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ABSTRACT

Context. Ungulates have been introduced to many environments around the world. Some of these
populations have become invasive, resulting in severe economic, social, and environmental impacts.
In 1886, chital deer (Axis axis) were introduced to north Queensland, Australia, and the population
has since grown and expanded. Aims. To understand where chital deer are likely to occur in the
future, we examined the relationship between chital deer abundance and environmental variables
at two scales, namely, local and regional. Methods. The local scale was surveyed using camera traps
on a single property, and regional scale data were collected from a landholder survey of properties
across the current distribution of chital deer in the region. Key results. High predicted soil
phosphorus was correlated with high relative abundance of chital deer at both the local and regional
scales. In addition, at the local scale, higher predicted soil sodium content and normalised vegetation
index (NDVI, ‘greenness’), close proximity to homesteads and highways, and lower canopy cover and
height were strongly correlated with increased chital deer abundance. Conclusions. There were more
chital in areas with high predicted soil phosphorus at both local and regional scales. Implications. This
study has the following two implications for management: (1) areas with high predicted soil phosphorous
content had the highest relative abundance of deer at both scales, and should be the focus of control
efforts, and (2) such areas are more vulnerable to future invasion of chital deer and should be monitored
closely.

Keywords: Australia, cervid, control, invasive species, management, phosphorus, soil minerals,
ungulate.

Introduction

Ungulates have been introduced and successfully established worldwide, usually as food or
game resources (Mungall and Sheffield 1994; Forsyth and Hickling 1998; Moriarty 2004;
Ikagawa 2013; Hess 2016; King and Forsyth 2021). Some of these introduced ungulate
populations have negative economic and social impacts, causing damage to infrastructure
Oxford, motor vehicle collisions, and competing with livestock for feed (Coté et al. 2004;
Dolman and Wéber 2008; Kusta et al. 2017). Invasive ungulates can cause serious environ-
mental effects by degrading habitats, competing with native species, and spreading diseases
or parasites (Doran and Laffan 2005; Ens et al. 2016; Hess 2016). Control of invasive
ungulates to effectively mitigate their impacts requires an understanding of how they
behave in their environment.

Ungulate habitat selection is often determined by factors such as the availability of
water, essential minerals, forage, and shelter (Grasman and Hellgren 1993; Smit et al. 2007;
Treydte et al. 2009; Thaker et al. 2011). Local-scale habitat selection can then scale up to
influence larger-scale patterns of a species’ distribution. Various geographic barriers can
also heavily influence the distribution of a species across a landscape (Hobbs 2003,
Northrup et al. 2016). In the context of invasive species, different environmental features
can facilitate or inhibit spread in a novel range (With 2002). For these reasons, understanding
the drivers of species’ habitat use at multiple scales is important for predicting where species
may occur in the future. For example, ungulate habitat selection can be influenced by the
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availability of minerals in plant material or in the soil as licks
(Grasman and Hellgren 1993; Mungall and Sheffield 1994;
Ayotte et al. 2006; Treydte et al. 2009; Watter et al. 2019a).
Phosphorus and sodium are vital nutrients for bone mineralisa-
tion, which is important for antler growth in deer, as well as for
subcellular processes and genetic coding (Belovsky 1978;
Grasman and Hellgren 1993; Mungall and Sheffield 1994;
Dryden 2016; Griffith et al. 2017). Soil mineral content
depends on factors such as soil drainage, soil pH, land use,
and the original mineral content of the parent material (Shaw
et al. 1994; Turner et al. 2007; Huang et al. 2017). Weathering
reduces soil phosphorus availability over time, thus geologi-
cally older regions, such as continental Australia, typically
have phosphorus-deficient soils (Gillman and Bell 1978;
McKenzie et al. 2004; Rossel and Bui 2016; Huang et al.
2017; Kooyman et al. 2017). Sodium is also important to
ungulates, with salt-deprived individuals having reduced
reproduction and survival (Church et al. 1971). Ungulates
around the world exhibit high reliance on sodium licks,
particularly where soil sodium contents are deficient (Weeks
and Kirkpatrick 1976; Moe 1993; Maro and Dudley 2022).
For instance, females appear to disproportionately seek out
salt licks during periods of lactation (Singer 1978; Atwood
and Weeks 2002; Ayotte 2004). Soil mineral content may
thus influence invasive ungulate habitat selection and spread
through a landscape.

