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ABSTRACT

Birds are widely regarded as important indicators of environmental change, and identifying areas that are critical for their con-
servation is pivotal. The Australian bustard (Ardeotis australis), a wide-ranging species of ecological and cultural significance,
faces ongoing habitat modifications, yet its future distribution under changing climatic conditions remains uncertain. This study
applies ensemble Species Distribution Modelling (SDM) to quantify the species’ current and future habitat suitability under four
climate scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5) for 2050 and 2070. Results indicate that 69.7% of Australia is currently
suitable for Australian bustards, primarily in arid and semi-arid regions. Future projections show moderate habitat contraction,
with losses mainly in coastal and semi-arid regions, particularly in southern Australia, while inland arid areas remain relatively
stable. Overlay analyses suggest that protected areas, including Indigenous Protected Areas (IPAs), will continue to support
suitable habitat, reinforcing their role as long-term climate refugia. Key environmental drivers influencing habitat suitability in-
clude precipitation seasonality (BIO15), precipitation in the coldest quarter (BIO19), and mean diurnal temperature range (BIO2),
underscoring the species’ reliance on predictable climatic patterns. Anthropogenic variables, particularly proximity to built-up
areas also contribute to habitat suitability, forecasting that ongoing land-use changes may exacerbate climate-driven habitat
loss. Using estimated cleared areas (0.3ha/MW), we also found that around 41% of under-construction, 36% of operational,
and 46% of proposed wind farms overlap with suitable habitat for the species, highlighting potential future conflict zones. This
study provides the first national-scale assessment of current and projected habitat dynamics for the Australian bustard, offering
critical insights for conservation planning. Future conservation strategies should prioritise habitat connectivity, minimise an-
thropogenic disturbances, and integrate Indigenous-led management approaches to ensure the species’ long-term persistence in
a changing climate.

1 | Introduction

Climate change has been shown to drive systematic shifts in
species’ distributions and phenology, and increase extinction
risk for endemic species in biodiversity-rich regions (Keogan
et al. 2018; Manes et al. 2021; Parmesan and Yohe 2003; Pecl
et al. 2017; Saino et al. 2011). A global meta-analysis of ex-
tinction risk models indicated that climate change could

threaten up to 16% of species if current emission trajectories
persist, with the highest risks observed in biodiversity-rich
regions such as South America, Australia, and New Zealand
(Urban 2015). Associated changes to temperature, precipita-
tion, fire regimes, and sea level driven by climate change are
expected to affect terrestrial biodiversity at all system levels,
including a reduction in geographic range size and population
abundance, as well as exposing many species to an increased
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risk of extinction (Jetz et al. 2007; Reside et al. 2014; Wardell-
Johnson et al. 2011).

Many species undergo significant shifts in population distri-
bution in response to changes in climate (Rinnan 2018), and
therefore future climate change may lead to shifts in the dis-
tribution and abundance of species (Ehrlén and Morris 2015;
Wang et al. 2018). The geographical distribution of birds has
also changed greatly in past decades due to climate change
(Liang et al. 2021). Approximately 48% of existing bird spe-
cies worldwide are known or suspected to be undergoing pop-
ulation declines, while only 6% show increasing trends; the
remaining 39% appear stable, and 7% remain data deficient
(Lees et al. 2022).

In response to these growing threats, climate change mitiga-
tion strategies—particularly the expansion of renewable energy
infrastructure such as wind farms—have rapidly gained mo-
mentum (Energy Institute 2024). While these developments are
essential to reduce greenhouse gas emissions and meet global
climate targets, they also pose new challenges for biodiversity
conservation. Energy development is now a major driver of hab-
itat loss for birds globally and, through both direct and indirect
mechanisms, can displace species, reduce habitat availability,
and increase mortality from associated infrastructure (Bernath-
Plaisted et al. 2023; Loss et al. 2013; Shaffer et al. 2019). Even
where suitalbe habitat remains, energy development can de-
grade its suitability and fragment open landscapes used by
birds (Shaffer et al. 2019). Wind farms, often located in remote
areas, can conflict with bird conservation, necessitating a stra-
tegic approach to avoid sensitive species concentrations (Boggie
et al. 2023; Bright et al. 2008). For large, ground-dwelling
birds that inhabit these environments, such as bustard spe-
cies, wind energy infrastructure may lead to habitat displace-
ment, increased disturbance, or collision risk (Silva et al. 2023).
Moreover, climate change and land-use change often interact,
jointly influencing species’ distributions and amplifying conser-
vation challenges (Mantyka-Pringle et al. 2012).

Studying the theoretical relationship between species’ geo-
graphic distribution and climate change holds significance in
biodiversity conservation (Liang et al. 2021). Using research
models to understand how climate change affects species’' poten-
tial distribution is crucial for predicting current and future con-
servation challenges. Given that topographic factors and climate
variability largely dictate the distribution and range of various
bird species (Adhikari et al. 2023; Chhetri et al. 2018; Davies
et al. 2007), it is imperative to evaluate the impact of these fac-
tors on geographic distributions and determine the degree of
range alteration under forthcoming climatic conditions.

The Australian bustard (Ardeotis australis) is Australia's heavi-
est flying bird, and is representative of a group of terrestrial, often
little-known Australian bird species that travel widely in re-
sponse to shifting habitat conditions (Ziembicki 2010). The total
population is thought to exceed 10,000 but be no greater than
100,000 individuals (BirdLife International 2024). Once wide-
spread across much of mainland Australia, bustards remain rel-
atively common and stable in the north but have become rare or
locally extinct in the south, disappearing from many areas where

they were once historically recorded (BirdLife Australia 2025).
Currently, they are recognised as Vulnerable in South Australia,
Endangered in New South Wales, but Critically Endangered
in Victoria (Atlas of Living Australia 2025). Although the spe-
cies' overall population remains substantial, trends in northern
Australia are also variable, with a patchy mix of declines that are
only partially offset by localised increases (Garnett et al. 2011;
Legge et al. 2024).

The Australian bustard is not only an ecologically import-
ant species, but also holds profound cultural significance for
Indigenous Australians, featuring in Dreaming narratives,
seasonal fire management practices, and as a traditional food
source (Ziembicki 2010). However, the species has suffered se-
rious declines since European colonisation, likely attributed
to factors such as pesticides, fire regime changes, pastoralism,
nest disturbance, habitat alteration, and predation by intro-
duced species (Marchant and Higgins 1990; Ziembicki 2010).
Climate change is likely to compound these pressures, with
projected increases in temperature extremes and altered rain-
fall regimes further restricting resource availability. Such
shifts can affect demographic performance in grassland birds,
with moderate changes benefiting some species, while extreme
heat, drought, and heavy rainfall reduce survival and nesting
success (Maresh Nelson et al. 2024). Additionally, Australia is
witnessing a rapid increase in the construction of wind turbines
across the continent, with proposed wind farms accounting for
a 12-fold increase over current wind energy generation capac-
ity (EcoGeneration 2023). Other bustard species, including the
closely related Great Indian (A. nigriceps) and Kori (A. kori) bus-
tards, are known to be at risk from collisions with wind farms
and power lines (Silva et al. 2023), suggesting that this may also
be a significant concern for the Australian bustard.

Despite the ecological and cultural significance of the Australian
bustard, little has been done to quantify its habitat or predict
its future distribution. Legge et al. (2024) recently mapped the
current habitat suitability of the Australian bustard and its over-
lap with protected areas and bioregions, focusing on a specific
region covering approximately 42% of Australia. However, no
study has assessed habitat suitability nationwide or projected
future changes in the species’ distribution under climate change
scenarios. Understanding how species’ spatial distributions
change under a shifting climate is essential for protecting bio-
diversity and formulating effective policies (Liang et al. 2021;
Northrup et al. 2019; Vickery et al. 2014).

Identifying suitable habitats for the Australian bustard could
be one of the major steppingstones for exploring the ecology
and conservation of the species in the future. To address this
gap, we applied the BIOMOD2 ensemble modelling frame-
work, which harmonises predictions from multiple algorithms
to generate consensus estimates of habitat suitability (Thuiller
et al. 2009). Using bioclimatic, topographic, human-influenced,
and environmental variables, we first modelled the bustard's
habitat suitability across Australia under current and future cli-
mate scenarios. We then quantified the overlap of suitable hab-
itat with Australian states, Indigenous Protected Areas (IPAs),
bioregions, and wind farm sites that are operating, under con-
struction, and proposed.
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2 | Methods
2.1 | Data Collection and Filtering

We extracted records of the Australian bustard from the Atlas
of Living Australia (ALA; http://www.ala.org.au, accessed,
December 2024), which documents individual occurrences
across specific locations and times. In total, we collected 27,235
records from 1970 to 2024. These observations are contributed
by a range of sources, including citizen science platforms (e.g.,
eBird and iNaturalist), wildlife surveys by government agen-
cies, environmental assessments, and research projects. Given
that our dataset relied solely on secondary sources and included
records spanning over 50years, rigorous data filtration was es-
sential. We employed a multi-step filtration process. To ensure
consistency in data type, we restricted the dataset to human ob-
servation records only, excluded preserved specimens, material
samples, machine observations, and other record types. We also
used the ‘sf” R package (Pebesma and Bivand 2023) to read the
spatial data and the ‘dplyr’ R package (Wickham et al. 2023) to
remove rows with missing coordinates, ensuring our dataset
contained valid spatial information.

To further refine the dataset, we applied the ‘CoordinateCleaner’
R package (Zizka et al. 2019), which detects and removes poten-
tially erroneous geographic records. This process included iden-
tifying and eliminating duplicate records, observations located
at country centroids, institutional coordinates (e.g., museum
and university locations), sea-based records, equal coordinate
errors (where longitude and latitude are identical across multi-
ple records), and extreme outliers, reducing the final datasets to
13,654 occurrence records.

Spatial autocorrelation, which can lead to overfitting in models,
can be mitigated by spatial filtering of occurrence data to en-
hance model performance (Elith et al. 2010). To address this, we
employed spatial filtering by removing multiple points within
15x15km (225km?) grids, retaining only a single presence
point per grid using the ‘SpThin’ R package (Aiello-Lammens
et al. 2019). This grid size was selected to reflect the species’
movement ecology. Ziembicki (2010) estimated the average home
range of the Australian bustard as 15.7+4.13km? using the
minimum convex polygon (MCP) method, and 12.35+1.22km?
using the 95% kernel density estimate, based on data recorded
from 18 individuals (12 males and 6 females). Since the MCP
method generally represents the total area used by an individual
over time (Mukomberanwa et al. 2024), therefore, we selected
a 15x15km grid for spatial filtering as representative of the
landscape scale required by the birds. After filtering, the total
number of occurrence records was reduced to 2,805, providing a
spatially independent dataset for modelling.

2.2 | Pseudo-Absence Selection and Bias
Adjustment

To account for variation in survey effort across the study area and
ensure that bustard absences are ecologically meaningful, we
applied a two-step approach that incorporated habitat suitabil-
ity classification based on environmental envelopes at known
presence locations and a correction for potential sampling bias.

We first classified the study area into low-suitability and high-
suitability zones based on environmental variables associated
with known presence locations. We extracted environmental
variable values at all known presence locations and calculated a
suitability index across the entire study area. This index was de-
rived from the mean environmental characteristics across mul-
tiple predictor variables, providing a relative measure of habitat
suitability for the species. We then used the median suitability
value of presence locations as a threshold to divide the study
area into two equal parts: low-suitability zones (bottom 50%)
and high-suitability zones (top 50%). Pseudo-absence points
were randomly generated in low-suitability zones (Ryeland
et al. 2021).

