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ABSTRACT

Aim A common strategy for conserving biodiversity in fire-prone environments is
to maintain a diversity of post-fire age classes at the landscape scale, under the
assumption that ‘pyrodiversity begets biodiversity’. Another strategy is to
maintain extensive areas of a particular seral state regarded as vital for the
persistence of threatened species, under the assumption that this will also cater for
the habitat needs of other species. We investigated the likely effects of these
strategies on bird assemblages in tree mallee vegetation, characterized by multi-
stemmed Eucalyptus species, where both strategies are currently employed.

Location The semi-arid Murray Mallee region of south-eastern Australia.

Methods We systematically surveyed birds in 26 landscapes (each 4-km
diameter), selected to represent gradients in the diversity of fire age classes and
the proportion of older vegetation (> 35 years since fire). Additional variables
were measured to represent underlying vegetation- or fire-mediated properties of
the landscape, as well as its biogeographic context. We used an information-
theoretic approach to investigate the relationships between these predictor
variables and the species richness of birds (total species, threatened species and
rare species).

Results Species richness of birds was not strongly associated with fire-mediated
heterogeneity. Species richness was associated with increasing amounts of older
vegetation in landscapes, but not with the proportion of recently burned
vegetation in landscapes.

Main conclusions The preference of many mallee birds for older vegetation
highlights the risk of a blanket application of the ‘pyrodiversity begets
biodiversity’ paradigm. If application of this paradigm involved converting
large areas from long unburned to recently burned vegetation to increase fire-
mediated heterogeneity in tree mallee landscapes, our findings suggest that this
could threaten birds. This research highlights the value of adopting a landscape-
scale perspective when evaluating the utility of fire-management strategies
intended to benefit biodiversity.
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INTRODUCTION

ments to occur, by creating a range of resources variously
distributed through space and time (Sousa, 1985; Brawn et al.,

Globally, fire is an important disturbance process in many
environments where it affects the distribution and structure of
vegetation (Whelan, 1995; Bond & Keeley, 2005; Bowman
et al., 2009). Fire allows species with differing habitat require-
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2001; Turner et al., 2003). Some have argued that anthropo-
genic activities have reduced the capacity for ‘natural’ fire
regimes to provide the variation in resources necessary to
maintain biodiversity (Gill et al., 2002; Dellasala et al., 2004;

DOI: 10.1111/}.1472-4642.2011.00842..x

http://wileyonlinelibrary.com/journal/ddi 519



R. S. Taylor et al.

Noss ef al., 2006). Although altered fire regimes has been
highlighted as a threatening process for more than 50 species of
terrestrial birds in Australia, second only to habitat clearing
and fragmentation (Garnett & Crowley, 2000), little is known
about the particular temporal and spatial patterns of distur-
bance by fire that maintain or threaten diversity.

To counter threats to biodiversity loss, fire-management
strategies intended to benefit biota, such as prescribed burning
or fire suppression, have been recommended (e.g. Biggs &
Potgieter, 1999; Fuhlendorf et al., 2006; Thomas et al., 2006a).
However, determining the value of such strategies to biodi-
versity often is constrained by limited information regarding
how animals respond to fire in both time and space (Parr &
Chown, 2003; Saab & Powell, 2005; Clarke, 2008; Driscoll
et al., 2010). Moreover, most research has been conducted at a
‘site’ (local) scale, and so the response of biota to fire-mediated
spatial properties of landscapes (e.g. their size, shape, age
structure and configuration of patches) is virtually unknown
(Bradstock et al., 2005; Driscoll et al., 2010).

A common approach for conserving animal diversity in fire-
prone environments is to maintain a mosaic of patches of
different post-fire age classes in the landscape, under the
assumption that ‘pyrodiversity begets biodiversity’ (Parr &
Andersen, 2006). Such a strategy is ecologically appealing as
species diversity is often positively associated with landscape
heterogeneity (Huston, 1994; Atauri & de Lucio, 2001;
Williams et al., 2002; Tews et al., 2004). Furthermore, findings
from site-scale studies suggest that different species are
associated with particular seral states (Fox, 1982; Hutto,
1995; Kotliar et al., 2002; Saab & Powell, 2005). Thus, multiple
seral states in the landscape might be expected to support
greater species diversity. Indeed, there is widespread support
for the concept of fire-mediated heterogeneity in many regions
(see references in Parr & Andersen, 2006). However, in the
absence of empirical data on the relationship between biota
and different levels or patterns of heterogeneity, ‘creating
heterogeneity’ can be used to justify almost any prescribed-
burning strategy, as new fire events almost inevitably create
heterogeneity in the landscape (Clarke, 2008). Imposing novel
disturbance regimes with unknown ecological ramifications
has the potential to threaten biodiversity. Hence, there is an
urgent need to examine the effect of fire-mediated heteroge-
neity on animal diversity in fire-prone environments (Brad-
stock et al., 2005; Driscoll et al., 2010).