Chital deer (also known as axis or spotted deer, Axis axis;
hereafter referred to as chital) are a medium-sized cervid
native to India, Sri Lanka, Bangladesh, and Nepal (Mattioli
2011). They have been introduced to many countries including
the United States (Texas, Hawaii, and Maryland), Argentina,
Chile, Croatia, and Australia (Long 2003). In their native range,
chital usually inhabit forest edges in grassland and riverine
environments (Mishra 1982; Moe and Wegge 1994). Chital
habitat use can also be influenced by the presence of native
predators such as tigers (Panthera tigris), leopards (Panthera
pardus), jackals (Canis aureus), and dhole (Cuon alpinus;
Moe and Wegge 1994; Sankar and Acharya 2004; Ramesh
et al. 2012). Chital respond to predation risk by using open
grass areas for grazing and then retreating to dense vegetation
for resting or cover (Mishra 1982; Moe and Wegge 1994).
Because habitat selection in their native range is strongly
influenced by predators, examining habitat use in an introduced
population with fewer predators could show other factors
important to their distribution.

In 1886, four chital were introduced to north Queensland,
Australia, and subsequently established and spread (Bentley
1967; Moriarty 2004). Following establishment, chital
exhibited a lag in population growth (Kelly et al. 2021). Up
to 20 years ago, the north Queensland chital population had
remained localised, but the population is currently expanding
rapidly, which is a concern to local landowners and
government authorities (Forsyth et al. 2019; Kelly et al. 2021).
The factors that have facilitated (or inhibited) their spread in
north Queensland are poorly understood. This complicates

targeting management efforts to prevent spread. Understanding
the habitat selection of chital in their introduced range should
help determine how and where such populations might grow
and spread in the future.

Previous studies undertaken on the local scale have
identified several factors that may contribute to chital habitat
use or range expansion in northern Queensland. Forsyth et al.
(2019) found higher chital numbers close to water and
homesteads, whereas Watter et al. (2019a) stressed the
importance of soil minerals because of seasonal changes in
dietary plant selection. We built on these previous studies
by investigating chital abundance in relation to multiple
habitat variables at both local and regional scales. Because
deer elsewhere avoid anthropogenic features, such as tracks
and roads (Scholten et al. 2018), we expected the relative
abundance of chital to increase with increasing distance from
these features. We also expected that areas with high soil
phosphorus, close proximity to water, and with more green
vegetation should have more chital, because these factors
are all important nutritionally (Watter et al. 2019a). We
expected that these relationships would also be reflected at
the regional scale (i.e. high soil phosphorus, close proximity
to water, and higher normalised vegetation index (NDVI)
would correlate with increased chital relative abundance).

Materials and methods

Local scale

This study was conducted at Spyglass Beef Research Facility, a
cattle property covering 38,221 ha in the Charters Towers
district, Queensland, Australia (Fig. 1). The study area
contains grassland consisting of both native and exotic
grasses, such as black speargrass (Heteropogon contortus),
kangaroo grass (Themeda triandra), sabi grass (Urochloa
mosanbicensis), red Natal grass (Melinis repens), and buffel
grass (Cenchrus ciliaris). A variety of overstorey species
including silverleaf box (Eucalyptus pruinosis), lancewood
(Acacia shirleyi), bendee (Acacia catenulata), yellowjacket
(Eucalyptus similis), and ironbark (Eucalyptus spp.) make up
the canopy. Three main seasons are experienced at the
study site, namely, wet (November—April), cool dry (May—
August), and hot dry (September-October). Troughs and dams
are located across Spyglass as permanent water sources for
cattle. The Burdekin River runs adjacent to the north-eastern
edge of Spyglass and may also serve as a permanent water
source for animals. There are three homesteads in the study
area, two on Spyglass itself and one on a neighbouring property
close to the boundary. As a working cattle property, mineral
supplementation (including phosphorus) is provided, although
the locations of these blocks were unknown. No additional
broad-scale phosphorus (i.e. fertiliser) is applied on this property.

