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Abstract Deer populations and their impacts on 
forest ecosystems are increasing globally. Given the 
imperative and expense to mitigate impacts of inva-
sive deer, we aimed to elucidate critical drivers of 
(i) deer density, (ii) deer impacts, and (iii) the rela-
tionship between them, to facilitate targeted manage-
ment. We used quantile regression forests to model 
deer density (faecal pellet counts at 1948 locations) 
and impacts (browsing and other impacts on > 23,000 
woody plants at 343 locations) across a mosaic of 
agricultural and forested ecosystems in Victoria, Aus-
tralia (12,775  km2). Climate, topography, vegetation 
cover, and distance to water features were included as 
model covariates. Modelled deer density (r2 = 0.71, 
MAE = 0.56 pellets/m2) was most influenced by 

distance to waterbodies (> 10  ha, 31.2%), elevation 
(14.3%) and woody vegetation cover (12.9%). Mod-
elled deer impact (r2 = 0.32, MAE = 6.9%) was most 
influenced by deer density (21.0%), mean annual pre-
cipitation (12.8%) and elevation (12.2%). Deer den-
sity was typically highest near large waterbodies, at 
low elevation, and with intermediate tree cover (40–
70%). Impacts increased steadily with deer density up 
to ~ 2 pellets/m2.  Our study demonstrates the impor-
tance of forest water and forest agricultural interfaces 
for both deer density and impacts. Deer are likely to 
be most abundant near waterbodies due to the avail-
ability of high-quality forage and water, and prefer 
lowland locations that have access to both open and 
forested habitats. Spatial models can be used to pre-
dict deer density and associated impacts to facilitate 
targeted invasive deer management.

Keywords Deer management · Invasive herbivores · 
Density-impact relationships · Forest management · 
Plant–herbivore interactions · Quantile regression 
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Introduction

Deer populations and their impacts on biodiversity 
and ecosystem services are increasing in many tem-
perate forests globally (Côté et al. 2004; Davis et al. 
2016; Rooney 2001), and these effects can be exacer-
bated outside of their native range (Wills et al. 2023). 
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Deer impact forest biodiversity through browsing and 
trampling (Moser, Greet 2018), limiting woody plant 
recruitment (DiTommaso et  al. 2014; Russell et  al. 
2017), promoting the spread of exotics (Baiser et al. 
2008) and thus altering forest composition and struc-
ture (e.g., Eichhorn et  al. 2017). Such impacts may 
reduce the suitability of forests as habitat for other 
wildlife, alter their role in water and nutrient cycling 
(Comte et al. 2023a), and lower their economic value 
(Bressette et al. 2012; Wardle et al. 2001).

Effective deer control is often difficult due to 
uncertainty in the location and density of deer popula-
tions, their impacts upon vegetation, and the high cost 
of management interventions (Bengsen et  al. 2020). 
The design and implementation of cost-effective deer 
management interventions can be improved by better 
understanding the drivers of deer population density 
and impacts upon vegetation at landscape-scales.

The distribution of deer and deer impacts, and the 
relationships between them, are complex and contin-
gent on climatic and landscape context (Spake et al. 
2020). Several modelling approaches have been used 
to try and understand these relationships (e.g., light 
detection and ranging (lidar) and random forests, 
Shanley et  al. 2021; and Generalised Linear Models 
(GLMs), Spake et  al. 2020). Typically, these mod-
els relate estimates of deer abundance or density to 
environmental factors such as climate and land use, 
which are thought to be influential on deer ecology 
(e.g., Cunningham et al. 2022). However, such mod-
els often rely on coarse resolution spatial data or 
indirect estimates of deer density, for example pres-
ence-absence data (Patton et al. 2018), incidences of 
deer-vehicle collisions (Davies et al. 2019) or general 
assessments of browser impacts on vegetation (Spake 
et  al. 2020). In this study, we use high-resolution 
spatial environmental data, combined with consist-
ent and robust indices of deer density (Forsyth et al. 
2007) and impact (Bennett et al. 2022), to investigate 
the relationships between deer density, deer impacts, 
and the environment.

The aims of this study were to develop spatial 
models and describe the key environmental drivers of 
(i) deer density, (ii) deer impacts on vegetation, and 
(iii) to examine the relationship between deer density 
and deer impacts to inform targeted management. 
We develop spatial models of deer density (based 
on faecal pellet counts) and deer impacts (based on 
impact assessments of individual woody plants) 

using quantile regression forests, a machine learning 
method capable of quantifying predictive uncertainty. 
Our analyses demonstrate how field observations and 
publicly available spatial datasets (i.e., describing 
topography, climate, vegetation, and surface water 
features) can be used to support informed decision 
making and provide landscape managers with valu-
able tools to prioritise and develop effective invasive 
deer management.

