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The expansion of oil palm (Elaeis guineensis) plantations is a primary cause of land-use

change and biodiversity loss in Southeast Asia. This has led to an increasing demand for

the development of more sustainable agricultural management practices in plantations,

such as Integrated Pest Management. Although populations of carnivorous mammals

show declines when forest is converted to oil palm, some species, such as Leopard

Cats (Prionailurus bengalensis) have been found to persist. They are often encouraged

by plantation managers for their conservation value, and as agents of pest control to

manage rat populations. Despite this, little is known about whether they reduce pest rat

numbers, or whether plantation management affects how they use the oil palm habitat.

This study was based at the Biodiversity and Ecosystem Function in Tropical Agriculture

(BEFTA) Programme in mature oil palm plantations in Riau, Sumatra, where there are

three management strategies altering understory vegetation structure. We quantified

Leopard Cat activity, invasive rat abundance and rat damage using camera traps, live

traps, and visual estimates, respectively. We collected data over a 4-year period, before

and after the management strategies were applied. We recorded three species of wild

mammals (Leopard Cats, Common Palm Civets, and Wild Pig) within the plantations, of

which Leopard Cats made up 82% of the total number of observations. We found that

Leopard Cat habitat use was higher with increased understory vegetation, but that there

was no effect of the vegetation treatments on rat abundance or rat damage. There was

also a trend for reduced rat abundance with increased Leopard Cat activity. These results

show that management practices can significantly affect Leopard Cat habitat use, with

potential benefits for pest control. They also highlight the value of large-scale long-term

manipulative experiments for developing more sustainable management practices in

oil palm.

Keywords: oil palm, Leopard Cat, Rattus, habitat heterogeneity, habitat complexity, understory vegetation,

integrated pest management, herbicide
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INTRODUCTION

Oil palm is one of the five fastest expanding crops in the
tropics (Phalan et al., 2013), with plantations covering over 21
million hectares of land (fao.org/faostat 2016). It is a highly
productive (fao.org/faostat 2016) and versatile (Khosla, 2011)
crop, and makes important contributions to growing global
food requirements (Tilman et al., 2011; OECD Publishing,
2018). However, oil palm has replaced substantial areas of high
conservation value land, including tropical forests and peat
swamps (Wicke et al., 2011; Stibig et al., 2014), resulting in severe
losses of biodiversity (Koh andWilcove, 2008; Foster et al., 2011)
and increases in carbon emissions (Reijnders and Huijbregts,
2008; Koh et al., 2011). As awareness of the environmental
impacts of palm oil has grown, there has been an increasing
demand for sustainably certified palm oil, such that oil palm now
has the third highest proportion of certified land of any crop
(Tayleur et al., 2017). Therefore, there is huge pressure on the
oil palm industry to develop sustainable management practices
within plantations, which include steps to reduce pollution and
protect areas and species of high conservation value [Roundtable
on Sustainable Palm Oil (RSPO), 2018].

An important aspect of sustainable plantation management
is the use of Integrated Pest Management (IPM) techniques to
control diseases, weeds, invasive introduced species, and pests
[Roundtable on Sustainable PalmOil (RSPO), 2018]. IPM, a term
that was coined in the 1970s, can be defined as: “a decision
support system for the selection and use of pest control tactics. . .
based on cost/benefit analyses that take into account the interests
of and impacts on producers, society, and the environment”
(Kogan, 1998). For oil palm, this involves minimizing the use
of chemicals and, where possible, using native species to control
pests [Roundtable on Sustainable Palm Oil (RSPO), 2018]. The
IPM strategy is a change from the early methods in oil palm
cultivation, which centered around the use of pesticides, before
issues such as pesticide resistance and secondary poisoning of
predators were realized (Wood and Fee, 2003). IPM strategies are
now used increasingly for the control of all major oil palm pests
(Dislich et al., 2017). Biological control agents, primarily used to
combat herbivorous insects, Ganoderma fungus and rats, range
from parasitoids to carniverous insects, viruses to fungi, and barn
owls to snakes (Dislich et al., 2017).

