Utilization of waterholes by globally threatened
species in deciduous dipterocarp forest of the Eastern
Plains Landscape of Cambodia
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Abstract Deciduous dipterocarp forests throughout Asia
provide crucial habitat for several globally threatened spe-
cies. During the dry season water availability in these forests
is primarily limited to perennial rivers and waterholes. Such
water sources form an essential part of these dry forests and
are used by multiple species, including large mammals and
birds, but little is known regarding how waterhole character-
istics affect wildlife use. We investigated waterhole utilization
by six globally threatened dry forest specialists: banteng Bos
javanicus, Eld’s deer Rucervus eldii, giant ibis Thaumatibis
gigantea, green peafowl Pavo muticus, lesser adjutant
Leptoptilos javanicus and Asian woolly-necked stork
Ciconia episcopus. We camera-trapped 54 waterholes in
Srepok Wildlife Sanctuary, eastern Cambodia, during the
dry season of December 2015-June 2016. We measured
nine waterhole and landscape characteristics, including indi-
cators of human disturbance. Waterhole depth (measured
every 2 weeks) and the area of water at the start of the dry
season were the main environmental factors influencing
waterhole use. Additionally, waterholes further from villages
were more frequently used than those nearer. Our study re-
affirmed the importance of waterholes in supporting globally
threatened species, especially large grazers, which are critical
for maintaining these dry forest ecosystems. The results also
suggested that artificially enlarging and deepening selected
waterholes, particularly those further from human disturb-
ance, could enhance available habitat for a range of species,
including grazers. However, this would need to be conducted
in coordination with patrolling activities to ensure water-
holes are not targets for illegal hunting, which is a problem
throughout South-east Asian protected areas.
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Introduction

South-east Asian biodiversity has declined dramatically
as a result of habitat loss and degradation and overhunt-
ing (Duckworth et al., 2012; Harrison et al., 2016). Within
South-east Asia, deciduous dipterocarp forests are of par-
ticular concern as they are the most threatened of all tropical
forest types (Gillespie et al, 2012; Hansen et al., 2013).
Currently, only about 156,000 km? of deciduous dipterocarp
forest remain in mainland South-east Asia (Wohlfart et al.,
2014). However, these forests are crucial for a wide range of
globally threatened species (Karanth et al, 2004a;
Steinmetz, 2004; McShea et al., 2005, 2011; Gray, 2012).
Deciduous dipterocarp forests are also highly seasonal
habitats, experiencing 5-6 months of drought per year
(Miles et al., 2006). In such dry tropical habitats, water
and food resource availability may be limiting factors for
the distributions, movements and home ranges of many
species during the dry season (Aung et al., 2001; Redfern
et al, 2003), and waterholes are likely to be a substantial
component of water surface availability, providing impor-
tant water resources and foraging habitat for many species
(Keo, 2008; Wakefield et al., 2008; Wright et al., 2010;
Wright et al., 2012). Utilization of waterholes by wildlife is
also likely to be higher during the dry season (Wakefield
etal., 2008; Wright et al,, 2012). Levels of crucial water avail-
ability in South-east Asian deciduous dipterocarp forests are
likely to be further impacted by predicted decreases in
precipitation and increases in temperature associated with
global climate change (Dai, 2013; Trenberth et al., 2014).
The deciduous dipterocarp forests of eastern Cambodia
may be particularly vulnerable (Yusuf & Herminia, 2010;
Climate Investment Funds, 2014). The Eastern Plains
Landscape, a protected area complex covering c. 14,000 km*
in eastern Cambodia and southern Viet Nam, supports
one of the largest extents of deciduous dipterocarp forests
remaining in South-east Asia. This landscape is home to
several globally threatened species of mammals and birds
(Gray et al.,, 2012a; O’Kelly et al, 2012; Wright et al,
2013b) including the Asian elephant Elephas maximus,
banteng Bos javanicus, Eld’s deer Rucervus eldii, leopard
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Panthera pardus, and globally threatened waterbirds such as
the giant ibis Thaumatibis gigantea, white-shouldered ibis
Pseudibis davisoni and green peafowl Pavo muticus.
During the dry season water availability is mainly limited
to perennial rivers and waterholes, which are an essential
part of the forest and are used by several of these threatened
large species (Keo, 2008; Wright et al,, 2012; Gray et al,
2015b). However, little is known about the relationship be-
tween wildlife and waterholes in South-east Asian decidu-
ous dipterocarp forests with the exception of two studies
on the giant and white-shouldered ibises (Wright et al.,
2010, 2012). Although these studies suggested waterholes
are important for these two species, it is largely unknown
how they impact the other threatened species in this land-
scape and, for example, how the morphological characteris-
tics of the waterholes affect usage.