Biases can arise from various factors, including survey loca-
tions, spatial scale, the data collected, and how these data are
eventually analysed For example, in a study of butterfly data
from the United States, inventory completeness was higher in
areas with greater human density, and this trend became more
pronounced over time (Shirey et al. 2021). The higher number
of biodiversity records near urban areas can be attributed to the
local densities of observers and their tendency to visit more ac-
cessible locations from their homes (Bowler et al. 2022). This
potential bias toward more accessible areas also affects the dis-
tribution data, emphasising the need for careful data curation
(Beck et al. 2014). Since some low-suitability areas may also be
under-sampled, rather than truly unsuitable due to low sam-
pling effort (Ryeland et al. 2021), we applied a sampling bias cor-
rection to account for potential survey effort discrepancies. Our
‘bias layer’ contained occurrence records of 19 other bird spe-
cies with similar detectability characteristics to the Australian
bustard (Table S1). These species mostly forage on the ground,
are easily recognised by observers, are often seen in open or dis-
turbed areas such as roadsides and occupy a similar distribu-
tional range to the Australian bustard. The occurrence records
of these bird species were also filtered using the same method
as applied to the Australian bustard occurrence records. This
bias layer was created by rasterising species occurrence data. To
reduce the influence of spatial clustering and overrepresented
survey locations, we applied a 3x 3 focal mean filter—equiv-
alent to a 3kmx3km smoothing window. This filter size was
chosen as a balance between smoothing local sampling intensity
without overly generalising survey effort across the landscape.
Following the bias correction process, pseudo-absence points in
areas with less than 40% of the maximum observed survey effort
were removed to reduce the impact of under-sampled regions.
Barbet-Massin et al. (2012) recommended the use of a large
number (e.g., 10,000) of pseudo-absences with equal weighting
for presences and absences when using regression techniques.
Phillips and Dudik (2008) also found that model performance
improved with 10,000 background points in the Maxent model-
ling framework. The pseudo-absence generation was repeated
three times, ensuring equal weighting between presences and
pseudo-absences. To maintain 10,000 pseudo-absence points
per replicate after filtering, we randomly selected from the
remaining valid points. If fewer than 10,000 valid pseudo-
absences remained after filtering, the bias threshold was relaxed
to retain enough pseudo-absences while still prioritising points
from well-surveyed regions. The final dataset included presence
points (Bustard=1), and pseudo-absence points (Bustard =0)
that were formatted for the BIOMOD species distribution
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http://www.ala.org.au

modelling framework, running 90 models, consisting of 10 al-
gorithms, three cross-validation replicates, and three pseudo-
absence selections. The dataset was divided into two subsets,
with 70% used for model calibration (training) and 30% for val-
idation, allowing for an assessment of the models’ predictive
performance.

2.3 | Bio-Climatic and Environmental Variables

We included elevation (DEM), slope, aspect, 19 bioclimatic vari-
ables from WorldClim v2.1 (Fick and Hijmans 2017), land use
and vegetation types (including dry cropping, irrigated crop-
ping, grasslands, and woodlands), as well as Euclidean distances
to roads, water bodies, and built-up areas in our model. The bio-
climatic variables included average monthly climate data for
precipitation, as well as minimum, mean, and maximum tem-
peratures, at a spatial resolution of approximately 1 km?. Details
of these variables are provided in Table S2. The Digital Elevation
Model (DEM; from Geoscience Australia's ELVIS Portal, SRTM-
derived 3 Second Digital Elevation Models Version 1.0) (Gallant
et al. 2009) was resampled to a 1km? resolution to align with
other spatial layers. Slope and aspect layers were generated from
the DEM using the spatial analysis tools in ArcGIS Pro 3.3.5
(ESRI 2025).

Bustards are often found along road corridors, particularly in
wooded regions (Ziembicki 2010). Human infrastructure, in-
cluding built-up areas, can also influence the distribution of
bird populations (Zhai et al. 2024). To analyse these effects, data
on Australia’'s road networks and built-up areas were obtained
from Geoscience Australia and processed for analysis. As bus-
tards also prefer open habitats, including grassland plains, low
shrublands, grassy woodlands, and human-modified areas such
as croplands, golf courses, and airfields, and may also be found
near watercourses, especially in arid regions (Boehm 1947;
Marchant and Higgins 1990; Ziembicki 2010), we included
variables such as dry cropping, irrigated cropping, distance to
water resources, grasslands, and woodlands in our model. We
estimated the proportion cover of dry cropping and irrigated
cropping from the land use data available from Australian Land
Use and Management Classification (ABARES 2024). For veg-
etation types, we combined major vegetation groups from the
National Vegetation Information System v7.0 (DCCEEW 2024)
into woodlands and grasslands (Table S2). We used surface hy-
drology data from Geoscience Australia to derive distance-to-
water variables for our models. The distances to water, roads,
and built-up areas were calculated using Euclidean distance
tools in ArcGIS Pro.

Beaumont et al. (2008) recommended averaging multiple cli-
mate simulations (Global Circulation Models; GCMs) rather
than relying on a single future scenario for species distribution
modelling to account for variability and uncertainty in climate
projections. Similarly, Shrestha et al. (2018) also demonstrated
that a multi-model ensemble average provides more reliable and
accurate results than individual models at both global and re-
gional scales, as it captures variability among GCMs. Therefore,
we created an ensemble of five GCMs by averaging their out-
puts, and the ensemble values were used as predictors. For pro-
jections of species responses to future climates, bioclimatic data

were downloaded from GCMs included in the World Climate
Research Programme's Coupled Model Inter-comparison
Project Phase 6 (CMIP6) ensemble (Fick and Hijmans 2017).
The selection of GCMs followed recommendations from stud-
ies evaluating their skill in simulating Australian climate (Di
Virgilio et al. 2022; Grose et al. 2023). We selected the models
ACCESS-CM2, CMCC-CM2-SR5, GISS-E2-1-G, and MIROC6
to provide a comprehensive representation of current and future
climatic conditions relevant to Australia:

1. ACCESS-CM2isone of Australia's contributions to CMIP6,
which shows a better global hydrological balance, more
realistic water properties (in terms of spatial distribution)
and meridional overturning circulation in the Southern
Ocean, but poorer simulation of the Antarctic sea ice and
a larger energy imbalance at the top of the atmosphere (Bi
et al. 2020). This model has also been applied in ecological
studies, including projections of future habitat suitability
for Australian bird species under climate change scenarios
(e.g., Ryeland et al. 2021; Shephard et al. 2025).

2. CMCC-ESM2 (one of the Centro Euro-Mediterraneo sui
Cambiamenti Climatici contributions to CMIP6) improves
the representation of biogeochemical cycles, ocean dy-
namics, and terrestrial carbon fluxes, but has limitations
in accurately simulating regional precipitation patterns
and certain aspects of atmospheric circulation (Lovato
et al. 2022). The model has also been used in ecological ap-
plications, including studies projecting bird distributions
under future climate scenarios (e.g., Brodie et al. 2024).

3. GISS-E2.1 (National NASA's contribution to CMIP6) fea-
tures refinements in climate variability simulation, with
improved representation of the Madden-Julian Oscillation
and Pacific Decadal Oscillation compared to earlier GISS
models. It also enhances the simulation of the Southern
Ocean climate and sea ice extent through updated atmos-
pheric and oceanic processes, but has a slightly higher cli-
mate sensitivity (2.7°C-3.1°C) due to lower CO, radiative
forcing and stronger positive feedbacks (Kelley et al. 2020).
Unlike some other climate models, GISS-E2.1 has not yet
been applied in studies projecting bird distributions under
future climate scenarios. However, its inclusion in our
ensemble modelling approach is necessary due to its im-
proved simulation of large-scale climate variability, which
can influence key environmental drivers of species distri-
butions, particularly in the Australian region.

4. MIROC6 (Japan's contribution to CMIP6) improves the
simulation of tropical precipitation, the Madden-Julian
Oscillation, and midlatitude atmospheric circulation due
to the inclusion of shallow convective parameterisation
and an enhanced stratospheric representation compared to
earlier MIROC models, but maintains an effective climate
sensitivity due to offsetting radiative forcing and climate
feedbacks (Tatebe et al. 2019). The model has also been
used in ecological studies, including projections of habitat
suitability for various bird and plant species under future
climate scenarios (e.g., Adhikari et al. 2023; Archibald
et al. 2024)

5. EC-Earth3 (Europe's contribution to CMIP6) features
a flexible coupling framework, improved physical and
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dynamic processes, and enhanced Earth system model
components, making it suitable for a wide range of CMIP6
experiments (Ddscher et al. 2021). Although it has not been
widely applied in bird distribution studies, EC-Earth3 is
one of the most comprehensively tested CMIP6 models and
performs well in simulating coupled climate-biosphere
interactions, including surface temperature, precipita-
tion patterns, and vegetation-climate feedbacks (Ddscher
et al. 2021).

2.4 | Data Analysis

To ensure comparability between current and future habitat
suitability, we generated two sets of current models: (1) using
only bioclimatic variables (to match the future projections) and
(2) incorporating a broader set of predictors, including topo-
graphic, environmental, anthropogenic, and bioclimatic vari-
ables. The bioclimatic-only current model (modell) was used as
a baseline for comparison with future projections to account for
climate-driven changes under four different scenarios. Future
climate scenarios were analysed under SSP1-2.6, SSP2-4.5,
SSP3-7.0, and, SSP5-8.5. Further details about these scenarios
are provided in Table S3.

All analyses were conducted in R version 4.4.2 (R Core Team
2023) using spatial data layers representing topographic, bio-
climatic, environmental, and anthropogenic variables across
the study region. Raster layers were standardised to identical
spatial resolution and extent prior to analysis. Bioclimatic
variables often exhibit a high degree of collinearity, which can
lead to inaccurate and misleading model performance (Ahmad
et al. 2020). Predictor variables were therefore screened for
multicollinearity using Variance Inflation Factor (VIF) anal-
ysis with a threshold of VIF <5 (Chatterjee and Hadi 2015)
using the ‘usdm’ R package (Naimi et al. 2014). Variables with
VIF values exceeding 5 were systematically excluded during
the model construction process. The variables retained after
VIF filtering for the climate-only model (model 1) included
bio2, bio3, bio9, biol5, biol8, and biol9. For the model incor-
porating all variables (model 2), the retained predictors were
bio2, bio3, bio9, biol5, biol8, biol9, slope, aspect, elevation,
distance to water bodies, distance to built-up areas, distance
to roads, dry cropping, irrigated cropping, grasslands, and
woodlands.

As no single modelling algorithm consistently provides the best
predictive accuracy, employing an ensemble of multiple algo-
rithms is widely considered to achieve better accuracy (Adhikari
et al. 2023; Shrestha et al. 2018; Thuiller et al. 2009). We used 10
algorithms in an ensemble approach using the BIOMOD?2 pack-
age to predict the suitable habitat of the Australian bustard. The
10 algorithms used four regression methods (GLM: Generalised
Linear Model, GAM: Generalised Additive Model, MARS:
Multiple Adaptive Regression Splines, GBM: Generalised
Boosting Model), four machine learning methods (ANN:
Artificial Neural Network, RF: Random Forest, MAXENT:
Maximum Entropy, SRE: Surface Range Envelope), and two
classification methods (CTA: Classification Tree Analysis, FDA:
Flexible Discriminant Analysis). To enhance predictive accu-
racy and prevent overfitting, we also adjusted model parameters

to achieve an optimal level of complexity. The data were divided
into training (70%) and testing (30%). The area under the curve
(AUC) and true skill statistics (TSS) approaches were used to as-
sess the effectiveness of prediction models (Thuiller et al. 2009).
We chose models with TSS score >0.60 (See Table S4) to build
an ensemble from the projection outputs of the 10 algorithms by
using a weighted mean approach that weights each model out-
put according to predictive performance (TSS score) (Marmion
et al. 2009).