Materials and methods

Study area

This study focuses on an agricultural and forested 
landscape near Melbourne, Victoria, south-east Aus-
tralia, covering an area of approximately 12,775  km2 
(Fig.  1). The area comprises mixed land uses and 
tenures including urban, peri-urban, agricultural, and 
native forest.

Three non-native deer species that were introduced 
in the late 1800s to establish populations for hunting 
(Moriarty 2004) are present in the study area. Sambar 
deer (Cervus unicolor) are the most widespread and 
abundant deer species across the region (Forsyth et al. 
2018). Fallow deer (Dama dama) and red deer (Cer-
vus elaphus) have much smaller and scattered distri-
butions (Davis et  al. 2016). The size of the sambar 
deer population has increased considerably over the 
last 30 years (Forsyth et al. 2018), with a correspond-
ing rise in reports of impacts (Davis et  al. 2016). 
Sambar deer are considered generalist browsers con-
suming a wide variety of trees, shrubs, grasses, and 
forbs (Forsyth, Davis 2011; Parker 2009; Quin et al. 
2023). Fallow and red deer are predominantly graz-
ers but supplement their diet by browsing (Davis et al. 
2023; Parker 2009; Roberts et al. 2015).

Field data

Deer density

Field surveys of deer faecal pellet counts were col-
lated from multiple datasets collected across the 
study area and the broader landscape comprising 
the state of Victoria (Fig.  1; Table  1). Deer pellets 
(combined across all species) were counted within 
1 m radius plots located at 5 m intervals along 150 m 
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transects (with some exceptions detailed in Table 1) 
using the Faecal Pellet Index (FPI) method (Forsyth 
2005). This method has been widely used to index 
deer abundance and has a positive and approximately 
linear relationship with deer density (Forsyth et  al. 
2007). In total, we included data from 1948 transects 
with start coordinates, bearings, and transect distance 
used to spatially reference each transect accounting 
for bearing changes due to obstructions. The total 
number of pellets were summed and attributed to the 
centre location of each transect for spatial modelling.

Deer impact

Deer impacts on vegetation were available from a 
subset of 343 locations where faecal pellet counts 
were also collected across multiple field campaigns 
(Table  1). At 298 locations (Waterway Ecosystem 
Research Group datasets), we surveyed 120 plants 

along 150  m transects by selecting four plants for 
assessment at 5  m intervals (30 points per transect) 
using the point-centred quadrant method (one per 
quadrant; Cottam, Curtis 1956; Mitchell 2015). These 
points corresponded with concurrent faecal pellet 
counts using the FPI method (Bennett et  al. 2022). 
Additionally, we incorporated data from 45 10 × 10 m 
unfenced plots (Wills et  al. 2023), in which up to 
15 trees or shrubs were assessed for impacts. In that 
study, plants were randomly selected to a maximum 
of 5 individuals per species, and plant height and 
an estimate of browser impact recorded (Wills et  al. 
2023).

Plants were assessed by scoring impact between 
0 (no impact) and 4 (high impact; Table  2). The 
impact score for each plant was converted to a mid-
point value based on the percent of the plant browsed 
or impacted. For this study, each plant > 1 m tall was 
assessed for impact above and below 1 m separately, 

Fig. 1  Location of deer density (n = 1948) and impact 
(n = 343) field surveys across the state of Victoria, Australia. 
Inset maps show the location of field surveys within the study 
area encompassing the greater Melbourne region and the loca-

tion of Victoria on the Australian continent. The Melbourne 
Drainage and Waterway Extent boundary delineates priority 
areas for water management in the region
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Table 1  Summary of deer faecal pellet count (FPC; n = 1948) and impact (n = 343) data used in the study

Transects were 150 m long with 30 survey plots located at 5 m intervals, and plots were circular with a radius of 1 m unless other-
wise specified in the footnotes. Bolded values indicate number of impact transects
1  Transect length was 210 m with 21 survey plots located at 10 m intervals. Plots were circular with a radius of 2 m. The start of the 
transect was used as the location because the midpoint could not be calculated
2  Impact surveys from the GHD study include 3 plots (10 × 10 m) per location that were unfenced during establishment of field sites
3  Transect length was 100 m with 20 survey plots located at 5 m intervals

Data collector Location/dataset name FPC Impact Total 
number of 
transects

Collection years (num-
ber of FPC / impact 
transects)

Sources

A. Bennett Upper Yarra ✓ 70 2007 (41)1, 2009 (29)1 Bennett et al. 2015
Yellingbo ✓ 26 2012 (26) Bennett 2013

Arthur Rylah Institute Eastern Victoria ✓ 203 2008 (188), 2009 (15) Unpublished data
D. Forsyth King Lake ✓ 195 2005 (30), 2007 (30), 

2008 (30), 2009 (30), 
2010 (28), 2017 (23), 
2018 (24)