We focused on waterhole usage by six dry forest specia-
lists of high conservation concern that utilize waterholes for
foraging and/or drinking, including four birds, the giant ibis
(categorized as Critically Endangered on the TUCN Red List;
Birdlife International, 2017), green peafowl (Endangered),
lesser adjutant Leptoptilos javanicus (Vulnerable) and
Asian woolly-necked stork Ciconia episcopus (Vulnerable),
and two large herbivorous mammals, banteng (Endangered)
and Eld’s deer (Endangered) (McShea et al., 2005; Keo,
2008; Wright et al., 2012; Gray et al., 2015b). We hypothe-
sized that (1) water availability in a given waterhole and
(2) waterhole characteristics (e.g. size, surrounding vegeta-
tion, and availability of adjacent waterholes) will be asso-
ciated with different levels of use by these target species
(especially the giant ibis, lesser adjutant and Asian woolly-
necked stork, which feed in the waterholes), and (3) in-
creased human activity at or near waterholes will probably
reduce use.

Study area

The study was conducted in the core zone of the 3,729 km®
Srepok Wildlife Sanctuary, formerly known as the
Mondulkiri Protected Forest (Fig. 1). The core zone of the
sanctuary (1,292 km?®), previously designated as a Special
Ecosystem Zone under a draft Forestry Administration
management plan, is also recognized as a possible site for
tiger reintroduction (Gray et al., 2017). This is the least dis-
turbed area of the Sanctuary and supports the highest dens-
ities of large ungulates in Cambodia (Gray et al., 2012b).
Vegetation of the Sanctuary is predominantly deciduous
dipterocarp forests dominated by Dipterocarpaceae, inclu-
ding Shorea siamensis, Shorea obtusa, Dipterocarpus
tuberculatus, Dipterocarpus obtusifolius and Dipterocarpus
intricatus (McShea et al., 2013; Pin et al., 2013). Srepok also
supports the largest population of banteng in Cambodia
(Gray et al, 2012¢c) and is a priority site for leopard

Utilization of waterholes

Panthera pardus in Indochina (Gray & Prum, 2012;
Rostro-Garcia et al., 2016). The area is influenced by two dis-
tinctive seasons, wet (May-October) and dry (November-
April), with a mean total annual rainfall of 1,500-1,800 mm
(Bruce, 2013). During the dry season the area experiences
frequent forest fires that create an open understory
and reduce canopy cover (McShea et al.,, 2011; Ratnam et al,,
2016).