Wind farm project data were sourced from the EcoGeneration
Wind Map of Australia (EcoGeneration 2023). This map pro-
vides approximate locations, capacities, and development sta-
tus (Operating, Under Construction, Proposed) of wind energy
projects across Australia. Each wind farm is represented by
a labelled dot indicating its approximate geographic position
and corresponding attributes. Wind farm infrastructure was
not included as a predictor in the SDM; instead, we modelled
habitat suitability independently and assessed spatial overlap
with wind farm locations after the modelling process. To ex-
tract this information, the georeferenced using known coor-
dinate points to align it accurately with spatial data layers.
Once georeferenced, the wind farm locations were digitised as
point features, and attributes such as project name, capacity
(in megawatts, MW), and development status were manually
entered based on the map's legend and labels. Gaughan (2018)
reports that while wind farms may require 1-16 ha per mega-
watt (ha/MW) of land due to turbine spacing, the actual
land clearing required for wind energy infrastructure is sig-
nificantly smaller, with approximately 0.3ha/MW typically
needed. Based on this estimate, we calculated the cleared area
for each project by multiplying installed capacity by 0.3ha/
MW. This area was used to generate a circular buffer around
each site. Buffers were overlaid on a binary habitat suitabil-
ity raster for the Australian bustard derived through the
SDM process to identify the number of suitable habitat pixels
(value = 1) within each wind turbine buffer. Pixel counts were
converted to area in square kilometres (km?) by multiplying
by a factor of 0.8606 km? per pixel. This conversion factor cor-
responds to the approximate surface area of a 30 arc-second
(~1km) pixel at mid-latitudes, consistent with the spatial res-
olution of the WorldClim Bio2 layer used in the SDM. Results
were summarised by wind farm development status as either
‘Proposed’, ‘Under Construction’, or ‘Operating’.

To calculate the suitable area according to states, bioregions,
IPAs, and windfarm sites, the suitable area obtained from en-
semble models was intersected with these regions using the
‘Zonal Histogram’ function in ArCGIS Pro (Version 3.3.5).

3 | Results

3.1 | Current Habitat Distribution of Australian
Bustards

Our model predicted that 537,238,673 km? (69.72% of Australia’s
total land area) is currently suitable habitat for the Australian
bustard (Figure 1). State-wise, the Northern Territory (NT) has
the highest proportion of suitable habitat, with 94% of its area
classified as suitable, followed by Queensland (QLD) (88%) and
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FIGURE1 | Current habitat suitability of the Australian bustard (Ardeotis australis) in Australia. Green represents suitable habitat, while grey
represents unsuitable habitat. The map also includes state boundaries (black), and IPAs (outlined in light blue) for spatial context.

Western Australia (WA) (86%). South Australia (SA) has a nearly
even split, with 45% suitable habitat. In contrast, New South
Wales (NSW) has only 7% suitable habitat, while Victoria (VIC),
Tasmania (TAS), the Australian Capital Territory (ACT), and
other territories have no suitable habitat (Table S5).

Habitat suitability for the Australian bustard is highest in arid
and semi-arid bioregions (Figure S3 and Table S6), particu-
larly in desert landscapes, open grasslands, and inland plains.
Several bioregions, such as the Burt Plain (central NT), Sturt
Plateau (northern NT), Tanami Desert (central NT-WA), and
Channel Country (arid inland Australia), have nearly 100% suit-
able habitat, indicating that these regions provide optimal condi-
tions for the species. Other semi-arid regions, including savanna
woodlands and inland floodplains, also maintain high suitabil-
ity, although some variability exists due to seasonal resource
availability. In contrast, high-altitude, temperate coastal, and
densely forested bioregions remain entirely unsuitable. Several
regions, such as the Australian Alps (southeastern Australia),
and Tasmania’s highlands have 0% suitability, reflecting the
bustard's avoidance of closed-canopy vegetation, cold and
high rainfall areas, and rugged terrain. Similarly, temperate
coastal bioregions, including parts of the Sydney Basin (NSW)
and Victorian Midlands (VIC), provide little or no suitable
habitat due to fragmented landscapes and unsuitable climatic
conditions.

Several IPAs in arid and semi-arid landscapes (Figure S4 and
Table S7), such as Ngurra Kayanta (Western Desert, WA),
Anangu Tjutaku (central NT), and Northern Tanami (north-
central NT), have 100% suitable habitat, highlighting the role
of large, intact, open landscapes in supporting bustard popu-
lations. Other IPAs in remote inland areas also maintain high
suitability, ensuring long-term habitat availability. However,
IPAs in temperate, forested, and coastal regions have little to no
suitable habitat. Overall, habitat suitability is highest in arid and
semi-arid landscapes across both bioregions and IPAs, while
high-altitude, temperate, and coastal regions remain largely
unsuitable.

3.2 | Model Performance

All models were evaluated using AUC and TSS. Random
Forest consistently performed the best of all the models
(Figure 2), achieving the highest AUC (0.97) and TSS (0.82
for bio-climatic only model 1, 0.79 for all-variable model 2),
indicating strong predictive ability. GBM and MAXENT
also demonstrated consistent performance in both models,
with AUC values around 0.88-0.89 and TSS values around
0.62-0.64, making them reliable alternatives. FDA and GLM
improved in the all-variable model 2, showing that additional
environmental factors contributed to predictive performance.
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FIGURE2 | Mean variable importance for model 2 predictions of Australian bustard (Ardeotis australis) habitat suitability. Precipitation season-

ality (BIO15), precipitation of the coldest quarter (BIO19), and mean diurnal temperature range (BIO2) were the most influential climatic factors,

while built-up areas and elevation were the key nonclimatic contributors.

SRE and GAM did not appear to be effective models and
lacked predictive strength for bustard distribution for both
models. Full model evaluation results and performance plots
are provided in Figure S1 and Table S4.

3.3 | Variable Importance Measures

Australian bustard habitat seems to be largely influenced by
bioclimatic variables (Figure 2), with precipitation seasonal-
ity (BIO15, 20.8%), precipitation in the coldest quarter (BIO19,
17.9%), and mean diurnal temperature range (BIO2, 16.4%)
contributing 55.0% to the all-variable model 2. The higher con-
tribution of BIO15 suggests that bustards prefer areas where
rainfall follows a predictable seasonal pattern. Similarly, the
importance of BIO19 indicates that water availability during
colder months also plays a key role in shaping their range.
BIO2, which represents the difference between day and night
temperatures, also ranked high in the model, suggesting that
bustards may favour areas with moderate daily temperature
fluctuations.

Beyond climate, distance to built-up areas (8.36%) also had some
influence on model 2, suggesting that bustards tend to avoid
highly developed areas, likely due to habitat fragmentation or
human disturbance (Figure S2). Elevation (7.38%) also contrib-
uted to the model, indicating preference for lowland or gently
elevated terrain (Figure S1). Likewise, distance to roads (3.53%)
showed a positive correlation in the model, suggesting that
bustards prefer areas farther from road networks, likely due
to reduced disturbance and collision risks. Land cover vari-
ables showed weaker relationships. Dry cropping and irrigated
cropping had minimal influence (neutral effect), while grass-
lands showed a slightly positive effect on habitat suitability.
Woodlands showed slightly negative effect, emphasising the
known avoidance of densely vegetated regions by Australian
bustard.

3.4 | Overlap Between Wind Farm Development
and Habitat Suitable for Australian Bustard

There was a strong overlap between wind farm sites and suitable
habitat for the Australian bustard, particularly in coastal areas.
For operating wind farms, the total cleared area was estimated
at 33.34km?, with approximately 36% overlapping with suitable
bustard habitat. Among the wind farm areas currently under
construction, representing an estimated cleared area of approx-
imately 10.43km?, around 41% of this area lies within habitat
classified as suitable for the Australian bustard. In contrast,
proposed wind farm projects, which collectively represent about
504.75km? cleared area, are more likely to be built on areas
that represent suitable habitat for the bustard, with about 46%
of this area falling within the bustard's suitable habitat range
(Figure 3).

3.5 | Predicted Future Distribution and Change in
the Habitat

The projected habitat changes for the Australian bustard
under different climate scenarios (SSPs) indicate a moderate
reduction in suitable habitat across all future projections,
but the extent of this loss varies slightly between scenarios
(Figure 4). The highest habitat loss is observed in coastal re-
gions, where suitability declines across all SSPs (Figure 6). The
highest net habitat loss is projected under SSP3-7.0 for the year
2070, followed by SSP1-2.6 for the year 2050. In comparison,
the SSP5-8.5 scenarios show slightly lower habitat reductions
(=3.993% in 2050 and —3.73 in 2070), despite being the highest
emission scenario. SSP2-4.5 shows intermediate habitat loss,
while the lowest projected habitat loss is under SSP1-2.6 for
the year 2070. Overall, the results indicate that while climate
change is expected to reduce the Australian bustard’s habitat
to some extent in the future, the projected loss remains rela-
tively small across all scenarios.
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FIGURE4 | Predicted habitat changes of Australian bustard (Ardeotis australis) under future climate scenarios.

South Australia is projected to experience the most consistent
habitat losses for the Australian bustard across all climate sce-
narios (Figure 5 and Table S5). By 2050, suitable habitat in SA
is expected to decline by 20% under SSP1-2.6 and by around

17% under scenarios SSP3-7.0 and SSP5-8.5. NSW shows a low
percentage of stable suitable habitat for the Australian bustard
across all scenarios,ranging between 9% and 13% in 2070 (lowest
under SSP 3-7.0 to and highest under SSP1-2.6). Corresponding
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habitat losses in 2070 range from 1% to 5% across scenarios. In
contrast, QLD, NT and WA maintain stability with minimal
losses, while VIC, TAS, the ACT, and Other Territory remain
entirely unsuitable.

Projections for the Australian bustard's habitat across biore-
gions reveal some variations between 2050 and 2070 for all sce-
narios (Table S6, Figure S3 and Figure 6). Core desert bioregions

(e.g., Great Sandy (north-west WA/NT), Gibson (central WA),
and Little Sandy (central-western WA) Deserts) preserve nearly
100% of their suitable habitat even by late century, showing
no climate-driven losses. Several northern and inland biore-
gions also stay largely stable. For instance, the Arnhem Plateau
(Top End, NT) and Brigalow Belt North (central-eastern QLD)
maintain ~85%-90% of their habitat suitability or more in fu-
ture projections. Southern Semi-Arid bioregions like the Gawler
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FIGURE 6 | Projected habitat suitability for the Australian bustard (Ardeotis australis) under the SSP1-2.6 climate scenario for 2050. The map
delineates bioregions, with green indicating stable suitable habitat, grey representing stable unsuitable habitat, red showing habitat loss, and black
depicting habitat gain. Please see Figure S3 for figures corresponding to other climate scenarios and time periods.

(SA) and Hampton (southern WA) regions show the largest con-
tractions. By 2070 (high-emission scenario), these areas could
lose roughly half of their original suitable habitat. Some coastal/
monsoon-edge bioregions (e.g., Darwin Coastal in the far north
NT, and Central Mackay Coast in eastern QLD) also show
marked declines. These smaller peripheral regions may see over
50% reductions in suitable habitat area in worst-case scenarios.
Overall, the greatest losses tend to occur in regions that cur-
rently have more marginal habitat for the species.

Most of the IPAs within central and northern Australia retain
nearly all their current suitable habitat for Australian bustards
through to 2050 and 2070 (Table S7, Figure S4 and Figure 7).
For example, large IPAs such as Anangu Tjutaku (central NT)
and Angas Downs (southern NT) in arid central Australia main-
tain 100% habitat suitability (no loss of suitable area) under both
mid-range and high-end climate scenarios. Even under the high
emission scenarios, many IPA landscapes serve as refugia where
conditions remain favourable. The Northern Tanami (north-
central NT), Uunguu (northern Kimberley, WA), and other IPAs
covering intact savanna or desert habitats persist as extensive
suitable environments for the bustard. These areas will likely
support core breeding and foraging grounds when surrounding
unprotected lands might become less hospitable. A smaller num-
ber of IPAs located at the periphery of the bustard's current range
do face some habitat losses. For instance, IPAs in more southerly
or coastal locations (such as Ngadju in southern WA) are pro-
jected to lose a substantial portion of suitable habitat by 2070.

