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                             Ant mosaics occur in SE Asian oil palm plantation but not rain 
forest and are infl uenced by the presence of nest-sites and 
non-native species        
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        T. M. Fayle, Faculty of Science, Univ. of South Bohemia, Brani š ovsk á  31, CZ-370 05  Č esk é  Bud ě jovice, Czech Republic, and Forest Ecology and 
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  Interaction networks within biotic communities can be dramatically altered by anthropogenic habitat modifi cation. Ants, 
an important ecological group, often interact competitively to form mosaic-like patterns in disturbed plantation habitats, 
in which dominant species form mutually exclusive territories. However, the existence of these ant mosaics in pristine 
forests is contentious. Here we assess the relative strengths of ant competitive interactions in oil palm plantation and pri-
mary rain forest in Sabah, Malaysia, using null models of species co-occurrence. We use two metrics: the C-score, which 
measures mean degree of overall co-occurrence, and a novel metric, the C var -score, which measures the variance in degree 
of co-occurrence. We also investigate the role of nest sites by collecting ants from canopy and leaf litter microhabitats, 
and from epiphytic ferns, an important nest site for canopy ants. Furthermore, we assess whether non-native species, 
which were widespread in oil palm plantation (61 occurrences vs fi ve in rain forest) are important in driving the forma-
tion of ant mosaics. We found no evidence for ant mosaics in any primary forest microhabitat. In oil palm plantation, 
segregation between species was pronounced in epiphytes, weak in the rest of the canopy and absent in leaf litter communi-
ties. Intriguingly, exclusion of non-native ant species from analyses increased the degree of negative species co-occurrence 
in all three microhabitats, with species segregation in the oil palm canopy becoming statistically signifi cant. Our results 
suggest that invasion of plantation habitats by non-native species does not drive increased species segregation in ant 
communities. Rather, high degrees of species segregation might relate to changes in the importance of canopy nest 
sites, with colonies competing more strongly for these in plantations. In primary forests, weaker nest-site limitation and 
the highly complex, more vertically stratifi ed, non-uniform canopy could lead to random co-occurrence between ant 
species at the scales studied here.   

 When natural habitats are exploited by humans, biotic 
communities are altered. Not only are there losses of species 
and changes in species composition, but the manner in 
which species interact can also shift (Morris 2010). While 
the former is well documented in a range of systems, data on 
the latter are relatively scarce (Floren et   al. 2001, Tylianakis 
et   al. 2007). Non-native species can also have profound 
impacts on species interaction networks (Vander-Zanden 
et   al. 1999, Sanders et   al. 2003), and this eff ect is often 
more pronounced in disturbed habitats (O ’ Dowd et   al. 
2003). Changes in the structure of these networks are 
expected to have contingent eff ects on ecosystem function-
ing (Fukami and Morin 2003). 

 Ants are an important ecological group in both degraded 
and natural habitats, interacting with many other taxa 
and mediating a range of ecosystem processes (Lach et   al. 
2010). Interaction networks within this group in forest can-
opies are often interpreted in the context of ant mosaics, 
where dominant species form territories from which they 