Methods

Waterhole selection and camera-trapping

The coordinates of waterholes used in this study were pro-
vided by the Eastern Plains Landscape Project, GIS &
Remote Sensing Department, WWEF-Cambodia (WWFE-
Cambodia, 2015, unpubl. data). Fifty-four waterholes were
randomly selected from an estimated 350 waterholes in
the core zone of the sanctuary using Hawth’s Analysis
Tools (Beyer, 2004) for ArcGIS 10.1 (ESRI, Redlands,
USA). Camera traps (infrared, remote-trip digital camera
units Reconyx PCgoo HyperFire Professional IR,
RECONYX, Holmen, USA) were placed at waterholes dur-
ing the dry season of December 2015-June 2016 (Fig. 1).
Camera traps (one per waterhole) recorded date and time
automatically on all photographs, were not baited, and
were set to operate 24 h per day with a 1-minute delay be-
tween photographs. To maximize encounters of species,
camera traps were placed 2-15 m from the water’s edge in
an area with the highest diversity of wildlife footprints (cam-
era traps were moved to follow the recession of the water
level as the dry season progressed). Depending upon topog-
raphy and location, camera traps were either placed on trees
or poles at a suitable location at a height of 50-100 cm, to
increase the chance of encountering large ungulates.
Maximum trigger distance was checked to make sure cam-
eras could detect animals from a distance of c. 20 m, and all
cameras were set to medium sensitivity to minimize false
captures associated with moving vegetation.

Data collection

Camera-trapped waterholes were visited every 2 weeks, in a
total of ¢ visits for the study period. We collected three para-
meters related to water availability (water depth, pool size,
and water volume), three related to physical characteristics
of the waterhole and the surrounding landscape (maximum
waterhole area, number of waterholes within a 1-km radius,
and height of nearest trees adjacent to the target waterhole)
and three parameters related to potential human impacts
(distance to nearest village, distance to nearest active road/
trail, and number of illegal activities within a 1-km radius);
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see Table 1 for a description of how these parameters were
measured and how often.

Data analysis

Consecutive photographs of the same species taken at an
interval of at least 30 minutes, or non-consecutive photo-
graphs of the same species at the same station, were defined
as notionally independent photographs (O’Brien et al,
2003). Camera-trap photo management and the creation of
the database of encountered species was conducted using
camtrap R (Niedballa et al., 2016) in R 3.3 (R Core Team, 2016).

We used these photos as an index of the frequency of
waterhole use by the target species (but not as an indicator
of movement or behaviour at waterholes). Counts of these
notionally independent photographs (i.e. one photograph

equalling one count regardless of the number of individuals
photographed) of focal species were modelled as response
variables, with water availability, waterhole characteristics
and human disturbance variables as predictor variables.
All continuous variables were centred and scaled using
scale in R. We used trap-nights of each camera trap as an
offset in fitting the models (Kotze et al., 2012).

R package glmmADMB (Fournier et al., 2012) was used to fit
Poisson or negative binomial models in a generalized linear
mixed models (GLMMs) framework for banteng, Eld’s deer,
giant ibis, lesser adjutant and Asian woolly-necked stork.
Because of the large number of zero counts in the green peafowl
dataset, we used pscl (Achim et al,, 2008) to fit zero-inflated
regression models, allowing us to model the excess zeros
and the count values independently (Zuur & Ieno, 2016).

Prior to analysis we checked the data for outliers, overdis-
persion and correlations among predictor variables (Zuur
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TasLE 1 Variables, and method of measurement, used to describe 54 waterholes in the Srepok Wildlife Sanctuary (Fig. 1) during the dry

season of December 2015-June 2016.

Variables Measurement
Water availability
Pool size Walked with GPS at edge of waterline to estimate surface area of water (m?) (measured on each visit)

Waterhole depth
Water volume
Waterhole characteristic
Max. waterhole area

the study period)
Waterholes within
1-km radius
Tree height

in the centre of the waterhole)
Anthropogenic factors
Distance to road
Distance to village
Illegal activities within

1-km radius

Measuring tape/stick used to measure depth at centre of waterhole (cm) (measured on each visit)
Pool surface area x depth (m?) (calculated on each visit)

Walked with GPS at point where water reached its max. perimeter (m?) (measured once at the beginning of
ArcGIS used to calculate number of waterholes within 1-km radius of each focal waterhole (count)
Rangefinder used to calculate mean tree height in the four cardinal directions (m) (measured while standing
ArcGIS used to calculate straight-line distance to nearest active road (km)

ArcGIS used to calculate straight-line distance to nearest village (km)