In semi-arid mallee shrublands of the Murray Mallee region
of south-eastern Australia, two major objectives of fire
management are (1) to use prescribed burning to maintain a
diversity of patches of differing fire age classes, and (2) to
maintain large areas of older vegetation (e.g. Department of
Environment and Heritage, 2008; Department of Sustainability
and Environment, 2008). The requirement for large areas of
older vegetation stems from the perception that a group of
threatened bird species rely on this element for their persis-
tence (Meredith, 1982; Woinarski, 1989; Benshemesh, 1990;
Bradstock & Cohn, 2002; Clarke et al, 2005). Indeed,
inappropriate fire management (i.e. too-frequent fire) is

considered a major threatening process to the persistence of
a number of bird species characteristic of mallee ecosystems
(Woinarski & Recher, 1997).

The primary aim of this study was to examine the likely
impact of these two dominant fire-management strategies on
the mallee avifauna. We investigated the widely held, but rarely
tested, assumption that ‘pyrodiversity begets biodiversity’. We
also examined the alternative management strategy that greater
proportions of older vegetation in the landscape will have a
positive effect on species richness and diversity. We adopted a
whole-of-landscape approach in which both the response
variable (bird species richness) and predictor variables (fire-
mediated spatial elements of landscapes) were sampled at the
scale of the ‘whole’ landscape (sensu Bennett et al., 2006). Such
an approach is useful as it allows landscape-scale inference of
the effects of fire on biota at a spatial resolution directly
amenable to management actions by land managers.

METHODS

Study area

The study was undertaken in the Murray Mallee region of
south-eastern Australia (Fig. 1), an area of 104,000 km? within
three state jurisdictions (Victoria, New South Wales, South
Australia). The region experiences a semi-arid climate
(Parsons, 1994), with mean annual rainfall ranging between
220 and 330 mm (data sourced from the Australian Bureau of
Meteorology). The study region is characterized by a dune-
swale system with limited topographic variation (Bradstock &
Cohn, 2002). Native vegetation is dominated by ‘tree mallee’
vegetation (Fig. 1), characterized by multi-stemmed Eucalyptus
species occurring as low shrubby trees (Parsons, 1994;
Bradstock & Cohn, 2002). We previously developed a GIS
layer of the spatial distribution of distinct types of tree mallee
vegetation (Haslem et al., 2010). The dominant vegetation
types are ‘triodia mallee’ and ‘chenopod mallee’. Triodia
mallee is characterized by an understorey of the hummock
grass Triodia scariosa, and both Eucalyptus socialis and
E. dumosa generally are abundant in the canopy. Chenopod
mallee is dominated by the canopy species, E. gracilis and
E. oleosa, with a variable understorey of shrubs and/or
chenopod species.

Fire mapping

Landsat imagery was used to map the fire history of the study
area between 1972 and 2007. Individual fires were located, and
their fire boundaries (including unburned internal patches)
were digitized by examining a chronosequence of 15 satellite
images with resolutions of 25 m? (1989-2007) and 50 m?
(1972-1988) in ENVI 4.2. Digitized images were then exported
to ArcView 9.2 for data checking and to add attributes. A
precise fire year was assigned to fire patches with reference to
management reports and personnel from natural resource
management agencies. Satellite imagery was incomplete prior
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to 1972. Thus, areas burned before 1972 collectively represent
‘older’ vegetation (> 35 years since fire). We used this fire
history map of the study region to select study landscapes.

