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Theworld's forested landscapes are increasingly fragmented. The effects of fragmentation on community compo-
sition have receivedmore attention than the effects on ecological processes, particularly in the tropics. The extent
to which populations from forest fragments move (spillover) into surrounding agricultural areas is of particular
interest. This process can retain connectivity between populations and alter the rate of beneficial or detrimental
ecological functions. We tested whether riparian forest fragments (riparian reserves), are sources of two func-
tionally important invertebrate groups (dung beetles and scavenging ants) within oil palm plantations in
Malaysia. We also assessed whether forest fragments enhance rates of associated ecosystem functions (dung
and bait removal). We found that oil palm sites with and without adjacent riparian reserves had similar overall
beetle and ant communities and functional rates. However, dung beetle species richness, abundance and diver-
sity declined with distance from a riparian reserve, providing evidence for a weak spillover effect. In addition,
dung beetle community metrics within a riparian reserve predicted corresponding values in adjacent oil palm
areas. These relationships did not hold for dung removal, ant communitymetrics or bait removal. Taken together,
our results indicate that although riparian reserves are an important habitat in their own right, under the condi-
tions in which we sampled they have a limited role as sources of functionally important invertebrates. Crucially,
our results suggest that contiguous habitat corridors are important for maintaining connectivity of invertebrate
populations, as forest dependent species may not easily be able to disperse through the agricultural matrix.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Across the tropics, agricultural expansion and intensification are
driving forest conversion and fragmentation (Gibbs et al., 2010). As
forest fragments become an increasingly common feature of our
landscapes, we need to understand which communities and functions
they support, and how they interact with the surrounding landscape.
Understanding the ecology of forest fragments is especially important
in the species-rich tropics given the high productivity of these areas
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and the negative impacts of human-dominated land uses on a wide
range of tropical species (Newbold et al., 2014). Palm oil production is
a major industry across the tropics, especially in Southeast Asia, and
plantations are expanding in Africa and the Neotropics (Butler and
Laurance, 2010; Wich et al., 2014). This expansion is of concern as the
conversion of native habitats to oil palm causes declines in many taxa
(Savilaakso et al., 2014) and ecosystem functions (Barnes et al., 2014b).

Although existing evidence suggests that forest fragments in oil
palm do not conserve biodiversity as well as continuous forest areas,
they can support more bird species (Edwards et al., 2010), dung beetle
species (Gray et al., 2014) and ant species (Gray et al., 2015) than near-
by oil palm areas. Forest fragments provide resources for vertebrates
such as the common palm civet (Nakashima et al., 2013) and large
(N300 ha) forest fragments in oil palm landscapes can support diverse
bat assemblages (Struebig et al., 2008). However, the degree to which
forest fragments act as sources for functionally important species in oil
palm plantations is less well known.
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Spillover is the movement of individuals from a “source” or “target”
habitat to a “recipient” or “non-target” habitat (Brudvig et al., 2009;
Rand et al., 2006). The term spillover has been used to refer to the in-
crease in fish densities around marine protected areas (Roberts et al.,
2001), the movement of species from forest into neighbouring agrofor-
estry plantations (Tscharntke et al., 2011), and the flow of chemicals
from areas of intense agriculture into less disturbed habitats (Didham
et al., 2015). Here, we are concerned with the spillover, or movement,
of biodiversity from forest fragments into areas planted with oil palm.
The dispersal of individuals across an agricultural matrix can affect spe-
cies' survival in habitat remnants (Ewers and Didham, 2006) and the
delivery of valuable ecosystem services such as pollination or pest-
control (e.g. Karp et al., 2013; Ricketts, 2004). In oil palm plantations,
spillover of communities from forest has been documented for butter-
flies (Lucey and Hill, 2012), ants (Lucey et al., 2014) and orchid bees
(Livingston et al., 2013). However, few studies have assessed how forest
fragments influence ecological processes in oil palm; recent evidence
suggests that forest has little effect on the activity of herbivorous pests
(Gray and Lewis, 2014) or on oil palm yield (Edwards et al., 2014).