ArcGIS used to calculate number of sightings/signs of illegal activities (number of snares, logging sites, illegal
camping sites) within 1-km radius, derived from the SMART database of ranger patrolling information

(WWE-Cambodia, 2015, unpubl. data), supplemented with sightings/signs encountered during this study

(counts; see Methods)

et al., 2009; Zuur & Ieno, 2016). Variables with correlations
> 0.5 were not included in the same model. There were no
strong correlations among predictor variables except be-
tween water volume and pool size (r = 0.93). We fitted pre-
dictor variables into models to determine the effect of each
on the species count data; we also tested additive models of a
combination of selected predictor variables. In addition, we
tested models that included both waterhole characteristics
and human disturbance variables.

Model selection was based on AIC (Akaike Information
Criterion) and AIC weights (Burnham & Anderson, 2003).
However, when there was uncertainty based on these cri-
teria, we employed model averaging to compute average
estimates of beta coefficients of candidate models. We
conducted model averaging of the most supported
candidate models where AAIC =< 2.00. We used MuMIn
(Barton, 2018) for model averaging.

Results

A total of 49 waterholes of the 54 camera-trapped dried out
by April 2016. However, eight refilled with water following
rains during the first week of May 2016. Camera traps oper-
ated on average 138 trap-nights per waterhole (range 44-182
trap-nights). A total of 6,444 trap-nights captured > 4,700
notionally independent photographs of at least 29 species
(Supplementary Table 1). Among the target species, lesser
adjutant and banteng were the most frequently encountered
(Supplementary Table 1). Camera traps captured the six tar-
get species utilizing waterholes in several ways, but there ap-
peared to be general patterns of use. Banteng and Eld’s deer

were recorded drinking and grazing at waterholes, lesser ad-
jutant and Asian woolly-necked stork foraged in the deeper
areas of the pools, and giant ibis and green peafowl foraged
in dry and/or saturated substrates at the edges of the water-
holes (Plate 1).

Models (both GLMM:s and zero-inflated regression mod-
els) that had AIC weights = 0.01, as well as all null models,
describing the relationship between counts of notionally in-
dependent photos of target species utilizing waterholes and
predictor variables are shown in Table 2 (all models are
shown in Supplementary Table 2). The most supported
model had an AIC weight > 0.85 for Eld’s deer and green
peafowl, two top candidate models (AAIC <2.00 and
w; > 0.85) were selected for banteng and Asian woolly-
necked stork, three top candidate models (AAIC < 2.00
and w; = 0.81) were selected for lesser adjutant. Four top
candidate models (AAIC = 2.00 and w; = 0.91) were selected
for giant ibis (Table 2).

Estimated beta coefficients from the top models and
model averaging across the most supported candidate mod-
els for banteng, Eld’s deer, lesser adjutant, Asian woolly-
necked stork, giant ibis and green peafowl are shown in
Table 3. The direction of the impacts of waterhole character-
istics on the utilization by the target species are shown in
Table 4. Overall, deeper and/or larger waterholes were pre-
ferred by all species except banteng. However, lesser adju-
tant and Asian woolly-necked stork had a curvilinear
relationship with water depth, reflecting a preference up
to a threshold depth of 30-40 cm and then declining
usage at greater depth (Fig. 2). Banteng showed a negative
relationship with water volume and preferred waterholes
surrounded by tall trees. The Critically Endangered giant
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ibis was the only species that was also associated with the
abundance of neighbouring waterholes. All species except
green peafowl were more likely to occur at waterholes
further from villages.

Discussion

We provide the first detailed study of the variables influen-
cing utilization of waterholes by wildlife in a dry diptero-
carp forest. As predicted, our results suggested that water
availability (water depth and pool size) played a major role
in the utilization of waterholes by six globally threatened
target species. In addition, waterhole characteristics and
associated landscape characteristics including maximum
waterhole area, proximity to other waterholes in the sur-
rounding landscape, height of trees adjacent to waterholes,
and human disturbance, particularly distance to the near-
est village, also influenced waterhole use by these species
(Table 4).

