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Abstract 
When exotic species are introduced to new environments, they often have a competitive advantage over native species. In 
northern Australia, pigs, cattle, and water buffalo have established widespread, feral populations. As ungulates have high 
water requirements, they typically congregate near waterpoints. We used a fencing experiment to test whether native macro-
pods preferentially visited savanna waterholes where large ungulates were excluded. We also investigated whether water 
scarcity affected the visitation behaviour and temporal activity patterns of herbivores at waterholes and whether increasing 
prey aggregation at waterholes increased dingo presence. We found that macropods did not use fenced waterholes preferen-
tially over unfenced ones. Cattle presence at waterholes increased as water became scarce, while macropod and pig presence 
peaked in the middle of the dry season. Macropod activity declined rapidly at the end of the dry season when cattle activity 
was greatest, suggesting that macropods may avoid waterholes in areas utilised by cattle when competition for resources 
is high. Macropods and all ungulates visited waterholes more during a drought year compared to an average rainfall year. 
Despite increasing prey activity, dingo presence at waterholes did not increase when water became scarce. However, dingo 
presence increased significantly on moonless nights. Our results suggest that competition between macropods and ungulates 
may intensify during periods of water scarcity. Climate change and pastoral intensification are likely to increase competi-
tion for resources between ungulates and macropods in Australian savannas, potentially threatening macropod populations 
across the landscape in the future.

Significance statement
In northern Australia, feral populations of pigs, cattle, and water buffalo compete with native wildlife for access to water 
sources. As interspecific competition favours species with a size advantage, we tested whether kangaroos and wallabies 
(macropods) preferentially use waterholes where large ungulates (cattle and buffalo) were excluded. We found that macropods 
avoided waterholes when cattle presence was high but did not preferentially use waterholes where livestock were excluded. 
When water scarcity peaked during a drought, macropods and all three feral ungulate species visited waterholes more. How-
ever, increased prey presence at waterholes during the drought did not correspond with increased predator (dingo) presence. 
Our study advances the understanding of behavioural interactions between invasive and native species at important shared 
resources, and how this may affect wildlife conservation in an increasingly unpredictable environment.
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Introduction

Niche separation minimises competitive interactions 
amongst sympatric species (Hasui et al. 2009; Staniewicz 
et al. 2018). Interspecific competition operates in two key 
ways: interference competition occurs when competitively 
dominant species directly limit the access of other species to 
a shared resource (e.g., aggressive interactions, food theft), 
while exploitative competition occurs when competitively 
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dominant species indirectly limit resource access by deplet-
ing a shared resource (e.g., faster food processing) (Latham 
1999; Linnell and Strand 2000). Interference competition is 
more likely to lead to temporal segregation of the competing 
species’ activity because it allows inferior competitors to 
avoid the dominant competitor (Carothers and Jaksić 1984; 
Valeix et al. 2007). Interference competition can be exacer-
bated when competitors are forced into close contact, such 
as when resources are scarce and concentrated (Petren and 
Case 1996; Vahl et al. 2005; Valeix et al. 2007). For exam-
ple, in African savannas, smaller herbivore species shift their 
temporal activity patterns (Valeix et al. 2007) or increase 
their vigilance around waterholes to minimise interactions 
with elephants (Loxodonta africana) (Valeix et al. 2009), 
which are keystone competitors in this ecosystem (Ferry 
2018).

When species have a shared evolutionary history, mech-
anisms to reduce competition, such as differences in food 
selection and habitat, evolve over time (Frere et al. 2008; 
Beaulieu and Sockman 2012; Staniewicz et al. 2018). How-
ever, when exotic species are introduced to new environ-
ments, such mechanisms may be absent due to a lack of 
shared evolutionary history with native species (Goodyear 
1992; Wauters et al. 2002; Baskaran et al. 2016). Preda-
tion risk and vulnerability to pathogens is often lower for 
exotic species in new environments (Blossey and Notzold 
1995), which can provide fitness benefits and give them a 
competitive advantage over native species (Holway 1999; 
Amarasekare 2002; Brim Box et al. 2019). This may result 
in fitness costs for native competitors, including exclu-
sion from preferred habitat (Ayala et al. 2007; Cheeseman 
et al. 2018). For example, the introduction of eastern grey 
squirrels (Sciurus carolinensis) to Europe caused popula-
tion declines in native Eurasian red squirrels (S. vulgaris) 
(Bertolino et al. 2014) because red squirrels were unable to 
change their spatial and dietary niches to avoid competition 
with grey squirrels (Wauters et al. 2002).

In northern Australia, several ungulate species have 
established feral populations since their introduction in 
the early 1800s (Ridpath 1991). Of those, three key spe-
cies are common in Australia’s tropical savanna habitats: 
pigs (Sus scrofa), cattle (Bos taurus, B. indicus), and Asian 
water buffalo (Bubalus bubalis) (Mihailou and Massaro 
2021). Ungulates have high daily water requirements and 
congregate close to water sources, such as rivers and water-
holes (Skeat et al. 1996; Tomkins and O’Reagain 2007; 
Graz et al. 2012). Rainfall is highly variable throughout the 
region (Taylor and Tulloch 1985), and the monsoonal wet-
dry cycle of rain affects vegetation and surface water, with 
water becoming scarce as the dry season progresses (see 
Cook and Heerdegen 2001; Kanniah et al. 2013). As water 
is a limiting resource in savanna habitats (Valeix et al. 2008) 
and interference competition favours organisms which have 

a size advantage (Persson 1985; Peters and Peters 1986; 
Nakayama and Fuiman 2010), water points may concentrate 
interference competition between feral ungulates and smaller 
native herbivores, such as macropods (family Macropodidae, 
including kangaroos and wallabies). As there is considerable 
overlap in the diets of feral ungulates and macropods in Aus-
tralian savannas (Reid et al. 2020), they may also compete 
for food resources. Yet little is known about the competitive 
interactions between the two groups for access to shared 
resources in savanna habitats.