We used camera traps to determine the presence
and relative abundance of chital in different habitats
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Fig. 1. Location of broad (Charters Towers district) and fine scale
(Spyglass Beef Research Station) areas investigated to determine the
factors that drive the distribution of invasive chital deer in north
Queensland.

(Supplementary material Fig. S1). To select camera trap
locations, a grid with points 500 m apart was created using
ArcGIS (ESRI) (actual average distance between points:
554.14 m). To facilitate access to the locations, 118 points
of the grid were selected that fell within 400 m of a road or
track. Bushnell Aggressor™ cameras were placed at these
locations for at least 1 month each between October 2017 and
November 2018. Cameras were set to capture three images
per trigger, with no delay between consecutive triggers.
All images were stamped with the date and time. Cameras
were installed approximately 30-50 cm above the ground and
pointed north or south to avoid the rising or setting sun.
Vegetation in front of the cameras was clipped to minimise
interference and false triggers. Of the 118 cameras installed,
24 failed, or the data they collected could not be analysed
(e.g., they collected excessive false triggers; Supplementary
material Table S1), resulting in 94 operational cameras,
representing 6707 trap days. Images were identified and
organised using WildID and ZSL CTap software (TEAM
Network 2011; Amin et al 2015).

For analysis, an ‘event’ was defined as a sequence of
photographs of one species that occurred following a previous
sequence of a different species. When there were consecutive
events of the same species, we ensured there was 1 h or more
between events (Bowkett et al. 2008; Amin et al. 2015; Rovero
et al. 2017). This time frame was used to avoid repeated
counting of the same individuals (Tobler et al. 2009; Rovero
etal. 2017; Bruce et al. 2018). We used Moran’s test in ArcGIS
to compare the detection rates of chital across all cameras and
found no significant spatial autocorrelation in our dataset
(Moran’s index: 0.09, P = 0.313).

We calculated spatial covariates for each camera site by
using geoprocessing tools in ArcGIS (Table 1), including
distance to homesteads, distance to tracks and highways,
distance to the nearest water sources (dams, troughs, or the
Burdekin River), foliage projective cover, and the average
predicted mineral concentrations (phosphorus, sodium, and
calcium:magnesium ratios; all surface (0-0.1 m) depth)
within the 100-m radius of each camera. Predicted mineral
concentrations were extracted from maps (phosphorus:
Department of Environment and Science 2023; sodium:
Department of Environment and Science 2016a; calcium:
magnesium: Department of Environment and Science 2016b).
In brief, the phosphorus map was created by modelling
relationships between point measurements of mineral
contents and environmental covariate data, the sodium and
calcium-magnesium maps were created on the basis of the
methods of Rayment and Lyons (2011), based on soil pH
and method uncertainty, by using multiple methods
(exchangeable cations, Mehlich 3 extractable elements, and
MIR reflectance spectroscopy). Details for how each map
was generated can be found in their respective metadata,
and sources for all data used and details for how each map
was generated can be found in Table 1. An average NDVI (a
measure of vegetation greenness; Pettorelli 2014) was derived
for a 250-m radius around each camera site by using MoveBank’s
Moderate Resolution Imaging Spectroradiometer (MODIS) Land
V6 product (Wikelski et al. 2020). The NDVI for each site
(calculated as the 16-day average for the period each camera was
active) was automatically calculated and downloaded. To
investigate whether predicted soil sodium concentration influ-
enced plant growth, we performed linear regressions between
NDVI and average predicted site sodium concentration.

We used a generalised linear model (GLM) to model
relative chital abundance as a function of spatial covariates
across the 94 camera sites. Prior to analyses, all variables
were checked for collinearity (Table S2) and scaled using the
scale () function in the glmmTMB package (ver. 1.1.9; https://
cran.r-project.org/web/packages/glmmTMB/index.html;
Brooks et al. 2017) that centres and scales predictor variables
(Brooks et al. 1998). Our analyses were based on counts (the
number of chital photo events at each site). To avoid overdis-
persion and account for the excess zeros in our data, we used a
negative binomial distribution (Lambert 1992; Zuur et al.
2009). The zero-inflated model was constructed using the
glmmTMB package that allows for offset variables (Brooks
et al. 1998) where effort (the number of days the camera was
operating) was included as an offset. We used Akaike’s infor-
mation criterion (AICc) to select the best models of habitat
selection. Following model selection, the residuals were
checked to avoid overdispersion by using the DHARMa package
(ver. 0.4.6; https://cran.r-project.org/web/packages/DHARMa/
index.html; Hartig 2022; Fig. S2). We calculated delta AICc
values (model AICc — minimum AICc), where models with
delta AICc values of <2 were considered most plausible
(Burnham and Anderson 2002; Symonds and Moussalli 2011).