Study design

Twenty-eight study landscapes were selected, each 4-km
diameter circles (c. 12.5 km?). This size was chosen because
it captured the variation in key landscape properties examined,
at a scale commensurate with fire management and likely to be
ecologically meaningful for avifaunal populations. Prior to
analyses, two landscapes were excluded because they were
dominated by a different vegetation type (Haslem et al., 2010);
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hence, only 26 landscapes were considered in this study
(Fig. 1). Landscapes were selected along two gradients: first,
the variation in fire-mediated heterogeneity (Fig. 2a), deter-
mined using Shannon’s diversity index (Magurran, 2004); and
second, variation in the proportional extent of older vegetation
(> 35 years since fire) (Fig. 2b). Landscapes were situated at
least 2 km apart. Triodia mallee and chenopod mallee
vegetation accounted for 71.4% and 27.5% of the total area
within landscapes, respectively.

Bird surveys were conducted at 20 sites within each study
landscape. The number and locations of sites were assigned
proportional to the area of the study landscape covered by each
fire age-class. For example, an element comprising 40% of a
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Figure 2 Depiction of (a) the diversity of post-fire age classes (Shannon’s diversity index) and (b) the proportion of older vegetation (i.e.
> 35 years since fire) in the 26 study landscapes. Examples of three study landscapes with differing diversities of fire age classes are shown.
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landscape was allocated eight of the 20 sites. We did not
sample elements that represented < 1.5% of the area of a
landscape. In general, sites were positioned > 500 m from their
nearest neighbour and > 100 m from fire-scar boundaries. At
least four sites were assigned to each quadrant of a landscape to
ensure adequate spatial representation of sampling in land-
scapes. Sites within age classes were allocated between different
features of the landscape (e.g. dune crests, slopes, swales and
flats) to account for topographic variation.

Predictor variables

Landscape variables were calculated using FRAGSTATS version
3.3 (McGarigal et al., 2002) from vegetation and fire mapping
data. Three variables described the extent of elements within
landscapes (Table 1): (1) the proportion of older vegetation
(ExtOld); (2) the proportion of recently burned vegetation
(< 10 years since fire: ExtNew) and (3) the proportion of
triodia mallee vegetation (ExtTMV). The degree of fire-
mediated heterogeneity in landscapes (Table 1: HetFire) was
characterized by the number of fire age classes and their
proportional area, using Shannon’s diversity index (Magurran,
2004). Fire age classes that comprised < 1.5% of the landscape
were excluded. We also examined predictor variables charac-
terized by fire-age contrasts (edge ‘contrast’ variables generated
by FraGsTATS) for which we allocated different contrast values
to different fire ages. In each case, the contrast variable was
positively correlated with the proportional extent of recently
burned vegetation (Pearson correlation coefficients: r = 0.81
and 0.76, respectively) and so, to avoid collinearity, these were
not included in analyses.

The biogeographic context of landscapes was also included,
by using variables to represent ‘northing’ and ‘easting’ of each
landscape (Table 1). Pearson correlation coefficients between
final predictor variables were < 0.5.

Bird data

Four rounds of bird surveys were conducted during the austral
spring and autumn of 2006/2007 and 2007/2008. Surveys
commenced within 15 min of sunrise on days without strong
wind or persistent rain. RST and SJW conducted all sampling.
A single landscape was surveyed each day. All sites were

surveyed twice by each observer, and the order of surveys was
varied to ensure that every site was surveyed twice during early
morning. At each site, we undertook 5-min point counts
during which birds within a 60-m radius were recorded.
Distance estimates from the census point to the first position
of detection of each individual (visual or aural) were recorded
to allow analysis of detectability. Distance estimates were
measured by a rangefinder (Opti-logic Laser Rangefinder-600
yd) where possible. Birds flying above the canopy (e.g. raptors)
and nocturnal species were excluded from analyses.

Upon completion of 5-min surveys, four threatened species
[Mallee emu-wren (Stipiturus mallee), striated grasswren
(Amytornis striatus), black-eared miner (Manorina melanotis)
and red-lored whistler (Pachycephala rufogularis)] were tar-
geted with a standardized call playback of their vocalizations.
An individual detected using playback was recorded as present
at that site. During surveys, yellow-throated miners (Manorina
flavigula) were intermingled with groups of black-eared miners
and/or hybrids of the two species. To eliminate potential
misclassification errors, they were recorded as a single species
complex in all surveys.

