parts of the globe,
there is a critical need to understand how animal species respond to fires, the rates at which
populations can recover, and the functional changes fires may cause. Using quantified changes
in habitat parameters over a ~400-yr post-fire chronosequence in an obligate-seeding Aus-
tralian eucalypt woodland, we build and test predictions of how birds, as individual species
and aggregated into functional groups according to their use of specific habitat resources,
respond to time since fire. Individual bird species exhibited four generalized response types to
time since fire: incline, decline, delayed, and bell. All significant relationships between bird
functional group richness or abundance and time since fire were consistent with predictions
based on known time-since-fire-associated changes in habitat features putatively important for
these bird groups. Consequently, we argue that the bird community is responding to post-fire
successional changes in habitat as per the habitat accommodation model, rather than to time
since fire per se, and that our functional framework will be of value in predicting bird
responses to future disturbances in this and other obligate-seeder forest and woodland ecosys-
tems. Most bird species and functional groups that were affected by time since fire were associ-
ated with long-unburned woodlands. In the context of recent large, stand-replacement wildfires
that have affected a substantial proportion of obligate-seeder eucalypt woodlands, and the
multi-century timescales over which post-fire succession occurs, it would appear preferable
from a bird conservation perspective if fires initiating loss of currently long-unburned wood-
lands were minimized. Once long-unburned woodlands are transformed by fire into recently
burned woodlands, there is limited scope for alternative management interventions to acceler-
ate the rate of habitat development after fire, or supplement the resources formerly provided to
birds by long-unburned woodlands, with the limited exception of augmenting hollow availabil-
ity for key hollow-nesting species.

Key words: chronosequence; fire management; fire-response curves; habitat accommodation model;
obligate-seeder eucalypt; succession; temperate woodland.

INTRODUCTION

Wildfire is one of the most pervasive disturbances
affecting ecosystems and greatly influences the

distribution and abundance of biota around the world
(Bowman et al. 2009). Recent decades have been charac-
terized by devastatingly large fires (“megafires”), which
have had enormous socioeconomic consequences
(Williams 2013). These include unprecedented spates of
fires, many individually exceeding 100,000 ha, in tropical
forests of South America, temperate forests of North
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America and Australia, and forests and scrubs of Mediter-
ranean-climate Europe (San-Miguel-Ayanz et al. 2013,
Williams 2013, Xaud et al. 2013). Such fires, singularly
and/or in combination, have burned large proportions of
some ecosystems, for example 2.5–3 million hectares
(25–30%) of Mediterranean-climate woodlands in south-
western Australia (Gosper et al. 2019), and ~40% of all
public lands (~3 million ha), mostly forests, in the state of
Victoria, Australia (Attiwill and Adams 2013). Although
the biota in these ecosystems have typically evolved in
landscapes subject to recurrent, sometimes intense, fires,
there are increasing concerns over the biodiversity conser-
vation consequences of this apparently unprecedented
spate of large fires. Specifically, dramatic post-fire changes
in vegetation structure, multi-century timescales of recov-
ery, and the scale of fires, are likely to have substantial
effects on fauna (Parsons and Gosper 2011, Lindenmayer
et al. 2012, Jones et al. 2016). As such, there is a critical
need to understand how faunal species respond to major
fires, the rates at which they can recover and the func-
tional changes that such fires may cause.
Fires consume vegetation and cause direct mortality or

forced emigration of fauna (e.g., through loss of resources
such as food or nesting sites). After fire, vegetation suc-
cessional patterns drive changes in the distribution and
abundance of fauna by causing shifts in the availability of
suitable habitat (the habitat accommodation model; Fox
1982, Lindenmayer et al. 2016). These changes to faunal
abundance/occurrence can be rapid, or continue for cen-
turies, but have been characterized by just a few general-
ized response types: incline (monotonic increase in
occurrence with time since fire), decline (monotonic
decrease in occurrence), irruptive (predominately occur-
ring shortly post-fire), plateau (peak occurrence at an
intermediate time since fire that is maintained into long-
unburned habitat), delayed (exponential increase in long-
unburned habitat), and bell (a peak at an intermediate
time since fire; e.g., Pons and Clavero 2010, Nimmo et al.
2012, Watson et al. 2012). The limited number of
response types when assessed across multiple ecosystems
and faunal groups indicates substantial potential for gen-
eralization in the response of fauna to time since fire, and
indicates (1) that a limited number of fire-related mecha-
nisms may be driving faunal changes in occurrence/abun-
dance and (2) that a limited number of fire management
strategies may benefit most species.
Responses of individual species to time since fire pro-

vide important information for management of fire for
conservation. However, to gain better generalization
across fires and ecosystems, and improve prediction of
faunal responses, there is a need to elicit more informa-
tion about responses and further understand the mecha-
nisms driving changes. A functional group approach can
help to link changes in species composition with changes
in the environment (e.g., vegetation structure, trophic
interactions). Where the responses of species and groups
defined in a functional framework follow the responses
of key environmental features, it suggests that faunal