Along with food and water availability, predation threat 
is an important factor influencing macropod densities in 
northern Australia (Ritchie et al. 2008). As water scarcity 
may concentrate herbivore activity around water sources 
(Thrash et al. 1995), these areas can become targeted hunt-
ing grounds for predators (Valeix et al. 2010). In African 
savannas, increased prey aggregation at the end of the dry 
season causes lions (Panthera leo) to focus their hunting 
within 2 km of waterholes (Valeix et al. 2009; Valeix et al. 
2010; Davidson et al. 2013). Similarly, dingoes (Canis lupus 
dingo)—Australia’s largest terrestrial predator (exclud-
ing humans)—use waterpoints as focal hunting grounds 
for native macropods and feral ungulates (Shepherd 1981; 
Thomson 1992; Forsyth et al. 2019). Hence, herbivores 
become increasingly more exposed to dingo predation as 
the dry season progresses, because they congregate in areas 
near available water and must drink more frequently due 
to the drying of fodder (Letnic et al. 2012). Additionally, 
the nocturnal activity and hunting efficacy of some preda-
tory animals increase during the full moon, when night-time 
illumination is greatest (e.g., Cozzi et al. 2012; Pratas-San-
tiago et al. 2016). By contrast, prey animals may reduce 
their activity when night-time illumination is high (e.g., full 
moon, reduced cloud cover) to decrease predation risk (e.g., 
Harmsen et al. 2011; Linley et al. 2020). Healthy adult cattle 
and buffalo are considered too large for dingoes to kill, but 
calves and weak adults are vulnerable to predation (Thom-
son 1992; Corbett 1995b; Fleming et al. 2001). Dingoes also 
prey on feral pigs of all ages in tropical Australia (Corbett 
1995a; Fleming et al. 2001; Brook and Kutt 2011).

Exclusion fencing provides a method to identify interspe-
cific competition and its impacts on the spatial and temporal 
behaviour of species (Ziv et al. 1993; Hall et al. 2016, 2018). 
In this study, we conducted a fencing experiment to inves-
tigate whether the exclusion of large feral ungulates (cattle 
and buffalo) from ephemeral savanna waterholes affected 
the behaviour of native macropods in northern Australia. 
We also assessed whether the visitation behaviour and tem-
poral activity patterns of these species varied with increas-
ing water scarcity and the activity of dingoes, a predator 
of both macropods and ungulates. We hypothesised that 
competition from feral ungulates leads macropods to pref-
erentially use sites where cattle and buffalo were excluded, 
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particularly when water becomes scarce (i.e., as the dry sea-
son progressed). At sites accessible to cattle and buffalo, 
we expected macropods to shift their temporal activity to 
avoid overlap with large ungulates. We also hypothesised 
that water scarcity increases prey visitation to waterholes, 
leading to increased dingo visitation. We also expected that 
dingo activity around waterholes increases during the full 
moon, while prey species decrease their activity. The reverse 
was expected when night-time illumination was low.

Methods

Study area

This study was conducted in Limmen National Park, a 
reserve which protects over a million hectares of mixed 
savanna woodland in the Gulf of Carpentaria region of 
the Northern Territory, Australia. The park has an average 
annual rainfall of 859 mm (as measured at Nathan River 
Ranger Station, Bureau of Meteorology 2021), which 
falls throughout the “wet season” (~ November to March), 
while little to no rain is received throughout the “dry sea-
son” (~ April to October) (full rainfall statistics for the site 
(014,719) from 1979 to present are available via the Bureau 
of Meteorology at http:// www. bom. gov. au/ clima te/ data). 
Ephemeral waterholes are common within the park and are 
typically small clay basins, which dry completely by the 
end of the dry season and are refilled at the start of each wet 
season. Rainfall varied considerably in the region over the 
sampling period, with 970 mm and 371 mm falling over the 
2017/2018 and 2018/2019 wet seasons respectively (Bureau 
of Meteorology 2021). For simplicity, hereafter we refer to 

the 2017/2018 wet season as “2018” and the 2018/2019 wet 
season as “2019.”

Site selection and experimental design

All waterholes used in this study were ephemeral clay basins 
located in predominately clay soils with open mixed savanna 
woodland in the surrounding area. Rocky and sandy basin 
waterholes and those located at the base of ridgelines and 
within 1 km of larger watercourses (e.g., rivers, large perma-
nent billabongs) were excluded. We selected 20 waterholes 
that were similar in size, depth, surrounding vegetation, and 
soil type (see Fig. 1 for an example). We then used a paired 
experimental design where we assigned the most similar 
waterholes into pairs based on their physical properties (as 
outlined above) and estimated ungulate disturbance (e.g., 
determined from foot pugging, dung pats, tracks, wallows). 
From each pair of waterholes, we then randomly selected 
one site as a control (unfenced) and the other as a treatment 
site (fenced). Distribution of study waterholes is shown in 
Fig. 2. All study waterholes were located within 1–2 km 
of an alternative water source to minimise the likelihood 
that fencing would affect animal visitation to unfenced study 
waterholes.