The detectability of birds can vary by species and vegetation
type, resulting in potential bias in count data. To investigate
the possibility of detection bias, we used the distance estimates
of species to model the variation in species’ detectability by
using multiple-covariate distance sampling (Buckland et al.,
2004) in DISTANCE version 5.2 (Thomas et al., 2006b).
Vegetation density was included as a covariate in the model.
Species with too few records to model individually were
grouped with similar species, and a common detection
function was generated (following Alldredge et al, 2007).
Most species (and species groups) exhibited high probabilities
of detection within 60-m radius point surveys, with the lowest
probability of detection calculated for the group comprising
splendid (Malurus splendens) and variegated fairy-wrens
(M. lamberti) (P = 0.44, 95% CI 0.29-0.66, n = 67). Detection
probabilities of species were not significantly biased by
vegetation density. Therefore, adjusting species abundance
for detectability to estimate species richness of birds was not
considered necessary.

Bird species richness metrics for total species, threatened
species and rare species were calculated for each landscape. A
species contributed to the species richness of a landscape if it

Table 1 Summary of predictor variables
used in analyses.

Variable Abbreviation Description
Older vegetation ExtOld Proportion of landscape > 35 years since fire
Recently burned vegetation ExtNew Proportion of landscape < 10 years since fire
Triodia mallee vegetation ExtTMV Proportion of triodia mallee vegetation
in a landscape
Fire-mediated heterogeneity HetFire Diversity of post-fire age classes in a
landscape calculated using Shannon’s
diversity index
Northing North Northing coordinate at centre of landscape
Easting East Easting coordinate at centre of landscape
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was detected during bird surveys or standardized call playback
(for the four target species only). Threatened species were
classified from listings compiled by federal and state natural
resource management agencies (see Table S1 in Supporting
Information). Rare species were defined as those recorded in
six or fewer landscapes and were also distinguished by their
rarity within the study area; each detected at < 2.5% of sites.

Statistical analyses

We modelled relationships between the richness of each
response group and the six predictor variables (Table 1) using
generalized linear models (GLMs) with a Gaussian distribu-
tion. For all analyses, each landscape was treated as a single
sampling unit.

Preliminary univariate analyses were undertaken to investi-
gate possible non-linear relationships between response and
predictor variables using GLMs. Models represented by
untransformed and second-order polynomial terms were
compared; the polynomial term was retained where it was
significant (P < 0.05), and support for the polynomial model
was substantially higher than for an untransformed model
[Akaike’s information criterion (AIC) difference > 2: Burnham
& Anderson, 2002]. Predictor variables were standardized
(mean 0, standard deviation 1) to enable a direct comparison
of regression parameters (Quinn & Keough, 2002).

Response variables were tested for spatial autocorrelation
using Moran’s I test statistic calculated using the sppEP
PACKAGE v.0.4 in R (R Development Core Team, 2010). We
tested for autocorrelation in the residuals of each response
variable, calculated from the ‘global model’ (i.e. model with all
six predictor variables included) within nearest neighbour
(landscape) groups ranging from the two nearest landscapes,
up to the 10 nearest landscapes (i.e. nine separate groups tested
for each response variable). All landscape pairs at distances
< 50 km were examined.

We investigated the influence of predictor variables on
response variables using an information-theoretic approach
(Burnham & Anderson, 2002). For each response variable, we
compared the level of support of all subsets of models (n = 63)
using AIC, corrected for small sample size (AIC.). Models were
ranked using Akaike weights (w;), which indicate the relative
likelihood that a given model is the ‘best’” (most parsimonious)
of all models considered (Burnham & Anderson, 2002). Akaike
weights are based on the fit of the model to the data, penalized
for the increasing number of parameters (complexity) in the
model (Burnham & Anderson, 2002). When no single best
model (w; > 0.9) was identified (as was the case for all
response variables in this study), we derived model-averaged
parameter coefficients and standard errors for each predictor
variable. Important predictor variables were identified as those
for which the 95% confidence intervals of model-averaged
coefficients did not include zero (Burnham & Anderson, 2002).
The relative importance of predictor variables was also assessed
by summing w; for all models in which a predictor variable
occurred: the larger the summed w;, the more important that

Landscape-scale influence of pyrodiversity on birds

predictor variable was relative to others (Burnham & Ander-
son, 2002).