3
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Table1.
habitat selection.

Local scale variables derived from GIS layers and data from site assessments to perform generalised linear mixed models (GLMM) on chital

Variable Variable description Source
name
FPC Foliage predictive cover (%) Long Paddock (Zhang and Carter 2018)

Canopy height Approximate average canopy height (m)

NDVI 16-day average NDVI measure for each site

Homestead Logyo distance from the nearest homestead (m)

Highway Logyo distance from the nearest highway (m)

Track Logyo distance from nearest track (m)

Water Logo distance from nearest permanent water source (m)

Dingo Index of relative abundance of dingoes per site ((events per
days active) x 100)

P Phosphorus content of the soil surface (0-0.5 m depth; pixel
size: 90 m X 90 m)

Na Exchangeable sodium concentration of the soil surface
(Mg ha=?) (0-0.5 m depth pixel size: 100 m X 100 m)

Ca:Mg Ratio of calcium:magnesium content of soil (0-0.5 m depth;

pixel size: 100 m X 100 m)

Measured at site

Moderate Resolution Imaging Spectroradiometer (MODIS) Land V6 product
(Wikelski et al. 2020)

Measured from local maps
Measured from local maps
Measured from local maps
Measured from local maps

Measured from cameras

Phosphorus map of Queensland (Department of Environment and Science
2023)

Queensland digital soil attributes — Burdekin River basin — exchangeable
sodium (Department of Environment and Science 2016a)

Queensland digital soil attributes — Burdekin River basin — Ca:Mg ratio
(Department of Environment and Science 2016b)

All analyses were conducted in R (ver. 4.4.1; R Core Team 2024)
and visualised using the ggplot2 package (ver. 3.5.1; https://
cran.r-project.org/web/packages/ggplot2/index.html;
Wickham 2016).

Regional scale

To examine larger-scale patterns of chital abundance, we used
a survey of landowners (Supplementary material File S1).
Surveys (n = 254) were distributed by the Charters Towers
Regional Council over 2018-2019. Landholders were asked
to estimate the number of chital on their property either as
a numerical or categorical estimate (0, 1-50, 51-200, 201-
1000, >1000). Where a categorical estimate was provided,
the lower end of the estimate was used (i.e. if the estimate
was 51-200, 51 was used for analyses). Property boundaries
were derived from property boundary maps supplied by
Charters Towers Regional Council, and polygons for each
respondent property were created in ArcMap. Chital estimates
per property were calculated by dividing the minimum popu-
lation estimate by the size of the property, thus resulting in a
minimum estimated population density for each property that
returned a survey. Properties outside the potential range of
this chital population were excluded from the analyses,
which were defined as properties that fell more than 50 km
beyond two consecutive properties that reported no deer.

A number of potential predictors of chital abundance at the
regional scale were considered. These predictor layers, as well
as the sources of all data used, are available in Table 2. As
water availability is likely to influence chital landscape use, we
calculated the distance from the nearest major watercourse (i.e.
those classified by Geoscience Australia 250,000 Topographic

Data as being majo (Department of Resources 2023) to the
geometric centre of each property. This was selected over
other possible estimates of water availability, because we did
not have locations where chital were sighted. All properties
have dams and troughs that provide permanent water to cattle.
Average predicted soil mineral concentration (Mg ha™') of
phosphorus, and sodium, and the ratio of calcium:magnesium
were calculated for each property. Similar to the local scale
analyses, we know mineral supplementation was provided on
properties, but its extent was not quantified. Because of the
climate in this region, broad-scale phosphorus fertilisers are
not widely used (on the basis of discussions with landholders).
The average NDVI (average of a 10-year dataset to estimate
average station greenness) was also calculated for each
property and used as a covariate. To determine whether the
average predicted soil sodium content influenced plant growth,
we looked for significant linear regressions between NDVI and
average property predicted sodium concentration. Because of
the potential impact of predators, landholders were also asked
whether they undertook dog control on the property; however,
not every landholder responded to this question. Of the 84
properties that responded, 54 (68%) answered the dog control
question. Of those, 100% responded that they undertook dog
control. As such, whether landholders employed dog control
on their property was excluded as a potential predictor from
analyses.