successional patterns are being driven by the habitat
accommodation model (Fox 1982). Aggregating fauna
into functional groups has proved useful in interpreting
the impact of a variety of disturbances on faunal com-
munities and assessing when communities have returned
to their pre-disturbance function, including after fire
(Stuart-Smith et al. 2002, Jacquet and Prodon 2009,
Gosper et al. 2015, Davis et al. 2016).
The functional group approach requires detailed eco-

logical knowledge of species, hence much of the work
examining functional responses to fire has been con-
ducted on birds. Bird species have been aggregated into
functional groups on the basis of traits such as nesting
substrate, diet and/or foraging substrate, and migratory
status (Raphael et al. 1987, Stuart-Smith et al. 2002,
Davis et al. 2016). Granivores, aerial insectivores, shrub
insectivores, and dead-tree specialists are often favored
by fire in the short to medium term, as fires can lead to a
flush of grass seed, invertebrate availability, shrub cover,
and fire-killed stags, respectively, in the post-fire period.
Alternatively, birds relying on resources provided by
long-lived trees, including food supplies (e.g., canopy
invertebrates, nectar, or seed) or specialized niches such
as bark and nesting hollows, often decline after fire and
may take long periods of time to recover, especially in
ecosystems dominated by trees that are killed by fire
(Raphael et al. 1987, Hutto 1995, Woinarski and Recher
1997, Stuart-Smith et al. 2002, Jacquet and Prodon
2009, Leavesley et al. 2010).
In common with most Australian ecosystems (Murphy

et al. 2013), the eucalypt woodlands of the Great Western
Woodlands (GWW) of southwestern Australia experience
recurrent fire. However, unlike other eucalypt woodlands,
GWW woodlands are dominated by eucalypts that are
killed by fire (i.e., are obligate-seeders). Consequently,
fires are typically stand-replacing and lead to substantial
post-fire changes in vegetation composition and structure
that extends over centuries (Gosper et al. 2013a,b, 2016,
2018, Prober et al. 2017). Multi-century intervals between
fires characterize GWW obligate-seeder eucalypt wood-
lands, as despite the dry climate and regular severe fire
weather, fires have been and are rare due to targeted and
selective use of prescribed fire by indigenous people, and
discontinuous surface and shrub fuels (O’Donnell et al.
2011, Prober et al. 2016, Gosper et al. 2018).
The GWW is globally significant as they comprise the

world’s largest extant temperate/Mediterranean-climate
woodland (Watson et al. 2008, Prober et al. 2012). The
region has great conservation value in the context of
extensive land transformation among the world’s imper-
iled Mediterranean-climate regions (Underwood et al.
2009), but may be being threatened by fire (Watson et al.
2008, Gosper et al. 2018, 2019). The Nature Conservancy
and BirdLife Australia initiated a large-scale collaborative
project focusing on the GWW in 2011, surveying bird
communities to establish baseline data on species occur-
rence and distinguish key drivers of diversity (Fox et al.
2016). Here, we examine how birds classified according to
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their use of specific habitat resources respond to time
since fire, as individual species and functional groups,
through testing (1) if response curves of individual bird
species to time since fire in obligate-seeder eucalypt
woodlands match the range of response curves proposed
by Watson et al. (2012) for bird species in resprouter
eucalypt shrublands, and whether all response types are
present, and (2) if changes in the richness and abundance
of functional groups of birds that putatively use specific
habitat resources mirror time-since-fire-associated
changes in the availability of those resources, as posited
by the habitat accommodation model (Fox 1982).
These analyses will determine whether bird functional

groups are useful for interpreting the effects of habitat
change after disturbances in obligate-seeder eucalypt
woodlands, what individual species and functional
groups are most vulnerable to widespread and recurrent
fire, and inform planning of prescribed fires and evaluat-
ing the effects of wildfires.

METHODS

Study area and bird surveys

The 16 million hectare GWW supports a mix of euca-
lypt (Eucalyptus spp.) woodlands, eucalypt shrublands
(mallee), Acacia-Allocasuarina shrublands, and halo-
phytic vegetation, in a dry to semiarid climate (~200–
400 mm mean annual rainfall). Bird surveys were
conducted at 56 of the 76 sites of the multi-century
Eucalyptus salubris (gimlet) chronosequence of Gosper
et al. (2013a,b,c), located near the western edge of the
GWW in the Karroun Hill (30°140 S, 118°300 E),
Yellowdine (31°170 S, 119°390 E), and Parker Range
(31°470 S, 119°370 E) areas (Gosper et al. 2019). Time
since fire was estimated through a combination of Land-
sat imagery analysis, growth ring counts, and growth-
ring-size relationships (Gosper et al. 2013c; with the
values used here based on their more conservative model
2), with a span of 6 to ~400 yr in the sites sampled.
Using a 2-ha, 20-min, survey method (Barrett et al.

2003), the number of different individuals of each bird
species was recorded by a single experienced birdwatcher
(Andrew Chapman) at six surveys at each site in both
autumn and spring 2013, totaling 12 surveys per site.
Two sites were surveyed only six times, with these
excluded from analyses of species richness. Surveys were
conducted across all hours between sunrise and sunset,
excluding periods of rainfall and high wind, with the
order and time of survey at each site varied to prevent
sampling bias. Repeat surveys were conducted on differ-
ent days spread over an approximately three week period
in each season. In analyses of abundance, the total num-
ber of individuals of a single species per survey was
capped at 20 to avoid data distortions arising from flock-
ing species; a circumstance arising in < 0.2% of data
points. All bird species recorded and their scientific
names are listed in Appendix S1: Table S1.

