Tropical forest fragments contribute to species richness in adjacent oil palm plantations.
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Abstract
In Southeast Asia, large-scale conversion of rainforest to oil palm plantations is one of the major causes of biodiversity declines. Recommendations for reducing species losses and increasing the sustainability of palm oil production advocate the retention of natural forest patches within plantations, but there is little evidence for the effectiveness of this strategy. Here, we examine to what extent rainforest remnants with different characteristics contribute to biodiversity within surrounding plantations. We sampled ground-dwelling ants in Sabah (Malaysian Borneo) using unbaited pit-fall traps along 1km transects spanning forest-plantation ecotones of 10 forest fragments (area 5 ha – 500 ha) and two continuous forest sites which bordered plantations. Ant species richness in plantations varied according to richness in adjacent forest fragments, which increased with fragment size. A trend of declining species richness in plantations with distance from the forest ecotone was consistent with spillover of forest species into plantations adjacent to forest remnants. Ant assemblages in plantations also contained more carnivorous species adjacent to large forest fragments, suggesting large fragments may have benefits for pest control in plantations, as well as benefits for local biodiversity. Our results indicate that large forest fragments support distinctive ant assemblages and increase diversity within the planted area, but small fragments (< ~200 ha) contribute little to plantation diversity. Thus retaining large fragments of forest may help mitigate the loss of species within oil palm plantations.
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1. Introduction
Globally, the loss of natural habitats due to the continuing expansion of agriculture is a major threat to biodiversity (Millenium Ecosystem Assessment, 2005). In most regions, the relatively small area of land that is protected is not sufficient to prevent biodiversity losses (Franklin and Lindenmayer, 2009; Perfecto and Vandermeer, 2010) and research has shifted to investigating the potential for agricultural landscapes to help support diversity (Dauber et al, 2003; Tscharntke et al., 2005; Vandermeer and Perfecto, 2007). In Southeast Asia, forest clearance to make way for oil palm (Elaeis guineensis Jacq.) plantations is a major driver of biodiversity losses (Corley, 2009; Sodhi et al., 2010; Wilcove and Koh, 2010, Wilcove et al., 2013). Retaining natural habitat fragments within agricultural landscapes could improve species richness, as well as provide source populations of beneficial species (e.g. for pest control) and other ecosystem services for agriculture (e.g. Duelli and  Obrist, 2003; Ricketts, 2004, Ricketts et al., 2004). Accordingly, this method has been proposed as a way of improving the sustainable production of palm oil (RSPO, 2013). However, there is little information on the efficacy of forest fragments for maintaining or improving species richness within plantations (Edwards et al., 2010; Koh, 2008; Mayfield, 2005). It is important to identify the properties of forest patches necessary to support species richness within plantations, because retaining forest fragments that are too small, too isolated or with poor quality habitat may result in substantial economic losses from unplanted land in return for negligible conservation benefits.
Species richness in agricultural areas has been shown to increase with proximity to natural habitats (e.g. Dolia et al., 2008; Perfecto and Vandermeer, 2002) due to “spillover” of individuals from source to sink habitats (Lucey and Hill, 2012), as well as the presence of edge species (De Vries et al., 1997). Species-area relationships (SARs) in which species richness increases with habitat patch size (McArthur and Wilson, 1967) are well documented in tropical forest fragments (e.g. Benedick et al., 2006; Brühl et al., 2003; Hill et al., 2011), and the habitat quality of forest fragments is also likely to influence their species richness (Thomas et al., 2001). Intuitively, higher species richness in larger, higher quality forest fragments might be expected to generate greater spillover effects of forest species into surrounding agricultural habitat. Forest fragments may also vary in their faunal composition, with potential consequences for spillover if species with particular ecological traits are more or less likely to cross ecotones. Previous studies have considered spillover of insects from single fragments (Dolia et al., 2008; Perfecto and Vandermeer, 2002; Ricketts et al., 2001), and how the quality of the agricultural matrix affects spillover (Perfecto and Vandermeer, 2002), but the effect of the characteristics of the forest fragment itself on the species richness in the surrounding matrix, has not been considered. 
Ants were chosen as our study taxon because of their diverse functional roles and their potential benefits as predators of agricultural pests (Holldobler and Wilson, 1990; Philpott et al., 2008). Ants are sensitive to land-use changes (Woodcock et al., 2011), and their species richness is reduced in oil palm plantations compared with forest (Brühl and Eltz 2010; Fayle et al., 2010; Lucey and Hill, 2012). They also occupy diverse trophic positions (Blüthgen et al., 2003) which may be an important determinant of extinction vulnerability in disturbed habitats (Bascompte and Sole, 1998). 
The main objective of the study was to examine species richness and faunal composition of ants in forest sites and adjacent oil palm plantations. First, we examined factors affecting ant species richness within forest fragments in relation to forest fragment area, isolation, and habitat quality. We then examined relationships between species richness in fragments and adjacent plantations. In order to test whether these relationships could be due to spillover of forest ant species into adjacent oil palm, we tested whether species richness patterns in plantations varied in relation to distance from forest edges. Finally, we investigated changes in the faunal composition of ants between forest fragments and adjacent plantation sites, and used stable nitrogen isotope analysis to assess the trophic organisation of ant assemblages in each habitat.