GLMs were used to investigate predictors of chital abundance
per property. Prior to analyses, all variables were checked to
ensure that collinearity did not exceed a threshold of 0.75
(Table S3). To avoid overdispersion and account for the excess
zeros in our data, we used a negative binomial distribution. We
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Table 2. Description of variables derived from GIS layers to select candidate models for chital habitat selection at the regional scale.

Variable Variable description Source

name

River Average distance from a major watercourse (m) Measured from: major watercourse lines — Queensland (Department of Resources 2023)

NDVI 10-year average NDVI measure for each Moderate Resolution Imaging Spectroradiometer (MODIS) Land V6 product (Wikelski et al. 2020)
property

P Average phosphorus concentration of soil Phosphorus map of Queensland (Department of Environment and Science 2023)
(Mg ha™)

Na Average exchangeable sodium concentration Queensland digital soil attributes — Burdekin River basin — exchangeable sodium (Department of
of soil (Mg ha™) Environment and Science 2016a)

CaMg  Average ratio of calcium:magnesium content of Queensland digital soil attributes — Burdekin River basin — Ca:Mg ratio (Department of Environment
soil and Science 2016b)

Slope Average slope of a property Measured from: 3-second Digital Elevation Model (Department of Resources 2013)

used count data (the number of chital reported on each property)
with property area included as an offset. All variables were
scaled prior to model selection by using the scale () function
in the glmmTMB package (Brooks et al. 2017), as with local
level analyses. As with the local scale analyses, we calculated
delta AICc values where models with delta AICc values of <2
were considered most plausible (Burnham and Anderson 2002;
Symonds and Moussalli 2011), and the residuals were checked
to avoid overdispersion (Fig. S3). Model averaging was
performed when no single best model could be identified
(i.e. multiple models with a AAICc value of <2). All analyses
were conducted in R (ver. 4.4.1; R Core Team 2024) and
visualised using the ggplot2 package (Wickham 2016).

Ethics

All procedures performed in studies involving human
participants were in accordance with the ethical standards
of the institutional and/or national research committee and
with the 1964 Helsinki declaration and its later amendments
or comparable ethical standards. The template and methodology
for this survey was approved by the Human Ethics Committee of
James Cook University (Approval number: H7666).

Results

Local scale

Cameras recorded an average of 7.96 (+1.73 s.e.) chital
events, or 0.14 (+0.03 s.e.) per day (Fig. 2). In total, 753
chital events were recorded across all camera sites. At the
local scale, there were two plausible models (Table S4), so
model averaging was performed. Parameter estimates are
given in Table 3.

The relative abundance of chital increased closer to
homesteads (estimate = —0.38; 95% CI (-0.70 — —0.06);
Fig. 3) and highways (estimate = —0.62; 95% CI (—0.93 - —0.30))

Legend

Burdekin river
Highways
N I:] Spyglass paddock boundaries

A012 4 6
- — km

Fig. 2. Map of chital trapping densities at cameras on Spyglass Beef
Research Station. Open symbols represent sites where chital were
absent, with increasingly dark solid symbols representing increasing
chital trapping rate <0.00-1.34 events per day (each shade darker
represents an increase in trapping rate of 0.224 events per day).

and tracks (estimate = —0.29; 95% CI (—0.58 — —0.01)), increased
with an increasing predicted soil phosphorus (estimate = 0.36;
95% CI (0.09-0.63)), sodium (estimate = 0.51; 95% CI (0.19-
0.83)), and NDVI (estimate = 0.45; 95% CI (0.13-0.77)), but
decreased with increasing foliage projective cover (estimate =
-0.58; 95% CI (-0.92 - -0.24)), and canopy height
(estimate = —0.54; 95% CI (-0.85 — —0.22)). There was no
significant relationship between chital abundance and dingo

5
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Table 3. Local level analyses: model-averaged parameter estimates
from the best (AAICc < 2) generalised linear models (GLM) of chital
habitat selection at a local level, using variables from Table 1.