Gormley et al. 2009; 
Forsyth et al. 2012; 
Unpublished data 
2017–2018

Upper Yarra ✓ 100 2005 (100) Forsyth et al. 2009
GHD group Upper Yarra ✓ ✓ 75 2015 (15/45)2, 2016 

(15), 2017 (15), 2019 
(15), 2022 (15)

Wills et al. 2023; Greet 
et al. 2022

Parks Victoria Baluk Willam ✓ 5 2012 (5)3 Unpublished data
Bogong High Plains ✓ 90 2006 (30), 2007 (30), 

2008 (30)
Gormley et al. 2009

Bunyip ✓ 169 2005 (17), 2006 (25), 
2007 (43), 2008 (41), 
2010 (43)

Gormley et al. 2009; 
Unpublished data 
2010

Burrowa ✓ 89 2006 (29), 2007 (29), 
2008 (31)

Gormley et al. 2009

Cardinia ✓ 9 2012 (9)3 Unpublished data
Mount Buffalo Plateau ✓ 30 2006 (30) Gormley et al. 2009
Mount Buffalo Foothills ✓ 177 2007 (30), 2008 (30), 

2009 (30), 2010 (29), 
2011 (29), 2013 (29)

Gormley et al. 2009; 
Forsyth et al. 2012; 
Unpublished data 
2013

Snowy River ✓ 90 2006 (31), 2008 (30), 
2010 (29)

Gormley et al. 2009; 
Unpublished data 
2010

Suggan Buggan ✓ 173 2006 (29), 2007 (29), 
2008 (29), 2013 (29), 
2014 (28), 2015 (29)

Gormley et al. 2009; 
Unpublished data 
2013–2015

Upper Yarra ✓ 28 2005 (28) Unpublished data
Warramate ✓ 74 2017 (24), 2018 (50) Unpublished data
Yellingbo ✓ 46 2018 (46) Unpublished data

University of Mel-
bourne (Waterway 
Ecosystem Research 
Group: WERG)

Greater Melbourne 
region

✓ ✓ 259 2019 (60/60), 2020 
(94/94), 2021 (62/61), 
2022 (43/43)

This study

Dandenong Ranges ✓ ✓ 40 2023 (40/40) This study
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and the maximum value attributed to whole plant 
impact. We used this distinction to account for the 
potentially confounding effect of native herbivore 
browsing, which in south-east Australian forests is 
primarily the swamp wallaby (Wallabia bicolor), a 
medium-sized macropod that occurs throughout our 
study area (Eldridge, Coulson 2015). We used 1  m 
because swamp wallabies usually browse consider-
ably below this height (approx. 60 cm; Bennett 2008). 
Impacts were not differentiated by height in the study 
by Wills et  al. (2023), and therefore impact height 
was assumed to be the same as the plant height. In 
that experimental study, co-located partial (permitting 
native fauna access) and full exclosures (i.e., no ter-
restrial fauna access) indicated that browsing impacts 
recorded in the unfenced plots (i.e., data included in 
this study) were predominantly attributable to deer, 

not native fauna. Plant impact percentages were 
averaged by height category (whole plant, < 1  m, 
and > 1  m) for each plot or transect. The mean 
impact percentage for each height category was then 
attributed to the plot location or centre plot of each 
transect.

Environmental data

Published models of deer distribution and impact 
have identified cross-scale interactions between cli-
mate, distance to landscape features (e.g., water 
sources), topography, and floristics as explanatory 
variables (Davies et  al. 2019; Forsyth et  al. 2009; 
Gormley et al. 2011; Moore et al. 2018; Spake et al. 
2020). Equivalent variables were collated for our 

Table 2  Categories used for assessing deer impacts on vegetation

Score Category Mean impact (%) Description

0 No impact 0 NA
1 Low impact 13 1–25% foliage browsed
2 Low–moderate impact 38 26–50% foliage browsed, stem breakage or rubbing damage
3 Moderate–high impact 63 51–75% foliage browsed, multiple stem breakage or severe 

rubbing damage
4 High impact 88 76–100% foliage browsed or extreme rubbing damage

Table 3  Spatial environmental predictor variables used in the deer density and impact models

m a.s.l — metres above sea level
1 Smoothed using a mean focal filter with a width of 7 pixels (140 m) to capture topographic variability at the transect scale
2 Derived from the smoothed digital terrain model
3 Mean annual temperature was calculated as the average of mean annual minimum and mean annual maximum temperature

Dataset Source Source resolution Range

Digital terrain model (elevation)1 DELWP 2016a 20 m -68–2035 m a.s.l
Slope2 DELWP 2016a 20 m 0–61˚
Aspect2 DELWP 2016a 20 m 0–360˚
Mean annual  temperature3 Stewart and Nitschke 2017a,b

Stewart and Nitschke 2018
 ~ 250 m (0.0025˚) 4.43–18˚C

Mean annual precipitation Fedrigo et al. 2019
Stewart et al. 2020

 ~ 250 m (0.0025˚) 243–2090 mm

Woody vegetation cover Gill et al. 2017 30 m 0–98%
Distance to streams (Vicmap hydro 1–25,000) Vic.gov.au

Kunapo et al. 2020
20 m 0–197 km

Distance to waterbodies (> 10 ha)
(Victorian wetland inventory current, farm dam 

boundaries)

Vic.gov.au 20 m 0–310 km
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study area where spatially continuous data were pub-
licly available (Table 3).