2. Methods
2.1 Study sites.
We sampled ground-dwelling ants along 1-km transects at 12 sites in Sabah, Malaysian Borneo (5o N,117o 5’E); 10 forest fragment sites and adjacent oil palm plantations, and two sites where plantations bordered continuous forest (Fig.1). The study region experiences climate typical of the moist aseasonal tropics, with an average annual temperature of 27oC and average annual rainfall of 2849mm per year (Walsh et al., 2011). 
The 10 forest fragment sites were located in, or adjacent to, five estate plantations belonging to three companies, one of which is a member of the Roundtable for Sustainable Palm Oil (RSPO, 2013, Fig. 1, Table A1). Forest fragments ranged from 5 ha to 500 ha in size (Table A1). The two largest fragments (250 ha, 500 ha) were ‘Virgin Jungle Reserves’ (VJRs) and managed and protected by the Sabah Forestry Department. The eight smaller fragments (5 –120 ha) were classified as ‘High Conservation Value’ (HCV) forest (www.hcvnetwork.org) and under the management of the plantation. The two sites where plantations bordered continuous forest were both in the Ulu Segama forest reserve within the Yayasan Sabah forestry concession (~1 million hectares of production forest, Marsh and Greer, 1992, Reynolds et al., 2011, Fig. 1). This continuous forest had been selectively logged in 1993 (~15 years before the study) when timber trees ≥ 0.6m DBH were removed (Marsh and Greer, 1992). There are no oil palm plantations bordering primary forest in the region.
All oil palm plantations that were sampled comprised mature fruiting palms between 10  and 15 years old, and palm trees were of similar height (10-15m) and spread (~10m diameter of palm tree crown from frond tip to frond tip), creating an even, closed canopy. Management practices were similar across plantations, with palms planted 10m apart and vegetation kept clear around the palm bases. Ground cover was dominated by ferns and grasses, and herbicides were used to keep palm bases clear. Insecticide use is rare and was not applied at study sites during the study period. 
 