Prate 1 Photographs of

(a) banteng Bos javanicus, (b) Eld’s
deer Rucervus eldii, (c) giant ibis
Thaumatibis gigantea, (d) green
peafowl Pavo muticus, (e) lesser
adjutant Leptoptilos javanicus and
(f) Asian woolly-necked stork
Ciconia episcopus drinking and/or
foraging at waterholes during the
dry season of December 2015
June 2016.

Importance of waterholes for large herbivores

Deeper waterholes retained water for longer than shallower
ones, and the deeper waterholes probably provide critical
drinking water for ungulates. Most large herbivores need
to access drinking water to complement forage consump-
tion during the dry season when food and water are scarce
(Western, 1975; Manser & Brotherton, 1995; Gedir et al.,
2016). In addition, some will forage as well as drink at water-
holes (Valeix et al., 2008), and our photographs appear to
support this (Plate 1). Thus, the availability of water prob-
ably influences movement and home ranges during the
dry season, although our data was unable to address move-
ment of individual animals (Aung et al., 2001; Redfern et al.,
2003; Smiit et al., 2007). Our results show a positive relation-
ship between maximum waterhole area and depth for Eld’s
deer, but a negative relationship between water volume and
use of waterholes by banteng. The reason for the latter is un-
clear but banteng were recorded at 78% (42) of the 54 water-
holes, suggesting they were widely distributed in the study
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TaBLE 2 Summary of all GLMMs and zero-inflated regression models that had AIC weights = 0.01, used to explain the number of notion-
ally independent photographs of six target species at 54 waterholes. For definitions of predictor variables see Table 1.

Model K' AIC? AAIC w;
Banteng Bos javanicus®
Water volume + Tree height 5 676.64 0.00 0.51
Water volume + Tree height + Distance to village 6 677.49 0.85 0.34
Tree height 4 681.18 4.54 0.05
Water volume 4 682.15 5.51 0.03
Distance to village 4 682.83 6.19 0.02
Pool size 4 684.07 7.43 0.01
Water depth 4 685.35 8.71 0.01
Number of illegal activities 4 685.41 8.77 0.01
Null model 3 691.02 14.38 0.00
Eld’s deer Rucervus eldii*
Water depth + Max waterhole area + Distance to village 5 208.72 0.00 0.91
Water depth + Distance to village 4 213.39 4.67 0.09
Null model 2 259.04 50.32 0.00
Lesser adjutant Leptoptilos javanicus*
Water depth + *Water depth® + Max waterhole area + Distance to village 7 655.84 0.00 0.39
Water depth + *Water depth” + Max waterhole area 6 657.03 1.19 0.22
Water depth + *Water depth? 5 657.16 1.32 0.20
Water depth + *Water depth® + Waterholes 1-km 6 658.45 2.61 0.11
Water depth + *Water depth® + Tree height 6 659.15 3.31 0.07
Null model 3 700.41 44.57 0.00
Asian woolly-necked stork Ciconia episcopus®
Water depth + *Water depth® + Distance to village 6 339.17 0.00 0.67
Water depth + *Water depth? 5 340.60 1.43 0.33
Null model 3 359.12 19.96 0.00
Giant ibis Thaumatibis gigantea*
Water depth + Waterholes 1-km + Distance to village 4 126.71 0.00 0.39
Water depth + Distance to village 3 127.81 1.10 0.23
Water depth + Waterholes 1-km 3 128.65 1.95 0.15
Water depth + Max waterhole area + Distance to village 4 128.67 1.96 0.14
Water depth 2 131.03 4.32 0.04
Water depth + Max waterhole area 3 131.29 4.58 0.04
Null model 1 155.90 29.19 0.00
Green peafowl Pavo muticus’
Pool size | Max waterhole area 4 75.49 0.00 0.85
Water depth | Max waterhole area 4 80.15 4.66 0.08
Tree height | Max waterhole area 4 83.42 7.92 0.02
Distance to road | Max waterhole area 4 83.80 8.31 0.01
Max waterhole area | Max waterhole area 4 83.93 8.43 0.01
Null model 2 94.21 18.72 0.00

"Number of parameters.