Here, we quantify the extent of spillover from riparian reserves
(strips of forest protected alongside rivers) into surrounding oil palm
plantations in Sabah, Malaysian Borneo. Riparian reserves are protected
because they improve water quality and reduce flood risk (McDermott
et al., 2010), but they also provide habitat for forest-dependent species
(Marczak et al., 2010). In Sabah, 20 m of natural vegetation must be
retained either side of any river more than 3 m in width (Sabah water
resources enactment, 1998). We surveyed two key insect groups
(dung beetles and ground-foraging scavenging ants) and the ecological
processes they support (dung and animal necromass removal respec-
tively). These two processes are important because they potentially im-
pact soil properties and plant growth (Frouz and Jilkova, 2008; Nichols
et al., 2008). If ants and dung beetles are moving from riparian reserves
into adjacent oil palm, this may be because dung or animal necromass
resources are not being used by the species able to persist permanently
in the oil palm, and so the spillover effect could result in an increase in
important ecological functions.

We addressed the following questions:

1. Does the diversity, species richness, abundance, community compo-
sition or function of dung beetles and scavenging ants differ between
oil palm with and without an adjacent riparian reserve?
Fig. 1. Map of study sites within Sabah, Malaysian Borneo, and an example layout of sampli
(red circles). (For interpretation of the references to colour in this figure legend, the reader is r
2. Does the biodiversity and ecosystem function of these taxa in oil
palm change with increasing distance from the riparian reserve
boundary?

3. Does the biodiversity and ecosystem function of these taxa in ripari-
an reserves predict biodiversity and ecosystem function in adjacent
oil palm?

2. Methods

2.1. Study sites

Study sites were located adjacent to rivers (5–10mwidth) in South
Eastern Sabah, Malaysian Borneo (117.5°N, 4.6°E). The landscape is a
mosaic of twice-logged lowland dipterocarp rainforest, acacia, and oil
palm plantations (planted between 1998 and 2011). The sites also
form part of the Stability of Altered Forest Ecosystems project (see
Ewers et al. (2011) and www.safeproject.net for further details).

We collected data from 14 sites adjacent to rivers: seven in areas of
continuous oil palm and seven in areas of oil palm with a riparian re-
serve (Fig. 1). At each site, we set up a sampling grid of 12 points,
consisting of four transects perpendicular to the river. Transects were
100 m apart, with sampling points at 0 m, 50 m and 100 m from the
high water line. At sites with a riparian reserve, sampling points fell
both within the riparian reserve and in the oil palm adjacent to it. Due
to variation in the width of the riparian reserves (mean 49 m, standard
deviation= 30m, referring to forest width on one side of the river), the
number of sampling points falling outside the riparian reserve varied
slightly between sites. All sites were separated by at least 1.5 km, and
all riparian reserve sites were at least 1 km from the nearest continuous
logged forest boundary.

2.2. Data collection

Data on dung beetle communities and function were collected be-
tween February and July 2011 (12 sampling points at each of 14 sites,
giving 168 sampling points in total). Data on ant communities and func-
tion were collected between April and July 2011 (nine of the 12 sam-
pling points per site, across 13 sites, giving 117 sampling points in
total). Logistical difficulties prevented us collecting ant data from one
of the oil palm sites (top left in Fig. 1). The months during which
ng points at sites with a riparian reserve (black circles) and without a riparian reserve
eferred to the web version of this article.)
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sampling occurred fell in the slightly drier half of the year (Kumagai
et al., 2005; Walsh and Newbery, 1999). The order in which sites were
visited was randomised and transects were sampled sequentially to
avoid confounding distance to river and time of day.

2.2.1. Dung beetle community structure and associated rates of dung
removal

Dung beetles were collected using pitfall traps baited with 25 g of
human dung. Dung removal rates were assessed using cattle dung be-
cause much larger quantities were required. Uniform pats of 700 g of
cow dung were set out at each sampling point and collected after
24 h. Preliminary work in nearby forest sites in Sabah shows that large
cattle dung baits attract a similar species composition to smaller
human dung baits, with the exception of some carrion feeding species
that are found in higher abundances in human dung (Slade et al.,
2011, E. Slade and D.J. Mann, unpubl. data). To compare species compo-
sition data frompitfall trapswith dung removal results, we therefore re-
moved data on these carrion feeding species from the pitfall data. Dung
removal experiments were carried out at least one month after pitfall
traps were collected, to minimise interference. Further details of these
methods are given by Gray et al. (2014).