2.2 Ant sampling and identification.
We used unbaited pitfall traps to sample ants along transects. The traps consisted of 45ml clear plastic tubes containing 15ml of water with a small amount of detergent to reduce surface tension. The rims were lined with Fluon to prevent escape (Carney et al., 2003). Sampling took place in the drier season (March-September) between July 2008 and September 2010, when the sampling methods were not compromised by heavy rainfall. At each site, a 1-km transect was set-up perpendicular to the forest-plantation boundary, to sample 500m into each habitat either side of the ecotone. The ecotones between forest and oil palm plantations at the sampling sites were sharp transition zones of ~1-3m width, containing grasses and pioneer species. Stations were established at 100m intervals along each transect (i.e. N=11 stations per transect, five stations in forest, five in oil palm and one at the ecotone), except at the smallest remnant (Site 12, 5 ha), where stations were placed 50m apart to avoid proximity to other edges of the fragment. At each station, five pitfall traps were placed in a square formation with the central traps placed directly on the transect and four other traps placed 10m N,S,E and W of the central trap. Traps were buried flush with the ground, and sheltered beneath a suspended plastic cup to prevent rainfall displacing captured individuals. Traps were left in place for three days then collected and replaced with five new traps which were placed 5m away from the original traps in the direction away from the ecotone in order to obtain greater spatial coverage, and left for a further three days. This sampling design resulted in a total sampling effort of 3960 trap-days (12 sites x 11 stations x 10 traps x 3 days). 
Ants were preserved in 95% alcohol and identified to genus following Hashimoto (2003). Some ants could be identified to species using reference collections at the Natural History Museum (London), and on-line resources (www.antweb.org; www.antbase.net). Reproductive individuals were excluded from identification and subsequent analyses because they do not necessarily indicate the presence of an established colony. Unnamed species that occur in www.antweb.org were given the same number as the on-line collection, and morphospecies not featured were subsequently submitted to the collection. Voucher specimens are deposited at the Forest Research Centre, Sandakan, Sabah. 

2.3 Estimating ant species richness.
We present analyses using raw species richness, but we also ran analyses with seven commonly-used species richness estimators in order to avoid biases associated with using any one estimator (‘Estimate S’ software, Colwell 2006; Species Richness and Diversity v.2, PICSES Conservation Ltd, Oxford, see Table A2 for results). Ants live colonially in nests so individuals cannot be considered independent sampling units and abundance of individuals can be biased by proximity to large nests. We therefore used a measure of occurrence, based on presence/absence of species in each trap at a station (i.e. a species can have a maximum of 10 occurrences per station) for richness estimators which require an abundance value. A paired t-test was used to examine differences in species richness between forest and oil palm (N=12 sites, in SPSS v.18, SPSS Inc. 2009).


2.4 Factors affecting species richness in forest fragments. 
We examined species richness of ants in forest fragments in relation to fragment area, forest quality, distance from coast (as a proxy for time since isolation, Benedick et al., 2007) and isolation of fragments from areas of continuous forest. Continuous forest study sites were excluded from these analyses (N=10 fragment sites). To assess forest quality the following measurements were recorded in the proximity of transects by JML (sites 1-4 ) and MJMS (sites 5-12; following Hamer et al., 2003): the distance and girth at breast height (GBH) of the two nearest large trees (>0.6m GBH) in each of four quadrants within a 30m radius of the centre of the station; the distance and GBH of the two nearest saplings (0.1-0.6m) in each of the four quadrants; the percentage vegetation cover at canopy and ground levels estimated by eye by two independent observers within the 30m radius, and shade cover measured using a densiometer (Lemmon, 1956). The number of locations where vegetation was measured differed depending on the size of the forest fragment (from 3 locations in site 12 to 15 locations in site 4). A measure of forest quality at each site was extracted from a Principal Components Analysis of vegetation structure (PCA, conducted in SPSS, Pearman 2002; Hamer et al. 2003) which included seven variables; mean tree GBH (cm), mean sapling GBH (cm), tree density (trees/ha), sapling density (saplings/ha = 10,000 x area, m2, of four quadrants based on distance of furthest tree in each quadrant/ no. trees), vegetation cover (%) at canopy and ground levels, and shade cover (%). Vegetation variables were transformed prior to analysis to normalize the data, and a mean PC1 value was computed for each site. Forest fragment areas (ha) were obtained from the Sabah Forestry Department and plantation owners’ maps, and isolation was measured as the distance (km) from the edge of the fragment to the nearest continuous forest edge, from a regional map of Sabah. 
We used GLMs with a quasi-poisson error distribution to identify relationships of fragment species richness with forest quality, fragment area (ln transformed), fragment isolation (distance from continuous forest) and distance from coast. The initial model contained all predictor variables, and variables were removed from the model in order of least significance. Interaction terms were also included in initial models, and removed if found to be non-significant. There was an outlier associated with the isolation variable (Site 4) and so this data point was removed from the models which included this variable (N = 9 sites analysed), however the complete data set was used in subsequent models which did not include isolation (N =10 sites). F-tests were used to test for significant differences in the goodness of fit between the best nested models, and if no significant difference was detected between two models, the simplest model was selected.  Other richness estimators were analysed using LMs (using R, see Table A2).