Fences were erected in September 2017 to prevent water-
hole access by cattle and buffalo, as well as horses (Equus 
caballus) and donkeys (E. asinus), which occur in much 
lower densities in the study area and were not included 
in this study. Macropods, dingoes, and other native wild-
life were able to move beneath fences and had continued 
access to fenced waterholes. We were not able to exclude 
pigs from fenced sites because the use of meshed, pig-proof 
fencing would have also hindered the access of native wild-
life, including macropods and dingoes. Hence, our paired 

Fig. 1  A typical savanna 
waterhole in Limmen National 
Park (left) and an example of 
the reinforced, four-strand wire 
fencing design used to exclude 
cattle and buffalo (right)
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experimental design allowed us to assess if there were dif-
ferences in the temporal and visitation behaviours of spe-
cies which could access both fenced and unfenced sites (i.e., 
macropods, pigs, and dingoes).

Fences were 150 × 150  m long and were positioned 
around treatment sites, such that the waterhole was in the 
centre of the fenced area. Fencing design was a standard 
four-strand, star picket fence, with barbed wire at approxi-
mately 120 cm and 60 cm above the ground (top and third 

line of fence) and galvanised plain wire in between (see 
Fig. 1). Fences were reinforced against ungulate damage 
by spacing pickets at 7-m intervals (rather than the 10 to 
12-m spacing typically used) and including a steel drop-
per between pickets to help maintain tension under stress. 
Regular fence checks and maintenance were carried out at 
roughly 4-week intervals and fences re-strained as necessary. 
Fences were breached occasionally (< 1 per month across 
all sites) but were always repaired prior to cameras being 

Fig. 2  Distribution of study 
waterholes within Limmen 
National Park. Red circles rep-
resent fenced sites; while yellow 
circles represent unfenced sites
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deployed. Hence, large ungulate access was restricted dur-
ing all sampling.

Sites were protected from fire as much as possible over 
the duration of the study by using controlled, early season 
burns to create fire breaks around each site (> 1 km away). 
Despite these precautions, lightning strikes in December 
2018 started fires which affected 6 study sites. However, an 
equal number of fenced and unfenced sites were impacted.

Data collection

Field work was conducted from April to October in 2018 
and March to August in 2019. Study sites were sampled on 
a 5-week rotation (4 waterholes per week) from the begin-
ning of the dry season, until each waterhole dried out. The 
order in which sites were sampled was based on accessibil-
ity at the start of the dry season; however, once sampling 
order was established, it was maintained throughout each 
season. Paired sites were typically sampled at the same time. 
However, this was not always logistically possible due to 
poor condition of 4WD tracks within the park, which pro-
longed travelling times between some paired sites. To limit 
the potential for non-simultaneous sampling of some pairs to 
affect the fencing experiment, an approximately equal num-
ber of fenced and unfenced sites were sampled first each 
time.

Reconyx Hyperfire HC600 motion triggered wildlife cam-
eras (“camera traps”) were used to sample animal presence 
at waterholes. Camera traps were set up around each water-
hole for 5 continuous day/night cycles and were set to take 
3 photos at 1-s intervals when triggered by movement or 
body heat (key settings used; trigger: sensitive, night mode: 
max range, quiet period: no delay). Cameras were set up 
using two different sampling methods to maximise detection 
likelihood: 3 cameras were mounted to trees around each 
waterhole and positioned to capture as much of the waterline 
as possible, and a further 2 cameras were placed in the sur-
rounding savanna within each study plot (i.e., < 75 m from 
water), mounted to horizontal tree branches and positioned 
facing directly downwards above a staked cork-tile baited 
with a mixture of linseed and tuna oils. Waterhole facing 
cameras were mounted at approximately 1.3 m above the 
ground to minimise false triggers from ground vegetation, 
while downward facing cameras were mounted approxi-
mately 1.8 m above ground (wherever possible) to stand-
ardise camera field of view. Both types of camera trapping 
method were used in each study plot at the same time and for 
the same duration within a given sample rotation (i.e., 5 day/
night cycles). Photos from waterline cameras were pooled 
with baited camera photos to compile presence/absence data 
for animals visiting each study plot (i.e., the waterhole and 
its immediate surrounds). This prevented double counts of 
animals which entered the field of view of multiple cameras 

during a visit to a waterhole and/or a baited cork-tile in the 
surrounding savanna. In total, cameras were deployed at 
sites across the duration of the study for 740 trap nights.

Data processing

Photos taken by cameras were examined, their meta-data 
collated (i.e., date and time of photo capture) and the spe-
cies present identified using the database program, CPW 
Photo Warehouse version 4.3.0.5 (Newkirk 2016). Given 
the geographic location of the study area, sunrise and sun-
set times did not fluctuate by > 1 h over the data collection 
period and were defined as follows: sunrise (6 am–7 am), 
sunset (6 pm–7 pm). It was not possible to record data 
blind because characteristics which identified each study 
waterhole were visible in photos which the observer had 
to process.

The response variable for our analysis was the presence 
or absence of a species at a site within any given hour of 
sampling. Hence, each time a target species was detected at 
a study waterhole, we recorded the hour of day the detection 
occurred within that 24-h period (i.e., hour 0–23). As the 
variable is presence/absence rather than a count of visitation 
events, multiple visits within a given hour still only repre-
sented a single data point. This method was then applied 
over the entire period cameras were deployed at each site 
over each season and then pooled to create a 24-h represen-
tation of temporal activity for each species studied.