Dung beetle specimens were stored in 90% alcohol and later identi-
fied to species level using Balthasar (1963); Boucomont (1914); publi-
cations describing Bornean Scarabaeinae (e.g. Ochi et al., 1996) and
the reference collections at Oxford University Museum of Natural
History (OUMNH). Species that could not be identified were given
morphospecies numbers.

2.2.2. Ant community structure and associated rates of scavenging activity
At each sampling point we carried out a 30-minute observation of

leaf litter ants to determine both community composition and rates of
scavenging (bait removal). A bait card with 30 bait pellets of 4 different
size classes was placed flush with the soil and the amount of bait re-
moved was recorded. Baits were pellets made of crushed earthworm
(average mass: 0.017 g, maximum diameter: 3 mm; Tropical Fish
Food Earthworm Pellets: High Protein, ukfishfood.co.uk). To assess
scavenger ant community composition, we collected specimens from
all species entering the bait card. Full details of this method are given
by Gray et al. (2015). Ant specimens were identified to species where
possible using appropriate keys (Bolton, 1977; Eguchi, 2001; Fayle
et al., 2014; Fisher, 2010), the online database AntWeb, and reference
collections held in the University of Cambridge entomology collections
and the Natural History Museum, London.

2.3. Analysis

For each sampling pointwe calculated the total abundance, raw spe-
cies richness and diversity (Shannon index) of both dung beetles and
ants, the dung mass removed by dung beetles and the bait mass re-
moved by ants. All analyses were carried out using generalised linear
mixed-effects models (GLMMs) in R version 3.0.2 (R Core Team,
2014) using the packages vegan 2.2-0 (Oksanen et al., 2013), lme4
1.1-7 (Bates et al., 2014) and cluster 1.15.3 (Maechler et al., 2013).
Fixed terms were considered to be non-significant if the comparison
of models with and without the term returned a P-value greater than
or equal to 0.05. We used a Poisson error distribution (log link) where
the response variablewas abundance or species richness and a binomial
error distribution (logit link) where the response variable was propor-
tion of dung or number of bait pieces removed (Zuur et al., 2009). All
other models used a Gaussian error distribution.

2.3.1. Does biodiversity or ecosystem function differ between areas of oil
palm with and without an adjacent riparian reserve?

We tested whether biodiversity or functional metrics differed be-
tween sites with andwithout a riparian reserve (Question 1) using sep-
arate GLMMS for each biodiversity and functional response metric
calculated. From the riparian reserve sites, we only used data from
points 50 or 100 m from the river that fell in oil palm (a total of n =
39 sampling points for ants and 52 for dung beetles, across seven
sites; all points 0 m from the river fell inside the protected riparian for-
est). To maintain a balanced designed, we also only used data from
points 50 and 100 m away from the river at the oil palm sites (n = 36
sampling points for ants and 56 for dung beetles, across 6 and 7 sites
respectively). The presence/absence of riparian reserve was included
as a fixed effect and site as a random effect to account for spatial auto-
correlation in the data. A similar preliminary analysis of the data on
dung removal rates was presented in Gray et al. (2014).

Differences in community composition were visualised with
detrended correspondence analyses. To test whether the presence of a
riparian reserve influenced community composition we compared
three groups of data: sampling points 50 or 100 m away from the
river in oil palm sites without a riparian reserve (as above), sampling
points from 50 m and 100 m in oil palm adjacent to a riparian reserve
(as above), and sampling points at 0 m or 50 m from the river within
the riparian reserves (24 sampling points in a riparian reserve for ants
and 32 for dung beetles, across the 7 riparian reserve sites). We tested
for significant differences in community composition using a permuta-
tional analysis of variancewith 999 permutations and site as a grouping
variable. Bonferroni corrections were applied to pairwise comparisons
between the three habitat categories (riparian reserve, oil palm with
riparian reserve, oil palm without riparian reserve).