2.5 Relationships between ant species richness in fragments and adjacent plantations.
We used a generalized linear model (GLM, in R; R Development Core Team 2008) with quasi-poisson error distribution to test the hypothesis that species richness in oil palm was related to that of adjacent forest. Other richness estimators were tested (continuous indices were analysed using general linear models (LMs) using R, see Table A2) but they did not qualitatively affect our conclusions and so we do not report them here. In order to examine the effect of potential variation in habitat within plantations, mean proportion of groundcover in plantations (estimated within a 30m radius at each station, arcsine square root transformed) was also included in the model. We included the continuous forest sites in the analysis, but also re-ran the model to check whether the relationship held when only the fragment sites were included. 

2.6 Spillover effects.
We examined whether or not any observed relationships were due to a spillover of forest species from fragments into oil palm by using ANCOVA (in SPSS, N=12 sites) to test for declines in species richness on oil palm transects with distance from the forest edge. Species richness at station was ln-transformed to account for exponential declines in richness which would be expected if spillover was due to dispersal effects (Hanski, 1999; Lucey and Hill, 2012). We also examined alternatives to spillover and looked for evidence that species richness patterns could be affected by the level of groundcover in plantations (see supplementary information A4), or by pre-clearance geographic variation in forest biodiversity, using t-tests and by inspection of non-metric multi-dimensional scaling (NMDS) output plots (see below) for evidence of clustering of species assemblages in relation to proximity of study sites.

2.7 Faunal composition and trophic organisation of ant assemblages.
To investigate similarity in species composition between sampling stations in forest fragments and adjacent oil palm, we used non-metric multi-dimensional scaling (NMDS using SPSS) and tested for significant differences among sites and habitat types using ANOSIM in R. We then investigated how the trophic organisation of ant communities in forest and oil palm was affected by forest fragment characteristics.  Trophic positions of ant species collected from the forest floor in primary forest within Danum Valley Conservation Area were obtained from Woodcock et al. (2012), based on nitrogen isotope ratios (δ15N) converted to measures of trophic position following Post (2002). A trophic position of 2 indicates an obligate herbivore and a trophic position of 3 indicates a species that (on average) feeds one trophic level above obligate herbivores, with higher trophic positions indicating more carnivorous diets. A single trophic position value was assigned per species, and where there was no trophic level information for a species, a value at the genus level was allocated based on a mean of the known trophic positions of species within the same genus (Gibb and Cunningham, 2012). Using LMs (in R), weighted by sample size (number of species sampled per site), we first examined whether the average trophic position of ant species in forest fragment sites was related to forest area, vegetation quality or species richness in forest, or any combination of variables. We then examined factors affecting the average trophic position of ants in oil palm in relation to: average trophic position in adjacent forest, species richness in oil palm, species richness in forest, fragment area, quality of adjacent forest, and combinations of these variables. As previously, F-tests were used to test for significant differences in the goodness of fit between the best nested models, and if no significant difference was detected between two models, the simplest model was selected.