4 | Discussion

The Australian bustard’s habitat suitability, as modelled in this
study, underscores its strong association with Australia’s arid

and semi-arid ecosystems. Model performance was high, driven
mainly by rainfall seasonality, cold-season precipitation, and di-
urnal temperature range. Future projections suggest moderate
habitat losses, concentrated in coastal and southern areas, while
central deserts and Indigenous Protected Areas remain stable
refugia. Overlap with wind farm developments was greatest in
coastal regions, where nearly half of proposed projects intersect
suitable habitat.

Nearly 70% of Australia's landmass was classified as suitable
for the bustard, particularly the arid and semi-arid regions of
the NT, WA, and QLD. This represents the observational data
that report the highest bustard occurrence in the Great Sandy,
Victoria, and Tanami Deserts, as well as in mid-NT and eastern-
central and western QLD (Marchant and Higgins 1990), further
supported by aerial surveys conducted by Grice et al. (1986).
This widespread distribution is indicative of the bustard's ability
to exploit resource-scarce environments, a trait also observed in
other bustard species such as the Great bustard Otis tarda and
the Houbara bustard Chlamydotis undulata, which exhibit flexi-
ble habitat use in response to seasonal fluctuations in food avail-
ability (Hingrat et al. 2007; Palacin and Alonso Lépez 2008).

The inclusion of elevation in our models captured the bustard's
preference for open, lowland habitats, often avoiding hilly re-
gions (Marchant and Higgins 1990; Ziembicki 2010). These
results align with previous ecological assessments describ-
ing bustards as habitat generalists within dryland environ-
ments but specialists in avoiding forested and rugged terrains
(Ziembicki 2010). Recent findings by Legge et al. (2024) further
support these patterns, highlighting that bustard detection rates
have been highest in the northern and western deserts, par-
ticularly in bioregions with stable, high average temperatures,
and long unburnt areas. The predominance of these regions in
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sustaining bustard habitat also highlights the species’ reliance
on lowland, open landscapes with low human population den-
sity, where visibility is high, and disturbance is minimal. Similar
findings have been reported for the Little bustard Tetrax tetrax,
which prefers open, undisturbed landscapes on the Iberian
Peninsula that allow for an unobstructed long-distance visual
range (Silva et al. 2004).

The near-total absence of suitable habitat in Tasmania, Victoria,
and heavily forested or elevated bioregions (e.g., Australian Alps
NSW/VIC, Jarrah Forest WA) reflects the species’ known avoid-
ance of densely vegetated, cold, and high-altitude landscapes.
This is consistent with previous research that highlights that the
Australian bustard tends to avoid dense forests, high-altitude
areas, and temperate coastal regions, reflecting its reliance on
sparse vegetation for foraging and display behaviours (Marchant
and Higgins 1990). Such avoidance behaviour is also consistent
with other ground-dwelling birds that depend on large ground
patches with short vegetation, uninterrupted landscapes for
movement and foraging (Leal et al. 2019; Li et al. 2023).

4.1 | Key Climate and Environmental Drivers
of Australian Bustard Distribution

Precipitation has long been recognised as a major driver of spe-
cies richness and distribution of bird species (Liang et al. 2020).
Our models also show that precipitation seasonality (BIO15) and
precipitation in the coldest quarter (BIO19) were the most influ-
ential predictors of Australian bustard habitat suitability. The
strong influence of BIO15 suggests that bustards prefer areas
with predictable rainfall patterns, which likely correspond to
more reliable food availability. This is consistent with findings

by Ziembicki (2010), who reported that bustard breeding in
arid regions is opportunistic and highly dependent on rainfall
events, whereas in northern Australia, males begin displaying
before the onset of monsoonal rains, possibly in anticipation of
increased productivity.

The importance of precipitation in the coldest quarter (BIO19)
further supports the importance of seasonal water availabil-
ity in shaping bustard habitat selection. Irregular widespread
movements in bustards are often dictated by climatic condi-
tions, with inland droughts forcing birds toward coastal regions,
while significant rainfall events lead to sudden population in-
creases in previously dry areas (Marchant and Higgins 1990;
Ziembicki 2010). Such seasonal dependence on rainfall also
explains why bustards are less common in temperate, high-
altitude regions, where precipitation patterns are mostly less
predictable or occur at times of the year that do not align with
their ecological needs. Rainfall has also been noted to influence
reproduction behaviour of other ground-dwelling birds such as
Emu (Dromaius novaehollandiae), with egg production thought
to increase in response to rainfall prior to incubation (Pople
et al. 1991; Ryeland et al. 2021). Precipitation in the coldest quar-
ter is therefore likely to reflect food availability for these arid-
adapted bird species.

The strong influence of mean diurnal temperature range
(BIO2)in the habitat suitability model suggests that Australian
bustards avoid areas with extreme daily temperature fluctu-
ations, likely due to physiological limitations that constrain
their ability to thermoregulate or forage efficiently. Instead,
they appear to favour regions with more stable daily tempera-
tures, where activity patterns can be sustained with reduced
thermal stress. Ziembicki (2010) highlights how bustards
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adjust their behaviour in response to seasonal temperature
changes, noting that males increase foraging activity in the
early dry season to build energy reserves before engaging in
energetically demanding display behaviour later in the season.
These behavioural shifts likely reflect an adaptive response
to thermal and energetic constraints, supporting the model's
indication that temperature stability plays a key role in bus-
tard habitat selection. In contrast, vegetation type showed
a comparatively weaker influence in the model. Grassland,
woodland, or farming practices were less important predic-
tors of Australian bustard occurrence than the other variables
included. As bustards undertake irregular, long-distance
movements in response to rainfall-driven resource pulses
(Marchant and Higgins 1990; Ziembicki 2010), they are less
likely to show consistent associations with vegetation types.

4.2 | Bustards Avoid Disturbed Habitats

Beyond climate, the models underscore avoidance of built-up
areas, emphasising the species’ avoidance of anthropogenic
disturbance. This finding mirrors global trends in animal
habitat fragmentation, where human infrastructure displaces
large-bodied, mobile species due to reduced habitat connec-
tivity (Greco et al. 2025). Similar observations were made by
Mi et al. (2017) for Great bustards in Cangzhou, China, where
the probability of the species’ occurrence increases with dis-
tance from residential areas, and habitat suitability stabilises
beyond 1-2km. Avoidance of infrastructure such as roads and
buildings is also a strong driver of Great bustard presence in
Spain, as they are affected by land-use changes in the area
(Lopez-Jamar et al. 2011). Similar relationships between hab-
itat suitability and urbanisation have also been observed in
the Little bustard (Tetrax tetrax), where species abundance de-
clines with increasing proximity to urban areas (Arroyo and
Casas Arenas 2022).

However, the relationship between bustards and human-
modified landscapes is not static. Ziembicki (2010) docu-
mented an initial attraction of Australian bustards to recently
cleared agricultural or infrastructural areas, likely driven
by ephemeral resource pulses (e.g., insect outbreaks in dis-
turbed soils or accessible foraging in open fields), but with
the long-term pattern ultimately being population declines
in some regions. Similarly, Arroyo and Casas Arenas (2022)
demonstrated that while foraging habitat suitability initially
influences Little bustard abundance, its significance weakens
as urban encroachment increases; and when urban areas ex-
ceed 5% of the landscape, habitat suitability alone no longer
predicts abundance. This suggests that land conversion may
create temporary foraging opportunities, but as habitat frag-
mentation progresses, it reduces access to large, open land-
scapes that are crucial for bustard survival.

The extent and condition of land use change will therefore play
a crucial role in shaping the long-term availability of suitable
habitat for species like the Australian bustard (Boehm 1947;
Marchant and Higgins 1990). Most Australians live close
to the coast, putting immense pressure on coastal ecosys-
tems (Cresswell et al. 2021). According to the State of the
Environment (2021) report, Australia’s landcover is constantly

changing due to urban expansion, agricultural intensification,
and infrastructure development, with SA and NSW among the
most heavily affected regions (Cresswell et al. 2021). Native
vegetation provides essential ecosystem services—including
habitat stability, resource availability, and connectivity—that
are critical for species that rely on large, open landscapes
(Keith 2017). The Human Footprint Map for Australia (2013)
further highlights that SA and NSW contain some of the most
modified landscapes, with extensive vegetation clearing and
land-use conversion reducing the availability of intact habitats
(Williams et al. 2020).

Although generalist species like the Australian bustard can per-
sist in modified environments, habitat fragmentation reduces
landscape connectivity, movement corridors, and access to
critical resources. The decline in native vegetation extent, par-
ticularly in woodland and grassland ecosystems, suggests that
land-use intensification is creating barriers that may limit dis-
persal and increase population isolation (Cresswell et al. 2021).
Unlike the relatively intact landscapes of northern and central
Australia, which remain largely undisturbed, the fragmented
nature of SA and NSW landscapes—as documented by the
Human Footprint Map of Australia (2013) (Williams et al. 2020)
and the State of the Environment Report (2021) (Cresswell
et al. 2021)—reflects long-standing degradation that may be
exacerbating projected habitat losses. Australia’s Environment
Report (2023) (van Dijk et al. 2024) further confirms this trend,
documenting continued declines in vegetation cover and above-
average fire activity in both states, with NSW experiencing the
largest drop in environmental condition score nationally. Our
habitat suitability projections support these observations, indi-
cating that regions already identified as ecologically degraded
are also likely to experience significant future declines in bus-
tard habitat under future climate scenarios. Restoring degraded
landscapes in SA and NSW and enhancing connectivity between
fragmented areas will be crucial for maintaining the long-term
population stability of Australian bustard across these states.

4.3 | Habitat at Risk From Wind Energy
Development

Although wind energy offers a sustainable alternative to fossil
fuels, its rapid expansion has raised increasing concern over
potential risks to birds (Bretagnolle et al. 2025). The rise in
the number of wind turbines has led to a growing concern
about habitat loss, as well as bird and bat collisions (Bose
et al. 2020; Marques et al. 2014). In addition to the direct
impacts of collision strikes, wind turbines indirectly disturb
birds by affecting their breeding (Busch et al. 2017), habitat
use (Peschko et al. 2020) and migration patterns (Kumara
et al. 2022; Marques et al. 2020; Masden et al. 2009). A wide
range of factors can influence bird collisions with wind tur-
bines, including species characteristics (morphology, phenol-
ogy, behaviour, or abundance), site (landscape, flight paths,
food availability, and weather), and wind farm features (tur-
bine type and configuration and lighting) (Busch et al. 2017;
Kumara et al. 2022; Marques et al. 2014, 2020; Masden
et al. 2009; Peschko et al. 2020). There is a growing concern
among the industry and scientific community due to high bird
fatality rates associated with several wind farms (Marques
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et al. 2014). It is crucial to consider and mitigate the adverse
effects on wildlife as wind energy development projects rap-
idly expand worldwide (Murgatroyd et al. 2021).

Consequently, the development of wind farms within key
bustard habitats may introduce additional pressures, includ-
ing disturbance, displacement, and elevated collision risk.
Although specific risks to the Australian bustard from wind
farms have not yet been thoroughly studied, global studies
on other bustard species (Janss and Ferrer 2000; Marques
et al. 2021; Silva et al. 2023, 2014) suggest possible threats,
particularly from collisions with wind turbines and associated
energy infrastructure such as powerlines. Bustards, being
‘heavy fliers’ with limited frontal visual fields, are particu-
larly susceptible to mortality at powerlines (Silva et al. 2023).
The strong overlap between windfarm sites and Australian
bustard habitat observed in our study raises concern about the
potential adverse impacts on the species. Site-specific stud-
ies to monitor bustard presence, movement, and behaviour
around existing wind farm sites are necessary. For proposed
developments, incorporating site-specific habitat suitability
modelling into early planning may help avoid placing new in-
frastructure within key bustard habitat.