Item Estimate s.e. Adjusted z-value 2.50% 97.50% P-value
s.e.

Intercept -283 020 020 14.00 -323 -244 000
Canopy -0.54 016 016 336 —085 —-022 0.0
height

Homestead —038  0.16 016 232 070 -006 0.2
Highway -0.62 016 0.16 3.87 -093 -030 0.00
Track -029 014 014 205 —-058 —0.01 0.04
FPC -058 017 0.17 333 -092 -024 0.0
Na 0.51 0.16 0.16 3.09 0.19 0.83 0.00
NDVI 0.45 0.16 0.16 278 0.13 0.77 0.01
P 0.36 014 0.14 260 009 063 0.01

All models include effort (days that the camera was active) as an offset variable.

abundance measured by cameras, or between chital abundance
and proximity to permanent water points. There was also no
significant relationship between average predicted site soil
sodium content and NDVI (P = 0.858).

Regional scale

Of 98 returned surveys (38.58% response rate), 56 reported
chital on their property, ranging from 1 to 2000 individuals,
and an average of 0.64 chital km (+0.12s.e.). At the regional
scale, there were 18 plausible models following model
selection (Table S5), so model averaging was performed.
Parameter estimates are given in Table 4.

As with the local scale analyses, reported chital density
increased with an increasing average predicted station soil
phosphorus content (estimate = 0.42; 95% CI (0.19-0.65);
Fig. 4). Although all other variables were included in the top
models, they had broad confidence intervals that included
zero, reflecting conservative model selection by AICc
(Crawley 2013).

Discussion

The relative abundance of chital was higher in areas with high
predicted phosphorus at both local and regional scales. This
observation is similar to those in previous local-scale studies
in this area (Watter et al. 2019a). Phosphorus is critical
for ungulates (Grasman and Hellgren 1993; Mungall and
Sheffield 1994; Dryden 2016) and, in their native range,
chital use natural salt licks high in phosphate (Schaller
1967; Moe 1993). In mineralogically deficient environments,
ungulates will actively graze in patches of vegetation with
higher phosphorus content or use salt licks (McNaughton

1990; Moe 1993; Ayotte et al. 2006; Treydte et al. 2009). The
Charters Towers region contains some of the oldest rock
formations in Australia. Given that the phosphorus content
of rocks decreases over time because of weathering
(Gardner 1990), this region is likely to exhibit particularly
low phosphorus concentrations. The chital population north
of Charters Towers, where the initial individuals were
released, is located on an ‘island’ of higher phosphorus in
what is generally a low-phosphorus landscape (Fig. 5; Rossel
and Bui 2016), and this could feasibly have decreased the
ability of chital to spread out of this region (see Kelly et al
(2023) for predicted spread).

NDVI was positively associated with local chital
abundance, whereas foliage cover and canopy height were
negatively associated. NDVI values are greater in areas with
high pasture biomass, as well as in areas with high tree and
shrub cover (although these two variables were not correlated;
r = 0.36). These results are consistent with chital habitat
selection in their native range, where they typically aggregate
and forage in grasslands or areas of freshly sprouting grass
(Moe and Wegge 1994; Bhat and Rawat 1995; Ramesh et al.
2012). Likewise, introduced chital in Texas (USA) show a
preference for areas with grasses and shoots, either in the
understorey, or meadows (Mungall and Sheffield 1994). In
their native range, using denser cover is thought to be an
anti-predator strategy (Mishra 1982; Moe and Wegge 1994).
Despite the lack of a significant influence of dingo camera-
trapping rates on chital (Forsyth et al. 2019), dingo popula-
tions could influence chital behaviour in this region. At the
local level, the relative abundance of chital was positively
associated with anthropogenic features such as homesteads
and highways. It is possible that anthropogenic clearing in
the vicinity of highways and homesteads may provide a
corridor between denser vegetation and the open grassland
favoured by chital. Our results are consistent with those of
Forsyth et al. (2019) and Watter et al. (2019a) who both
reported higher chital abundance in close proximity to
homesteads; both studies suggested that chital were selecting
aspects of habitat found closer to homesteads (i.e. flat, high-
quality forage and permanent water sources). Locations close
to homesteads may also provide protection from predators,
such as dingoes that may avoid humans (see Forsyth et al.
2019), although we did not find a correlation between dingo
activity and distance to homestead (—0.13; Table S2). Likewise,
highways provide clear areas across flat floodplains that may
be associated with higher quality forage.