3. Results
3.1 Species richness 
We sampled 36,657 ants, comprising 20,893 from forest, 11,484 from oil palm and 4,280 from stations at the ecotone. This resulted in 1692 trap occurrences (i.e. presence of species in a pit-fall trap) in forest and 1316 trap occurrences in oil palm. Paired t-tests showed that occurrences were consistently lower in oil palm than in adjacent forest (t11=2.66, p=0.02). We identified 237 species and morpho-species (together hereafter termed ‘species’), comprising 167 species in forest and 130 species in oil palm. Species richness was 15% lower on average in oil palm sites than in adjacent forest sites (paired t-test, t11=2.34, p=0.04, Table A1), and there was an overall decrease of ant species richness of 22% in oil palm compared to forest.

3.2 Determinants of species richness in forest fragments.
In forest (including continuous forest), Principal Component Analysis of vegetation structure extracted three principal components, the first of which (PC1) accounted for 38% of variation in the data (for PCA results see Table A3). A high PC1 score represented forest with a high density of large trees and high canopy cover. Thus we conclude that PC1 describes relatively undisturbed high-quality forest. PC1 was highest at the continuous forest sites, but was not correlated with fragment area (GLM, p=0.2) indicating that forest quality was not necessarily dependent on the size of fragments. Examination of GLMs found that fragment area alone was the best predictor of species richness in fragments (GLM, species richness by ln(area); deviance explained= 0.52, F1,8=8.30, p=0.02, Fig. 2). Isolation was not a significant predictor of species richness (p=0.6) and so was removed from the model first. An F-test confirmed that neither area with vegetation quality (p=0.2) nor area with distance from coast (p=0.5) were significantly better at explaining variation in species richness than area alone (see Table 1). There were no significant interactions between covariates (p>0.05).

3.3 Relationships between richness in fragments and adjacent plantations.
The smallest forest fragment (Site 12) was an outlier with unusually high richness in the adjacent plantation (Fig. 3), possibly due to its close proximity to a large 122,500 ha forest reserve (Fig. 1). When this site was excluded there was a significant positive relationship between species richness in forest and adjacent oil palm (GLM, deviance explained=0.6, F1,9=13.84 , p=0.005, Fig. 3; see Table A2 for results using other species richness estimators). This relationship was maintained when the two sites with continuous forest were also excluded from the analysis (GLM, deviance explained=0.58, F1,7=9.66 , p=0.02). Percentage groundcover in plantations was not important for explaining ant species richness (p=0.6 for N=9 sites) and so was removed from the model. Thus ant species richness was higher in plantations adjacent to forest sites with high richness. 

3.4 Spillover effects
The number of species sampled at each station (ln transformed) in plantations decreased significantly with increasing distance from the ecotone (ANCOVA combining data from 12 study sites, adjusted R2=0.28, slope =-0.006, distance effect, F1,59=6.89, p=0.01; Fig. 4). There was no interaction between site and distance from the ecotone (ANCOVA, transect*distance, F11,48= 1.42, p=0.2), indicating that the slope of the relationship was similar across sites. There was no evidence of any effect of pre-clearance patterns on forest diversity because proximity of sites did not affect richness patterns (t-test comparing richness of sites in central northeast (Fig.1 inset A) and eastern (Fig.1 inset B) Sabah; t6=1.6, p=0.8), nor was there any evidence that the amount of groundcover in plantations was important for species richness at the local level (see Appendix A4). Thus we conclude that species richness of ants in plantations was affected by spillover from adjacent forest.