Climatic conditions could be important for habitat 
selection within a deer’s geographic range (Spake et al. 
2020) and are also important for vegetation growth and 
health (Hughes 2003). Climate was characterised by 
mean annual temperature (Stewart, Nitschke 2017a, 
2017b, 2018) and precipitation (Fedrigo et  al. 2019; 
Stewart et al. 2020) for the period 1981–2010.

Topographic variables such as elevation have been 
shown to be influential on the occurrence and den-
sity of many deer species including sambar and fal-
low deer (Cunningham et al. 2022; Davies et al. 2019; 
Forsyth et  al. 2009). Elevation data were sourced 
from the Victorian state digital terrain model (20 m; 
DELWP 2016a) and then smoothed using a focal 
mean filter with a width of 7 pixels (140 m) to cap-
ture transect-scale topographic variability. Slope and 
aspect were computed with the smoothed elevation 
model. The resulting elevation, slope, and aspect 
were included as model covariates.

Distances to streams and large waterbodies 
(> 10 ha) were both used as spatial predictors to char-
acterise resource availability and deer mobility. Each 
of these variables indicate the presence of drinking 
water and the potential concentration of preferred food 
plants adjacent to water (Forsyth et al. 2009). Streams 
are also potentially important movement corridors 
(Clements et al. 2011; Opperman, Merenlender 2000; 
Walter et  al. 2011). Two stream products and three 
waterbody datasets were used to best characterise 
surface water features across the study area. Streams 
were represented with (i) Vicmap Hydro 1–25,000 
(DELWP 2014a) and (ii) improved regional stream 
network mapping (Kunapo et  al. 2020). Waterbodies 
(> 10 ha) were represented with (i) the Victorian wet-
land inventory (DELWP 2016b), (ii) farm dam bound-
aries (DELWP 2014b), and (iii) improved regional 
waterbody mapping (Chee et al. 2021). Both streams 
and waterbodies were rasterised (20 m) and distances 
to each feature were calculated using the proximity 
function of GDAL (GDAL/OGR contributors 2022).

Deer often prefer habitat encompassing a mosaic 
of dense tree cover and open vegetation (Chapman, 
Chapman 1980; Fattebert et  al. 2019; Leslie 2011). 
Foliage Projected Cover (FPC) was used to describe 
woody vegetation cover across the landscape (Gill 

et  al. 2017). FPC is the percentage of ground area 
covered by the vertical projection of foliage. We 
used a continuous cover estimate of FPC developed 
using remote sensing products from Landsat satel-
lite imagery, restricted to areas of woody vegetation 
(Auscover 2015; Gill et al. 2017). We calculated the 
mean value in a sliding focal window of varying dis-
tances from the central pixel (0.5 km, 1 km, 1.5 km, 
and 2 km) to represent the vegetation mosaic within 
a typical home range for the three deer species (Amos 
et al. 2014; Morse et al. 2009; Shea et al. 1990). The 
1 km range consistently provided the highest predic-
tive performance, and therefore was used to represent 
the scale at which deer are most likely to respond to 
the density of vegetation cover.

Measures such as proximity to roads and road den-
sity have been shown to affect deer habitat use (Coe 
et  al. 2018; Comte et  al. 2023b; Spake et  al. 2020), 
but we excluded these variables because the result-
ing surfaces were strongly correlated with distance to 
streams across the study area.

Modelling and analysis

Deer density and impact on vegetation were mod-
elled with quantile regression forests (Meinshausen 
2006), a non-parametric generalisation of random 
forests that returns conditional quantiles rather than 
the conditional mean of response variables. The pri-
mary advantage of quantile regression forests is that it 
can be used to predict the expected distribution of the 
response. This means that they can be used to gen-
erate prediction intervals for quantifying uncertainty, 
and ultimately provide for a more informative product 
on which to base management decisions.

Models were fitted and evaluated in R 3.6.3 (R 
Core Team 2020) using the ranger package (v0.14.1; 
Wright, Ziegler 2017). All quantile regression for-
ests were fitted with 500 trees, which were sufficient 
to minimise predictive error (Fig.  S1). Model perfor-
mance was evaluated using the root mean squared error 
(RMSE), mean absolute error (MAE), coefficient of 
determination (r2) and percentage bias (PBIAS), calcu-
lated from a randomly assigned ten fold cross-valida-
tion (Kohavi 1995). Detailed descriptions of each per-
formance metric are provided by Moriasi et al. (2007). 
The Altmann non-parametric permutation test was 
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used to identify variables that significantly contributed 
to the models (Altmann et al. 2010; p < 0.05).