2.3.2. Does biodiversity and ecosystem function vary with distance to the
riparian reserve boundary?

We tested whether biodiversity metrics and function varied with
distance to the riparian reserve boundary (Question 2) using only data
from sampling points in oil palm adjacent to a riparian reserve. We cal-
culated the distance from the nearest riparian reserve boundary in
ArcMap version 10.1 (ESRI, 2012) (minimum = 1 m, maximum =
85m), and used this as a fixed effect in separate GLMMs for each biodi-
versity or functional responsemetric.We specified site as a random fac-
tor with random slopes estimated for distance to riparian reserve
boundary. As distance to riparian reserve boundary was confounded
with distance to river, distance to river could also be driving observed
relationships. If this was the case, we should also see a significant effect
of distance to river at oil palm sites without a riparian reserve. For all
response variables tested, we found no significant effect of distance to
river in sites without a riparian reserve (Appendix A, Table A4).

2.3.3. Does the biodiversity and ecosystem function in riparian reserves
predict biodiversity and ecosystem function in adjacent oil palm?

To testwhether communitymetrics and function for sites in oil palm
were predicted by those in adjacent riparian reserves (Question 3) we
aggregated variables for each transect, by calculating the mean value
of each response variable for a) the sampling points within the riparian
reserve and b) the sampling points in the oil palm adjacent to the
reserve. The mean value outside the riparian reserve was used as a
response variable and the mean value inside the riparian reserve as a
predictor, with site as a random factor.

3. Results

In total, we identified 3057 individuals from 36 species of dung beetle
andobserved6194 individual ants fromwhichwe identified58 (morpho)
species. Full species lists are given in Appendix A: Tables A1 and A2.

3.1. Does biodiversity or ecosystem function differ between areas of oil palm
with and without an adjacent riparian reserve?

The presence of a riparian reserve did not significantly affect any of
the community or functional metrics for either dung beetles or ants in
nearby oil palm (Table 1).



Table 1
Results of generalised linearmixed effectsmodels testing whether the presence of a ripar-
ian reserve affects community and functionalmetrics of dung beetles and scavenging ants.
χ2, df and P values are given for the comparison of a model with and without the factor
describing presence of riparian reserve (two levels: present, absent) as a fixed effect.

Dung beetles Scavenging ants

Term χ2 df P χ2 df P

Species richness 0.51 1 0.472 0.34 1 0.561
Diversity 2.28 1 0.131 1.26 1 0.262
Abundance 1.15 1 0.284 0.95 1 0.329
Dung/bait removed 2.30 1 0.130 0.22 1 0.641

Table 2
Results of generalised linear mixed effects models testing whether the distance to a
riparian reserve affects community and functional metrics of dung beetles and scavenging
ants.χ2, df and P values are given for the comparison of themodelwith distance to riparian
reserve boundary as a fixed effect against the null model.

Dung beetles Scavenging ants

Response χ2 df P χ2 df P

Species richness 4.08 1 0.044 0.13 1 0.717
Diversity 4.09 1 0.043 0.22 1 0.641
Abundance 4.26 1 0.039 0.48 1 0.488
Dung/bait removed 3.60 1 0.058 14.2 1 b0.001
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There were significant differences in community composition be-
tween habitat categories (ants: F2,33 = 4.40, P b 0.001, dung beetles:
F2,35= 2.85, P b 0.001, Fig. 2). The ant and dung beetle communities in-
side the riparian reserves were significantly different from those in oil
palm adjacent to the riparian reserve (no overlap in 95% CI ellipse
shown in Fig. 2; F1,22= 4.68, P=0.003; F1,22 = 3.38, P=0.006 respec-
tively), and those in oil palm siteswithout a riparian reserve (no overlap
in 95% CI ellipse shown in Fig. 2; F1,20 = 7.07, P = 0.003; F1,22 = 3.56,
P = 0.003 respectively). The ant and dung beetle communities in oil
palm sites without a riparian reserve were not significantly different
from those in oil palm adjacent to a riparian reserve (Fig. 2, F1,24 =
1.74, P = 0.240; F1, 26 = 1.56, P = 0.420 respectively).

3.2. Does biodiversity and ecosystem function vary with distance to the ri-
parian reserve boundary?

Dung beetle diversity, abundance and species richness declinedwith
distance from a riparian reserve boundary (Table 2). However, for oil
palm at all distances from a riparian reserve, abundance remainedwith-
in the range of values (9 to 32 individuals per trap) for oil palm areas
without a riparian reserve (Fig. 3a). Mean dung beetle diversity
(Fig. 3b) and species richness (Fig. 3c) in oil palm adjacent to a riparian
reserve declined by approximately 20% and 6% respectively with every
10 m from the riparian reserve boundary, but remained higher than
the average values for oil palm sites without a riparian reserve up to
60 m away from a riparian reserve. There was no relationship between
distance to the riparian reserve boundary and dung removal.