We used r* values from the model-averaged models to
indicate model fit for each response variable, which were
calculated using the sums of squares values and applying
model-averaged coefficients (Quinn & Keough, 2002).

Cross-validation was used to assess the predictive perfor-
mance of the global model for each response variable (Pearce &
Ferrier, 2000). Study landscapes were divided randomly into
seven groups (five groups of four and two groups of three). For
each group, we fitted a model to the data from the other six
groups, until all landscapes had predictions derived from
independent data. The mean correlation (and standard error)
between observed and predicted values was determined by
averaging across all seven groups. We used the median of three
cross-validated trials to evaluate models.

Calculation of w; using AIC., model-averaged parameter
estimates and cross-validation was undertaken using source
code (M. Scroggie, unpublished data; Elith et al., 2008) in R (R
Development Core Team, 2010).

RESULTS

In total, 64 species of birds were recorded during surveys across
26 landscapes, including 20 threatened species and 24 rare
species (see Table S2). Mean species richness recorded in
landscapes was 30.3 (range, 24-40, SD = 3.8). Fewer threa-
tened and rare species were recorded in landscapes, with mean
richness values of 8.1 (range, 5-13, SD = 1.9) and 2.9 (range,
0-7, SD = 1.7), respectively.

Model evaluation

Model fit, indicated by model-averaged 7%, was high for total
(0.67), threatened (0.52) and rare species richness (0.57),
respectively (Table 2). A mean cross-validation correlation of
> 0.70 for total species richness suggests that this model has a
high level of predictive accuracy (Table 2). The models for
the richness of threatened and rare species exhibited a
moderate to high predictive performance, with mean cross-
validation correlations of 0.54 and 0.42, respectively
(Table 2). No effects of spatial autocorrelation were detected
for response variables.

Fire-mediated spatial properties

Model-averaging analyses indicated that fire-mediated heter-
ogeneity in landscapes was not an influential factor for any of
the three species richness response variables considered
(Table 2, Fig. 3a), as indicated by the low summed w; values
for fire-mediated heterogeneity, relative to other predictor
variables (Fig. 4a—c).

Total and rare species richness was strongly influenced by
the amount of older vegetation in landscapes (Table 2,
Fig. 3b). In all cases, response variables were positively
associated with landscapes with more of this element. The
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Table 2 Summary of model-averaged parameter coefficients and standard errors (SE) for predictor variables for each of the richness
response groups.

Species richness Intercept ExtOld ExtNew ExtTMV  ExtTMV2  HetFire North East I CroVal

Total 28.94 (0.98) 1.38 (0.62) 0.02 (0.36) 1.56 (0.96) 1.47 (0.59) -0.05 (0.33) -1.26 (0.71) —0.98 (0.76) 0.67 0.75 (0.07)
Threatened 8.12 (0.3)  0.35(0.34) —0.27 (0.33) 0.64 (0.39) 0.02 (0.16) —0.41 (0.38) —1.26 (0.48) 0.52 0.54 (0.17)
Rare 2.34 (0.43) 0.84 (0.27) —0.003 (0.15) 0.37 (0.36) 0.6 (0.26)  0.04 (0.18) —0.03 (0.14)  0.01 (0.12) 0.57 0.42 (0.23)

Bold type indicates predictor variables for which the 95% confidence interval of the model-averaged coefficients did not include zero. Model-
evaluation statistics include model-averaged r* and mean cross-validation correlation values (CroVal) with standard errors in parentheses. ExtTMV
was the only variable with a second-order polynomial term for total and rare species richness.
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Diversity of post-fire age-classes Proportion of older vegetation (%) Figure 3 Examples of relationships
between total species richness in land-
scapes and (a) the diversity of post-fire age
classes, (b) the proportion of older
vegetation (> 35 years since fire) and (c)
the proportion of triodia mallee vegeta-
tion. Predicted trends and 95% confidence
intervals (broken lines) are depicted for
important predictor variables (i.e. those
% for which the 95% confidence intervals of
0 02 04 06 0.8 1 model-averaged coefficients did not
Proportion of triodia mallee vegetation (%) include zero). Squares represent raw data.
importance of older vegetation to response variables investi- western portion of the study area (Table 2). Summed w;
gated was also indicated by larger values of summed w; provided confirmation of this result, with the east—west
(Fig. 4a,c). biogeographic gradient ranking first for this response variable
No species richness groups were strongly associated with the (Fig. 4¢). In contrast, the north—south biogeographic gradient
amount of recently burned vegetation in landscapes (Table 2). was not important for any response variable (Table 2).