*Akaike Information Criterion.

3AIC weights.

‘GLMMs.

>Zero-inflated regression models.
*Quadratic polynomial of water depth.

area compared to Eld’s deer, which were recorded at only six
waterholes. Tree height adjacent to waterholes also had a
positive effect on utilization of waterholes by banteng. Tall
deciduous dipterocarp trees may provide understory vegeta-
tion that is particularly suitable for wild cattle during the dry
season (Steinmetz, 2004; Gray, 2012). Although large herbi-
vores play an essential role as the primary prey for large car-
nivores (Karanth et al., 2004b; Hayward et al., 2006, 2012,

2014; Wolf & Ripple, 2016), little is known about the role
these herbivores have in maintaining and structuring
these Asian savannah ecosystems (Ratnam et al., 2016).
Nevertheless, the role of waterholes in sustaining large her-
bivores is likely to be vital in the deciduous dipterocarp for-
ests of the region. Natural salt licks are also a key resource
for large mammals (Matsubayashi et al., 2007; Lameed &
Jenyo-Oni, 2012; Matsuda et al., 2015) but the extent to
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TasLE 3 Estimated coefficients, 85% CI and SE for regression
models predicting the number of notionally independent photos
of six target species at 54 waterholes. For definitions of variables
see Supplementary Table 1.

Parameters Coefficient ~ 85% CI SE
Banteng javanicus'
Intercept —3.34 —3.57--3.10  0.16
Water volume —0.43 —0.69-—0.17  0.18
Tree height 0.28 0.11-0.44 0.12
Distance to village 0.05 —0.04-0.30 0.09
Eld’s deer Rucervus eldii
Intercept —7.96 —9.82-—6.09 1.29
Water depth 1.28 0.86-1.71 0.29
Max waterhole area 0.46 0.21-0.71 0.17
Distance to village 1.31 0.71-1.90 0.41
Lesser adjutant Leptoptilos javanicus'
Intercept —3.08 —3.40--2.75 0.22
Water depth 1.57 1.20-1.94 0.25
*Water depth? —0.37 —0.47--026  0.07
Max waterhole area 0.13 —0.01-0.36 0.14
Distance to village 0.12 0.05-0.49 0.17
Asian woolly-necked stork Ciconia episcopus’
Intercept —2.87 —3.26-—249 0.27
Water depth 1.19 0.76-1.62 0.30
*Water depth? —0.68 —0.98-—-0.38 021
Distance to village 0.18 0.06-0.48 0.17
Giant ibis Thaumatibis gigantea'
Intercept —5.46 —579--5.12 0.23
Water depth 0.59 0.40-0.77 0.13
Waterholes 1-km 0.18 0.07-0.55 0.20
Distance to village 0.35 0.12-0.73 0.25
Max waterhole area 0.02 —0.05-0.38 0.08

Green peafowl Pavo muticus®
Count model

Intercept —5.07 —549-—465 0.29

Pool size 0.94 0.50-1.37 0.30
Zero model

Intercept 111 —0.01-2.23 0.78

Max. waterhole area 393 1.08-6.78 1.98

'GLMM averaging.
*Zero-inflated function models.
*Quadratic polynomial of water depth.

which ungulates in Cambodian deciduous dipterocarp for-
ests obtain minerals from waterholes is unclear and merits
further research.