Invasive rats (Rattus tiomanicus and R. rattus diardii) are

a major pest in oil palm plantations as they feed on oil palm

fruit and flowers (Wood and Fee, 2003). Their abundance,
which can reach 600 individuals/ha (Wood and Fee, 2003), is
positively correlated with oil palm fruit damage, and reduces
yield by an estimated 5% (Wood and Liau, 1984; Puan et al.,
2011c). Alongside the use of baited rat traps, the IPM strategy
of introducing and encouraging Barn Owls (Tyto alba), which
feed almost exclusively on rats in oil palm plantations, has proven
valuable for rat control (Wood, 2002; Wood and Fee, 2003; Puan
et al., 2011b). Barn Owl population growth was initially limited
by a lack of nesting sites, but with the introduction of nesting
boxes in the 1970s they became widely established, and are now
common in many plantations (Duckett, 1976). However, beyond
this, there has been little research into the importance of other

vertebrate predators in controlling pest rat populations in oil
palm, or into the effects of plantation habitat management on rat
or predator populations (Dislich et al., 2017).

Although the majority of carnivorous mammal species found
in forest do not survive in the oil palmmatrix, and the abundance
of the remaining species is often low, a few species are present
and can reach considerable densities in plantations (Maddox
et al., 2007; Gamage et al., 2011; Yue et al., 2015; Wearn et al.,
2016, 2017; Pardo et al., 2018). In Indonesia and Malaysia,
Leopard Cats (Prionailurus bengalensis), which are listed under
CITES (cites.org/eng/node/24193), and the Common Palm Civet
(Paradoxurus hermaphroditus), can be highly abundant in oil
palm (Maddox et al., 2007; Rajaratnam et al., 2007; Jennings
et al., 2015; Yue et al., 2015; Chua et al., 2016; Wearn et al.,
2017). Leopard Cats have adapted to the oil palm environment
by becoming more nocturnal (Chua et al., 2016), possibly to
avoid the hotter daily temperatures (Luskin and Potts, 2011) or
human interference (Gaynor et al., 2018). Both Leopard Cats and
Common Palm Civets have been shown to eat rats as a large part
of their diet: 90% for Leopard Cats and 13% for Common Palm
Civets (Rajaratnam et al., 2007; Nakashima et al., 2013; Chua
et al., 2016), suggesting high potential as pest control agents.
Local observations of Leopard Cat scat contents indicate that rats
make up 75.1% of scat volume in oil palm plantations in Riau
(Verwilghen, 2015). Common Palm Civets have also been shown
to eat palm oil fruit as 44% of their diet (Nakashima et al., 2013),
however, so it is not clear whether their net effect is positive or
negative for plantation production.

Given the potential value of carnivorous mammals as pest
control agents, as well as the intrinsic value of supporting native
species, efforts should be made to manage plantations so as to
increase their populations. Leaving patches of forest may be one
way to do this, as the greater diversity of species within them can
spill over into plantations, though many species are only found
near forest edges (Maddox et al., 2007; Gamage et al., 2011; Yue
et al., 2015;Mendes-Oliveira et al., 2017;Wearn et al., 2017; Pardo
et al., 2018). Another strategy is to create a more favorable habitat
within the plantations themselves, by reducing hunting pressure,
reducing traffic-related deaths (Maddox et al., 2007; Azhar et al.,
2013), and increasing habitat complexity (Pardo et al., 2018).
The latter can be achieved by growing palms in polyculture
(with either livestock or other plant crops) (Koh et al., 2009;
Azhar et al., 2014b; Tohiran et al., 2019), or allowing understory
vegetation to develop, through reduced application of herbicide
(Ashton-Butt et al., 2018; Spear et al., 2018; Luke et al., 2019).