This element also ranked poorly in summed w; for all response

variables (Fig. 4a—c). DISCUSSION

. To our knowledge, this study is the first to specifically
Vegetation type . . . . .
investigate the relative effects of fire-mediated spatial proper-

Model-averaging analyses identified significant second-order ties on bird assemblages at the scale of the ‘whole landscape’.
polynomial relationships between total and rare species An understanding of animal responses to whole landscapes is
richness and the amount of triodia mallee in landscapes, critically important if one is to understand the ecological value
which indicated that these response variables were higher in of their differing spatial properties (Wiens, 1994; Fahrig, 2003;
landscapes with less of this vegetation type (and therefore, Bennett et al., 2006).

more chenopod mallee: Table 2, Fig. 3c). The importance
f)f vegetation pre .for mallee avifauna was also indicathd by Fire-mediated spatial properties
its high ranking in summed w; of all response variables

(Fig. 4a—c). Increased fire-mediated heterogeneity in study landscapes
(12.5 km?) was not associated with increased richness of birds.
Biogeographic context This result 'is contrary to: (1) the general n'otion that increased
heterogeneity of landscape elements will promote faunal
Model-averaging analyses indicated that threatened species diversity (Huston, 1994; Tews et al., 2004), (2) major para-

richness was strongly associated with landscapes located in the digms underpinning fire ecology and management (Brockett
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Figure 4 Summary of the relative importance of predictor variables affecting the richness of bird species [(a) total species richness, (b)
threatened species richness, (c) rare species richness] in study landscapes according to the summed Akaike weights of each predictor variable.
Filled columns indicate predictor variables for which the 95% confidence interval of the model-averaged coefficients did not include zero.

et al., 2001; Parr & Andersen, 2006) and (3) fire-management
strategies in the study region (e.g. Department of Sustainability
and Environment, 2008). Our findings also differ from studies
in other fire-prone environments (e.g. see reviews by Smith,
2000; Kotliar et al., 2002; Saab & Powell, 2005) that suggest
that a range of seral states is required to maintain avifaunal
assemblages. However, as these studies do not directly consider
the effects of spatial properties on bird assemblages at a
landscape scale (i.e. most were conducted at the site scale), the
capacity for comparison between our research and these
studies is limited.

Why did fire-mediated heterogeneity have no effect on
mallee bird assemblages? One explanation may be that birds do
not perceive heterogeneity as we measured it as ecologically
meaningful (i.e. diversity of different post-fire age classes in a
12.5-km* landscape). Heterogeneity may be more appropri-
ately defined as the diversity of different ‘seral states’ (as
opposed to fire age classes) in a landscape, where a seral state is
defined by habitat resources identified as important to fauna
that are present within specific periods after fire (e.g. Fox,
1982). Under such circumstances, different fire age classes may
comprise a single seral state. However, our measure of
heterogeneity remains important as it provides a direct
assessment of management strategies in the study region (e.g.
Department of Environment and Heritage, 2008; Department
of Sustainability and Environment, 2008) and other fire-prone
environments (Parr & Andersen, 2006). In this context, the
finding that an increased diversity of fire age classes in the
landscape did not enhance the richness of birds suggests that
current fire management for avifaunal conservation may
require substantial refinement.

Our analyses identified no strong associations between the
richness of bird species and the extent of recently burned
vegetation in landscapes. The fire-mediated heterogeneity
concept depends on the existence of different species that
require different fire age classes to persist (Bradstock et al.,
2005; Parr & Andersen, 2006). Consequently, the lack of a
strong positive response to recently burned vegetation by any
of the response groups investigated may explain the negligible
effect of fire-mediated heterogeneity. Indeed, related work
investigating the responses of individual species of bird to fire-
mediated spatial properties of landscapes (R. Taylor, unpub-
lished data) did not identify any species that depend on
recently burned vegetation in mallee shrublands. These find-
ings contrast with avifaunal assemblages in other fire-prone
regions (Herrando et al., 2002; Kotliar et al., 2002; Hutto
et al., 2008), where early seral-stage specialists represent key
components of the avifauna. In these regions, early seral-stage
specialists are thought to rely on the predictable occurrence of
ephemeral resources in recently burned vegetation (e.g. Hutto
et al., 2008). Our findings suggest no similar provision of
reliable ephemeral resources is available for birds in semi-arid
mallee ecosystems.