Changes in habitat with time since fire

Vegetation characteristics in E. salubris woodlands
change considerably in a consistent and predictable
manner after fire, as reflected in the vegetation dynamics
model of Gosper et al. (2018; based on the chronose-
quence studies of Gosper et al. 2013a,b; which see for
more detail). Obligate-seeder trees dominate E. salubris
woodlands, with fires typically killing the existing cohort
of trees because they lack well-protected epicormic buds.
Following fire, dense post-fire regeneration develops
from seed shed from a canopy seed bank. In initial dec-
ades after fire, fire-killed stags and fallen coarse woody
debris coexist with sapling regeneration. Increasing time
since fire is characterized by intense intra-specific com-
petition among saplings, such that increases in individ-
ual tree size (both diameter and height) are offset by
declines in stand density (see Appendix S2: Fig. S1 for
changes in key vegetation attributes with time since fire).
Canopy cover in height bands transitions from mostly
low (<2 m) shortly after fire, through 4–10 m, and even-
tually reaches >10 m. These changes combine to result
in a shift from a scrub of dense, short, and thin stems to
a more open woodland with larger but fewer widely
spaced trees, with this transition occurring over a multi-
century time frame. Large dead trees are present in long-
unburned woodlands (through incremental mature tree
mortality) and some recently burned woodlands
(through fire-killed stags), depending on the length of
the prior fire interval. Shrub cover and diversity are gen-
erally higher in recently burned and intermediate-age
(~40–140 yr) woodlands. The combination of high euca-
lypt density and high shrub cover leads to litter cover
peaking at an intermediate time since fire. Cover of open
ground (combined bare earth and biological soil crust)
shows the inverse nonmonotonic relationship with time
since fire, being higher in both recently burned and long-
unburned woodlands.
Nectar and fruit resources available in E. salubris

woodlands likely change with time since fire, mediated by
differential patterns of reproductive maturity and abun-
dance of constituent shrub and tree species (Gosper et al.
2013a, 2018, Harvey et al. 2017). Eucalypt flowering is
essentially absent in the aftermath of fires (Appendix S2:
Fig. S1, which shows E. salubris fruit occurrence, reflect-
ing prior flowering). Once eucalypt flowering commences
~10–20 yr after fire, sporadic flowering (i.e., not annual)
maintains a canopy seed store (Yates et al. 1994). A sub-
set of the shrub species in E. salubriswoodlands produces
bird-attracting flowers e.g., some Eremophila, Grevillea,
and Hakea spp. (Gosper et al. 2013a, Recher and Davis
2013). Fruit and seed resources of herbs and shrubs are
likely to become available early in the chronosequence,
while obligate-seeder eucalypt fruit and the fleshy fruit
resources provided by fire-avoiding (killed by fire but
lacking a persistent seed bank) mistletoes (Loranthaceae),
are largely absent in recently burned woodlands (Gosper
et al. 2013a, Harvey et al. 2017).
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Woodland bird functional groups and predicted responses
to fire-mediated changes in habitat

While we recognize that bird species are rarely exclu-
sive in their resource use, aggregating species into func-
tional groups is predicted to result in useful insights into
the effect of time since fire on birds that would not be
possible solely using a species-based approach. Alloca-
tion of species to functional groups (Table 1,
Appendix S1: Table S1) was based on published studies
from similar obligate-seeder eucalypt woodlands and the
authors’ own observations in the study area. All bird
species are classified into a foraging functional group,
based on combinations of broad dietary preference (in-
sectivores, nectarivores, a combined granivores/frugi-
vores, or predators of vertebrates and larger
invertebrates) and foraging substrate/stratum (a com-
bined ground and low shrubs, tree canopies, eucalypt
trunks and bark, or aerial spaces between and above
canopies; Table 1). Due to low detection rates, predators
were combined across all substrates/strata. Additionally,
we tested the effect of time since fire on patterns of
occurrence of species that nest in tree hollows (selected
independently of foraging functional group).
In accordance with the habitat accommodation model

of Fox (1982), we predict that patterns of occurrence of
individual species and functional groups of birds will
reflect the successional changes in vegetation and other
habitat resources, described above, in the following ways
(Table 1):

1) Occurrence of hollow-nesting birds is expected to
reflect availability of hollows (Luck 2002) in live
trees, which, in obligate-seeder Eucalyptus species
and temperate woodlands, increases with tree size,
height, and age (Mawson and Long 1994, Linden-
mayer et al. 2012); all of which are associated with
increasing time since fire in E. salubris woodlands.

2) Similarly, bark-foraging insectivores are predicted to
increase with time since fire as they prefer foraging
on larger trees (e.g., Rufous Treecreeper; Luck 2002,
Craig 2007), which have greater trunk surface area
and decorticating bark (Haslem et al. 2011). Larger
live trees occur with longer times since fire in obli-
gate-seeders (Gosper et al. 2013c).