There is evidence to suggest that changes in plantation
management can affect mammal communities, and habitat
structure is an important determinant of mammal community
composition in plantations (Wearn et al., 2019). Mammal species
richness (rats and carnivores) (Pardo et al., 2018) and abundance
(anteater, armadillo, and deer) (Pardo et al., 2019) in oil palm
plantations in Columbia was positively correlated with the
density and presence of understory vegetation, and smallholdings
in Malaysia had a higher abundance of carnivorous mammals
compared to large-scale plantations, probably due to a greater
habitat complexity that could provide an important habitat for
some species (Azhar et al., 2014a). For example, Common Palm
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Civets prefer to nest in oil palm with dense mats of ferns and
many leaves (Nakashima et al., 2013). Greater habitat complexity
can also provide shelter for carnivorous mammals, potentially
hiding them from human activity, which is known to deter them
(Azhar et al., 2014a). Conversely, in some cases having higher
complexity could reduce effective pest control. For example,
Leopard Cats are thought to prefer more open areas for hunting,
as this increases catch success (Rajaratnam et al., 2007). Greater
habitat complexity can also directly benefit pest species and
therefore increase pest damage. Indeed, rats prefer areas with
more vegetation as it provides cover (Puan et al., 2011a), and
such habitats might have a greater diversity of food such as fruit
and insects. Therefore, it is not clear how mammalian predators
and pests are affected by different management strategies, nor
the ultimate positive or negative effect of management on fruit
damage and yield.

In this study, we make use of a large-scale, long-term
understory vegetation manipulation experiment to investigate
whether changing vegetation management techniques within
mature oil palm plantations affects Leopard Cat activity, the
abundance of pest rats, and the incidence of rat-damage to
fruit bunches.

METHODS

Study Sites
This study was conducted as part of the Biodiversity and
Ecosystem Function in Tropical Agriculture (BEFTA)
Programme [oilpalmbiodiversity.org, Luke et al. (under review)].
The BEFTA Programme is located in Riau Province, Sumatra,
Indonesia (NO 55.559, E101 11.619), in oil palm estates owned
and managed by PT Ivo Mas Tunggal, a subsidiary company
of Golden Agri Resources (GAR), with technical advice from
Sinar Mas Agro Resources and Technology Research Institute
(SMARTRI, the research and development center of GAR). See
Luke et al. (under review) for a site map. The vast majority of
land in these estates and the surrounding area is used to cultivate
oil palm. The region is managed as a large-scale industrial
plantation and there are few other crops in the area. The nearest
intact forest is Siak Kecil Forest, which is 60 km away, and the
nearest degraded forest is 15 km away along river Mandau.
Average monthly rainfall during the period of this experiment is
shown in Figure S1, with the dates of data collection overlaid.

The BEFTA Understory Vegetation Project is a long-term
ecological experiment within the BEFTA Programme that is
investigating the effects of understory vegetation management
on biodiversity, ecosystem functioning, and yield in mature
oil palm plantations (planted 1987-1993) (Luke et al., under
review). Three experimental treatments that varied in their level
of herbicide application, and therefore understory vegetation
complexity, were implemented in February 2014 (Figure 1).
Herbicides used included Glyphosate (Rollup 480 SL), Paraquat
Dichloride (Rolixone 276 SL), metsulfuron- methyl (Erkafuron
20 WG), and Fluroxypyr (Starane 290 EC). Experimental plots
were replicated six times in triplets, with each experimental
treatment represented once in each triplet. The order of the
treatments within the triplets was randomized. Plots are located

on flat ground, 10–30m above sea level, and far from human
settlements. Each plot is 150 × 150m in size, with a central 50
× 50m block from which data were collected. Rodenticides were
not used in the estates during this study.

The three experimental treatments were as follows:

1. Reduced complexity: All understory vegetation was removed
by spraying herbicide.

2. Normal complexity: Understory vegetation was removed
from the harvesting paths and harvesting circle (an area
around the base of each oil palm tree ∼1.5m in radius) using
herbicide, and large woody vegetation was removed from all
over the plots manually. All other vegetation was allowed to
grow. This is standard industry practice in the region.

3. Enhanced complexity: No herbicide was used. Understory
vegetation in the harvesting circle and harvesting paths was
cleared manually using a strimmer. Large woody vegetation
was removed manually.