4.4 | Future Climate Projections

Species that are highly mobile and have generalist habitat
preferences tend to be less vulnerable to climatic change than
less mobile or specialist species (Ryeland et al. 2021; Warren
et al. 2001). Generalist species can thrive in a variety of habi-
tat types within a landscape and are generally less impacted by
habitat fragmentation compared to specialist species, which are
more dependent on one or few habitat types (Brouat et al. 2004;
Devictor et al. 2008). Our findings support these statements, as
the highly mobile and generalist Australian bustard appears
relatively less affected by different climate change scenarios,
with only moderate reductions in suitable habitat projected.
The continued availability of habitat, particularly in arid and
desert bioregions, suggests that its generalist nature provides
some resilience to climate-driven habitat changes. However,
the projected habitat reductions in SA, NSW, and coastal areas
of QLDland and Northern Territory indicate that mobility and
habitat flexibility do not guarantee uniform resilience across the
species' range.

4.5 | AnImportant Role for Indigenous-Led
Conservation Into the Future

Projected habitat changes across bioregions and IPAs sug-
gest a mixed outlook for landscape connectivity. The central
Australian bioregions remain suitable and adjoin one another;
consequently, a broad connected range of suitable habitat will be
retained across much of the continent's interior and north. This
contiguous block of habitat—spanning multiple neighbouring
bioregions and IPAs—should allow bustards to move freely
across large landscapes, which is positive for maintaining gene
flow between populations. Habitat loss in outlying bioregions
may lead to fragmentation of peripheral populations. For states

like SA, where overall habitat suitability is only 45%, certain
IPAs, such as Kalka-Pipalyatjara and Walalkara, provide highly
favourable habitat for the species. Prioritising conservation ef-
forts within these IPAs can help sustain bustard populations in
an otherwise marginally suitable region. As coastal and south-
ern pockets (e.g., parts of the northern coastline and southern
semi-arid zones) become unsuitable, any bustard populations
in those areas could be isolated or forced to relocate. Our find-
ings therefore underscore the ecological value of IPAs as con-
servation refugia, particularly in remote, arid regions where
land-use intensity is low. The strong alignment between highly
suitable bustard habitat and IPAs presents an opportunity for
collaborative conservation efforts, integrating traditional eco-
logical knowledge with scientific monitoring, as evidenced by
Indigenous ranger-led programs across central Australia (Legge
et al. 2024).

4.6 | Implications for Conservation
and Management

1. The Australian bustard's habitat remains largely stable
across arid and semi-arid bioregions, with current and
future projections highlighting these areas as key strong-
holds for the species.

2. Conservation investments should be directed to regions
where bustard populations have a higher likelihood of
persistence, such as the Northern Territory, Western
Australia, and Queensland, or the priority IPAs in South
Australia.

3. The influence of built-up areas suggests that urbanisation
and infrastructure expansion pose threats to bustards.
Maintaining habitat corridors between stable bioregions
and restricting development near key bustard habitats
could mitigate disturbance effects.

4. Wind energy developments overlapping with suitable hab-
itat for the Australian bustard indicate potential future
conflict zones that require careful assessment and conser-
vation planning.

5. Many IPAs overlap with high-suitability habitats, present-
ing an opportunity to collaborate with Indigenous com-
munities on conservation strategies, including around fire
regime management, sustainable hunting practices, and
habitat restoration. Expanding bustard monitoring pro-
grams within IPAs to assess population trends and habi-
tat dynamics in collaboration with Indigenous people can
further enhance bustard conservation, ensuring long-term
protection.

6. Although climate change is expected to moderately impact
habitat suitability, proactive measures such as monitoring
population shifts, restoring degraded semi-arid grasslands,
and maintaining climate refugia will be crucial for future-
proofing bustard conservation.

7. Future research integrating telemetry data and fine-scale
habitat assessments will further improve our understand-
ing of bustard habitat dynamics and inform targeted con-
servation actions.

Ecology and Evolution, 2025

13 of 17

85UB017 SUOLULIOD BAITER.D 3|ed! [dde 33 Aq pausenoh a1 2Pl YO B8N JO S9N J0j AReig1T 8UIIUO AB]IA UO (SUORPUOD-PUE-SLLBILI0D" A3 I ARRIq 1BUIIUO//SHNY) SUORIPUOD PUE SWLB | U} 89S *[9202/0T/8Z] U0 ARiqIT8UIIUO AB|IM ‘UOKSIAIQ ISSMULION D1j138d IMISu| LOWS N 81pWRg AJ 6T9Z. €899/200T OT/10p/W0dAB| 1M Areiqjeu!|uo//sdny Wwouj pepeojumoq ‘2T ‘G202 ‘85LLSY0T



Author Contributions

Saurav Lamichhane: conceptualization (equal), data curation (lead),
formal analysis (lead), methodology (lead), resources (equal), validation
(equal), visualization (equal), writing — original draft (lead), writing —
review and editing (equal). Jill Shephard: conceptualization (equal),
investigation (equal), project administration (equal), supervision
(equal), visualization (equal), writing - original draft (equal), writing
- review and editing (equal). Patricia A. Fleming: conceptualization
(equal), investigation (equal), project administration (equal), supervi-
sion (equal), validation (equal), visualization (equal), writing — original
draft (equal), writing — review and editing (equal).

Acknowledgements

We thank the Atlas of Living Australia (ALA) for providing access to
occurrence data used in this study. We are also grateful to Dr. Fiona
Scraff for guidance in developing the R code and to Murdoch University
for research support and institutional facilities.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The dataset supporting this study is available for review via the fol-
lowing Zenodo link: https://zenodo.org/records/16418083?preview=
1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImIOZjYSMTNhLWVhN
WItNGY1INSOSNGVhLTJKODUINjEzZY WIOYSISImRhdGEiOnt9LCJ
yYW5kb20i0iJhMzg0Y2NiMGYONTExOTIkMWMxZDIiNjFiODg3Y
21yYiJ9.3sNeyW-P-8ukcbmMfIINOQnX_dMIclcYYVSXABvccqNdj
9qpTDV7£891ix6f YSTON_eEMtiTs4Ho6XiNUnw61w.

References

ABARES. 2024. “Land Use of Australia 2010-11 to 2020-21.” https://
www.abs.gov.au/statistics/environment/environmental-management/
national-land-account-experimental-estimates/latest-release.

Adhikari, B., S. C. Subedi, S. Bhandari, K. Baral, S. Lamichhane, and T.
Maraseni. 2023. “Climate-Driven Decline in the Habitat of the Endemic
Spiny Babbler (Turdoides nipalensis).” Ecosphere 14, no. 6: e4584. https://
doi.org/10.1002/ecs2.4584.

Ahmad, S., L. Yang, T. U. Khan, K. Wanghe, M. Li, and X. Luan. 2020.
“Using an Ensemble Modelling Approach to Predict the Potential
Distribution of Himalayan Gray Goral (Naemorhedus goral bedfordi) in
Pakistan.” Global Ecology and Conservation 21: e00845. https://doi.org/
10.1016/j.gecco0.2019.00845.

Aiello-Lammens, M., R. Boria, A. Radosavljevic, et al. 2019. “spThin:
Functions for Spatial Thinning of Species Occurrence Records for Use
in Ecological Models.” R Package Version 0.2.0.

Archibald, C. L., D. M. Summers, E. M. Graham, and B. A. Bryan. 2024.
“Habitat Suitability Maps for Australian Flora and Fauna Under CMIP6
Climate Scenarios.” GigaScience 13: giae002. https://doi.org/10.1093/
gigascience/giae031.

Arroyo, B., and F. Casas Arenas. 2022. “Functional Habitat Suitability
and Urban Encroachment Explain Temporal and Spatial Variations in
Abundance of a Declining Farmland Bird, the Little Bustard Tetrax
tetrax.”

Atlas of Living Australia. 2025. “Ardeotis australis (Australian
Bustard).”  https://bie.ala.org.au/species/https://biodiversity.org.au/
afd/taxa/1865b014-426d-42dc-b53c-91c208e9b89%e.

Barbet-Massin, M., F. Jiguet, C. H. Albert, and W. Thuiller. 2012.
“Selecting Pseudo-Absences for Species Distribution Models: How,

Where and How Many?” Methods in Ecology and Evolution 3, no. 2:
327-338. https://doi.org/10.1111/j.2041-210X.2011.00172.x.

Beaumont, L. J., L. Hughes, and A. Pitman. 2008. “Why Is the Choice
of Future Climate Scenarios for Species Distribution Modelling
Important?” Ecology Letters 11, no. 11: 1135-1146.

Beck, J., M. Boller, A. Erhardt, and W. Schwanghart. 2014. “Spatial Bias
in the GBIF Database and Its Effect on Modeling Species’ Geographic
Distributions.” Ecological Informatics 19: 10-15. https://doi.org/10.
1016/j.ecoinf.2013.11.002.

Bernath-Plaisted, J. S., M. D. Correll, S. G. Somershoe, et al. 2023.
“Review of Conservation Challenges and Possible Solutions for
Grassland Birds of the North American Great Plains.” Rangeland
Ecology & Management 90: 165-185. https://doi.org/10.1016/j.rama.
2023.07.002.

Bi, D., M. Dix, S. Marsland, et al. 2020. “Configuration and Spin-Up
of ACCESS-CM2, the New Generation Australian Community Climate
and Earth System Simulator Coupled Model.” Journal of Southern
Hemisphere Earth Systems Science 70, no. 1: 225-251. https://doi.org/10.
1071/ES19040.

BirdLife Australia. 2025. “Australian Bustard, BirdLife Australia.”
https://birdlife.org.au/bird-profiles/australian-bustard/.

BirdLife International. 2024. “Australian Bustard (Ardeotis australis)—
BirdLife Species Factsheet.” https://datazone.birdlife.org/species/facts
heet/australian-bustard-ardeotis-australis.

Boehm, E. 1947. “Oological Desiderata in South Australia.” Kangaroo
Island Emu 18: 68-70.

Boggie, M. A., M. J. Butler, S. E. Sesnie, et al. 2023. “Forecasting Suitable
Areas for Wind Turbine Occurrence to Proactively Improve Wildlife
Conservation.” Journal for Nature Conservation 74: 126442. https://doi.
0rg/10.1016/j,jnc.2023.126442.

Bose, A., T. Diirr, R. A. Klenke, and K. Henle. 2020. “Predicting Strike
Susceptibility and Collision Patterns of the Common Buzzard at Wind
Turbine Structures in the Federal State of Brandenburg, Germany.”
PLoS One 15, no. 1: €0227698. https://doi.org/10.1371/journal.pone.
0227698.

Bowler, D. E., C. T. Callaghan, N. Bhandari, et al. 2022. “Temporal
Trends in the Spatial Bias of Species Occurrence Records.” Ecography
2022, no. 8: €06219. https://doi.org/10.1111/ecog.06219.

Bretagnolle, V., A. Merot, A. Martineau, E. Dedeban, R. Chargé, and E.
Debenest. 2025. “Wind Turbine Threats to Bustards: Spatially Explicit
Risk Modelling From Empirical Data.” Biological Conservation 310:
111391. https://doi.org/10.1016/j.biocon.2025.111391.

Bright, J., R. Langston, R. Bullman, R. Evans, S. Gardner, and J.
Pearce-Higgins. 2008. “Map of Bird Sensitivities to Wind Farms
in Scotland: A Tool to Aid Planning and Conservation.” Biological
Conservation 141, no. 9: 2342-2356. https://doi.org/10.1016/j.biocon.
2008.06.029.

Brodie, R. E., N. J. Bayly, A. M. Gonzdlez, et al. 2024. “Nonbreeding
Distributions of Four Declining Nearctic-Neotropical Migrants Are
Predicted to Contract Under Future Climate and Socioeconomic
Scenarios.” Ornithological Applications 126, no. 4: duae032.