Predicted soil exchangeable sodium was positively related
to chital abundance on the local scale. In their native range,
chital use natural licks as a source of sodium (Moe 1993),
and other studies have found that sodium was positively
associated with ungulate abundance (McNaughton 1988;
Robbins 2012), including chital in northern Queensland
(Watter et al. 2020). Areas converted from woodland to
pasture often exhibit increased soil sodium concentrations,
which has been attributed to higher evaporation rates than

6
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Fig. 3. Relationship between the ‘trapping rate’ of chital deer at a local scale determined from trail
cameras (estimated as deer events per day) and (a) predicted soil phosphorus content (mg P kg™),
(b) distance from nearest homestead (m), (c) distance from nearest highway (m), (d) predicted soil
sodium content (Mg ha™), (e) foliage projective cover (FPC; %), (f) normalised difference vegetation
index (NDVI), and (g) canopy height (m).

in the original native woodland (Schofield 1992; Thorburn  increases salinity, is commonly used as a land management
et al. 2002). The Charters Towers district is at a particular  tool to increase pasture area, and thus beef productivity
risk of increased soil salinity, because tree clearing, which ~ (Williams et al. 1997). Since tropical grasses take up sodium
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Table4. Regional level analyses: model-averaged parameter estimates
from the best (AAICc < 2) generalised linear models (GLM) of chital
habitat selection at a regional level, using variables from Table 2.

Item Estimate s.e. Adjusted z-value 2.50% 97.50% P-value
s.e.
Intercept  —0.80 026 0.27 3.00 133 -028 0.00
P 0.42 012 0.12 3.52 0.19 0.65 0.00
Na -013 017 0.18 073 —-058 010 0.46
River -010 015 0.15 065 —053 0.09 0.52
Slope -013 021 0.21 063 —075 0I5 0.53
NDVI —0.08 015 0.5 053 —-058 OM 0.59
CaMg 0.02 0.07 0.08 032 -0m 039 075

All models include the area of the property (km?) as an offset variable.

in only small amounts (Weil and Brady 2017), chital may be
selecting areas where the higher soil sodium content enables
higher uptake by the plants in those areas.

One limitation of this study is the measurement of water
dependency in pastoral regions. On the local scale, analyses
were undertaken on a property where water points were
common and evenly distributed for provisioning cattle. In
addition, the cameras were mostly deployed during the wet
season, when chital are less constrained by water availability.
At the regional level, the landholder survey was unable to
capture the distribution of deer in relation to features such
as water sources. In their native range, chital predominantly
inhabit riverine forest and grassland edges along river courses

w

Deer reported density (deer km)
N

-

0 o onmtdh’s Geadoams o0 o .

(Mishra 1982; Moe and Wegge 1994; Bhat and Rawat 1995;
Dey 2007). Chital dependence on water has also been
reported in their introduced ranges (Graf and Nichols 1966;
Mungall and Sheffield 1994; Centore 2016), as well as in
Australia (Forsyth et al. 2019; Watter et al. 2019b). Likewise,
high mortality occurs during droughts in Queensland (Watter
et al. 2019b; Pople et al. 2023). Maps of the potential
distribution of chital (estimated using data from this study
and previous landholder surveys) indicate that chital spread
may be facilitated by the Burdekin River (a permanent and
significant water source in the Charters Towers region; Fig. 5;
Kelly et al. 2023). In the future, the reliance of chital on these
water sources in a water-limited environment will be investi-
gated using the movement data of GPS tagged deer over
multiple seasons. It would also be beneficial to use landscape
genetic methods to quantify how the Burdekin River and its
tributaries may facilitate the spread of chital in this region.
Another limitation of the study is the reliance placed on
landholder responses; there could be tendencies to over- or
under-estimate densities depending on different landholder
perceptions of deer (e.g. Finch and Baxter 2007; Robertson
et al. 2017). Although we acknowledge possible error in such
subjective estimates, we found a range of plausible relation-
ships between reported chital densities and various habitat
features. In the future, aerial surveys on other properties
(e.g. Pople et al. 2023) would provide objective abundance
data to model relationships with the environment (e.g.
density surface models; Miller et al. 2013; Hinton et al. 2022).
There is also the potential for survey non-response bias among