Camera Trapping
Leopard Cat activity was recorded using camera traps Reconyx
HC600 HyperFire and Bushnell Trophy Cam XLT. We use the
term “Leopard Cat activity” instead of “Leopard Cat abundance”
as their home range is 1.5–12.4 km2 (Chen et al., 2016), so likely
extended beyond the area of the plots, which were 150 × 150m.
This means that we could only calculate differences in habitat use,
not population trends. One camera trap was fixed to the base
of an oil palm tree near the center of each plot in four of the
six replicate triplets. This meant that in total there were twelve
camera traps active at any time, with four in each vegetation
treatment. Within the triplets, traps were 300m apart. Between
triplets, traps were 2–12 km apart (Luke et al., under review for
a site map). Traps were positioned 30 cm above the ground,
facing into harvesting paths, where understory vegetation is low.
This minimized the bias created by any differences in openness
between the three experimental treatments. The traps were active
through the day and night and they were triggered by movement.
Their field of vision was ∼5–10m. Camera traps were checked
at every 1–2 weeks and replaced if they malfunctioned. Pre-
treatment camera traps were active for 499 camera trap nights
from 10 June to 5 August 2013. Post-treatment camera traps were
active from 1 July to 13 August 2015 and 10 April to 2 June
2016 for 498 and 505 camera trap nights, respectively. The total
number of camera trap nights active was 1,502, excluding camera
trap failures.

All individuals triggering the cameras were identified to
species level using local identification guides (Payne and
Frances, 2007; MacKinnon and Phillipps, 2014). We considered
individuals to be different if they were clearly different in
appearance or if photos were taken at least 30min apart. We also
recorded all humans that triggered the traps and considered them
as individuals using the same criteria.

Rat Trapping
We used a mark-release-recapture technique to estimate the
population size of rats in the plots. Ninety rat traps, baited with
oil palm fruit, were randomly placed in the vegetation in the 50
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FIGURE 1 | One triplet of plots showing the three experimental vegetation treatments. Photographs of the plantations were taken 2 years after the treatments were

implemented. Experimental plots within the triplet are seperated by 150m of plantation and ∼5m of road.

× 50m central block in all six replicate triplets. Every trap was
checked daily for 3 days, and every rat was marked according to
the treatment of the plot it was found in, and then released. On
the fourth sampling day, the number of marked and unmarked
rats was recorded.We used Bailey’s (Bailey, 1952) modification of
the Lincoln Index to estimate the population size (N), following:

N = R(S + 1)/(M + 1)

where:
N = population size
R = total number of individuals marked in the first
three nights
S= total number of individuals captured on the fourth night
M = number of marked individuals captured on the
fourth night

This gave us the population size per 50× 50m plot, and we scaled
this up to per ha as it is a more intuitive metric. Rat populations
were estimated at 6-month intervals from June 2013 to December
2016. Eight time points weremeasured in total, two of which were
pre-treatment and six of which were post-treatment. No rats were
killed during the course of this study and all were released after
the final survey.

Fruit Damage
During harvesting of fruit, the number of palms in the 50× 50m
plots with rat damage (Figure S2) was counted, and we calculated
the percentage of damaged palms in each plot. Fruit damage was
estimated at the same time as rat population estimations, i.e.,
eight times between June 2013 and December 2016.

Statistical Analysis
We analyzed data in software package R version 3.5.1 (R
Core Team, 2018) with R Studio version 1.1.456 (RStudio

Team, 2016). We used packages tidyverse (Wickham, 2017)
and lattice (function: dotplot) (Sarkar, 2008) for data wrangling
and plotting throughout the analysis. We ran a series of
generalized linear mixed-effects models (GLMMs) to determine
the relationship between vegetation treatment, Leopard Cat
activity, rat abundance and rat damage. We used plot (Plot)
as a random intercept to account for temporal dependency.
When modeling rat abundance, we nested this in the random
effect triplet (Triplet) to account for spatial dependency. We did
not include it when modeling Leopard Cat activity as in that
instance it would have only had four levels, or when modeling
rat damage as it was estimated to zero and the model would not
converge. We used packages lme4 (function: glmer) (Bates et al.,
2015), glmmTMB (function: glmmTMB) (Brooks et al., 2017) and
influence.ME (function: influence) (Nieuwenhuis et al., 2012)
for constructing and validating models. Data exploration was
conducted following Zuur et al. (2010), and model validation
following Zuur and Ieno (2016). To verify the models, we
plotted model residuals against fitted values, and against all
covariates (whether included in the final model or not), and
random effects. We simplified models with multiple explanatory
variables by selecting those with the lowest Akaike’s Information
Criterion (AIC). Where 1 < 2 we applied the nesting rule, and
discarded models that were more complicated versions of those
that had a lower AIC value (Richards et al., 2011). To assess the
completeness of sampling for all species recorded, we created a
species accumulation curve using the method rarefaction with
the R package vegan (Oksanen et al., 2018).