3.5 Faunal composition and trophic organisation
Non-metric multidimensional scaling showed that faunal composition was significantly different between large (>~200ha and continuous forest) and small (<200 ha) forest sites, and this separation by size was evident in both forest and oil palm assemblages (ANOSIM R=0.82, p<0.001, Fig. 5). There was also a significant difference in species composition between large forest fragments and adjacent oil palm (ANOSIM R=0.63, p=0.03, Fig. 5) but not between small fragments and adjacent oil palm (R=0.11, p=0.1, Fig. 5), indicating that small fragments contributed few additional species to the biodiversity of oil palm landscapes.
Data on trophic positions were available for 263 study species. The mean trophic position of species in forest was not predicted by fragment area (ln-transformed), isolation, species richness, or vegetation structure (PC1) (linear models of all combinations of predictor variables; all p>0.05). However, the mean trophic position of species in oil palm was predicted by a combination of forest species richness and mean trophic position of species in adjacent forest (LM, adjusted R2= 0.70, F2,7= 11.35, p=0.006). This model was a significantly better fit than forest richness only (F-test, F1,6=8.51, p=0.02). The mean trophic position of species in oil palm was also significantly related to the area (ln transformed) of adjacent forest (LM, adjusted R2=0.48, F1,8=9.47, p=0.02) but this variable did not significantly improve the model fit (LM, adjusted R2=0.6, F3,6=6.53, p=0.03; F test, p=0.9). Thus trophic organisation of ant assemblages in oil palm was related to characteristics of adjacent forest sites, providing further support for spillover effects. Species with a trophic position > 3.5 (largely carnivorous, 20 species in oil palm, 71 species in total) comprised 10-25% of occurrences in oil palm adjacent to large and continuous forest but comprised between 0% and 0.09% of occurrences in oil palm adjacent to small forest fragments (Table A1), indicating that decreases in average trophic position were explained partly by the absence of carnivorous ants from plantations next to small forest fragments. 

4. Discussion
4.1 Species richness in forest and adjacent plantations.
Our study revealed an overall decline in species richness of 22% in oil palm compared to forest, thus confirming other studies showing that conversion of forest to oil palm plantations results in a reduction in species richness (Fitzherbert et al., 2008). We sampled only ground-level ants from a single microhabitat and so any beta diversity resulting from other aspects of habitat complexity, such as canopy structure, was not included in our study. Including other aspects of habitat may increase the observed difference in diversity between forest and plantation sites (Fayle et al., 2010).
Ant species richness within oil palm plantations could be predicted by the species richness in adjacent forest fragments, and fragment size was shown to be an important predictor of species richness within fragments, as expected from principles of island biogeography (MacArthur and Wilson, 1967). Studies of crops such as watermelon (Kremen et al., 2004) and coffee (Ricketts et al., 2004) showed that natural habitat within the agricultural landscape improved species richness and ecosystem services (e.g. pollination and pest control). Importantly, our results demonstrate a link between species richness within forest and species richness in nearby plantations, and identify that the size of the forest fragment is an important consideration for boosting species richness in the oil palm landscape, but that forest quality and isolation of forest fragments are less important. Habitat quality can vary within oil palm plantations (Luskin and Potts 2011) and this might impact on species richness (Koh, 2008; Najera and Simonetti, 2010). In our study, the vegetation structure of plantations was very homogeneous: palm trees at all sites were mature and fruiting, with a closed canopy several metres above ground level. The proportion of groundcover was the main source of variation within plantations, but there was no evidence that this affected ant species richness in plantations, and so we are confident that patterns of species richness were unlikely to be a consequence of variation in habitat quality in plantations.