The deer density model was fitted using each 
of the environmental variables listed in Table  3, 
using faecal pellet counts at the 1948 transects as 
the response variable. The impact of deer on vegeta-
tion was modelled using scoring from each of the 
343 locations as the response, and all environmen-
tal variables (Table 3), in addition to the modelled 
deer density (calibrated with the state-wide dataset) 
as covariates. To evaluate the effect of using mod-
elled deer density as a spatial covariate for predict-
ing impact, a further series of impact models were 
fitted with only environmental variables (Table  3). 
Unless otherwise specified, all results pertain to 
the deer impact models that include deer density as 
a model covariate. Models were fitted for impacts 
at < 1 m,  > 1 m, and for the whole plant. We tested 
multiple impact heights to better understand how 
deer impacts may be distinguished from those of 
native herbivores that browse at lower heights. 
There were 18257 individual plant assessments used 
for the < 1 m model, 13741 for the > 1 m model, and 
23144 for the whole plant model.

Several analyses were conducted to investigate 
any potentially confounding effects arising from spa-
tial and/or temporal autocorrelation, as many of the 
observations are drawn from repeat samples over time 
(see Table  1). Temporal trends were investigated by 
regressing observations and model residuals against 
survey dates. Spatial autocorrelation was evaluated 
by calculating semi-variance at binned spatial lag 
distances and plotting the empirical variogram for 
both observations and model residuals. There was 

no evidence of spatial or temporal autocorrelation 
(Figs.  S2, S3) that would lead to biased model pre-
dictions, despite the reported increase in deer abun-
dance across the study area since 2005 (Forsyth et al. 
2018). Spatial and temporal effects were therefore not 
included in the model design to avoid potentially con-
founding results, particularly given that year-to-year 
variability in deer management activity, survey loca-
tions (i.e., as new locations are added) and population 
dynamics will also have an impact on the survey data.

Results

Deer pellet density modelling

Statistical performance of the deer density model 
(Table  4) was strong (r2 = 0.71, MAE = 0.56 pellets/
m2). There was a tendency to underpredict deer den-
sity (PBIAS = -28.0%), but this was expected given 
the distribution of the data (median = 0.03 pellets/m2, 
mean = 0.80 pellets/m2, standard deviation = 2.67 pel-
lets/m2). The relationship between the cross-validated 
deer density predictions, observations, and 90% pre-
diction intervals (5th to 95th quantile) are illustrated 
in Fig.  2. Observed deer density was within the 5th 
and 95th quantiles for 88.6% of cross-validated pre-
dictions (Fig.  2b). The high proportion of observa-
tions falling within prediction intervals less than 90% 
(Fig. 2b) reflect the distribution of the data and low 
overall density of faecal pellet counts.

Distance to waterbodies > 10  ha was the most 
influential predictor of deer density, with a relative 
influence of 31.2% (Fig. 3a). Predicted deer densities 
increased with proximity to waterbodies, particularly 

Table 4  Cross-validation statistics for the deer density (pellets/m2) and impact (%) models

The n values indicate the number of points used for spatial modelling, with the number of individual plants assessed in each impact 
model provided in parentheses
r2 — Coefficient of determination, RMSE — Root mean square error, MAE — Mean absolute error; PBIAS — Percent bias

Statistic Density Impact

n = 1948 Less than 1 m  
n= 343 (18257) 

Greater than 1 m  
n =343 (13741) 

Whole plant  
n = 343 (23144)

r2 0.71 0.26 0.27 0.32
RMSE 1.45 9.05 9.10 8.61
MAE 0.56 7.03 6.84 6.86
PBIAS (%) -28.00 -3.22 -7.24 -2.65
Mean 0.80 17.09 13.72 17.27
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in areas directly adjacent to them (Fig. S4). Variable 
contributions were also statistically significant (via 
permutation testing) for elevation (14.3%), woody 
vegetation cover (12.9%), mean annual precipita-
tion (11.3%) and mean annual temperature (10.2%). 
Partial dependence plots (Fig.  4) indicate that deer 
pellet densities are predicted to be higher at eleva-
tions < 400  m, and at intermediate levels of woody 
vegetation cover (~ 40–70%). Deer pellet density 
tended to increase with mean annual precipitation 
up to 1300 mm and decrease with mean annual tem-
peratures > 12.5°C. Slope, aspect, and distance to 
streams had less influence on predicted deer density. 