We ran a series of GLMMs to determine whether Leopard
Cat activity was affected by the vegetation treatments (Equation
1 in Supplementary Information). We included the covariates
vegetation treatment (Vegetation: categorical with three levels)

and time (Time1: categorical with two levels). Due to the low

sample size, we combined both post-treatment measurements
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as visual inspection of the data indicated that they had similar
values. We used a Poisson distribution with a log link, as the data
were counts. We tested for overdispersion by simulating 10,000
datasets and comparing their dispersion statistics to the observed
one, and found that a Poisson model fit well. Data exploration
revealed that human activity (as recorded by the camera traps)
and Time1 were co-linear, such that human activity increased
post-treatment in all vegetation treatments. We selected Time1
as the expected predictor, as we thought that the change in
vegetation treatment was the more likely driver of any change in
Leopard Cat activity. This assumption was validated by running
a GLMM of Leopard Cat activity against human activity in the
normal vegetation plots (removing the effects of treatment and
time), which confirmed that there was no relationship (GLMM:
Estimate: −0.120 ± 0.158, N: 36, Z: −0.758, P: 0.448). We used
a negative binomial distribution, as the data were counts and a
Poisson distributed model was overdispersed.

We ran a series of GLMMs to determine whether
rat abundance differed immediately after the treatments
were established, by comparing the years before and
after the treatments were applied (Equation 2 in
Supplementary Information). We included vegetation
treatment, time (Time2: categorical with two levels), and
the interaction between them. This indicated that there was
no effect of the vegetation treatments on rat abundance in
the year immediately post-treatment (Equation 2 in Table 2),
so we then analyzed the post-treatment data independently
from the pre-treatment data as the act of implementing the
treatments had affected all treatments the same. We ran a
GLMM to determine the effect of the vegetation treatments
on rat abundance through time, including only post-treatment
time points (Equation 3 in Supplementary Information). We
included Vegetation, time (Time3: continuous with six time
points), and the interaction between them. We included a first-
order autoregressive (AR-1) autocorrelation structure to account
for temporal autocorrelation, as the time points were equally
spaced. We confirmed that there was no residual autocorrelation
using autocorrelation function (ACF) plots. We ran a GLMM
to determine whether rat abundance was a function of Leopard
Cat activity (Equation 4 in Supplementary Information). We
ran this separately from the model with Vegetation and Time3
as Leopard Cat activity was only measured at three time points,
compared to six for the other variables. For all three models
we used a gamma distribution and a log link as a Gaussian
distributed model predicted negative fitted values.

We ran a series of GLMMs to determine whether rat damage
was a function of rat abundance. We used a beta distribution and
a logit link, as the response variable was a proportion (Equation
5 in Supplementary Information). As some values assumed the
extremes of 0 or 1, we transformed the data using the equation
(Cribari-Neto and Zeileis, 2010):

(Y (N − 1)+ 0.5)/N

Where:
Y = rat damage
N = sample size.

RESULTS

Camera Trap Data
Six species of mammals (excluding humans) (178 observations),
five species of birds (45 observations), and monitor lizards
(eight observations) were recorded using the camera traps
(Table 1). Frogs (one observation), rats (six observations), and
seven “Unknown” observations (i.e., where the image in the
photograph was blurry) were excluded from analysis, as it was
not possible to identify these to species from the camera trap
photos. An accumulation curve plotted across all plots and
species showed that sampling of species using this method was
nearly complete (Figure S3). Humans (plantation workers and
researchers) accounted for the vast majority of observations at all
sites (79% of all observations). After humans, Leopard Cats were
by far the most common species recorded (65.5% of mammal
observations). Other wild mammals recorded were the Common
Palm Civet (14% of mammal observations) and wild pig (0.4%
of mammal observations). 87% of Leopard Cat observations
and 97% of Common Palm Civet were at night (18:00–06:00).
Domestic species (Domestic cats, Domestic dogs and Bali cattle)
accounted for 20% of the total mammal records. Leopard Cat
activity did not change in the enhanced plots after the treatment
was applied, but became significantly lower in the normal and
reduced plots (Figure 2, Equation 1 in Table 2).