3) Canopy-foraging insectivores are expected to
increase with greater time since fire, due to time-
since-fire-associated increases in canopy complexity,
such as canopy depth (Chandler 1936).

4) Insectivores that catch their prey predominately on the
wing, among and above the canopy, are predicted to be
associated with recently burned woodlands, reflecting
the combination of possibly greater prey availability
shortly after fire, open air space for capturing prey and
abundant standing dead trees as perch sites (Hutto
1995, Stuart-Smith et al. 2002, Leavesley et al. 2010).

5) In recognition that changes in the cover and compo-
sition of the ground and shrub layers are unlikely to

uniformly affect ground and low shrub insectivore
occurrence, we divide this substrate and dietary pref-
erence combination into two subgroups. “Mesic low
insectivores,” which have a distribution (Barrett et al.
2003) outside of the GWW predominately in the
more closed and increasingly mesic mallee, heath,
and forest habitats to the south and west, are pre-
dicted to prefer the denser shrub layer, more continu-
ous canopy layer, and greater litter cover of
intermediate-aged woodlands that are more similar
in structure to their core habitat. In contrast, we pre-
dict “xeric low insectivores,” which predominately
occur outside the GWW in more open arid habitats
(e.g., mulga, arid shrublands) to the north and east,
to prefer the open ground and sparse shrubs of long-
unburned woodlands.

6) Fire can promote ground granivores in the short term,
through a post-fire flush of seeds shed from canopy-
stored seed banks, or grass seed from the post-fire pro-
liferation of grasses (Hutto 1995, Woinarski and
Recher 1997, Leavesley et al. 2010). As grasses are
scarce in obligate-seeder woodlands (Gosper et al.
2016, 2018), and as any boost to granivores from seed
shed from serotinous seed banks is likely to have dissi-
pated prior to our first post-fire surveys (6 yr), we do
not make any predictions of changes in ground frugi-
vores/granivores with time since fire.

7) Reflecting the absence of seed and fruit resources of euca-
lypts and canopy-dwelling mistletoes in recently burned
woodlands, occurrence of canopy frugivores/granivores is
expected to increase with time since fire.

8) As shrubs tend to flower sooner post-fire than trees
(Harvey et al. 2017), we predict shrub nectarivores
(those species typically preferring to forage in shrubs
and on non-eucalypt flowers) will be associated with
more recently burned woodlands (i.e., 6 to~30 yr
post-fire), where additionally shrub diversity and
cover is greater. Eucalypt nectarivores (those species
typically preferring to forage in the canopy of trees
and on eucalypt flowers) will be associated with
greater times since fire, as a consequence of longer
maturation times in eucalypts and increased flower-
ing rates with greater tree size (Bennett et al. 1994).

9) Bird species richness and reporting rates increases
with time since fire in E. salubris woodlands (Gosper
et al. 2019). Data on other prey groups from obli-
gate-seeder eucalypt woodlands are lacking, but as
the probability of occurrence of all vertebrates peaks
in long-unburned vegetation in semiarid eucalypt
shrublands (Kelly et al. 2014), we posit that preda-
tory birds will increase in occurrence in long-
unburned woodlands based on greater potential prey
availability.

Statistical analyses

Generalized additive mixed models (GAMMs) were
used to model the effects of time since fire on the
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occurrence of individual bird species, using the gamm4
(Wood and Scheipl 2017) package in the R statistical
computing environment (R Development Core Team
2016). Models were fitted as multiple-trial binomial
models using reporting rate in spring and in autumn as

the response variables. Reporting rate for a site was cal-
culated as the proportion of surveys where that species
was present, across all surveys conducted at that site, for
the relevant season. The fixed effects were time since fire
(fitted as a smoothed term), mean annual rainfall and
season of survey. Survey location (Karroun Hill, Yel-
lowdine, Parker Range) and survey site were treated as
random intercept terms. Thus, the fitted models repre-
sent the mean reporting rate of a bird species (0, never
present; 1, present at every survey) as a function of time
since fire, rainfall, and season, while allowing for
variances attributable to the spatial clustering of
sites and the recurrence of surveys at sites in each sea-
son. The site with an estimated time since fire of ~400 yr
was omitted from the GAMM analyses, as it was a
substantial outlier.
Functional group species richness was derived from all

surveys per site. Mean total abundance of all birds and
abundance per functional group was calculated by divid-
ing the aggregate (sum) of the number of individuals of all
taxa or all taxa in that functional group recorded in all
surveys at a site by the number of surveys. To assess the
extent and time scale of change in functional group com-
position with time since fire, canonical analysis of

principal coordinates (CAP; using PRIMER and PER-
MANOVA software, Version 6.1.11, PRIMER-E, Ply-
mouth, UK) was used to find the axis through the
multivariate data cloud that best predicted differences in
the gradient of time since fire. This analysis used mean
abundance data of all foraging functional groups (i.e.,
excluding hollow-nester abundance, as these taxa were
replicated in the foraging classification), and the Bray-
Curtis dissimilarity measure. Relationships between func-
tional group richness and mean abundance with time since
fire (square-root transformed to reduce the leveraging
effect of the outlying long-unburned site, which was
retained for these analyses) were tested with regression
models. Simple models (linear, quadratic, power or inverse,
and exponential) were created from forms available within
the polynomial standard curves regression module of Sig-
maplot 10.0 (Systat Software, Chicago, Illinois, USA),
representing a variety of linear, nonlinear, and nonmono-
tonic patterns of change matching those of various habitat
and resource variables (Appendix S2: Fig. S1) putatively
of relevance for birds. The models presented here were
selected on the basis of minimizing the Akaike informa-
tion criterion corrected for small sample size (AICc), with
alternative models in Appendix S3: Tables S2, S3.