10 20

30 40

Soil predicted phosphorus (mg P kg™

Fig. 4. Relationship between the reported relative abundance of chital deer at the regional
scale determined from a regional landholder survey and soil phosphorus content (mg P kg™).

920z AInc 9T uo Jasn A3IsIaniun %000 sauer Ag jpd "€LT¥Z M /TLETIET /ELTYZHN /TLOT "OT / 10p /4pd -3 [0 114 /M /Ne * 105 }08UU0D //:d 11y WO 1} papeo jumod



www.publish.csiro.au/wr

Wildlife Research 52 (2025) WR24173

W g

20 years
80 years
100 years
130 years

Fig. 5.
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Charters Towers

History of spread of chital deer in the Charters Towers region estimated from landholder

surveys. Red point indicates initial release point and red shading is spread after 20 years, orange is
spread after 80 years, yellow is spread after 100 years, and pale yellow is spread after 130 years.
The black line is the Burdekin River, and the brown underlay layer is soil phosphorus content
sourced from State of Queensland, Department of Environment and Science (2023).

rural or farming communities (e.g. Barker 1991; Pendleton
1992; TuckerWilliams et al. 2024). Although we did not
account for non-response bias here, we did not detect any
notable geographic bias in responses, and property owners
both with and without chital responded (57.14% reported
chital deer on their property). Potential bias was possibly
further mitigated by targeted questionnaires aimed at areas
lacking responses (n = 7).

The use of soil nutrient maps also represents a potential
limitation of our study. Many studies on habitat use estimate
soil and plant nutrient concentrations directly (Ben-Shahar
and Coe 1992; Giisewell et al. 2005; Merems et al. 2020),
whereas we used soil nutrient values estimated from predic-
tive soil nutrient maps. These digitised layers were sourced
from the most up-to-date and high-resolution layers available,
but it is possible such maps might lack the resolution and
ground-truthing required for finer scale analyses of habitat
preference, and, in the future, it would be good to analyse
samples at each site to more reliably estimate nutrient concen-
trations. Although low resolution maps could have been the
reason for the surprising lack of a relationship between
habitat use and water availability, we suggest this may have
been a byproduct of the timing of the camera trap deploy-
ments. Chital resource requirements, and thus habitat use,
are likely to vary season to season. For example, previous
studies have found a nutritional bottleneck for grazing
animals prior to the start of the wet season in the dry tropics’
rangelands (McLean et al. 1983; Vetter and Bond 2010; Watter

et al. 2020). Watter et al. (2020) and Quin et al. (2025) found
that chital altered their diet seasonally, depending on what was
growing and available at a given time. In the future, more
cameras and seasonal replication will further enhance our
understanding of chital habitat use and allow further explora-
tion of spatial variation in occupancy over time. As it stands,
our results very closely reflect and build on previous studies
(e.g. Forsyth et al. 2019; Watter et al. 2019a).

Chital in north Queensland represent an ongoing threat to
agriculture and native ecosystems, with estimates of habitat
suitability for chital suggesting that this species has the
potential to spread much further than its current distribution
(Kelly et al. 2023). Here, chital displayed increased use of
habitats that had higher predicted soil phosphorus at both
regional and local scales, and increased activity at sites with
higher predicted soil sodium content, NDVI, close proximity
to homesteads and highways, and lower levels of canopy
cover and height. Future studies should examine additional
features that may facilitate the spread of chital, such as rivers
and other water sources, while simultaneously ground-truthing
the work performed here with soil and plant composition
analyses, thus allowing more confident predictions of chital
distribution and, therefore, focus areas for management.

Supplementary material

Supplementary material is available online.
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