Rat Abundance and Damage
Rat abundance was high across all plots. It ranged from 52 to
992 individuals per ha, with an average of 300. Rat abundance
was significantly lower in the year immediately post-treatment
(Equation 2a in Table 2), but did not appear to be affected
by vegetation treatment, as this variable was not included in
the final model. However, this reduction in abundance was
somewhat driven by two outliers, as when these were removed
the relationship only tended toward significance (Equation 2b
in Table 2). Having shown that there was no effect of the
vegetation treatments on rat abundance in the year immediately
post-treatment, we modeled rat abundance against vegetation
treatment through time for post-treatment time points only
and found two models of best fit (Equation 3a,b in Table 2).
Both showed that rat abundance declined uniformly across all
vegetation treatments after they were applied (Figure 3, Equation
3a in Table 2). The interaction between vegetation treatment and
time was not included in the final models, showing that the
vegetation treatments did not affect rat abundance. There was
a trend for a reduction in rat abundance with greater activity
of Leopard Cats (Figure 4, Equation 4 in Table 2). Levels of
rat damage were low, from 0 to 11.7% with an average of
3.5% of palms showing damage. Rat damage did not have a
significant relationship with rat abundance (Figure 5, Equation
5 in Table 2).

DISCUSSION

We recorded only a limited number of mammal and bird
species living in the plantations from our camera traps, with
accumulation curves indicating that we sampled the majority of
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TABLE 1 | Species abundance and richness by treatment and time period.

Pre. Post: 1 Post: 2

R N E R N E R N E Total

Mammals

Wild

Leopard cat (Prionailurus bengalensis) 27 45 19 6 12 20 2 11 4 146

Common palm civet (Paradoxurus hermaphrodites) 12 9 3 1 3 3 0 0 0 31

Wild pig (Sus scrofa) 0 0 1 0 0 0 0 0 0 1

Domestic

Domestic cat (Felis catus) 2 2 0 0 7 8 1 2 9 31

Bali cow (Bos javanicus domesticus) 0 0 0 0 0 1 5 5 0 11

Domestic dog (Canis familiaris) 0 1 0 0 0 2 0 0 0 3

Species richness (mammals) 3 4 3 2 3 5 3 3 2

Ground-foraging birds

White-breasted waterhen (Amaurornis phoenicurus) 39 2 1 0 0 0 0 0 1 43

Spotted dove (Spilopelia chinensis) 5 4 6 0 0 0 1 0 3 19

Greater coucal (Centropus sinensis) 6 2 3 2 0 0 5 0 0 18

Junglefowl (Gallus gallus) 0 0 2 0 0 2 0 0 0 4

White-throated kingfisher (Halcyon smyrnensis) 1 0 0 0 0 0 0 0 0 1

Species richness (birds) 4 3 4 1 0 1 2 0 2

Other

Monitor lizard (Varanus spp.) 3 1 1 1 2 0 0 0 0 8

Human 126 92 99 150 128 129 205 130 163 1222

R, Reduced; N, Normal; E, Enhanced vegetation treatments; Pre, Pre-treatment; Post: 1, 1 year post-treatment; Post: 2, 2 years post-treatment. Bold values represent the species

richness values, except in the final column where they show the total abundance values.

FIGURE 2 | Boxplots showing the median and interquartile ranges (IQR) of Leopard Cat activity (number of observations) against vegetation treatment (Equation 1 in

Supplementary Information, Equation 1 in Table 1). The legend codes the time period. Post-treatment data includes 2 and 3 years after the treatment was applied.

The whiskers incorporate data that are 1.5*IQR. Data beyond the whiskers are plotted individually.

species present. All the wild species we recorded are commonly
associated with more disturbed habitats (Payne and Frances,
2007; MacKinnon and Phillipps, 2014). We also recorded a high

incidence of domestic species and a very high incidence of
human activity, highlighting the high levels of disturbance and
active management that take place in oil palm plantations. These
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TABLE 2 | Estimated regression parameters (unstandardized), standard errors, z-values and P-values for the GLMMs presented in Supplementary Information.