RESULTS

A total of 71 bird species were recorded (Appendix S1:
Table S1), with individual species models generated for the

TABLE 1. Functional groups of birds, their species richness on the Eucalyptus salubris chronosequence, and predicted patterns of
change in occurrence with time since fire.

Diet and substrate/stratum Functional group name Species richness
Predicted response with
increasing time since fire†

Nesting functional group
All
Tree hollows hollow-nesters‡ 18 increase

Foraging functional group
Insectivore
Bark bark insectivores 2 increase
Canopy canopy insectivores 7 increase
Aerial aerial insectivores 4 decline
Ground, low shrub§ mesic low insectivores 7 bell (peak)
Ground, low shrub§ xeric low insectivores 13 increase

Frugivore/granivore
Canopy canopy frugivores/granivores 5 increase
Ground, low shrub ground frugivores/granivores 8 no prediction

Nectarivore
Canopy (eucalypt) eucalypt nectarivores 6 increase
Shrub shrub nectarivores 5 decline

Predator
All predators 14 increase

† Response types as per Watson et al. (2012), noting that “increase” is here inclusive of all increasing response types (incline, pla-
teau, and delayed). Note that, for foraging functional groups, not all possible combinations of diet and substrate occurred among
the bird species recorded.
‡ We adopt an inclusive approach for delineating hollow-nesting species, including those that use hollows and other nesting sites

(e.g., Striated Pardalote), and a broad definition of “hollows” to include a range of cavities in wood (e.g., tree stumps as used by
Woodswallows).
§ Ground and low shrub insectivores were divided into two groups (see Methods).
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30 species that were detected 20 or more times across all
surveys. Overall richness and mean abundance of birds
increased with greater time since fire (Figs. 1a, 2a).

Time-since-fire response curves of individual species

A significant effect of time since fire was detected for
10 of the 30 species tested (Table 2), with four main
response types distinguished (Fig. 3). One species showed
a steady decrease in probability of occurrence with time
since fire (decline response; White-eared Honeyeater),
two had greatest probability of occurrence in intermediate
times since fire (bell; Grey Fantail, Western Yellow
Robin), four showed a steady increase in occurrence with
increasing time since fire (incline; Australian Ringneck,
Chestnut-rumped Thornbill, Grey Currawong, Striated
Pardalote), and three showed an exponential increase in
occurrence in the longest times since fire (delayed; Rufous
Treecreeper, Willie Wagtail, Yellow-plumed Honeyeater).
No irruptive or plateau responses were recorded.
All significant responses were consistent with our pre-

dictions based on a species’ functional group membership

and how these groups would respond to changes in habi-
tat with time since fire (Tables 1, 2). The only declining
response was in a shrub nectarivore, while the two bell
curves were from mesic low insectivores. Incline and
delayed responses were distributed among xeric low insec-
tivores, eucalypt nectarivores, canopy insectivores, canopy
frugivores/granivores and predators, and included several
species that additionally are hollow-nesters (Fig. 3).

Time-since-fire responses of functional groups

Foraging functional group composition based on
mean abundance showed strong differentiation along the
time-since-fire gradient (Fig. 4), illustrating functional
change in the bird community with time since fire. There
was strong evidence in support of our hypotheses
(Table 1) on how birds grouped by their use of habitat
resources would respond to time-since-fire-related suc-
cessional changes in prey availability or vegetation
composition and structure in E. salubris woodlands
(Appendix S2: Fig. S1). All significant responses
matched our predictions, although there were a number

FIG. 1. Relationships between time since fire (square-root transformed) in Eucalyptus salubris woodlands and species richness
of (a) all species (Gosper et al. 2019) and of functional groups of birds: (b) hollow-nesters and bark insectivores, (c) xeric low insec-
tivores and mesic low insectivores, and (d) predators. Dotted lines show 95% confidence bands. All relationships were significant,
P ≤ 0.015; model details and summary statistics are shown in Appendix S3: Table S2, excepting the all-species model, which are
available in Gosper et al. (2019).
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of cases where relationships between functional groups
and time since fire were predicted but models were not
statistically significant. Importantly, several functional
groups showed patterns of occurrence that differed from
the overall trend of increasing bird species richness and
abundance with time since fire (Figs. 1a, 2a).