4.2 Spillover effects.
Our study also showed that species richness declined along oil palm transects with increasing distance from the forest edge, supporting the notion that fragments of natural forest contribute to boosting diversity within plantations via spillover effects.  Richness declined with distance from forest edge when combining data from all sites, and a trend of decline was evident at the majority of sites (8 out of 12) when data were analysed separately by site. This contrasts with our previous study reporting little evidence of spillover by ants when just two sites were examined (Lucey and Hill, 2012). Unfortunately there was not sufficient statistical power in our data in this study to examine whether the slope or intercept of the richness decline was affected by forest site properties, but evidence that ant diversity in oil palm was related to adjacent forest sites (Fig. 3) suggests that spillover patterns may be affected by properties of the adjacent forest habitat. Proximity to forest might also affect environmental conditions in the plantation making it more suitable for ants, but evidence from this study and other studies (Luskin and Potts 2011; Lucey and Hill 2012) suggests that microclimate and vegetation structure do not vary within plantations over the distances covered by our study, therefore local environmental conditions are unlikely to be responsible for the patterns in ant species richness we report. In support of our conclusions about spillover affecting richness patterns, we found no evidence that our findings were an artefact of pre-conversion landscape-level variation in ant species richness, because sites that were closer to each other did not share more similar species richness. The number of species in habitat fragments may take time to decline to a new equilibrium post-isolation (Tilman et al. 2001) and so species richness could have been higher at sites further from the coast, assuming that forest clearance began in coastal areas and progressed inland (Benedick et al., 2007), but we found no evidence of this. The strength of relationships between species richness in forest and forest fragment size suggests that it is properties of the forest which are important for maintaining local diversity, and this has a knock-on effect on species richness within plantations. Taken together, our findings indicate that spillover effects, with forest species colonising adjacent plantations, are the most likely explanation for the observed relationships. 
Our study indicates that while some ant species persist successfully in plantations, increased plantation diversity near the ecotone may result from source-sink dynamics (Pulliam, 1988), with sink populations in plantations supported by source populations within adjacent forest. We included only flightless workers in our study, which indicate the presence of established colonies at sample sites (Longino et al., 2002), and we excluded potentially transient reproductive individuals. Therefore, our results contrast with other studies, such as those of butterflies and birds, where spillover effects may also include dispersal of non-breeding individuals (Dolia et al,.2008; Koh, 2008; Lucey and Hill, 2012). Our studies of ants and butterflies suggest that there are differences in the strength of spillover between taxa, and that spillover effects may be stronger in vagrant non-breeders than in residents (Lucey and Hill, 2012). This implies that fragments may not only boost local diversity but also aid movement of forest-dependent species through the agricultural matrix.

4.3 Faunal composition and predatory species 
We showed that large (>200ha fragments and continuous sites) forest areas contained species assemblages which were distinct from those in oil palm, but that assemblages in small fragments (< 200 ha) were less distinguishable from adjacent oil palm assemblages. This indicates that small (<200 ha) fragments provide few additional ant species which do not already persist in the planted area, hence lower species richness in oil palm plantations which are adjacent to small fragments may be caused by a lack of spillover of additional species from these fragments.
 Theory suggests that species at the highest trophic levels are most vulnerable to extinction from habitat disturbance (Bascompte and Sole, 1998; Hill et al., 2011). We found that the average trophic position of species in forest was not related to any of the forest properties we measured, but that the average trophic position of species within oil palm could be predicted from the richness and average trophic position of species in the adjacent forest. Because species richness in forest was strongly associated with forest area, we conclude that the size of forest fragments affects the proportion of predatory ants within plantations, even though trophic organisation did not appear to alter within the forest fragments themselves. This is an important consideration from an agricultural perspective, because predators can play an important role in pest management (Way and Khoo, 1992). Other studies have shown that proximity to forest can boost ecosystem functions such as pollination and predation by parasitoids (Klein et al., 2006; Ricketts, 2004), and our results suggest that forest fragment size could affect ecosystem functioning within oil palm plantations. The fact that the trophic organisation of ant assemblages varied within plantations with respect to features of the adjacent forest, but did not vary within forest fragments might suggest that composition of ant assemblages in plantations adjacent to large fragments are not only affected by spillover of forest predatory species from large fragments, but that conditions in the plantation near to large fragments are more favourable for predators. For example, there may be more spillover of prey species from adjacent forest, which enables more predatory species to persist in plantations closer to large areas of forest. More research is needed to examine whether the increase in predatory species could benefit pest control in plantations, or whether this benefit is negated by the presence of more prey.
Trophic positions of ant species were obtained from specimens collected in primary forest, and could differ between habitats as a result of changes in diet or, for predators, in the trophic positions of prey (Edwards et al. 2013; Woodcock et al., 2013). This will be an important issue for future research. However, our results are robust in showing that the presence of large areas of natural forest impacts on the trophic composition of ant species within plantations.