Equation in Supplementary Information Response σTriplet σPlot Estimate Std. error Z value P-value

1 Leopard cat activity NA 0.06 Intercept 1.514 0.264 5.742 <0.001***

Veg: Normal 0.884 0.325 2.723 0.006**

Veg: Reduced 0.375 0.347 1.081 0.280

Time3 −0.460 0.306 −1.502 0.133

Time3*Normal −0.905 0.399 −2.270 0.02*

Time3*Normal −1.450 0.505 −2.873 0.004**

2.a Rat abundance 0.04 0.03 Intercept 5.881 0.134 43.99 <0.001***

Time1 −0.243 0.095 −2.56 0.01*

2.b Rat abundance 0.06 7 × 10−10 Intercept 5.801 0.125 46.49 <0.001***

(2 outliers removed) Time1 −0.157 0.092 −1.72 0.086’

3.a Rat abundance 2.06 0.02 Intercept 6.56 0.236 27.821 <0.001***

(AIC 1363) Veg: Normal −0.062 0.130 −0.480 0.631

Veg: Reduced −0.335 0.130 −2.576 0.01*

Time2 −0.148 0.038 −3.868 <0.001***

3.b Rat abundance 4.17 0.05 Intercept 6.423 0.222 28.977 <0.001***

(AIC 1364.9) Time2 −0.147 0.038 −3.915 <0.001***

4 Rat abundance NA 0.07 Intercept 5.809 0.165 35.148 <0.001***

LCata activity −0.041 0.024 −1.718 0.086’

5 Rat damage NA 3 × 10−9 Intercept −3.218 0.077 −41.59 <0.001***

SRat abundanceb 0.060 0.058 1.03 0.304

aLCat = Leopard Cat, bSRat Abundance = Standardized Rat Abundance.

Significance codes are: P < 0.001***, P < 0.01**, P < 0.05*, P < 0.1’.

FIGURE 3 | Rat population per ha against time since the vegetation treatment was applied. The colored lines are the lines of best fit (Equation 3 in

Supplementary Information, Equation 3a in Table 1), and shaded areas show 95% confidence intervals. The legend codes the three vegetation treatments. Points

are jittered slightly along the x-axis for clarity. Each individual point represents a single plot, and all post-treatment time points are included.

findings are in line with other studies that have demonstrated
a low persistence of forest species in oil palm plantations (e.g.,
Wearn et al., 2017). Of the native species recorded, Leopard Cats

made up the vast majority of recordings, with 146 occurrences
logged over the collection period. From trapping data, rat
abundances were also high but very variable across our plots,
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FIGURE 4 | Rat population per ha against Leopard Cat activity (number of observations). Each individual point represents a single plot, and all treatments and time

points when the camera traps were active are included. The black line is the line of best fit (Equation 4 in Supplementary Information, Equation 4 in Table 1), and

shaded area shows 95% confidence intervals.

FIGURE 5 | The percentage of damaged fruits against rat population per ha. Each individual point represents a single plot, and all treatments and time points are

included. The black line is the line of best fit (Equation 5 in Supplementary Information, Equation 5 in Table 1), and the shaded area shows 95% confidence

intervals. This relationship was not significant.

with densities ranging from 52 to 992 individuals per hectare; a
wider range than that reported from earlier studies in Malaysian
estates that recorded between 106 and 578 individuals per hectare
(Wood and Fee, 2003).

The high number of detections of Leopard Cats we recorded
is a clear indicator that the species can reach high numbers in
oil palm plantations, as has been recorded from other studies
in the same area (Jennings et al., 2015). As the nearest intact
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forest is 60 km away, the nearest degraded forest is 15 km away,
and the home range size for Leopard Cats is not known to
extend past 13 km2 (Chen et al., 2016), the Leopard Cats must
be resident within the oil palm matrix itself. A major reason for
their persistence in the plantations is likely to be the high number
of rats as prey. In addition, the wider plantation management
around the BEFTA plots involves only targeted application of
herbicides in a 1.5m circle around oil palms or along harvesting
paths (Luke et al., under review). Therefore, a considerable
amount of understory vegetation is allowed to develop (Luke
et al., 2019), providing Leopard Cats with shelter and potentially
increasing numbers. Indeed, casual observations in the field
included disturbing Leopard Cats from areas of dense vegetation
during the day and juvenile Leopard Cats being observed in
the plots, indicating that the species is using the areas to rest
during the day and are reproducing within the plantations.
Finally, Leopard Cats are actively protected from hunting in
these plantations, owing to a belief that they are important pest
control agents.