We included several predictor variables in our analy-
sis: fencing treatment (i.e., fenced or unfenced), number of 
days since the dry season started (as a continuous variable), 
year, and moon phase. Fencing treatment was included as 
a fixed factor for macropod, pig, and dingo models only, 
because they were present in both treatments. Fencing was 
not included as a variable in cattle and buffalo models, 
because they could not access fenced sites. Although we 
observed waterholes for a total of 17,761 h, the different 
species studied here (i.e., ungulates, macropods, and dingos) 
rarely visited waterholes simultaneously. There were only 81 
instances in which more than one species visited the same 
waterhole within the same hour, and the number of instances 
in which specific competitors visited waterholes at the same 
time (e.g., macropods and cattle) is an even smaller fraction 
of this number. Hence, the inclusion of presence/absence 
of heterospecifics as covariates in our modelling was not 
possible, as the amount of zero inflation prevented model 
convergence.

Due to differences in the amount and date that rainfall 
fell across the 2017/2018 and 2018/2019 wet seasons, the 
date the dry season started differed between years. Given 
that researchers lived on site and could begin sampling as 
soon as rains ceased and tracks became accessible, the date 
sampling began was taken as the start of the dry season. Year 
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and moon phase were also included as fixed factors. Moon 
phase was classified into 3 categories: waxing/waning moon, 
no moon, and full moon. To assess whether the activity of 
species changed in response to moonlight intensity, we used 
activity in the wax/wane phase as a baseline to compare 
activity during the no moon and full moon phases. The dates 
considered as no moon and full moon were taken as the day 
of the phase ± 3 days (following Coulson 1982), and all days 
between were classified as waxing/waning days. Data was 
collected during the dry season when cloud cover is absent. 
Study site was included as a random effect to account for 
repeated sampling of sites. See Table 1 for a summary of 
the number of trap nights cameras sampled each variable.

All n values reported are the total number of hours a given 
species was detected in (i.e., hours present). As we were 
interested in whether macropods as a family were affected by 
the presence of feral ungulates and dingoes around savanna 
waterholes, data from all macropod species detected by cam-
eras was pooled into a single dataset.

Data analyses

Generalised additive mixed-effect models (GAMMs) were 
used to analyse temporal activity data. This approach was 
taken because this type of regression is able to model non-
linear relationships (Wood 2006), which was necessary 
given temporal dynamics of species over the diel cycle are 
often highly non-linear. Additionally, GAMMs allow the 
effects of multiple covariates on the response variable to be 
modelled at the same time (unlike pairwise comparisons). 
A binomial distribution with a logit link function was used 
because our response variable was a vector of ones and 
zeroes (i.e., species present = 1, species absent = 0 within 

a given hour of day). We used GAMMs to model the prob-
ability of presence of each species against time of day, to the 
nearest hour, specified as a smoothed term fitted to a cycli-
cal cubic regression spline (Wood and Scheipl 2020). We 
used a cyclic spline so that there would be no discontinuity 
between first and last hours of the day (i.e., over the cusp of 
midnight), allowing us to produce curves which illustrate the 
temporal activity patterns for each species (see Cunningham 
et al. 2019).

To determine whether the temporal activity patterns of 
macropods, pigs, and dingoes differed between fenced and 
unfenced sites, fencing treatment was included as a cate-
gorical variable with two levels: fenced and unfenced. We 
compared the base model for each of these species with a 
variable co-efficient GAMM that included an interaction 
between treatment and time of day using the “by” function 
(Wood and Scheipl 2020). This allowed the generation of a 
separate smoothed term for fenced and unfenced sites (see 
Wood 2006; Zuur et al. 2009) so we could compare whether 
the temporal activity patterns of species differed between 
fencing treatments. We also determined whether the inclu-
sion of an additional smoothed term was required to model 
the relationship between species presence and dry season 
progression, as the data indicated this relationship may have 
been non-linear for some species. Akaike’s Information Cri-
terion (AIC; Akaike 1973) was calculated to compare mod-
els with and without the interaction and smooth terms to 
determine which model was most parsimonious.

To investigate how dry season progression affected tem-
poral activity patterns we divided the data for each species 
into three stages of the dry season: start, middle, and end. 
Sub-setting the data in this manner allowed us to create 
separate temporal activity curves for each species in each 
treatment (where possible) during each stage of the dry 
season. We followed the same model selection process as 
outlined above for the base models to determine whether the 
temporal activity patterns of macropods, pigs, and dingoes 
differed in fenced and unfenced sites at different stages of 
the dry season. We accounted for variation between years 
in the number of days sites were sampled over the dry sea-
son due to study waterholes drying out at slightly different 
times (n 2018 = 173 days, n 2019 = 150 days). It is important to 
note that our definition of the end of the dry season is based 
on the drying of ephemeral waterholes in the study area, 
rather than the true end of the season per se (i.e., when first 
storms begin). See Table 1 for a summary of the number 
of trap nights cameras sampled each subset category of the 
dry season.

All models were created using the “gamm4” package 
(Wood and Scheipl 2020) in statistical program, R (R Core 
Team 2020). Figures were then generated with R by using 
these models to calculate predicted hourly presence values 
using the “ggpredict” function from package “ggeffects” 

Table 1  The number of trap nights sampled for each variable used in 
analyses

* Denotes data used for macropod, pig, and dingo models
^Denotes data used for cow and buffalo models

Number of trap nights 
sampled

Both fence 
treatments*

Unfenced 
sites only^

Year 2018 446 226
2019 294 168

Moon phase Wax/wane 394 208
No moon 171 90
Full moon 175 96

Subset dry season Start 294 145
Middle 262 146
End 184 103

Total sampling effort 740 394
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(Lüdecke 2018) and plotted with “ggplot2” (Wickham 
2016).