Importance of waterholes for large birds

Three of the four bird species studied, giant ibis, lesser ad-
jutant and Asian woolly-necked stork, preferred deeper
waterholes, whereas green peafowl had a preference for lar-
ger pool areas (Tables 3 & 4). Numerous studies have de-
monstrated that water depth influences foraging habitat of
waterbirds (e.g. Colwell & Taft, 2000; Ma et al., 2010). In
particular, fluctuation in water depth determines the acces-
sibility of foraging habitat, which in turn provides a greater
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10
2 . . .
ik .
=
(=N
4]
'6)6 “w s s wae .. . .
2
o
=
[=1 . mee s sms s &
'S
22 . .
E
=
z s s s s 22 s s
2
0 = mecmmmes mes mammsime s mases = 8 . .
(b) Woolly-necked stork
4 . . -
3 . - - . .
2
o
i
[=2]
2]
Q
‘5, 2 sem s . .
S
]
=}
E
=
=

1] o o emeses s .

(1] [ S ... B

0 50 100 150
Water depth

Fic. 2 Curvilinear relationship of notionally independent
photographs of (a) lesser adjutant Leptoptilos javanicus and

(b) Asian woolly-necked stork Ciconia episcopus with waterhole
depth (measured at the centre of each waterhole). The curve was
fitted using loess smoothing.

diversity of foraging habitats, thus supporting a greater di-
versity of waterbirds (Collazo et al., 2002; Stapanian &
Waite, 2003). Additionally, the density of waterholes within
a 1-km radius around waterholes positively influenced util-
ization by giant ibis (Table 4). Giant ibis is a dry forest spe-
cialist, has the smallest global range of our target species and
is restricted to deciduous dipterocarp forests (BirdLife
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TasLE 4 Summary of the relationships (positive, negative, or no effect) between measured predictor variables and the number of notionally
independent photos of six target species at waterholes. Distance to roads and number of illegal activities detected around waterholes did not

show an effect.

Max. No. of
Pool Water Water waterhole waterholes within Tree Distance to

Species size depth volume area 1-km radius height village
Banteng - + +

Eld’s deer + + +

Giant ibis + + + +

Green peafowl + +

Lesser adjutant + + +

Asian woolly-necked stork + +

International, 2017). The model for this species contained
the most waterhole variables, suggesting a strong and specif-
ic association with waterholes during the dry season. Giant
ibis is the only waterbird in our study that nests in deciduous
dipterocarp forest during the wet season and this could be a
factor in explaining its strong association with waterholes.
However, wet season monitoring would be needed to assess
any year-round dependence on waterholes. Waterhole util-
ization by green peafowl was related to pool size and water-
hole size. Keo (2008), noted that as water levels fluctuate,
pool size may play a major role in providing foraging habitat
for large birds as well as grazers, particularly when resources
are scarce during the dry season.

Waterhole size

Waterhole size (i.e. maximum area) positively influenced
waterhole utilization by giant ibis, lesser adjutant, green pea-
fowl and Eld’s deer (Tables 3 & 4). Camera-trap photos
(Plate 1) show these species foraging in a relatively wide
area beyond the open water of the waterholes. Some species
do not regularly drink from waterholes but will opportunis-
tically forage at waterholes if available. We suggest larger
waterholes may offer more foraging habitat, and also con-
tain important microhabitats, including short grass, as
well as both dry and saturated substrates. Furthermore,
these microhabitats may provide primary food resources,
including frogs, crabs and crickets, especially for giant ibis
(Keo, 2008; Wright et al., 2012; Wright et al.,, 2013a). As
such, large waterholes are likely to be particularly significant
for conservation in Cambodian deciduous dipterocarp for-
ests; declines in large herbivore numbers, which probably
play an important role in keeping waterhole areas open,
could have significant knock-on effects on other biodiver-
sity, including foraging waterbirds.