The highest predicted densities of deer are in 
eastern regions of the study area (Fig. 4), which are 
cooler and wetter, and are often located along the 
interface between agricultural and forested areas, and 
around the perimeter of large waterbodies. Lower 

deer densities were predicted in drier and warmer 
areas in the west of the study area. Outputs from both 
the deer density and deer impact models are freely 
available on the CSIRO Data Access Portal (Fedrigo 
et al. 2023;https:// doi. org/ 10. 25919/ 7gxj- d455).

Deer impact modelling

Cross-validation statistics for the deer impact 
models are presented in Table  4. The whole plant 
impact model performed best overall (r2 = 0.32, 
MAE = 6.86%) with the least amount of bias 
(PBIAS = -2.65%). The relationship between the 
cross-validated (whole plant) deer impact predic-
tions, observations, and prediction intervals (5th 
to 95th quantile) are illustrated in Fig.  5. Observed 
deer impact was within the 5th and 95th quantiles for 
88.6% of cross-validated predictions (Fig. 5b).

Fig. 2  Cross-validated ver-
sus observed deer density 
(pellets/m2; n = 1948) with 
90% prediction intervals 
(quantile 5–95; a), and 
the proportion of observa-
tions within prediction 
intervals at different ranges 
centred on quantile 50 (b). 
Observed values are aligned 
vertically with the predic-
tion interval (a) and overlap 
where they occur within 
this range

https://doi.org/10.25919/7gxj-d455
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Deer density and mean annual precipitation were 
statistically significant (via permutation tests) predic-
tors of whole plant deer impact (Fig. 3b). Deer density 
was the most influential predictor (21.0%), followed 
by mean annual precipitation (12.8%), elevation 
(12.2%), and woody vegetation cover within 1  km 
(10.6%). Modelling deer impact without deer density 
as a predictor consistently reduced statistical perfor-
mance (Δ r2 = -0.07 to -0.04, Δ MAE = -0.32 to -0.26; 
see Table  S1), and partial dependence plots show 
analogous response curves for environmental vari-
ables across both whole tree impact models (Figs. S5, 
S6). Deer impact was predicted to increase steadily 
to deer densities of ~ 2 pellets/m2 (Fig. S5). Modelled 
deer impact was highest at elevations < 200  m and 
low at elevations > 600  m. Mean annual precipita-
tion > 1350 mm was associated with lower predicted 
deer impact. Impact was greatest at intermediate to 
high levels of woody vegetation cover (above 50%). 

Deer impact was also predicted to be higher in areas 
closer to large waterbodies and streams, and on slopes 
with easterly or southerly aspects.

Predictions of deer impact across our study area 
are illustrated in Fig. 6. The highest predicted impacts 
are found in the eastern region of the study area, coin-
ciding with lower elevation, intermediate forest cover, 
and moderate mean annual precipitation. Deer impact 
was predicted to be lower in drier regions in the west 
of the study area; however, limited field survey data 
were available for these areas.

Deer density and impact relationship

Deer density, as measured by faecal pellet counts, 
had a significant (p < 0.001) weak positive correlation 
(Kendall’s τ = 0.28) with deer impact (see Fig.  S7) 
and contributed 21.0% relative variable importance to 

Fig. 3  Relative influence of predictor variables for (a) deer 
density (pellets/m2; n = 1948), and (b) deer impact (whole 
plant, %; n = 343) models. Values in parentheses are the per-
cent relative influence of each variable to the model (scaled 

to total 100%). Variables with an asterisk denote significant 
(p < 0.05) contributions to the model determined by the Alt-
mann non-parametric permutation test
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the whole plant impact model. Deer impact was mod-
elled with 6 times fewer data points than deer density, 
concentrated within a smaller geographic area, and 
were additionally influenced by other environmental 
predictors. Modelling deer impact with and with-
out deer density shows that deer impacts were con-
strained in areas of low deer density and increased in 
areas of high deer density (Fig. 4; Fig. S8).

Forested areas near large waterbodies or agri-
cultural land and with intermediate levels of forest 
cover were often associated with both high deer den-
sity and impacts (Fig.  7). For example, the margins 
of the large Upper Yarra Reservoir (750 ha; Fig. 7a, 
top row) experience alternating periods of water inun-
dation and exposure that supports dense herbaceous 
vegetation (Bennett 2008). Deer density and impacts 
are both predicted to be high in this region (Fig. 7a, 
centre and bottom rows), likely due to the accessi-
bility of high-quality forage, water, and forest cover. 

Conversely, modelled deer density and impact did not 
respond to the sharp forest-agriculture boundary (e.g., 
at Bunyip State Park; Fig.  7b, top row). Both deer 
density and impacts were low within densely forested 
areas (> 70% woody vegetation cover) but were high 
in patches of forest along riparian corridors, com-
monly within mosaics of forest and agricultural land 
(Fig. 7b).