Results

General waterhole use

Buffalo and cattle were present around waterholes 
approximately twice as much as the other species stud-
ied (n buffalo = 162 h, n cow = 149 h; where n is the num-
ber of hour-long sample blocks during which the species 
was detected). Dingoes were detected more often than 
macropods (n dingo = 81 h, n macropod = 70 h), while pigs 
were detected least often (n pig = 65 h). Macropod species 
detected on cameras included primarily northern nailtail 
wallaby (Onychogalea unguifera, n = 27 h) and antilopine 
kangaroo (Macropus antilopinus, n = 18 h), although agile 

wallabies (M. agilis, n = 3 h) were also detected in very 
low numbers. Macropods which could not be identified 
to the species level were detected in a further 22 hours, 
although most of these were likely antilopine kangaroos 
based on their size.

We found that the general activity of all species (across 
the entire dry season) varied significantly with time of 
day (Table 2). Macropods were active at night, with peak 
activity occurring around 11 pm (Fig. 3a). Pigs were most 
active in the early morning, with a peak in activity just 
before dawn (Fig. 3b). Cattle were active during daylight 
hours, with their activity rising steadily from dawn and 
peaking in the late afternoon before dropping quickly 
around dusk (Fig. 3c). Buffalo activity had two distinct 
peaks around dawn and dusk, but they were more active 
around dusk (Fig. 3d). Dingo activity was similar to that 
of buffalo, with two distinct peaks around dawn and dusk, 
but they were most active around dawn (Fig. 3e).

Table 2  GAMM results which 
show the influence of predictor 
variables on the predicted 
hourly presence of species 
visiting waterholes

Significant p values (< 0.05) are displayed in bold; hyphens denote variables not included in models. Total 
n is the number of hours a species was detected in. Smoothed term describes the deviation of predicted 
presence from zero. For n values, (f, unf) denotes (fenced, unfenced); (no, wax, full) denote moon phases

Species Macropod Pig Cow Buffalo Dingo

Total n 70 65 149 162 81
Smoothed term (time) edf 3.014 2.707 3.486 3.072 3.191

Chi-sq 37.17 26.74 52.91 9.521 15.62
p  < 0.001  < 0.001  < 0.001 0.0173  < 0.001

Fencing treatment n (f, unf) 37, 33 28, 37 - - 36, 45
St. error 0.7764 0.7259 - - 0.2912
z  − 1.142 0.359 - - 0.449
p 0.2533 0.7197 - - 0.6531

Year n (2018, 2019) 30, 40 18, 47 43, 106 76, 86 46, 35
St. error 0.3509 0.2971 0.1903 0.1623 0.2367
z 3.814 3.68 6.484 2.572 0.89
p  < 0.001  < 0.001  < 0.001 0.0101 0.3735

Smoothed term (days since dry 
season began)

edf 5.286 4.077 - - -
Chi-sq 49.67 18.55 - - -
p  < 0.001 0.00111 - - -

Dry season progression (overall) St. error - - 0.002318 0.001949 0.002586
z - - 2.833  − 1.313 1.752
p - - 0.00461 0.1892 0.0798

No moon n (no, wax) 18, 38 8, 36 31, 75 21, 80 30, 39
St. error 0.3343 0.4269 0.2246 0.2487 0.2498
z 1.623  − 1.33 0.831  − 1.943 2.303
p 0.1046 0.1836 0.406 0.05198 0.0213

Full moon n (full, wax) 14, 38 21, 36 43, 75 61, 80 12, 39
St. error 0.3575 0.3023 0.2091 0.1855 0.3432
z  − 1.445 0.014  − 0.755 2.775  − 1.408
p 0.1484 0.9889 0.4501 0.00552 0.1591

Adj. r2 (%) 1.02 0.549 1.53 0.384 0.161
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Fencing treatment

We found no significant difference in the predicted hourly 
presence of macropods, pigs, and dingoes in fenced and 
unfenced sites (Table 2). The addition of an interaction 
term (a by factor) between fencing treatment and time 

of day resulted in a less parsimonious model for all spe-
cies (i.e., higher AIC, see online supplementary material 
Table S1), indicating that the temporal activity patterns 
of macropods, pigs, and dingoes did not differ substan-
tially between fenced and unfenced sites over the entire 
dry season.

Fig. 3  General temporal activity 
patterns (the predicted hourly 
presence) over a 24-h day of 
macropods (a), pigs (b), cattle 
(c), buffalo (d), and dingoes 
(e) at savanna waterholes in 
Limmen National Park. Lines 
denote mean presence values, 
while grey areas represent upper 
and lower 95% confidence 
intervals
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When we considered the dry season as three stages, we 
found that macropods, pigs, and dingoes did not use fenced 
sites significantly more than unfenced ones (see online 
supplementary material Table S2). In addition, the tempo-
ral activity patterns of dingoes did not differ significantly 
between fencing treatments during different stages (i.e., ∆ 
AIC for all models ≥ 2, and model with by factor removed 
was the most favourable; Table S2). This was also the case for 
macropods and pigs during the start and end of the dry season 
(Table S2). However, the temporal activity of macropods and 
pigs did differ significantly between fencing treatments dur-
ing the middle of the season when the presence of both spe-
cies peaked (see Table 3 for significance of smooth results), 
although the model without a by factor for fencing was still 
the most parsimonious in both cases (Table S2). Macropod 
presence at fenced sites during the middle of the dry season 
was greater than at unfenced sites (although not significantly 
so—Table 4), and their temporal activity patterns (Fig. 4a) 
were similar to those observed overall (Fig. 3a). At unfenced 
sites in the middle of the dry season, macropods did not have 
well-defined temporal patterns (Fig. 4a), although their activ-
ity peaked at ~ 2 am as opposed to ~ 9 pm in fenced sites. This 
may have been due to low macropod visitation to unfenced 
sites during this stage (n = 9), which is supported by the lack 
of difference seen in the temporal activity patterns of macro-
pods in different fencing treatments at the end of the dry 
season (when macropods visited unfenced sites more, n = 24). 
Pig activity patterns in fenced and unfenced sites during the 
middle of the dry season (Fig. 4b) were more consistent with 
those observed overall (Fig. 3b); however, their activity at 
unfenced sites peaked a few hours earlier (~ 1 am) than at 
unfenced sites (~ 4 am) (Fig. 4b).