None of the ant community metrics varied significantly with
distance to riparian reserve boundary, but ant scavenging activity
Fig. 2. The community composition of both ants and beetles in oil palm adjacent to a riparia
significantly different to the community within the reserve. Ellipses give 95% confidence inter
(grey, solid) and oil palm without a riparian reserve (grey, dashed).
increased by a small but significant amount (1 additional bait piece for
every 20–25 m). However, this result was influenced by one outlier, a
site at which the invasive ant, Anoplolepis gracilipes was particularly
active (Table 2, Fig. A1).
3.3. Does the biodiversity and ecosystem function in riparian reserves
predict biodiversity and ecosystem function in adjacent oil palm?

We found a significant positive relationship between all dung beetle
community metrics in a riparian reserve and the corresponding
adjacent oil palm adjacent (Table 3, Fig. 4). This relationship was not
significant for dung removal, ant community metrics or bait removal
by ants (Table 3).
4. Discussion

The movement of individuals from forest fragments into the sur-
rounding agricultural area can promote species' survival by
connecting populations (Ewers and Didham, 2006), and enhance
the delivery of ecosystem services (Karp et al., 2013; Ricketts,
2004). As oil palm plantations are spreading rapidly across the biodi-
verse tropics, the dynamics of forest fragments in these landscapes is
of increasing interest. We have shown that there is limited spillover
of dung beetles, and no spillover of scavenging ants, from riparian re-
serves into adjacent oil palm. We also found little evidence that the
presence of a riparian reserve affects the ecological processes sup-
ported by these groups.
n reserve is not significantly different to that in oil palm without a riparian reserve but
vals for the mean within a riparian reserve (black, solid), oil palm with a riparian reserve



Fig. 3.Dung beetle abundance (a), diversity (b) and species richness (c) in oil palm plantation declinedwith distance from riparian reserve boundary. Ant abundance (d), diversity (e) and
species richness (f) did not change with distance to riparian reserve (RR) boundary. Plots showmeans and 95% confidence intervals. Square points and error bars give the mean and 95%
confidence intervals for corresponding metrics in oil palm sites without a riparian reserve.
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4.1. Spillover of dung beetle and ant species

A small number of previous studies have looked at tropical dung
beetle assemblages in agricultural areas at multiple distances from na-
tive forest. These report no spillover of dung beetles from large areas
of Brazilian Atlantic forest into pasture/sugar cane (Filgueiras et al.,
2015), and very limited (less than 100 m) spillover effects in areas of
pasture adjacent to native forest in Nigeria (Barnes et al., 2014a). Simi-
larly, we only found evidence for limited spillover of dung beetles from
riparian reserves into adjacent oil palm. There were no overall signifi-
cant differences in dung beetle community metrics at oil palm sites
with and without a riparian reserve, but dung beetle diversity and spe-
cies richness declined with increasing distance from a riparian reserve
boundary. Such declines with distance to a source habitat are indicative
of a spillover effect (Brudvig et al., 2009). We also found that dung bee-
tle community metrics in the riparian reserve predicted corresponding
values in the adjacent oil palm, further indicating an influence of the
Table 3
Results of linear models testing whether community and functional metrics of dung bee-
tles and scavenging ants adjacent to a riparian reserve are predicted by corresponding
values within the reserve. χ2, df and P values are given for the comparison of the model
with values within the reserve as a fixed effect against the null model.

Dung beetles Scavenging ants

Response χ2 df P χ2 df P

Species richness 18.22 1 b0.001 0.07 1 0.793
Diversity 8.84 1 0.003 0.01 1 0.908
Abundance 15.81 1 b0.001 0.28 1 0.597
Dung/bait removed 1.20 1 0.274 1.25 1 0.262
riparian reserve community on the surrounding area. This relationship
could occur because of similarities within sites (i.e. the dung beetles
with a given riparian reserve and the adjacent oil palm are both
remnants of the same original community and therefore may be more
similar to each other than to other sites). However, specifying site as a
grouping variable in the analysis accounts for some of this spatial auto-
correlation, and within-site similarities do not explain the decline in
abundance and diversity with increasing distance from the riparian re-
serve boundary. We therefore conclude that the relationship between
community metrics within and adjacent to riparian reserves reinforces
the conclusion that there is some, albeit limited, spillover of dung bee-
tles from riparian reserves into the surrounding oil palm plantation.