Discussion

Deer density and impact modelling

Our modelled predictions, using high-resolution spa-
tial data and extensive field data, demonstrate the 
importance of forest water and forest agricultural 
interfaces for both deer density and impacts. Deer are 
likely to be abundant in the vicinity of waterbodies 

Fig. 4  Spatial predictions of deer density modelled using quantile regression forests
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due the availability of high-quality forage and water, 
and prefer locations with access to both open and for-
ested habitats. At low to moderate deer densities, deer 
impacts are likely to increase with small increases 
in density, while at high densities, impacts become 
dependent on environmental and landscape context.

Tree cover within 1 km was influential on both deer 
density and deer impacts. The critical importance of 
woody vegetation to various deer species globally for 
providing forage, cover and bedding is well estab-
lished (Avey et  al. 2003; Borkowski, Ukalska 2008; 
Coe et al. 2018). Our finding that deer prefer interme-
diate levels of tree cover concurs with studies of deer 
populations in North America (Avey et al. 2003; Coe 
et al. 2018) and deer impacts in Britain (Spake et al. 
2020). The ‘humped’ response of deer density to veg-
etation cover density (Figs.  S4, S5) is likely due to 
deer preferring locations with access to both forested 

(for cover during the daytime) and open habitats (for 
nocturnal foraging; Borkowski, Pudełko 2007; Comte 
et al. 2023b; Fattebert et al. 2019).

Proximity to large waterbodies was highly influ-
ential on both deer density and, to a lesser extent, on 
deer impacts. The importance of water for deer is well 
known (Brunjes et al. 2006; Dinerstein 1979; McKay, 
Eisenberg 1974), including for sambar deer (Comte 
et  al. 2022; Forsyth et  al. 2009), the most abundant 
deer species in our study area. As well as providing 
water for deer to drink, areas surrounding large water-
bodies also support an abundance of high-quality for-
age (Brunjes et al. 2006; Forsyth et al. 2009).

Lower elevations were preferred by deer in our 
study area and were subject to greater impact. Eleva-
tion preferences of deer vary between deer species 
and seasonally according to snow cover, food availa-
bility and breeding status (Brunjes et al. 2006; Comte 

Fig. 5  Cross-validated 
versus observed deer impact 
(whole plant, %; n = 343) 
with 90% prediction inter-
vals (quantile 5–95; a), and 
the proportion of observa-
tions within prediction 
intervals at different ranges 
centred on quantile 50 (b). 
Observed values are aligned 
vertically with the predic-
tion interval (a) and overlap 
where they occur within 
this range
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et  al. 2022; Zhang et  al. 2013). Fallow deer prefer 
flat, lowland areas (Chapman, Chapman 1980; Cun-
ningham et al. 2022), but sambar and red deer occur 
across a wide range of elevations within their native 
habitat (Leslie 2011; Luccarini et  al. 2006; White-
head 1993) and, in the Australian Alps, sambar deer 
descend from higher to lower elevations in colder 
months to avoid snow cover (Comte et al. 2022). The 
higher elevation locations within our study area (and 
throughout most of south-east Australia) are charac-
terised by continuous, dense forest where snowfalls 
are uncommon, highlighting the greater importance 
of proximity to waterbodies and intermediate levels 
of woody vegetation cover to provide habitat.

Drier areas (mean annual precipitation < 700 mm) 
in the west of our study area were least pre-
ferred, while wetter areas (mean annual precipita-
tion > 1350  mm) had low predicted deer impacts, 
potentially due to the reduced suitability of these 

areas to fallow deer (Cunningham et al. 2022). Other 
geographic variables we used as model covariates 
(e.g., slope, aspect) were only moderately, at best, 
associated with deer density and impact. However, 
the tendency for higher deer density and impact on 
easterly and southerly aspects is consistent with pre-
vious modelling of sambar density in the study area 
(Forsyth et al. 2009). It is possible that preferences 
for these factors vary seasonally, or that clear rela-
tionships were obscured by deer species-specific 
preferences.

Our model predicted that deer impact increases 
steadily from low to moderate deer density (up 
to ~ 2 pellets/m2), but that at high deer density 
impact was dependent on environmental and land-
scape context. This indicates that the native woody 
vegetation assessed is highly vulnerable to impacts 
from non-native deer (Norbury et al. 2015; Nugent 
et al. 2001), and concords with recent experimental 

Fig. 6  Spatial predictions of whole plant deer impact modelled using quantile regression forests
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findings in our study area (Wills et al. 2023). While 
both deer density and impacts were predicted to be 
greatest along forest water and forest agricultural 
interfaces, these relationships were stronger for 
density, with a wider range of environmental factors 
influencing impacts.