Water scarcity

Overall, the predicted presence of cattle and dingoes 
increased in a linear pattern as the dry season progressed 
(cattle: Fig. 5c, dingoes: online supplementary material 
Fig. S2); however, this increase was only significant for 
cattle (Table 2). Buffalo presence declined in a linear pat-
tern as the dry season progressed and was not significant 
(Fig. S2, Table 2). In contrast, macropod and pig presence 
had a non-linear relationship with dry season progression 
(Fig. 5a, b  respectively). The visitation of both species 
increased gradually before peaking in the middle of the dry 
season and then declining sharply towards the end of the 
dry season. In 2018, there were zero macropod detections 
in the last 34 days of sampling, and in 2019 there were only 
2 detections in the last 40 days of sampling. Pigs followed 
a similar pattern, with zero detections in the last 52 days of 
sampling in 2018, and only 3 detections in the last 40 days 
of sampling in 2019.

Year had a significant effect on the predicted presence of 
all species, except dingoes (Table 2; Fig. 6). The mean hourly 
presences of macropods, pigs, cattle, and buffalo were sig-
nificantly higher in 2019 (drought year) than in 2018, and this 
response was greatest in cattle.

Moon phase

The presence of dingoes increased significantly during the no 
moon compared to the wax/wane phase, whereas there was 
no significant difference detected for macropods, pigs, cattle, 
and buffalo (Table 2, Fig. 7). During the full moon, buffalo 
presence was significantly greater than in the wax/wane phase, 

Table 3  Significance of 
smooth results showing 
the presence (p < 0.05) 
or absence (p > 0.05) 
of temporal activity 
patterns for species 
during different stages 
of the dry season (start, 
middle, and end). The 
inclusion of fencing 
treatment as a by factor 
was only supported for 
macropods and pigs, and 
only during the middle 
of the dry season

Significant p values (< 0.05) are displayed in bold and indicate that predicted presence deviated significantly from 
zero with time of day (i.e., there was a temporal activity pattern). Values for n are the number of hours presence was 
detected in each stage of the dry season. See methods for a description of variables included in base models

Dry season stage Species Model terms Fencing treatment n St. error z p

Start Macropod Base model Both 3 0.4686 0.638 0.251
Pig Base model Both 17 6.044e-06 0.00 0.61
Dingo Base model Both 22 3.181 11.08 0.00892

Middle Macropod Base model Both 35 2.691 20.75  < 0.001
By factor for fencing 

treatment included
Fenced 26 2.503 17.78  < 0.001
Unfenced 9 1.567 4.741 0.0367

Pig Base model Both 24 2.302 15.71  < 0.001
By factor for fencing 

treatment included
Fenced 13 2.09 11.43 0.00151
Unfenced 11 1.996 9.077 0.00502

Dingo Base model Both 32 1.435 4.00 0.0492
End Macropod Base model Both 32 2.667 19.16  < 0.001

Pig Base model Both 24 2.668 14.62  < 0.001
Dingo Base model Both 27 7.42e-09 0.00 1.00

Page 9 of 16    23Behavioral Ecology and Sociobiology (2022) 76: 23



1 3

while the presence of macropods, pigs, cattle, and dingoes was 
not affected significantly (Table 2, Fig. 7).

Discussion

Water scarcity and interspecific competition

The presence of herbivores which are larger in size 
and/or behaviourally dominant can affect the visitation 
behaviour of competitively inferior species at water-
holes (Ostermann-Kelm et al. 2008; Valeix et al. 2009; 
Hall et al. 2018). We assessed native macropod visitation 
to savanna waterholes and found they did not preferen-
tially use sites where large feral ungulates were excluded, 
even when resources became scarce. We also found no 

significant difference in their overall temporal activity 
patterns (i.e., over the entire dry season) across the two 
fencing treatments. As our fencing experiment prevented 
buffalo and cattle from accessing fenced sites, we could 
not model their direct impact on the temporal behaviour 
of species which could access both fencing treatments 
(e.g., macropods) due to complete separation of the data. 
However, when we considered macropod behaviour dur-
ing different stages of the dry season, we found that their 
temporal activity patterns differed significantly between 
fencing treatments during the middle of the dry season, 
when macropod presence at sites was greatest (but not at 
the start or end of the season). Compared to fenced sites, 
macropods visiting unfenced sites in the middle of the dry 
season had less defined activity patterns, and their peak 
activity occurred later at night. This may be explained by 