Richness of both hollow-nesters and bark insectivores
increased with time since fire (Fig. 1b). A similar
increasing pattern with time since fire was evident for
abundance of hollow-nesters (Fig. 2b). For bark insecti-
vores, heterogeneity of variances in abundance was not
amenable for regression; however, visual inspection of

FIG. 2. Relationships between time since fire (square-root transformed) in Eucalyptus salubris woodlands and mean abundance
of (a) all species and of functional groups of birds: (b) hollow-nesters and bark insectivores, (c) xeric low insectivores and mesic low
insectivores, (d) shrub nectarivores and eucalypt nectarivores, and (e) predators. Dotted lines show 95% confidence bands. All rela-
tionships were significant, P ≤ 0.038; model details and summary statistics are shown in Appendix S3: Table S3. No regression rela-
tionship was tested for bark insectivores (see Results).
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the data shows a clear response to time since fire
(Fig. 2b), with a threshold relationship plausible. Bark
insectivores were nearly always absent from woodlands
<~150 yr post-fire, excepting a handful of recently
burned sites. Beyond ~150 yr post-fire, there was no evi-
dence of change in abundance with ongoing increases in
time since fire.
Mesic low insectivores had a bell (peaked) relationship

in both richness and abundance with time since fire, with
peak occurrence at ~100 yr post-fire (Figs. 1c, 2c). Both
richness and abundance of xeric low insectivores

increased with time since fire. There were no significant
relationships in the occurrence of aerial or canopy insec-
tivores, or canopy or ground frugivore/granivores, with
time since fire. Patterns of change in richness with time
since fire for both groups of nectarivores were not statis-
tically significant, but were significant and matched our
predictions for abundance. Specifically, abundance
decreased with time since fire for shrub nectarivores and
increased for eucalypt nectarivores (Fig. 2d). Predator
richness and abundance increased with greater time since
fire (Figs. 1d, 2e).

TABLE 2. GAMMs for the occurrence of a bird species in relation to time since fire.

Foraging functional group and species

Time since fire
Response type with increasing

time since fireEstimated df v2 P

Bark insectivores
Rufous Treecreeper† 1.00 19.04 <0.001 delayed

Canopy insectivores
Black-faced Cuckoo-shrike 1.83 3.20 0.173
Striated Pardalote† 1.00 14.11 <0.001 incline
Weebill 1.00 1.49 0.222

Aerial insectivores
Dusky Woodswallow† 1.00 1.10 0.295
Rainbow Bee-eater 1.00 0.39 0.532
Tree Martin† 1.00 0.02 0.877

Mesic low insectivores
Grey Fantail 2.11 8.21 0.019 bell (peak)
Western Whistler 1.00 0.30 0.582
Western Yellow Robin 2.39 13.13 0.003 bell (peak)

Xeric low insectivores
Chestnut-rumped Thornbill 1.00 9.91 0.002 incline
Crested Bellbird 1.00 3.52 0.061
Grey Shrike-thrush 1.00 1.04 0.307
Inland Thornbill 1.00 0.12 0.730
Jacky Winter 1.00 0.01 0.908
Red-capped Robin 1.00 2.18 0.140
Rufous Whistler 1.00 2.14 0.144
Willie Wagtail 1.00 6.04 0.014 delayed

Canopy frugivores/granivores
Australian Ringneck† 1.00 8.46 0.004 incline

Ground frugivores/granivores
Galah† 1.00 0.81 0.370

Eucalypt nectarivores
Red Wattlebird 1.00 1.33 0.249
Yellow-plumed Honeyeater 1.00 7.72 0.005 delayed

Shrub nectarivores
Brown Honeyeater 1.00 1.40 0.238
Spiny-cheeked Honeyeater 1.00 0.25 0.617
White-eared Honeyeater 1.00 10.21 0.001 decline
White-fronted Honeyeater 1.00 1.15 0.284

Predators
Australian Raven 1.00 0.33 0.569
Grey Butcherbird 1.00 0.05 0.832
Grey Currawong 1.00 14.79 <0.001 incline
Pied Butcherbird 1.00 1.28 0.257

Notes: Species showing a significant (P < 0.05) response curve (Fig. 3) are shown in boldface type, noting that a Bonferroni-cor-
rected P < 0.002 could alternatively be applied. Species are arranged in alphabetical order by common name in foraging functional
groups (Table 1). Response form types align with the categories of Watson et al. (2012).
† Hollow-nester in the nesting functional group classification.
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DISCUSSION

All significant responses to time since fire recorded in
individual bird species and functional groups were con-
sistent with predictions based on known changes in

habitat features with time since fire putatively important
for these species and groups. These results, particularly
those cases where predicted changes were contrary to the
overall trend of increases in bird abundance, richness,
and reporting rates with time since fire (Figs. 1a, 2a;

White-eared 
Honeyeater: shrub 

nectarivore

Australian Ringneck: 
canopy granivore, 

hollow-nester

Chestnut-rumped 
Thornbill: xeric low 

insec�vore

Grey Currawong: 
predator

Willie Wagtail: xeric 
low insec�vore

Yellow-plumed 
Honeyeater: 

eucalypt nectarivore

Rufous Treecreeper: 
bark insec�vore, 

hollow-nester

Striated Pardalote: canopy 
insec�vore, hollow-nester

a) Decline

Western Yellow Robin: 
mesic low insec�vore

Grey Fantail: mesic 
low insec�vore

b) Bell

c) Incline

d) Delayed

FIG. 3. Change in the occurrence of birds with time since fire in Eucalyptus salubriswoodlands, with species showing one of four
response types: (a) decline, (b) bell, (c) incline, and (d) delayed. Orange line (�95% CI bands), autumn; green line, spring; brown,
CI overlap. The foraging and nesting functional group membership of each species is listed.