In contrast, total and rare bird species richness was
positively associated with the amount of older vegetation in
landscapes. Interestingly, threatened species richness was not
strongly associated with the amount of older vegetation in
landscapes, a finding that contrasts with earlier research
investigating several threatened birds that appear to exhibit
strong preferences for this element (Meredith, 1982; Woinar-
ski, 1989; Benshemesh, 1990; Clarke et al., 2005). This finding
suggests that at least for some threatened species, the amount
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of older vegetation in the landscape is not a critical element for
their persistence. Nevertheless, the positive influence of older
vegetation on total and rare species richness suggests a strong
preference for this element by the mallee avifauna generally
and provides additional evidence for the lack of influence of
fire-mediated heterogeneity. It is likely that within such older
vegetation, species may show a range of affinities for different
fire age classes, given that some fire-affected structural
attributes that are likely to be important to species continue
to change for at least 110 years following fire (Haslem et al.,
2011). A better understanding of species’ associations with
structural attributes of vegetation (and other habitat resources)
that define seral states would lead to more effective faunal
management in fire-prone environments.

Our inability to detect a relationship between fire-mediated
heterogeneity and richness of bird species may also be an
artefact of the fixed spatial scale at which we sampled
landscapes. Responses of organisms to patterns and processes
are scale-dependent (Levin, 1992). Thus, developing an
understanding of the effects of landscape heterogeneity on
biota requires that we record both the species of interest, and
the landscape pattern, at a spatial scale relevant to species.
Adopting a fixed sampling scale is unlikely to be appropriate
for all species examined. Nevertheless, the sampling scale
adopted was consistent with the scale of prescribed burning
conducted in reserves. Our results suggest that manipulating
fire to maximize landscape heterogeneity at this scale is
unlikely to enhance species richness of birds in general, or of
threatened or rare species of birds.

Vegetation type

Unlike other landscape-scale studies (e.g. Pino et al., 2000;
Atauri & de Lucio, 2001), bird species richness was not
positively associated with greater vegetation diversity (in this
case: landscapes with similar amounts of triodia mallee and
chenopod mallee). Instead, total and rare species richness was
positively associated with landscapes with greater amounts of
chenopod mallee. Differences in the proportional area of fire
age classes between vegetation types in study landscapes may
explain this result. Older vegetation was more common in
chenopod mallee (recently burned = 7.3%, older = 66.7%)
than triodia mallee (recently burned = 26.5%, older = 36.1%).
Thus, the strong positive association between total and rare
species richness and landscapes with older vegetation may
explain the preference of these response variables for land-
scapes with more chenopod mallee. Ideally, future research in
fire-prone environments should control for differences in the
proportion of fire age classes when investigating the needs of
bird assemblages for particular vegetation types from a
landscape perspective.

Biogeographic context

The richness of threatened birds was strongly influenced by the
east—west biogeographic gradient across the study area, with

this response variable higher in more westerly landscapes. The
size and position of conservation reserves within the Murray
Mallee region may be driving this response. For example, the
largest continuous block of mallee vegetation (c. 700,000 ha)
in the Murray Mallee, the Bookmark Biosphere Reserve
(Department of Environment and Heritage, 2008), is situated
in the western portion of the study area. The size of the
Bookmark Biosphere Reserve relative to even the most
catastrophic wildfire events (e.g. > 100,000 ha wildfires) may
be sufficient to protect populations of threatened species,
which otherwise may become locally extinct in smaller reserves
subject to large wildfires (e.g. Brown et al., 2009). Effective fire
management within the Bookmark Biosphere Reserve is likely
to be critical for maintaining region-wide avian diversity.