Both Leopard Cat activity and rat abundance declined over
the course of the experiment. It is likely that this decline in both
species is related to the drought caused by an El Niño Southern
Oscillation in 2015 (Santoso et al., 2017). Lower rainfall levels
are known to reduce fruit production in oil palm, with past El
Niño episodes resulting in yield reductions of between 10 and
21% (Suresh, 2013). Therefore, severe drought may result in a
poorer food supply for rats and potentially impact negatively on
their population. This in turn could reduce Leopard Cat numbers
and reproduction, as ratsmake up a large proportion of their diets
(Rajaratnam et al., 2007; Chua et al., 2016). Local observations of
Leopard Cat scat contents indicate that rats make up 75.1% of
scat volume in oil palm plantations in Riau (Verwilghen, 2015).
An alternative reason for the lower number of observations in
2015 and 2016 could be due to an increase in disturbance caused
by human activity, but as we found no relationship between
human and Leopard Cat activity drought may be the more
likely explanation.

Despite overall declines in Leopard Cat activity in the normal
and reduced complexity treatments, the number of observations
remained constant in the enhanced complexity plots over the
course of the experiment. This indicates that plots with higher
vegetation cover are preferred by Leopard Cats and that this
preference is enough to offset the overarching declines in habitat
use observed. Given the relatively large home range size of
Leopard Cats of 1.5–12.4 km2 (Chen et al., 2016), it is unlikely
that individuals are living exclusively in the plots, but rather that
they are using them as resting or hunting sites. Given the role of
dense understory for daytime resting and breeding by Leopard
Cats and their preference for more open habitats for hunting
that is cited in the literature (Rajaratnam et al., 2007), it is likely
that the importance of dense vegetation for resting during the
day is the more likely reason for the relatively greater Leopard
Cat activity observed in enhanced plots. In contrast to Leopard
Cats, numbers of rats and damage to fruit did not differ between
the three treatments over the timeframe of the experiment. This
result goes against the results of other studies, which found higher
densities of rats in areas with higher vegetation cover (Puan

et al., 2011a). It is possible that the rats are benefitting from
the greater vegetation complexity here too, but that the higher
activity of Leopard Cats, and resultant predation, outweighs
these benefits.

Overall, it is therefore clear that enhancing vegetation
complexity in oil palm plantations increases Leopard Cat activity.
In this study we also found that greater Leopard Cat activity was
associated with reduced rat numbers. Therefore, managing for
greater understory complexity not only helps to support a native
carnivore population, but could also have a positive impact in
reducing rat damage to oil palm fruits. In contrast to other studies
(e.g., Puan et al., 2011c), we did not find that higher rat numbers
were associated with greater crop damage. However, levels of
damage in our plots were uniformly low (an average of only 3.5%
of palms showing damage), indicating that rats were not causing
significant crop damage at the densities present.

Here we experimentally show for the first time the value
of increasing understory complexity for Leopard Cats. Other
studies in oil palm have also demonstrated the value of
increased understory complexity in supporting Lepidopteran
pest predators, such as ants, beetles, and birds (Nájera and
Simonetti, 2010; Ashton-Butt et al., 2018). There is, therefore,
growing evidence that managers should aim to reduce spraying
and management of the understory as far as possible, to benefit
important predatory groups (Turner and Hinsch, 2018), with
potential benefits for pest control. By enhancing the species
richness and evenness of predators, including native ones, the
ecosystem will be more resilient against pest outbreaks (Crowder
et al., 2010; Bessou et al., 2017). The wider BEFTA Programme
is continuing to measure whether allowing understory growth
results in reduced yield of oil palms, through increased
competition between understory plants and palms, but if this is
not the case then encouraging understory regrowth represents
a cheap and tractable solution for encouraging predators into
oil palm plantations. These results are therefore directly relevant
to Integrated Pest Management practices in plantations and
could be implemented to reduce pesticide applications as part of
sustainability guidelines for plantation management, such as the
Principles and Criteria of the Roundtable on Sustainable PalmOil
(RSPO) [Roundtable on Sustainable Palm Oil (RSPO), 2018].
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