December 2019 FIRE-MEDIATED HABITAT CHANGE AND BIRDS Article e01997; page 9



Gosper et al. 2019), indicate that the bird community is
responding to post-fire successional changes in habitat,
as per the habitat accommodation model, rather than to
time since fire per se (Fox 1982). Similarly, Lindenmayer
et al. (2016) determined that a number of bird species
responded more strongly to post-fire successional
changes in vegetation than to time since fire.
Our finding of congruence in the timing of succes-

sional changes in vegetation with the occurrence of bird
species and functional groups demonstrates that our
functional group framework is a robust approach for
quantifying, generalizing and predicting the impacts to
birds of past and future habitat disturbances in E. salu-
bris woodlands, and on the multi-century timescales
over which changes occur. Furthermore, as post-fire suc-
cessional processes in obligate-seeder eucalypt wood-
lands have many similarities to those of other
ecosystems dominated by obligate-seeder trees (Gosper
et al. 2013a, Bowman et al. 2014, Paritsis et al. 2015),
we expect the functional framework presented here to
have much broader application.

Response types of individual species

The range of response types exhibited by individual
species fell within the range of generalized response
types described by Watson et al. (2012) for a resprou-
ter-dominated eucalypt shrubland, although two of
the generalized response types were not recorded from
obligate-seeder E. salubris woodlands. Consequently,
results of this study do not contradict the proposition
that there are a limited range of response types of
birds (and other fauna; Nimmo et al. 2012) to time
since fire, albeit with temporal differences in responses
reflecting the type (obligate seeder c.f. resprouter) and

time scale (productivity) of vegetation recovery after
fire.
The majority of species showing a response to time

since fire showed an increase in occurrence over time (in-
cline and delayed response curves). This is consistent
with findings from other studies in similar ecosystems
globally (Pons and Clavero 2010, Watson et al. 2012).
No species with irruptive fire response curves were
recorded. A paucity of irruptive bird species after fire
may be typical of eucalypt-dominated temperate semi-
arid vegetation (Watson et al. 2012, Recher and Davis
(2013), and this pattern extends to some temperate
shrublands globally (Pons and Clavero 2010). However,
the timing of the first post-fire surveys in this study
(6 yr) is likely to have not been soon enough after fire to
sample any granivores or predators attracted to the
burned area by seed released from serotinous seed banks
or increased prey availability, respectively (Hutto 1995,
Woinarski and Recher 1997), constraining our ability to
detect irruptive responses. The absence of plateau
responses is more puzzling, but may reflect either the
many non-linear changes in vegetation structure and
composition with time since fire in E. salubriswoodlands
(Gosper et al. 2013a,b), and/or not adequately sampling
the long-unburned end of the time-since-fire distribution
(>400 yr post-fire; O’Donnell et al. 2011).

Responses of functional groups

Our results suggest that hollow-nesters, bark insecti-
vores, xeric low insectivores, eucalypt nectarivores, and
predators lack resources in recently burned woodlands.
These findings are consistent with predictions based on
changes in habitat features and resources after fire, and
appear typical of post-fire changes in bird occurrence in

FIG. 4. Canonical analysis of principal coordinates (CAP) relating multivariate functional group composition of birds based on
mean abundance to the gradient in times since fire (TSF). Squared canonical correlation = 0.47, principal coordinates analysis
axes = 6; permutation test trace statistic P = 0.001.
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many different ecosystems (Raphael et al. 1987, Woi-
narski and Recher 1997, Stuart-Smith et al. 2002, Jac-
quet and Prodon 2009, Leavesley et al. 2010, Davis
et al. 2016).
The preference of mesic low insectivores for woodlands

of an intermediate time since fire matches that of a func-
tional group of ants that also use habitats with dense
shrubs and high litter cover (Gosper et al. 2015), suggest-
ing a consistency of fauna response to changing woodland
structure across trophic levels. Woinarski and Recher
(1997) and Raphael et al. (1987) also found that ground
foraging birds, in open eucalypt and conifer forests respec-
tively, had greater abundance at an intermediate time since
fire, although time-since-fire changes occurred over a
much longer timeframe in E. salubris woodlands. Shrub
nectarivores, preferring recently burned vegetation, appear
to benefit from fires in E. salubris woodlands, likely
responding to the fire-stimulated germination from soil-
stored seed banks of a range of Grevillea and Eremophila
spp. that provide nectar resources.
For birds using the resources provided by mature

woodland trees in obligate-seeder eucalypt woodlands,
such as tree hollows, bark invertebrates, and eucalypt nec-
tar and fruits, resource availability with time since fire is
likely modulated by the interaction of fire intensity and
the sensitivity of eucalypt species to fire. Scattered sur-
vival of obligate-seeder eucalypt individuals through fire
can occur via temporal and spatial fluctuations in fire
intensity and variability in bark thickness (hence trunk
bud protection) between species (Gosper et al. 2018). The
presence of scattered individual eucalypts persisting
through fire may explain the rare occurrences of long-
unburned woodland-associated species, such as the bark
insectivore and hollow-nesting Rufous Treecreeper, at two
recently burned sites (Fig. 2b). In woodlands in which
eucalypts resprout from protected epicormic buds (e.g.,
resprouter E. loxophleba and E. longicornis woodlands,
which can occur in mosaic with obligate-seeder E. salubris
woodlands; Prober et al. 2017, Gosper et al. 2018), we
predict that recovery of parts of the woodland avifauna
after fire may be more rapid.