We found no evidence that ant communities spillover from riparian
reserves into the surrounding oil palm, despite this pattern appearing
elsewhere (Lucey et al., 2014). There are several possible explanations
for why our results differ to previous studies observing spillover of in-
sects from forest fragments into agricultural areas. First, the forest frag-
ments we studied are generally smaller and thinner. The riparian
reserves we surveyed were on average only 100 m across (50 m on
each side of the river) and a few kilometres long. These linear forest
strips are exposed to extensive edge effects compared to themuch larg-
er, nonlinear fragments studied by others (e.g. 227 ha forest fragments
in Ricketts et al., 2001, 6–500 ha in Lucey et al., 2014, and ~45,000 ha
in Livingston et al., 2013). We might expect greater spillover effects
from wider riparian reserves or those with more complex vegetation
structure, because the source populations in larger fragments are big-
ger; this explanation has been suggested for the change in bee commu-
nity composition and pollination rates in tropical agricultural areas seen
with increasing size of nearby forest fragments (Brosi et al., 2008;
Ricketts, 2004). The species richness/abundance of ants in oil palm has



Fig. 4. For dung beetles, therewas a positive correlation between dung beetle and (a) abundance, (b) diversity and (c) species richness in oil palm adjacent to a riparian reserve and inside
the corresponding riparian reserve. For ants, no significant relationships were found (d, e, f).
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also been observed to increase near larger forest fragments (Lucey et al.,
2014). With only seven riparian reserve sites, we did not have much
data to test this hypothesis, but we did not find any relationship be-
tween either reserve width or vegetation complexity and the extent of
spillover for either ants or dung beetles (Appendix A Table A3). Riparian
reserves may need to be much wider than those in our study landscape
for greater spillover effects to be found.

Second, previous studies were carried out in mature oil palm (10–
19 year old palms in Lucey et al., 2014; 10–25 year old palms in
Livingston et al., 2013) and the sites we surveyed were much younger
(0–13 years old). The lack of canopy cover in young plantations makes
them much hotter and drier; these hostile conditions could prevent
dispersal of invertebrates and, therefore, spillover of either ants or
dung beetles from riparian reserves may be greater in mature areas of
oil palm. Large areas of Southeast Asia are likely to undergo re-
planting in the near future (Snaddon et al., 2013), so the effect of oil
palm age on matrix permeability deserves further study; large-scale
replanting could have significant negative consequences for species of
conservation concern.

Third, for ant communities the discrepancy between our findings
and those of previous papers may be explained by differences in meth-
odology. Different sampling approaches are likely to capture different
genera or species, which may show different tendencies to move out
of forest fragments into oil palm. In particular, Lucey et al. (2014)
found spillover effects in ant communities using passive pitfall traps
sampling both day and night. However, our baited platforms were
only observed during the day. It is possible that diurnal species are
less likely to show spillover effects as it is during the middle of the day
that the microclimate in oil palm is most different from forest frag-
ments; the temperature in oil palm is highest and thehumidity is lowest
(Luskin and Potts, 2011). Exploring the relationships between forest
species' daily activity patterns and their ability to penetrate into high-
temperature matrix habitats might be a fruitful direction for future
research.

It is also interesting that spillover effects vary between taxonomic
groups and differences in social behaviour may provide some explana-
tion. For example, Livingston et al. (2013) found that orchid bees trav-
elled several kilometres into oil palm plantations. Orchid bees are
predominantly solitary, and so may be less constrained by distance to
the nest than foragers from social species such as ants. For social insects,
spillover effects may be limited to themaximal foraging distance unless
new colonies can establish in matrix habitats, and colony establishment
is likely to bemore constrained by environmental conditions.We there-
fore speculate that differences in sociality may explain the differences
we observed between ants and dung beetles.