Brouat, C., H. Chevallier, S. Meusnier, T. Noblecourt, and J. Y. Rasplus.
2004. “Specialization and Habitat: Spatial and Environmental Effects
on Abundance and Genetic Diversity of Forest Generalist and Specialist
Carabus Species.” Molecular Ecology 13, no. 7: 1815-1826. https://doi.
org/10.1111/j.1365-294X.2004.02206.x.

Busch, M., S. Trautmann, and B. Gerlach. 2017. “Overlap Between
Breeding Season Distribution and Wind Farm Risks: A Spatial
Approach.” Vogelwelt 137: 169-180.

Chatterjee, S., and A. S. Hadi. 2015. Regression Analysis by Example.
John Wiley & Sons.

14 of 17

Ecology and Evolution, 2025

85UB017 SUOLULIOD BAITER.D 3|ed! [dde 33 Aq pausenoh a1 2Pl YO B8N JO S9N J0j AReig1T 8UIIUO AB]IA UO (SUORPUOD-PUE-SLLBILI0D" A3 I ARRIq 1BUIIUO//SHNY) SUORIPUOD PUE SWLB | U} 89S *[9202/0T/8Z] U0 ARiqIT8UIIUO AB|IM ‘UOKSIAIQ ISSMULION D1j138d IMISu| LOWS N 81pWRg AJ 6T9Z. €899/200T OT/10p/W0dAB| 1M Areiqjeu!|uo//sdny Wwouj pepeojumoq ‘2T ‘G202 ‘85LLSY0T


https://zenodo.org/records/16418083?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImI0ZjY5MTNhLWVhNWItNGY1NS05NGVhLTJkODU1NjEzYWI0YSIsImRhdGEiOnt9LCJyYW5kb20iOiJhMzg0Y2NiMGY0NTExOTJkMWMxZDliNjFiODg3Y2IyYiJ9.3sNeyW-P-8ukcbmMfI9N0QnX_dMIc1cYYVSXABvccqNdj9qpTDV7f89lix6fY5TON_eEMtiTs4Ho6XiNUnw61w
https://zenodo.org/records/16418083?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImI0ZjY5MTNhLWVhNWItNGY1NS05NGVhLTJkODU1NjEzYWI0YSIsImRhdGEiOnt9LCJyYW5kb20iOiJhMzg0Y2NiMGY0NTExOTJkMWMxZDliNjFiODg3Y2IyYiJ9.3sNeyW-P-8ukcbmMfI9N0QnX_dMIc1cYYVSXABvccqNdj9qpTDV7f89lix6fY5TON_eEMtiTs4Ho6XiNUnw61w
https://zenodo.org/records/16418083?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImI0ZjY5MTNhLWVhNWItNGY1NS05NGVhLTJkODU1NjEzYWI0YSIsImRhdGEiOnt9LCJyYW5kb20iOiJhMzg0Y2NiMGY0NTExOTJkMWMxZDliNjFiODg3Y2IyYiJ9.3sNeyW-P-8ukcbmMfI9N0QnX_dMIc1cYYVSXABvccqNdj9qpTDV7f89lix6fY5TON_eEMtiTs4Ho6XiNUnw61w
https://zenodo.org/records/16418083?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImI0ZjY5MTNhLWVhNWItNGY1NS05NGVhLTJkODU1NjEzYWI0YSIsImRhdGEiOnt9LCJyYW5kb20iOiJhMzg0Y2NiMGY0NTExOTJkMWMxZDliNjFiODg3Y2IyYiJ9.3sNeyW-P-8ukcbmMfI9N0QnX_dMIc1cYYVSXABvccqNdj9qpTDV7f89lix6fY5TON_eEMtiTs4Ho6XiNUnw61w
https://zenodo.org/records/16418083?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImI0ZjY5MTNhLWVhNWItNGY1NS05NGVhLTJkODU1NjEzYWI0YSIsImRhdGEiOnt9LCJyYW5kb20iOiJhMzg0Y2NiMGY0NTExOTJkMWMxZDliNjFiODg3Y2IyYiJ9.3sNeyW-P-8ukcbmMfI9N0QnX_dMIc1cYYVSXABvccqNdj9qpTDV7f89lix6fY5TON_eEMtiTs4Ho6XiNUnw61w
https://zenodo.org/records/16418083?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImI0ZjY5MTNhLWVhNWItNGY1NS05NGVhLTJkODU1NjEzYWI0YSIsImRhdGEiOnt9LCJyYW5kb20iOiJhMzg0Y2NiMGY0NTExOTJkMWMxZDliNjFiODg3Y2IyYiJ9.3sNeyW-P-8ukcbmMfI9N0QnX_dMIc1cYYVSXABvccqNdj9qpTDV7f89lix6fY5TON_eEMtiTs4Ho6XiNUnw61w
https://www.abs.gov.au/statistics/environment/environmental-management/national-land-account-experimental-estimates/latest-release
https://www.abs.gov.au/statistics/environment/environmental-management/national-land-account-experimental-estimates/latest-release
https://www.abs.gov.au/statistics/environment/environmental-management/national-land-account-experimental-estimates/latest-release
https://doi.org/10.1002/ecs2.4584
https://doi.org/10.1002/ecs2.4584
https://doi.org/10.1016/j.gecco.2019.e00845
https://doi.org/10.1016/j.gecco.2019.e00845
https://doi.org/10.1093/gigascience/giae031
https://doi.org/10.1093/gigascience/giae031
https://bie.ala.org.au/species/https://biodiversity.org.au/afd/taxa/1865b014-426d-42dc-b53c-91c208e9b89e
https://bie.ala.org.au/species/https://biodiversity.org.au/afd/taxa/1865b014-426d-42dc-b53c-91c208e9b89e
https://doi.org/10.1111/j.2041-210X.2011.00172.x
https://doi.org/10.1016/j.ecoinf.2013.11.002
https://doi.org/10.1016/j.ecoinf.2013.11.002
https://doi.org/10.1016/j.rama.2023.07.002
https://doi.org/10.1016/j.rama.2023.07.002
https://doi.org/10.1071/ES19040
https://doi.org/10.1071/ES19040
https://birdlife.org.au/bird-profiles/australian-bustard/
https://datazone.birdlife.org/species/factsheet/australian-bustard-ardeotis-australis
https://datazone.birdlife.org/species/factsheet/australian-bustard-ardeotis-australis
https://doi.org/10.1016/j.jnc.2023.126442
https://doi.org/10.1016/j.jnc.2023.126442
https://doi.org/10.1371/journal.pone.0227698
https://doi.org/10.1371/journal.pone.0227698
https://doi.org/10.1111/ecog.06219
https://doi.org/10.1016/j.biocon.2025.111391
https://doi.org/10.1016/j.biocon.2008.06.029
https://doi.org/10.1016/j.biocon.2008.06.029
https://doi.org/10.1111/j.1365-294X.2004.02206.x
https://doi.org/10.1111/j.1365-294X.2004.02206.x

Chhetri, B., H. K. Badola, and S. Barat. 2018. “Predicting Climate-Driven
Habitat Shifting of the Near Threatened Satyr Tragopan (Tragopan sa-
tyra; Galliformes) in the Himalayas.” Avian Biology Research 11, no. 4:
221-230.

Cresswell, I. D., T. Janke, and E. L. Johnston. 2021. “Australia State of
the Environment 2021.” W.A.T.E. Australian Government Department
of Agriculture. https://soe.dcceew.gov.au/overview/introduction.

Davies, R. G., C. D. L. Orme, D. Storch, et al. 2007. “Topography, Energy
and the Global Distribution of Bird Species Richness.” Proceedings of the
Royal Society B: Biological Sciences 274, no. 1614: 1189-1197.

DCCEEW. 2024. “Australia—Present Major Vegetation Groups and
Subgroups—NVIS Version 7.0 Rasters.” (Version 7.0) [File Geodatabase].
Department of Climate Change, Energy, the Environment and Water
(DCCEEW), Australia. https://fed.dcceew.gov.au/datasets/5e70b5afc3
6a4c458a2cceb313eb3889/about.

Devictor, V., R. Julliard, and F. Jiguet. 2008. “Distribution of Specialist
and Generalist Species Along Spatial Gradients of Habitat Disturbance
and Fragmentation.” Oikos 117, no. 4: 507-514. https://doi.org/10.1111/j.
0030-1299.2008.16215.x.

Di Virgilio, G., F. Ji, E. Tam, et al. 2022. “Selecting CMIP6 GCMs for
CORDEX Dynamical Downscaling: Model Performance, Independence,
and Climate Change Signals.” Earth’s Future 10, no. 4: e2021EF002625.
https://doi.org/10.1029/2021EF002625.

Doscher, R., M. Acosta, A. Alessandri, et al. 2021. “The EC-earth3
Earth System Model for the Climate Model Intercomparison Project 6.”
Geoscientific Model Development Discussions 2021: 1-90.

EcoGeneration. 2023. “Wind Map of Australia (2023).” https://www.
ecogeneration.com.au/wp-content/uploads/2023/03/2023_WindM
ap.pdf.

Ehrlén, J., and W. F. Morris. 2015. “Predicting Changes in the
Distribution and Abundance of Species Under Environmental Change.”
Ecology Letters 18, no. 3: 303-314. https://doi.org/10.1111/ele.12410.

Elith, J., M. Kearney, and S. Phillips. 2010. “The Art of Modelling
Range-Shifting Species.” Methods in Ecology and Evolution 1, no. 4:
330-342. https://doi.org/10.1111/j.2041-210X.2010.00036.X.

Energy Institute. 2024. “Statistical Review of World Energy 2024.”
https://www.energyinst.org/statistical-review/resources-and-data-
downloads.

ESRI. 2025. “ArcGIS Pro. In (Version 3.3.52636) Environmental Systems
Research Institute.” https://www.esri.com/.

Fick, S. E., and R. J. Hijmans. 2017. “WorldClim 2: New 1-Km Spatial
Resolution Climate Surfaces for Global Land Areas.” International
Journal of Climatology 37, no. 12: 4302-4315. https://doi.org/10.1002/
joc.5086.

Gallant, J., N. Wilson, P. K. Tickle, T. Dowling, and A. Read. 2009.
“3-Second SRTM Derived Digital Elevation Model (DEM) Version 1.0
(Version 1.0).” GeoScience Australia. https://pid.geoscience.gov.au/
dataset/ga/69888.

Garnett, S.,J. Szabo, and G. Dutson. 2011. The Action Plan for Australian
Birds 2010. CSIRO Publishing.

Gaughan, R. 2018. “How Much Land Is Needed for Wind Turbines?”
https://www.sciencing.com/much-land-needed-wind-turbines-
12304634/.

Greco, 1., L. Beaudrot, C. Sutherland, et al. 2025. “Landscape-Level
Human Disturbance Results in Loss and Contraction of Mammalian
Populations in Tropical Forests.” PLoS Biology 23, no. 2: €3002976.
https://doi.org/10.1371/journal.pbio.3002976.

Grice, D., G. Caughley, and J. Short. 1986. “Density and Distribution of
the Australian Bustard Ardeotis australis.” Biological Conservation 35,
no. 3: 259-267. https://doi.org/10.1016/0006-3207(86)90066-2.

Grose, M. R., S. Narsey, R. Trancoso, et al. 2023. “A CMIP6-Based Multi-
Model Downscaling Ensemble to Underpin Climate Change Services in
Australia.” Climate Services 30: 100368. https://doi.org/10.1016/j.cliser.
2023.100368.

Hingrat, Y., M. Saint Jalme, F. Ysnel, E. Le Nuz, and F. Lacroix. 2007.
“Habitat Use and Mating System of the Houbara Bustard (Chlamydotis
undulata undulata) in a Semi-Desertic Area of North Africa:
Implications for Conservation.” Journal of Ornithology 148, no. 1: 39-52.
https://doi.org/10.1007/510336-006-0098-9.