4.4 Conservation implications
There has been much debate in recent years as to whether a land-sharing or a land-sparing conservation approach is more appropriate in tropical agricultural landscapes (Green et al. 2005). Some studies suggest that biodiversity conservation should focus on making agricultural areas “wildlife-friendly” (e.g. Koh et al., 2009; Perfecto and Vandermeer, 2010) whilst others argue that agriculture should be intensified so that greater areas of continuous natural habitat can be protected (e.g. Edwards et al., 2010; Ghazoul et al., 2010). In this study, we showed that species richness in plantations can be improved by the presence of large patches of forest. If there are pest control benefits or other ecosystem services provided by the forest to the plantation, this might reduce the necessity for intensive plantation management thereby further improving the plantation matrix for biodiversity (Hole et al. 2005; Koh 2008; Ricketts 2004). However, very small fragments provided negligible species diversity benefits, even when the contribution of species within the fragments themselves was considered. Although these small forest fragments might be better given over to agriculture, such small fragments may persist if, for example, they are too steep or have poor soil and so remain unplanted (RSPO, 2013). These small fragments might benefit from forest restoration to enhance their habitat quality (Edwards et al., 2009, 2012), and could also act as “stepping stone” habitats for some vagile species to move across the landscape (Proctor et al., 2011; Uezu et al., 2008), although our results indicated that habitat quality was not important for maintaining ant species richness once fragment area had been accounted for. Therefore, we conclude that conservation efforts and sustainable plantation design should focus primarily on protecting larger forest patches. Our study of ten fragments in Sabah indicates that for ants this area should be at least 200ha, but more research is required to establish whether this would be a suitable recommendation for other taxa and other regions. The challenge is to determine the optimum size and placement of fragments within agricultural landscapes that balance economic yields and landscape biodiversity.
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Table 1 Results of generalized linear models which test for the best combination of variables for predicting ant species richness in forest fragments. Area of forest fragment is measured in ha, and PC1 is the first principal component of forest vegetation structure. PC1 measures  forest quality (see main text for details).
	 
	n*
	deviance explained
	degrees of freedom
	F value
	P value

	ln(area) + PC1 + isolation
	9
	0.73
	3,5
	4.62
	0.1

	ln(area) + PC1
	10
	0.65
	2,7
	6.21
	0.03

	ln(area)
	10
	0.54
	1,8
	9.24
	0.02

	* an outlier site in the isolation variable was removed in model 1, but included in subsequent models which did not include the isolation variable









Figure legends

Figure 1. Map of Sabah, indicating location and size of sampling sites. Insets show Rekahalus (inset A) and Sabahmas (inset B) oil palm plantation with sampling sites, which were compared in analysis of species richness with geographical location.

Figure 2 .Species-area relationship in forest fragments. Triangles show continuous forest sites, which were not included in the analysis but plotted for visual comparison with data from forest fragments.

Figure 3. The relationship between ant species richness in forest sites and adjacent oil palm plantations. Triangles show continuous forest sites. Line of best fit indicates relationship when outlying site was excluded from the analysis.

Figure 4.  Spillover of species into oil palm plantations. Decline in species richness along oil palm transects with distance from the forest edge. Grey shading and solid symbols represent forest sampling stations, white shading and hollow symbols represent oil palm sampling stations. Error bars are standard error of the mean number of species sampled at stations.

Figure 5. Non- metric multidimensional scaling plot of species community similarity among forest (solid symbols) and oil palm (hollow symbols) sites. Triangles are sites in/adjacent to continuous forest. The area of the forest (or adjacent forest for oil palm sites) is annotated next to the data point.