Study design considerations

We investigated responses of birds to fire-mediated landscape
structure using a space-for-time substitution approach. Valid
comparison of avian response groups between study land-
scapes under this approach requires several assumptions: (1)
landscapes comprise similar pre-fire faunal compositions; (2)
fire-induced patches of a similar age have experienced the same
post-fire disturbance regimes (e.g. climate and grazing); and
(3) these similarly aged patches should also have matching fire
regimes (Gill, 1975), including shared characteristics of the
most recent fire event (e.g. intensity, severity and season of
fire) and the history of previous fires. While it is impossible to
experimentally control all of these factors at the landscape scale
using any other approach, it must be recognized that
conformity to these assumptions is unlikely, and key findings
in this study should be interpreted with caution.

We did not consider the influence on bird assemblages of
differing configurations of fire-mediated patches in landscapes
(e.g. size, shape and interspersion of patches with differing fire
histories, amount of ecotone habitat). Little quantitative data
pertaining to such relationships exist from fire-affected envi-
ronments. Despite this, at least one management strategy
(Department of Sustainability and Environment, 2008) sup-
ports the creation of ecotone habitat in mallee ecosystems
using prescribed burning to achieve an irregular spatial mix of
recently burned and long-unburned patches. Hence, there
remains an urgent need to determine the possible influence
that differing fire-mediated configurations, and ecotone hab-
itat, have on birds from a landscape perspective.

In this study, we infer the biodiversity value of landscapes
for avifauna from the relative influence of predictor variables
on the richness of species. However, important relationships
between richness measures and predictor variables may not be
detected if similar numbers of species exhibit positive and
negative responses. Additionally, significant responses by a few
species may be ‘swamped’ when the majority of species exhibit
an opposing, or null, response. Nevertheless, species richness
remains the most common measure of, and an important
indicator of, biodiversity (Gaston, 2000; Myers et al., 2000).
Moreover, the use of species richness measures is important for
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incorporating the needs of rarely recorded species, when total
detections of these species are too few to allow meaningful
species-specific analyses.

While birds comprise a key component of the biota of
mallee ecosystems, developing effective fire-management strat-
egies for the conservation of biodiversity also requires knowl-
edge of how other organisms (e.g. mammals, reptiles,
invertebrates and plants) respond to differing fire-mediated
properties of landscapes. Studies of such taxa have been
undertaken contemporaneously with this study and will
provide a complementary perspective for determining man-
agement strategies appropriate for all biotic components of
mallee ecosystems.

Management implications

Our findings do not support the widely accepted notion that
fire-mediated heterogeneity benefits biodiversity, suggesting
that the use of prescribed burning to ‘create’ heterogeneity in
the landscape may detrimentally affect components of the
mallee avifauna. In contrast, management to protect older
vegetation is supported. Indeed, protection of older vegetation
may be essential if future climate changes result in increased
fire frequency in mallee shrublands (Pitman et al., 2007).
Managing for extensive older vegetation also provides the
flexibility to implement a range of management strategies in
the future (Good, 1981). For example, in the event that
‘obligate’, early seral-state specialists are identified in mallee
vegetation, and natural wildfires have not delivered sufficient
areas of this element already; then, conversion of older
vegetation to recently burned vegetation can be achieved
quickly and easily. The opposite is not true.

While bird assemblages did not respond positively to fire-
mediated heterogeneity at the spatial scale of the study
landscapes (12.5 km?), the goal to manage for extensive areas
of older vegetation does not obviate the need for a diversity of
post-fire ages at larger (e.g. reserve or region) scales to ensure
the progression of seral stages over time. The slow recovery of
key structural attributes of vegetation in mallee ecosystems
(e.g. at least 110 years: Haslem et al., 2011) suggests that land
managers can maintain a progression of seral stages while
continuing to manage for large amounts of older vegetation
(i.e. > 35 years since fire) in the landscape.

Contemporary understanding of animal-fire relationships
has been derived primarily from site-scale studies, which
typically investigate the influence of the characteristics of fire
(e.g. time-since-fire, fire severity) and associated fire-affected
structural attributes on animal distributions (Driscoll et al.,
2010). We consider that studies that compare ‘whole’
landscapes serve a vital function in ongoing fire ecology
research and management by elucidating animal preferences
for particular fire-mediated landscapes, usefully complement-
ing site-based knowledge. Our study highlights the value of
applying a landscape-scale approach to test fundamental
assumptions that underpin ecological management of fire
around the world.

Landscape-scale influence of pyrodiversity on birds
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