Management of resources provided by long-unburned
woodlands

Long-unburned woodlands were important for a
range of bird foraging and nesting functional groups
and several individual bird species, particularly those
represented by delayed response curves (Rufous Tree-
creeper, Yellow-plumed Honeyeater and Willie Wagtail);
and to a lesser extent incline curves. These species and
groups predominantly occur in woodlands > 150 yr
post-fire, which is a habitat that clearly cannot be
regained rapidly once mature woodlands are converted
to recently burned woodlands by fire (Gosper et al.
2013b, 2018). Recent large fires have affected 25–30% of
total woodland area in the GWW (Parsons and Gosper
2011, McCaw et al. 2014, Gosper et al. 2019) and may

thus have had a substantial impact on the distribution
and abundance of woodland bird species and functional
groups. However, uncertainty over the spatial distribu-
tion of pre-1970 fires makes a definitive conclusion
regarding any temporal change in the extent of long-
unburned woodlands fraught. Furthermore, there
remains a legacy of loss of some mature woodland
resources as a result of 1890–1960s timber cutting for
use in the mining industry, potentially affecting ~20% of
the GWW (Kealley 1991; noting that some woodlands
would have been both cut and burned and that timber
cutting was concentrated in woodland c.f. other vegeta-
tion types). The amount of long-unburned woodland
remaining in the GWW is currently unknown, as no spa-
tial map of the fire history of obligate-seeder eucalypt
woodlands is available that provides sufficient resolution
of age classes over an ecologically relevant time period,
given multi-century time-since-fire changes in birds and
other biota (Gosper et al. 2013a,b, 2015). The absence
of a spatially explicit distribution of long-unburned
woodlands is a substantial constraint for fire manage-
ment and woodland bird conservation planning, and is a
major research knowledge gap.
A precautionary management approach for woodland

bird conservation would be one in which further fires in
mature woodlands are minimized. Long-unburned vege-
tation is particularly important for birds and other
fauna in a range of Australian semiarid ecosystems (mal-
lee shrublands, Watson et al. 2012, Kelly et al. 2014;
obligate-seeder Acacia shrublands, Davis et al. 2016),
raising questions of how to manage fire for biodiversity
conservation in these flammable habitats. Given large
recent woodland fires, there is unlikely to be a shortage
of suitable habitat for the single species (White-eared
Honeyeater) and group (shrub nectarivores) preferring
recently burned woodlands (i.e., decline response
curves). Furthermore, both White-eared Honeyeaters
and shrub nectarivores still occurred in mature wood-
lands, albeit at lower levels. Species and groups that pre-
fer intermediate-aged woodlands (bell curves for
Western Yellow Robin, Grey Fantail, and mesic low
insectivores) also likely benefit from fires, but over the
medium term when dense post-fire regeneration is thick-
est ~50–150 yr post-fire. These species and groups are
likely to have an increasing area of highly suitable habi-
tat developing over coming decades, as the large areas of
woodland burned post~1970 develop after fire (Gosper
et al. 2018). Consequently, species and groups associated
with recently burned and intermediate-aged woodlands
would seem unlikely to be at risk of fire-related decline
in GWW woodlands for the foreseeable future.
The responses of birds to time since fire were consis-

tent with predictions based on changes in habitat and
resources, rather than solely due to the passage of time.
This suggests that any management interventions that
increase the rate of habitat and resource recovery after
fire may improve habitat suitability for bird species and
functional groups associated with long-unburned
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woodlands. However, there would generally appear to be
limited scope for management to increase the rate of
habitat recovery in obligate-seeder woodlands in the
GWW, given the inherently low productivity (particu-
larly rainfall) of the region (Prober et al. 2012). It may
be feasible, however, to augment hollow availability in
cases where hollow-nesting taxa of high conservation
significance occur and hollows are limiting. For exam-
ple, Carnaby’s Black Cockatoos (Calyptorhynchus latir-
ostris) formerly bred in E. salmonophloia–E. salubris
woodlands in the Forrestania area of the GWW (just to
the south of our study area), but may no longer do so
(Fox et al. 2016), probably because multiple fires have
severely reduced the breeding (and probably foraging;
Valentine et al. 2014) resources used by this species. It
will likely take many centuries for hollows of sufficient
size for cockatoo breeding to develop in post-fire euca-
lypt recruits (Mawson and Long 1994), so installation of
artificial or translocated natural hollows could be a pro-
ductive management intervention to support popula-
tions of this and other hollow-dependent fauna
(Saunders et al. 2014, Saunders and Dawson 2017).
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