Our models include predictions of deer density 
and impact for unsurveyed habitats including loca-
tions where access by deer is somewhat restricted, 

such as French and Phillip Islands located in 
Westernport Bay, and the Central Business Dis-
trict (CBD) of Melbourne. Deer are established 
on French Island (Davies et  al. 2022) and periodic 
incursions may occur on both islands (deer can pur-
portedly swim to these sites; Forsyth et  al. 2015). 
Deer have also been reported < 5  km from Mel-
bourne’s CBD, most likely using the Yarra River as 
a corridor for movement (DELWP 2021). Collection 

Fig. 7  Regions of high deer density and impact modelled 
across (a) forest–water reservoir (Upper Yarra Reservoir) and 
(b) forest–agriculture (Bunyip State Forest) boundaries. Satel-

lite imagery (top row) provides context for deer density (centre 
row) and impact (bottom row). Inset maps show the location of 
each region within the study area and broader Australian extent
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of additional field data from currently unsampled 
habitats with unique combinations of environmental 
and climatic data (e.g., coastal areas) would assist 
to refine and improve certainty of the density and 
impact predictions in these locations.

Our approach and predictions represent an 
improvement on previous attempts to model deer den-
sity and impacts. We used high-resolution climatic, 
topographic, and remote sensing derived variables 
that well represent environmental gradients in mosaic 
landscapes with topographically variable terrain. 
Quantile regression forests provided a method for 
capturing complex, non-linear responses, and variable 
interactions, and furthermore, enabled the generation 
of prediction intervals that can be used to quantify 
uncertainty in model predictions. The strong response 
of deer density to waterbodies and vegetation cover 
suggests that access to resources and suitable habitat 
are more important constraints than broad-scale cli-
matic variables typically used in species distribution 
models.

Management implications

Successful management of invasive deer popula-
tions typically occur over medium- to long-term 
time frames, and are influenced by landscape context 
including size and shape of the management area and 
proximity to other habitat features such as adjacent 
refugia (Bengsen et  al. 2020; Comte et  al. 2023a). 
Land managers require spatial information (i.e., 
maps) to understand the landscape context, and sup-
port informed decision making and the implementa-
tion of cost-effective deer control strategies (Putman 
et al. 2011).

We found that deer have strong preferences for 
forest water and forest agricultural interfaces. This 
is in accordance with studies that have identified the 
attractiveness of landscapes with a mosaic of vegeta-
tion types to various deer species (Avey et al. 2003; 
Borkowski, Ukalska 2008; Brunjes et  al. 2006; Fat-
tebert et  al. 2019). Such landscapes are thus likely 
to require targeted efforts to reduce invasive or over-
abundant deer populations and their impacts.

The affinity of deer to forest water and forest 
agricultural interfaces indicates that human land 
use change is an important driver of deer popula-
tion distribution and a process by which many deer 

populations have become overabundant (Côté et  al. 
2004). Human settlement and agriculture typically 
require access to permanent water sources and the 
increase in the abundance and extent of waterbodies 
such as dams and reservoirs are likely to also increase 
the favourability of landscapes to deer. Similarly, 
increased fragmentation of treed landscapes through 
forest harvesting, urbanisation or fire is likely to 
increase the suitability of landscapes to deer, promot-
ing the potential for deer invasion or overabundance 
(Côté et al. 2004; Fattebert et al. 2019).

Our finding that deer impact increases stead-
ily from low to moderate deer density suggests that 
reduction of deer population to very low densities are 
required to reduce impact to low levels (Nugent et al. 
2001). This concurs with previous findings that, even 
at low densities, introduced herbivores may restrict 
ecosystem recovery (e.g., Tanentzap et  al. 2009). 
Targeted impact mitigation may be necessary to pri-
oritise threatened plant species or communities where 
management resources are limited. Predictive spatial 
models, such as presented here, can help to prioritise 
deer management actions.

Our models did not consider several potentially 
important variables, including roads and seasonal 
variation. Deer may use different habitats seasonally 
(e.g., Comte et  al. 2022; Zhang et  al. 2013), but we 
did not include seasonality in our models because 
deer faecal pellets can persist for ~ 12 months (Davis, 
Coulson 2016) and therefore we could not reliably 
attribute them to one month or season. For local man-
agement decisions, seasonal and fine-scale variation 
in habitat use by deer, as well as potential interactions 
with sympatric deer (Brunjes et al. 2006) and native 
browser species may be important to consider.

Conclusion

The design and implementation of cost-effective deer 
management can be supported with an improved 
understanding of deer population density and corre-
sponding impacts on vegetation. This study demon-
strates a spatial modelling approach to mapping deer 
density and impact using field-based measurements 
in conjunction with machine learning. We found 
that faecal pellets, as a proxy for deer density, can be 
modelled with moderate to high predictive accuracy 
at broad spatial scales. Predictions of deer impact 
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were highly influenced by deer density, although 
these models did not perform as well statistically. 
The resulting spatial products (including estimates of 
uncertainty) provide land and water managers with 
valuable resources for developing targeted and cost-
effective deer management strategies.
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