Fig. 4  Temporal activity pat-
terns of macropods (a) and 
pigs (b) at fenced and unfenced 
sites in the middle of the dry 
season. Lines denote mean pres-
ence values, while grey areas 
represent upper and lower 95% 
confidence intervals
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lower macropod attendance to unfenced sites during this 
stage, which may have confounded our results. In addition, 
the model which assumed macropods did not vary their 
temporal activity between fencing treatments was found to 
be the more favourable of the two supported models, and 
the temporal activity patterns of macropods did not dif-
fer across fencing treatments at the end of the dry season 
(when macropods visited unfenced sites most). However, 
as the model which assumed macropod temporal activity 
patterns did vary with fencing treatment during this stage 
was also supported, we cannot discount the possibility 
that competition from large ungulates may affect macro-
pod behaviour. This may explain why macropod activity 
peaked at unfenced sites later at night, when cattle activity 
was lower. As resource scarcity can intensify interspecific 
competition and force species to adjust their temporal 
niche (Valeix et al. 2007; Hasui et al. 2009), our findings 
suggest that macropods may temporally avoid cattle as 
water scarcity increases. In addition, at the end of the dry 
season, macropod presence around waterholes declined 
rapidly in both years, while cattle presence continued to 

increase. Hence, when water scarcity peaks, macropods 
may not just temporally, but also spatially avoid water-
holes in areas utilised by cattle due to interference compe-
tition, as has been demonstrated with feral horses (Equus 
caballus) (Ostermann-Kelm et al. 2008; Hall et al. 2018). 
While we acknowledge that not including direct interac-
tions between heterospecifics in our modelling (due to zero 
inflation and complete separation of the data) may have 
lessened our ability to demonstrate clear impacts of ungu-
late presences on macropods, we believe that our fencing 
experiment and observed differences in temporal visita-
tion patterns to waterholes provide insights into potential 
interference competition between native and introduced 
species for access to limited water resources.

Exploitative competition for food resources may also 
explain our results, as increasing cattle presence may have 
depleted green vegetation resources (e.g., riparian grasses, 
forbs, and sedges) which establish around waterhole periph-
eries as the dry season progresses. Macropods may be sensi-
tive to this type of competition because they have narrower 
feeding niches than introduced ungulates (Reid et al. 2020). 

Table 4  GAMM results for 
influence of fencing treat-
ment on predicted presence of 
macropods, pigs, and dingoes 
over different stages of the dry 
season (start, middle, and end). 
Models presented are the most 
favourable based on AIC values 
(see online supplementary 
material Table S2). Where ∆ 
AIC < 2, results for both models 
are presented

Hyphens denote unfavourable models (∆ AIC > 2). See methods for a description of variables included in base 
models. See online supplementary material Fig. S1 for full dry season stage GAMM results for all species

Dry season stage Species Model terms St. error z p

Start Macropod Base model 8179  − 0.002 0.998
By factor for fencing treatment 

included
- - -

Pig Base model 1.433  − 0.288 0.774
By factor for fencing treatment 

included
- - -

Dingo Base model 0.4427 0.144 0.885
By factor for fencing treatment 

included
- - -

Middle Macropod Base model 1.134  − 1.134 0.257
By factor for fencing treatment 

included
1.241  − 0.453 0.6508

Pig Base model 1.049  − 0.147 0.883
By factor for fencing treatment 

included
1.307  − 0.032 0.9746

Dingo Base model 0.4616 0.373 0.709
By factor for fencing treatment 

included
- - -

End Macropod Base model 1.593 0.139 0.890
By factor for fencing treatment 

included
- - -

Pig Base model 1.000 0.394 0.6939
By factor for fencing treatment 

included
- - -

Dingo Base model 0.6488 0.303 0.7622
By factor for fencing treatment 

included
- - -
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This is of concern because the competitive exclusion of 
native species by introduced competitors has potential fit-
ness consequences, such as decreased growth and fecundity 
(Harris et al. 2006; Ayala et al. 2007). However, as macropod 
presence also declined rapidly at fenced waterholes at the 
end of the dry season, their response may be related to other 
seasonal factors not studied here (e.g., changes in food avail-
ability in the wider savanna, breeding cycles). Overall, our 
results suggest that small scale exclusion fencing may not 
affect macropod visitation to waterholes in areas where feral 

ungulates are present (at least not over short time spans), but 
more research is required.

In contrast to cattle, the presence of buffalo at study 
waterholes was not significantly affected by dry season pro-
gression. Buffalo have fewer sweat glands than other ungu-
lates (e.g., cattle, sheep), forcing them to wallow regularly to 
thermoregulate (Tulloch and Litchfield 1981; Bracke 2011; 
Collier and Gebremedhin 2015). Hence, the progression of 
the dry season may have had little effect on their overall 
water requirements. We also found that the temporal activity 
patterns of pigs differed between fencing treatments during 
the middle of the dry season, with their activity peaking at 
unfenced sites several hours earlier than at fenced sites. This 

Fig. 5  Relationship between predicted hourly presence and days 
since the dry season began for macropods (a), pigs (b), and cattle (c) 
around waterholes in Limmen National Park. Mean presence values 
are shown as lines, while grey areas display upper and lower 95% 
confidence intervals

Fig. 6  Predicted hourly presence of macropods, ungulate species, 
and dingoes in 2018 and 2019 (drought). Points denote mean daily 
predicted presence values, while bars represent upper and lower 
95% confidence intervals. Significance levels: *** (p < 0.001), ** 
(p < 0.01), none (p > 0.05)

Fig. 7  Predicted hourly presence of macropods, ungulate species, 
and dingoes during different moon phases. Points denote mean daily 
predicted presence values, while bars represent upper and lower 95% 
confidence intervals. Significance levels: ** (p < 0.01), * (p < 0.05), 
none (p > 0.05)
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difference in pig behaviour could be explained by tempo-
ral avoidance of buffalo at unfenced sites, which are known 
interference competitors of pigs (Corbett 1995a; Finlayson 
et al. 1999). However, as with macropods, the model which 
assumed pig temporal activity did not vary between fencing 
treatments was the more favourable of the two supported 
models, and low pig visitation could have confounded our 
results. Pig activity also declined rapidly at the end of the 
dry season. However, as pigs forage on benthic vegetation 
(e.g., tubers of spike rushes and water lilies) at this time of 
year (Ridpath 1991), this response is likely due to declining 
food availability as study waterholes dried out, rather than 
competition.