Anthropogenic factors

As predicted, most of the target species were more likely to
frequent waterholes located further from human activity, in
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this case, villages (Table 4), possibly related to food avail-
ability as waterholes closer to villages are more likely to be
harvested for fish (including eels) and frogs by local people
(Keo, 2008). This is supported by earlier studies that sug-
gested the giant ibis foraged at waterholes further from
human settlements because of the species’ sensitivity to dis-
turbance (Keo, 2008; Wright et al.,, 2012). However, further
research is needed to determine whether the cause is human
depletion of forage availability, persecution or other direct
disturbance. The distribution and habitat use of banteng
are also thought to be significantly affected by human dis-
turbance (Pedrono et al, 2009; Gray & Phan, 2011
Gardner et al., 2016). Eld’s deer, however, is known to
occur in areas with relatively high levels of human disturb-
ance locally (e.g. Ang Trapeang Thmor, Cambodia, and
Savannakhet Eld’s deer sanctuary, Laos; Gray et al., 2015a).
However, both sites are small and have been the target of
conservation outreach focused on Eld’s deer. We suggest
that these areas may be exceptional and that, more widely
across the species’ range, Eld’s deer will have been extirpated
from many locations close to villages. The species’ small
fragmented population in Srepok Wildlife Sanctuary is pre-
dominantly concentrated in the inner core of the protected
area, perhaps a result of past hunting across most of the
landscape (Loucks et al., 2009). Our data did not show
any relationship between green peafowl and distance to vil-
lages, but other studies have reported that green peafowl
prefer to forage in areas further from human settlements
(Brickle, 2002; Liu et al., 2008; Sukumal et al., 2015). It is pos-
sible that green peafowl in our study area were less affected
by human disturbance compared to neighbouring Viet
Nam, and less affected by resource competition at water-
holes than other target species. However, peafowl are prob-
ably impacted by hunting, including egg harvesting, and
capture for the pet trade (Goes, 2009).

Management implications

Dogs and cattle were recorded at 24 of the 54 camera-
trapped waterholes, accompanying people collecting water
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and fishing, and utilized the same resources used by our tar-
get species. Resource competition between local people and
wildlife may therefore be of concern. Illegal hunting also
poses a significant threat to these globally threatened spe-
cies: we found illegal hunting gear (including snares) at
waterholes. Snaring continues to be a major threat in
South-east Asia’s protected areas (O’Kelly, 2013; Harrison
et al., 2016; Gray et al., 2018). The number of illegal activities
detected around waterholes did not feature in any of the
most supported models for any of our study species, but ac-
curately recording levels of illegal activity within protected
areas is difficult and it is likely that data from the Spatial
Monitoring and Reporting System Tool, as used in our
study, is biased in a number of unpredictable ways (Gavin
et al.,, 2009). In addition, there was an inadequate number
of rangers (only 40-50 rangers working in the protected
area of > 3,700 km®) and patrolling was probably not con-
ducted at all the waterholes. However, our study provides
baseline data for conservation and protected area manage-
ment in this sanctuary.

Understanding the utilization of waterholes by globally
threatened species is critical for wildlife conservation and
protected area management given that the deciduous dip-
terocarp forests of eastern Cambodia are predicted to be im-
pacted by anthropogenic climate change (Yusuf & Herminia,
2010). Modelling the impacts of drought on ungulate popu-
lations suggested that water stress could have negative im-
pacts on sedentary and grazer species (Duncan et al., 2012),
and maintaining sufficient water resources is a guideline for
protected area management in such dry habitats (Bolduc &
Afton, 2004). Manipulation of waterholes, and rehabilitation
of other water sources to retain rainwater, to improve habitat
for wildlife during the dry period, are management tools that
should be investigated for Cambodian deciduous diptero-
carp forests (Kumar & Sahi, 2009; Gray et al., 2015b).
However, prior to any large-scale manipulation, modifica-
tion of waterholes should be in the form of a small- to
medium-scale experiment, to test our theories about the
benefits of manipulation. Provision of artificial waterholes
can also mitigate negative human-wildlife interactions by pre-
venting wildlife moving out of protected areas and exploiting
water resources within villages or settlements (Dave, 2010).
Although deepening and enlarging of selected natural water-
holes in suitable locations (such as those further from vil-
lages) could significantly enhance remaining dry forest
habitat (Gray et al., 2015b), this would have to be accompan-
ied by additional law enforcement, as hunting remains the
biggest driver of population declines of large mammals
throughout Indochina (Harrison et al., 2016).
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