4.2. Spillover of ecosystem function

The activity of foraging ants and dung beetles removes organic
material from the soil surface, moving and aerating the soil as well as
contributing to soil fertility (Lach et al., 2010; Nichols et al., 2008).
However, we found no evidence that proximity to a riparian reserve
enhances the activity of dung beetles or ants in nearby oil palm. Indeed,
our results suggest that proximity to a riparian reservemight even limit
the scavenging activity of species found in oil palm and not in forest
(such as the invasive yellow crazy ant, A. gracilipes).

It is possible that currentmicro-climatic conditions and dung/animal
necromass availability are limiting spillover from riparian reserves into
surrounding oil palm areas. As we observed some spillover of dung bee-
tles, it is possible that the riparian habitat provides a reservoir of indi-
viduals that could move into the oil palm should dung availability
increase. Although cattle were not grazed in our sampling area, many
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oil palm plantations graze cattle under mature oil palm as an additional
source of income. Dung beetle abundances, particularly those of the
large, functionally important species are much higher in plantations
where cattle are present (Slade et al., 2014). It is possible that a greater
spillover effect might be observed if cattle were introduced. Further-
more, more mature oil palms might allow spillover of both beetles
and ants (see above; Lucey et al., 2014), and hence proximity to riparian
reserves in mature plantations might enhance the ecosystem functions
underlying important services.

4.3. Implications for conservation policy

While we found some evidence of dung beetle spillover from ripar-
ian reserves into oil palm, overall our results suggest that in oil palm
landscapes, the dispersal ability of forest-dependent invertebrates is
very limited. Similarly, other studies have found that butterflies only
move a few hundredmetres from forest fragments into oil palm planta-
tions (Lucey and Hill, 2012) and that Neotropical damselflies are unable
to cross areas of pasture between forest fragments as narrow as 50–
100 m (Khazan, 2014). For these invertebrates, the presence of vegeta-
tive corridors linking up forest fragments is likely to be crucial for con-
serving population connectivity across agricultural landscapes. If
spillover does not enable population connectivity through non-forest
areas, then connectivity of forest populations may only occur through
forested corridors. The importance of habitat corridors is more com-
monly highlighted for vertebrates (e.g. De Lima and Gascon, 1999;
Lees and Peres, 2008; Sekercioglu, 2009) but it may be that habitat cor-
ridors are even more important for invertebrate groups.

An important consideration is that corridors can have negative eco-
logical effects, and these deserve further study for invertebrates and in
oil palm landscapes. Habitat corridors have been observed to increase
the colonisation rate of invasive species (Procheş et al., 2005). They
can also act as ecological sinks, draining nearby source populations
(Simberloff et al., 1992). This effect has been shown for hymenoptera
in grassland corridors in temperate agricultural landscapes (Krewenka
et al., 2011). More data is available for vertebrates, particularly birds,
with some evidence that nesting success is lower in corridors than
interior forest (Willson et al., 2001), although this is not always the
case (Zuria et al., 2007). For some bird species mating success is also
higher in habitat patches connected by corridors than in those without
(Díaz et al., 2006). Our results indicate that two functionally important
insect groups have a limited ability to disperse across oil palm land-
scapes, and therefore we suggest that habitat corridors may be very
important for maintaining population connectivity of these groups;
however, the possible negative effects of such habitat corridors should
be a priority for future research.

5. Conclusions

Taken together, our results suggest that although there is some spill-
over of dung beetles from riparian reserves into oil palm plantations,
this occurs over very short distances and is insufficient to cause strong
differences between oil palm sites with and without a riparian reserve.
The contrast between these results and those of previous studies of
spillover effects from forest fragments in tropical agricultural land-
scapes may relate to differences in the size and location of the frag-
ments, the taxonomic group studied or the age of the surrounding oil
palm. It is possible that changes in the matrix surrounding the riparian
forest fragments, such as increases in food resources or habitat com-
plexity, may alter the permeability of the matrix and hence impact the
degree of spillover. However, with current management approaches,
our results strongly suggest that the ability of these invertebrate groups
to cross the agricultural matrix is very limited, and that direct connec-
tivity between remaining areas of forest may be crucial for gene-flow
between forest dependent populations, the recolonisation of habitat
patches and ultimately species' survival.
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