Janss, G. F., and M. Ferrer. 2000. “Common Crane and Great Bustard
Collision With Power Lines: Collision Rate and Risk Exposure.” Wildlife
Society Bulletin 1: 675-680.

Jetz, W., D. S. Wilcove, and A. P. Dobson. 2007. “Projected Impacts of
Climate and Land-Use Change on the Global Diversity of Birds.” PLoS
Biology 5, no. 6: €157. https://doi.org/10.1371/journal.pbio.0050157.

Keith, D. A. 2017. Australian Vegetation. Cambridge University Press.

Kelley, M., G. A. Schmidt, L. S. Nazarenko, et al. 2020. “GISS-E2.1:
Configurations and Climatology.” Journal of Advances in Modeling
Earth Systems 12, no. 8: e2019MS002025.

Keogan, K., F. Daunt, S. Wanless, et al. 2018. “Global Phenological
Insensitivity to Shifting Ocean Temperatures Among Seabirds.”
Nature Climate Change 8, no. 4: 313-318. https://doi.org/10.1038/s4155
8-018-0115-z.

Kumara, H. N., S. Babu, G. B. Rao, et al. 2022. “Responses of Birds and
Mammals to Long-Established Wind Farms in India.” Scientific Reports
12, no. 1: 1339.

Leal, A. I., M. Acécio, C. F. Meyer, A. Rainho, and J. M. Palmeirim.
2019. “Grazing Improves Habitat Suitability for Many Ground
Foraging Birds in Mediterranean Wooded Grasslands.” Agriculture,
Ecosystems & Environment 270: 1-8. https://doi.org/10.1016/j.agee.
2018.10.012.

Lees, A. C., L. Haskell, T. Allinson, et al. 2022. “State of the World's
Birds.” Annual Review of Environment and Resources 47, no. 1: 231-260.
https://doi.org/10.1146/annurev-environ-112420-014642.

Legge, S., N. Indigo, D. M. Southwell, et al. 2024. “The Arid Zone
Monitoring Project: Combining Indigenous Ecological Expertise With
Scientific Data Analysis to Assess the Potential of Using Sign-Based
Surveys to Monitor Vertebrates in the Australian Deserts.” Wildlife
Research 51, no. 9: WR24070. https://doi.org/10.1071/WR24070.

Li, W.,, C. Zhu, 1. Grass, et al. 2023. “Widespread Arboreal Foraging
Behavior in Ground-Dwelling Birds and the Urgency of Life-History
Studies.” Biological Conservation 286: 110320. https://doi.org/10.1016/j.
biocon.2023.110320.

Liang, C., J. Liu, B. Pan, et al. 2020. “Precipitation Is the Dominant
Driver for Bird Species Richness, Phylogenetic and Functional Structure
in University Campuses in Northern China.” Avian Research 11: 1-8.
https://doi.org/10.1186/s40657-020-00212-x.

Liang, J., Y. Peng, Z. Zhu, et al. 2021. “Impacts of Changing Climate
on the Distribution of Migratory Birds in China: Habitat Change and
Population Centroid Shift.” Ecological Indicators 127: 107729.

Lopez-Jamar, J., F. Casas, M. Diaz, and M. B. Morales. 2011. “Local
Differences in Habitat Selection by Great Bustards Otis tarda in
Changing Agricultural Landscapes: Implications for Farmland Bird
Conservation.” Bird Conservation International 21, no. 3: 328-341.
https://doi.org/10.1017/S0959270910000535.

Loss, S. R., T. Will, and P. P. Marra. 2013. “Estimates of Bird Collision
Mortality at Wind Facilities in the Contiguous United States.” Biological
Conservation 168: 201-209. https://doi.org/10.1016/j.biocon.2013.
10.007.

Lovato, T., D. Peano, M. Butenschon, et al. 2022. “CMIP6 Simulations
With the CMCC Earth System Model (CMCC-ESM2).” Journal of

Ecology and Evolution, 2025

150f 17

85UB017 SUOLULIOD BAITER.D 3|ed! [dde 33 Aq pausenoh a1 2Pl YO B8N JO S9N J0j AReig1T 8UIIUO AB]IA UO (SUORPUOD-PUE-SLLBILI0D" A3 I ARRIq 1BUIIUO//SHNY) SUORIPUOD PUE SWLB | U} 89S *[9202/0T/8Z] U0 ARiqIT8UIIUO AB|IM ‘UOKSIAIQ ISSMULION D1j138d IMISu| LOWS N 81pWRg AJ 6T9Z. €899/200T OT/10p/W0dAB| 1M Areiqjeu!|uo//sdny Wwouj pepeojumoq ‘2T ‘G202 ‘85LLSY0T


https://soe.dcceew.gov.au/overview/introduction
https://fed.dcceew.gov.au/datasets/5e70b5afc36a4c458a2cceb313eb3889/about
https://fed.dcceew.gov.au/datasets/5e70b5afc36a4c458a2cceb313eb3889/about
https://doi.org/10.1111/j.0030-1299.2008.16215.x
https://doi.org/10.1111/j.0030-1299.2008.16215.x
https://doi.org/10.1029/2021EF002625
https://www.ecogeneration.com.au/wp-content/uploads/2023/03/2023_WindMap.pdf
https://www.ecogeneration.com.au/wp-content/uploads/2023/03/2023_WindMap.pdf
https://www.ecogeneration.com.au/wp-content/uploads/2023/03/2023_WindMap.pdf
https://doi.org/10.1111/ele.12410
https://doi.org/10.1111/j.2041-210X.2010.00036.x
https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://www.energyinst.org/statistical-review/resources-and-data-downloads
https://www.esri.com/
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://pid.geoscience.gov.au/dataset/ga/69888
https://pid.geoscience.gov.au/dataset/ga/69888
https://www.sciencing.com/much-land-needed-wind-turbines-12304634/
https://www.sciencing.com/much-land-needed-wind-turbines-12304634/
https://doi.org/10.1371/journal.pbio.3002976
https://doi.org/10.1016/0006-3207(86)90066-2
https://doi.org/10.1016/j.cliser.2023.100368
https://doi.org/10.1016/j.cliser.2023.100368
https://doi.org/10.1007/s10336-006-0098-9
https://doi.org/10.1371/journal.pbio.0050157
https://doi.org/10.1038/s41558-018-0115-z
https://doi.org/10.1038/s41558-018-0115-z
https://doi.org/10.1016/j.agee.2018.10.012
https://doi.org/10.1016/j.agee.2018.10.012
https://doi.org/10.1146/annurev-environ-112420-014642
https://doi.org/10.1071/WR24070
https://doi.org/10.1016/j.biocon.2023.110320
https://doi.org/10.1016/j.biocon.2023.110320
https://doi.org/10.1186/s40657-020-00212-x
https://doi.org/10.1017/S0959270910000535
https://doi.org/10.1016/j.biocon.2013.10.007
https://doi.org/10.1016/j.biocon.2013.10.007

Advances in Modeling Earth Systems 14, no. 3: €2021MS002814. https://
doi.org/10.1029/2021MS002814.

Manes, S., M. J. Costello, H. Beckett, et al. 2021. “Endemism Increases
Species’ Climate Change Risk in Areas of Global Biodiversity
Importance.” Biological Conservation 257: 109070. https://doi.org/10.
1016/j.biocon.2021.109070.

Mantyka-Pringle, C. S., T. G. Martin, and J. R. Rhodes. 2012.
“Interactions Between Climate and Habitat Loss Effects on Biodiversity:
A Systematic Review and Meta-Analysis.” Global Change Biology 18,
no. 4: 1239-1252. https://doi.org/10.1111/j.1365-2486.2011.02593.x.

Marchant, S., and P. J. Higgins. 1990. Handbook of Australian, New
Zealand & Antarctic Birds. Oxford University Press.

Maresh Nelson, S. B., C. A. Ribic, N. D. Niemuth, J. Bernath-Plaisted,
and B. Zuckerberg. 2024. “Sensitivity of North American Grassland
Birds to Weather and Climate Variability.” Conservation Biology 38, no.
1: e14143.

Marmion, M., M. Parviainen, M. Luoto, R. K. Heikkinen, and W.
Thuiller. 2009. “Evaluation of Consensus Methods in Predictive Species
Distribution Modelling.” Diversity and Distributions 15, no. 1: 59-69.
https://doi.org/10.1111/j.1472-4642.2008.00491.X.

Marques, A. T., H. Batalha, S. Rodrigues, et al. 2014. “Understanding
Bird Collisions at Wind Farms: An Updated Review on the Causes and
Possible Mitigation Strategies.” Biological Conservation 179: 40-52.

Marques, A. T.,R. C. Martins, J. P. Silva, J. M. Palmeirim, and F. Moreira.
2021. “Power Line Routing and Configuration as Major Drivers of
Collision Risk in Two Bustard Species.” Oryx 55, no. 3: 442-451. https://
doi.org/10.1017/S0030605319000292.

Marques, A. T., C. D. Santos, F. Hanssen, et al. 2020. “Wind Turbines
Cause Functional Habitat Loss for Migratory Soaring Birds.” Journal of
Animal Ecology 89, no. 1: 93-103.

Masden, E. A., D. T. Haydon, A. D. Fox, R. W. Furness, R. Bullman,
and M. Desholm. 2009. “Barriers to Movement: Impacts of Wind Farms
on Migrating Birds.” ICES Journal of Marine Science 66, no. 4: 746-753.

Mi, C., F. Huettmann, R. Sun, and Y. Guo. 2017. “Combining Occurrence
and Abundance Distribution Models for the Conservation of the Great
Bustard.” PeerJ 5: e4160. https://doi.org/10.7717/peer;j.4160.

Mukomberanwa, N. T., P. Taru, B. Utete, and P. Ngorima. 2024. “A
Comparison of Home Range Estimates Using the Time Local Convex
Hull (T-LoCoH) and Minimum Convex Polygon (MCP) Methods for
African Savannah Elephants in a Semi-Arid Protected Area.” Wildlife
Letters 2, no. 3: 149-164. https://doi.org/10.1002/wl112.12043.

Murgatroyd, M., W. Bouten, and A. Amar. 2021. “A Predictive Model
for Improving Placement of Wind Turbines to Minimise Collision Risk
Potential for a Large Soaring Raptor.” Journal of Applied Ecology 58, no.
4: 857-868. https://doi.org/10.1111/1365-2664.13799.

Naimi, B., N. A. Hamm, T. A. Groen, A. K. Skidmore, and A. G.
Toxopeus. 2014. “Where Is Positional Uncertainty a Problem for Species
Distribution Modelling?” Ecography 37: 191-203.

Northrup, J. M., J. W. Rivers, Z. Yang, and M. G. Betts. 2019.
“Synergistic Effects of Climate and Land-Use Change Influence
Broad-Scale Avian Population Declines.” Global Change Biology 25,
no. 5: 1561-1575.

Palacin, C., and J. C. Alonso Lépez. 2008. “An Updated Estimate of the
World Status and Population Trends of the Great Bustard Otis tarda.”
https://digital.csic.es/bitstream/10261/78384/1/Palac%C3%ADn%20%
26%20Alonso%20Ardeola%2055%20%282008%29.pdf.

Parmesan, C., and G. Yohe. 2003. “A Globally Coherent Fingerprint of
Climate Change Impacts Across Natural Systems.” Nature 421: 37-42.

Pebesma, E., and R. Bivand. 2023. Spatial Data Science: With
Applications in R. Chapman and Hall/CRC. https://doi.org/10.1201/
9780429459016.

Pecl, G. T.,M. B. Aragjo, J. D. Bell, et al. 2017. “Biodiversity Redistribution
Under Climate Change: Impacts on Ecosystems and Human Well-
Being.” Science 355: eaai9214.