Drought also affected animal visitation to savanna water-
holes, resulting in significantly higher presences of macro-
pods, pigs, and cattle. Buffalo presence also increased sig-
nificantly during the drought, despite dry season progression 
having no effect on their behaviour. Ephemeral rainfall-fed 
water sources (such as the waterholes studied here) are sen-
sitive to climatic variation and can dry faster in low rainfall 
years (Redfern 2002; Chamaillé-Jammes et al. 2007). Hence, 
the water demands of buffalo may have increased during 
the drought (but not necessarily over the dry season) due 
to reduced water availability across the landscape in that 
year. Our findings closely mirror those of a similar 2-year 
study in African savanna (Valeix 2011) and suggest that 
competition between feral ungulates and native wildlife for 
waterhole access may progressively intensify with increas-
ing water scarcity. However, we acknowledge that the meas-
ures of water scarcity used here are coarse (i.e., days since 
the dry season began, year), and the availability of water at 
alternative waterpoints surrounding our study sites may have 
affected our results.

Predator and prey responses to water scarcity 
and moon phase

The threat of predation is not uniform in natural systems but 
varies both spatially and temporally due to changes in envi-
ronmental conditions (Penteriani et al. 2013; Palmer et al. 
2017). We found that both seasonal and interannual bot-
tlenecks in water availability corresponded with increased 
prey presence (i.e., macropods, pigs, cattle, and buffalo) at 
savanna waterholes, similar to previous findings from Africa 
(Thrash et al. 1995). However, this did not correspond with 
increased dingo presence around waterholes, despite overlap 
in their temporal activity with all of the prey species studied. 
This could indicate that dingoes are not using waterholes 
as primary hunting grounds in this system, unlike in more 
arid parts of Australia (Shepherd 1981). Alternatively, din-
goes may favour other prey during the dry season which 
are more prevalent in the surrounding savanna, such as rep-
tiles, insects, and ground dwelling birds. Dingoes may also 

focus their hunting activity around larger, more permanent 
waterbodies than those studied here (e.g., large billabongs, 
wetlands) where prey visitation may be more consistent 
throughout the year. The drought could also have provided 
scavenging opportunities for dingoes away from waterpoints.

Predation threat can also vary with changes in night-time 
illumination (Harmsen et al. 2011; Penteriani et al. 2011, 
2013; Palmer et al. 2017). We found that dingo activity 
around waterholes increased on moonless nights, suggest-
ing that dingo hunting success may improve under low light 
conditions, as has been shown for other savanna predators 
(e.g., lions: Funston et al. 2001; Packer et al. 2011). This is 
because prey may find detection or defence against dingoes 
more difficult on moonless nights, particularly when young 
are present. In support of this theory, we observed two dingo 
predation attempts at waterholes during this study and both 
were targeted on ungulates with calves on moonless nights. 
Furthermore, while not significant, buffalo showed reduced 
activity on moonless nights compared to other moon phases. 
During the full moon, buffalo activity increased significantly 
compared to the wax/wane phase. However, as this did not 
correspond with a decline in dingo activity, the response of 
buffalo may not necessarily reflect changes in predation risk. 
Buffalo are primarily crepuscular; hence, they may utilise 
higher illumination levels during full moons for increased 
movement or foraging. In contrast, cattle are primarily diur-
nal, and pigs are most active during pre-dawn hours. Hence, 
moon phase may not provide them the same advantages and 
disadvantages as for buffalo, which may explain why no 
response to moon phase was observed in cattle and pigs.

Surprisingly, macropods did not shift their visitation 
behaviour in response to moon phase. However, macropod 
activity peaked during the night-time lull in dingo activ-
ity, which may be an antipredator response to limit their 
exposure to dingoes. Alternatively, macropods may increase 
their vigilance during moonless nights when predation risk 
is highest, rather than altering their overall visitation behav-
iour. Considering dingoes are the apex terrestrial predator 
in Australian ecosystems and have a reputation as a threat 
to livestock (Letnic et al. 2012), more studies which investi-
gate how water scarcity and moon phase affect their hunting 
behaviour are needed.

Due to rising temperatures, climate change is predicted 
to increase evaporation in northern Australia (Dai et al. 
2018; NESP Earth Systems and Climate Change Hub 
2020), which will likely reduce surface water availability 
for savanna wildlife (Ritchie and Bolitho 2008). Advances 
in geospatial technologies may allow future studies to 
evaluate in detail how changing availability of water 
sources in savanna ecosystems drives the spatial–tem-
poral distributions of both native wildlife and introduced 
ungulates. As pastoralism is a major land use in the region 
(Holmes 2010) and continuing to intensify due to recent 
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improvements in remote cattle management technologies 
that allow increased stocking of remote areas (Hunt et al. 
2013, 2014), competition between wildlife and ungulates 
(both feral and domestic) for access to water resources 
in Australian savannas is likely to intensify in the future. 
Our study highlights that feral ungulates may not only 
affect native wildlife communities indirectly (e.g., through 
changes to habitat structure and quality from vegetation 
grazing and tramping) but can also have direct impacts on 
the behaviour of native species. More research is needed 
to understand how the presence of introduced ungulates at 
water points impacts native wildlife communities in Aus-
tralian savannas as availability of surface water sources 
may become more limited in space and time.
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