Peschko, V., M. Mercker, and S. Garthe. 2020. “Telemetry Reveals
Strong Effects of Offshore Wind Farms on Behaviour and Habitat Use of
Common Guillemots (Uria aalge) During the Breeding Season.” Marine
Biology 167, no. 8: 118.

Phillips, S. J., and M. Dudik. 2008. “Modeling of Species Distributions
With Maxent: New Extensions and a Comprehensive Evaluation.”
Ecography 31, no. 2: 161-175. https://doi.org/10.1111/j.0906-7590.2008.
5203.x.

Pople, A., S. Cairns, and G. Grigg. 1991. “Distribution and Abundance
of Emus Dromaius novaehollandiae in Relation to the Environment in
the South Australian Pastoral Zone.” Emu—Austral Ornithology 91, no.
4:222-229. https://doi.org/10.1071/MU9910222.

R Core Team. 2023. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing. https://www.R-
project.org/.

Reside, A. E.,J. A. Welbergen, B. L. Phillips, et al. 2014. “Characteristics
of Climate Change Refugia for A Ustralian Biodiversity.” Austral
Ecology 39, no. 8: 887-897. https://doi.org/10.1111/aec.12146.

Rinnan, D. S. 2018. “Population Persistence in the Face of Climate
Change and Competition: A Battle on Two Fronts.” Ecological Modelling
385:78-88.

Ryeland, J., T. T. Derham, and R. J. Spencer. 2021. “Past and Future
Potential Range Changes in One of the Last Large Vertebrates of the
Australian Continent, the Emu Dromaius novaehollandiae.” Scientific
Reports 11, no. 1: 851. https://doi.org/10.1038/s41598-020-79551-0.

Saino, N., R. Ambrosini, D. Rubolini, et al. 2011. “Climate Warming,
Ecological Mismatch at Arrival and Population Decline in Migratory
Birds.” Proceedings of the Royal Society B: Biological Sciences 278:
835-842.

Shaffer, J. A., C. L. Roth, and D. M. Mushet. 2019. “Modeling Effects
of Crop Production, Energy Development and Conservation-Grassland
Loss on Avian Habitat.” PLoS One 14, no. 1: e0198382. https://doi.org/
10.1371/journal.pone.0198382.

Shephard, J. M., K. J. Riley, S. J. E. Rycken, et al. 2025. “Designing
Offsets for Black Cockatoos Guided by Habitat Suitability and Future
Climate Projections.”

Shirey, V., M. W. Belitz, V. Barve, and R. Guralnick. 2021. “A Complete
Inventory of North American Butterfly Occurrence Data: Narrowing
Data Gaps, but Increasing Bias.” Ecography 44, no. 4: 537-547. https://
doi.org/10.1111/ecog.05396.

Shrestha, U. B., K. P. Sharma, A. Devkota, M. Siwakoti, and B. B.
Shrestha. 2018. “Potential Impact of Climate Change on the Distribution
of Six Invasive Alien Plants in Nepal.” Ecological Indicators 95: 99-107.

Silva, J. P.,, A. T. Marques, J. Bernardino, et al. 2023. “The Effects of
Powerlines on Bustards: How Best to Mitigate, How Best to Monitor?”
Bird Conservation International 33: €30.

Silva, J. P., J. M. Palmeirim, R. Alcazar, R. Correia, A. Delgado, and F.
Moreira. 2014. “A Spatially Explicit Approach to Assess the Collision
Risk Between Birds and Overhead Power Lines: A Case Study With the
Little Bustard.” Biological Conservation 170: 256-263.

Silva, J. P., M. Pinto, and J. M. Palmeirim. 2004. “Managing Landscapes
for the Little Bustard Tetrax tetrax: Lessons From the Study of Winter
Habitat Selection.” Biological Conservation 117, no. 5: 521-528. https://
doi.org/10.1016/j.biocon.2003.09.001.

Tatebe, H., T. Ogura, T. Nitta, et al. 2019. “Description and Basic
Evaluation of Simulated Mean State, Internal Variability, and Climate
Sensitivity in MIROC6.” Geoscientific Model Development 12, no. 7:
2727-2765. https://doi.org/10.5194/gmd-12-2727-2019.

16 of 17

Ecology and Evolution, 2025

85UB017 SUOLULIOD BAITER.D 3|ed! [dde 33 Aq pausenoh a1 2Pl YO B8N JO S9N J0j AReig1T 8UIIUO AB]IA UO (SUORPUOD-PUE-SLLBILI0D" A3 I ARRIq 1BUIIUO//SHNY) SUORIPUOD PUE SWLB | U} 89S *[9202/0T/8Z] U0 ARiqIT8UIIUO AB|IM ‘UOKSIAIQ ISSMULION D1j138d IMISu| LOWS N 81pWRg AJ 6T9Z. €899/200T OT/10p/W0dAB| 1M Areiqjeu!|uo//sdny Wwouj pepeojumoq ‘2T ‘G202 ‘85LLSY0T


https://doi.org/10.1029/2021MS002814
https://doi.org/10.1029/2021MS002814
https://doi.org/10.1016/j.biocon.2021.109070
https://doi.org/10.1016/j.biocon.2021.109070
https://doi.org/10.1111/j.1365-2486.2011.02593.x
https://doi.org/10.1111/j.1472-4642.2008.00491.x
https://doi.org/10.1017/S0030605319000292
https://doi.org/10.1017/S0030605319000292
https://doi.org/10.7717/peerj.4160
https://doi.org/10.1002/wll2.12043
https://doi.org/10.1111/1365-2664.13799
https://digital.csic.es/bitstream/10261/78384/1/Palac%C3%ADn & Alonso Ardeola 55 %282008%29.pdf
https://digital.csic.es/bitstream/10261/78384/1/Palac%C3%ADn & Alonso Ardeola 55 %282008%29.pdf
https://doi.org/10.1201/9780429459016
https://doi.org/10.1201/9780429459016
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1071/MU9910222
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/aec.12146
https://doi.org/10.1038/s41598-020-79551-0
https://doi.org/10.1371/journal.pone.0198382
https://doi.org/10.1371/journal.pone.0198382
https://doi.org/10.1111/ecog.05396
https://doi.org/10.1111/ecog.05396
https://doi.org/10.1016/j.biocon.2003.09.001
https://doi.org/10.1016/j.biocon.2003.09.001
https://doi.org/10.5194/gmd-12-2727-2019

Thuiller, W., B. Lafourcade, R. Engler, and M. B. Aratjo. 2009.
“BIOMOD—A Platform for Ensemble Forecasting of Species
Distributions.” Ecography 32, no. 3: 369-373.

Urban, M. C. 2015. “Accelerating Extinction Risk From Climate
Change.” Science 348, no. 6234: 571-573. https://doi.org/10.1126/scien
ce.aaa4984.

van Dijk, A., T. Lawrie, and S. Rapley. 2024. “Australia’s Environment
in 2023: An Overview of Key Environmental Indicators.” https://www.
wenfo.org/aer/wp-content/uploads/2024/03/2023_Australias_Envir
onment_Report_March2024_spreads.pdf.

Vickery, J. A., S. R. Ewing, K. W. Smith, et al. 2014. “The Decline of A
Fro-P Alaearctic Migrants and an Assessment of Potential Causes.” Ibis
156, no. 1: 1-22.

Wang, W. J., H. S. He, F. R. Thompson III, M. A. Spetich, and J. S.
Fraser. 2018. “Effects of Species Biological Traits and Environmental
Heterogeneity on Simulated Tree Species Distribution Shifts Under
Climate Change.” Science of the Total Environment 634: 1214-1221.

Wardell-Johnson, G. W., G. Keppel, and J. Sander. 2011. “Climate
Change Impacts on the Terrestrial Biodiversity and Carbon Stocks of
Oceania.” Pacific Conservation Biology 17, no. 3: 220-240. https://doi.
org/10.1071/PC110220.

Warren, M., J. Hill, J. Thomas, et al. 2001. “Rapid Responses of British
Butterflies to Opposing Forces of Climate and Habitat Change.” Nature
414: 65-69.

Wickham, H., R. Francois, L. Henry, and K. Miiller. 2023. “dplyr: A
Grammar of Data Manipulation.” R Package Version. https://CRAN.R-
project.org/package=dplyr.

Williams, B. A., O. Venter, J. R. Allan, et al. 2020. “Change in Terrestrial
Human Footprint Drives Continued Loss of Intact Ecosystems.” One
Earth 3, no. 3: 371-382.

Zhai, Z., S. Liu, Z. Li, et al. 2024. “The Spatiotemporal Distribution
Patterns and Impact Factors of Bird Species Richness: A Case Study
of Urban Built-Up Areas in Beijing, China.” Ecological Indicators 169:
112847. https://doi.org/10.1016/j.ecolind.2024.112847.

Ziembicki, M. 2010. Australian Bustard. CSRIO Publishing. https://doi.
0rg/10.1071/9780643100152.

Zizka, A., D. Silvestro, T. Andermann, et al. 2019. “CoordinateCleaner:
Standardized Cleaning of Occurrence Records From Biological
Collection Databases.” Methods in Ecology and Evolution 10, no. 5:
744-751.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Appendix S1: ece372619-sup-0001-
AppendixS1.docx.

Ecology and Evolution, 2025

17 of 17

85UB017 SUOLULIOD BAITER.D 3|ed! [dde 33 Aq pausenoh a1 2Pl YO B8N JO S9N J0j AReig1T 8UIIUO AB]IA UO (SUORPUOD-PUE-SLLBILI0D" A3 I ARRIq 1BUIIUO//SHNY) SUORIPUOD PUE SWLB | U} 89S *[9202/0T/8Z] U0 ARiqIT8UIIUO AB|IM ‘UOKSIAIQ ISSMULION D1j138d IMISu| LOWS N 81pWRg AJ 6T9Z. €899/200T OT/10p/W0dAB| 1M Areiqjeu!|uo//sdny Wwouj pepeojumoq ‘2T ‘G202 ‘85LLSY0T


https://doi.org/10.1126/science.aaa4984
https://doi.org/10.1126/science.aaa4984
https://www.wenfo.org/aer/wp-content/uploads/2024/03/2023_Australias_Environment_Report_March2024_spreads.pdf
https://www.wenfo.org/aer/wp-content/uploads/2024/03/2023_Australias_Environment_Report_March2024_spreads.pdf
https://www.wenfo.org/aer/wp-content/uploads/2024/03/2023_Australias_Environment_Report_March2024_spreads.pdf
https://doi.org/10.1071/PC110220
https://doi.org/10.1071/PC110220
https://cran.r-project.org/package=dplyr
https://cran.r-project.org/package=dplyr
https://doi.org/10.1016/j.ecolind.2024.112847
https://doi.org/10.1071/9780643100152
https://doi.org/10.1071/9780643100152

	Identifying Priority Habitat for Conservation of the Australian Bustard Under Climate Change Scenarios
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Data Collection and Filtering
	2.2   |   Pseudo-Absence Selection and Bias Adjustment
	2.3   |   Bio-Climatic and Environmental Variables
	2.4   |   Data Analysis

	3   |   Results
	3.1   |   Current Habitat Distribution of Australian Bustards
	3.2   |   Model Performance
	3.3   |   Variable Importance Measures
	3.4   |   Overlap Between Wind Farm Development and Habitat Suitable for Australian Bustard
	3.5   |   Predicted Future Distribution and Change in the Habitat

	4   |   Discussion
	4.1   |   Key Climate and Environmental Drivers of Australian Bustard Distribution
	4.2   |   Bustards Avoid Disturbed Habitats
	4.3   |   Habitat at Risk From Wind Energy Development
	4.4   |   Future Climate Projections
	4.5   |   An Important Role for Indigenous-Led Conservation Into the Future
	4.6   |   Implications for Conservation and Management

	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