exclude each other (Leston 1973). Particular dominant 
species are associated with specifi c communities of ants 
( ‘ subordinates ’ ) and other arthropods, potentially altering 
the functioning of ecosystems (Dejean et   al. 1997). Th e 
existence of these mosaics is well-documented in simple, 
plantation habitats, but their presence in natural forest is 
more contentious (Floren and Linsenmair 2000, Bl ü thgen 
and Stork 2007, Davidson et   al. 2007). Comparing the 
strength of mosaic patterns across habitats therefore repre-
sents a useful way of studying the impacts of anthropogenic 
habitat change on species interactions. Furthermore, 
plantations are often invaded by non-native species, which 
are sometimes behaviourally dominant (Pfeiff er et   al. 2008, 
Dejean et   al. 2010), and would therefore be expected to 
alter the structure of the mosaic. Either non-native species 
could decrease the overall abundance of negative species 
interactions,  ‘ disassembling ’  the community (Sanders et   al. 
2003), or they might increase the abundance of these inter-
actions, through competing strongly with native species 
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(Dejean et   al. 2010). Since the existence of ant mosaics 
depends on interspecifi c competition, we would expect these 
patterns to be strongest at the resource for which there is 
most competition. For canopy ants, nest sites are thought 
to be an important limiting factor in both plantations 
(Philpott and Foster 2005) and in pristine habitats (Powell 
et   al. 2011). Furthermore, only a small subset of species are 
expected to defend territories, while a larger proportion of 
species are likely to defend nest sites (Savolainen and 
Veps ä l ä inen 1988). Interaction networks in ground-
dwelling ant communities are not usually interpreted in 
terms of ant mosaics; at small scales these species are often 
found to be distributed at random (Gotelli and Ellison 
2002, Sanders et   al. 2007b), although this has not been 
tested in plantations. We would therefore expect mosaic pat-
terns to be most apparent in canopy nest sites, less apparent 
in the rest of the canopy and non-existent on the ground. 

 Here we use null models of species co-occurrence to 
test these hypotheses in primary rain forest and oil palm 
plantation in SE Asia. Oil palm plantation has expanded 
rapidly in the region, causing dramatic reductions in species 
richness and changes in species composition for a wide range 
of taxa (Fitzherbert et   al. 2008, Turner et   al. 2008, Foster 
et   al. 2011). Ant mosaics are already known to exist in oil 
palm canopies in this area (Pfeiff er et   al. 2008). In both for-
est and plantation, epiphytic bird ’ s nest ferns ( Asplenium  
spp.) are important nest sites for a range of arthropods (Fayle 
et   al. 2009, Turner and Foster 2009) including canopy ants 
(Fayle et   al. 2010, 2012, Fig. 1). Specifi cally, we test the 
hypothesis that there is a hierarchy in the strength of mosaic 
patterns across microhabitats: epiphytic ferns  �  canopy  �   
ground leaf-litter, and that non-native species drive this 
pattern to some degree. We also assess the relative strengths 
of the mosaic pattern in forest and plantation.  

 Methods  

 Field sites 

 Sampling was conducted during May and June 2002 in oil 
palm  Elaeis guineensis  plantation (Sebrang Estate, 118 ° 35 ′ E, 
5 ° 02 ′ N, altitude 150 m) and primary lowland dipterocarp 
rain forest (Danum Valley Conservation Area, 117 ° 49 ′ E, 
5 ° 01 ′ N, altitude 170 m) in Sabah, Malaysia. Plantations 
were 14 – 18 yr old at the time of sampling. In each habitat 
20 sites were chosen, each of which was centred on a tree 
supporting a bird ’ s nest fern ( Asplenium  spp.). Distances 
between sites ranged from 0.1 to 4.2 km in oil palm 
plantation and from 0.1 to 3.2 km in rain forest. Further site 
details are presented elsewhere (Turner and Foster 2009, 
Fayle et   al. 2010).   

 Sampling methods 

 Litter-dwelling ants were sampled by collecting four 1 m 2  
samples of leaf litter on bearings of 0 ° , 90 ° , 180 °  and 
360 °  from directly beneath the focal tree. Th ese litter sam-
ples were then left in Winkler extractors for three days. 
Fern-dwelling ants were sampled in a similar manner, 
with ferns (one per focal tree) being collected into plastic 
bags, and fi nely chopped before extraction following 
Fayle et   al. (2010). Canopy ants were sampled using 
ground-based insecticide fogging with pybuthrin 33BB 
non-persistent insecticide (Swingfog SN 50-10PE fogging 
machine). Four 1 m 2  trays were placed beneath the 
focal tree in the same locations as the litter samples to col-
lect falling insects. Fogging was conducted after litter 
sampling and fern removal, to avoid any impacts of fogging 
on ants from these two microhabitats. Th is protocol is 

  Figure 1.     Bird ’ s nest ferns in (A) oil palm plantation and (B) primary lowland dipterocarp rain forest.  
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designed to sample ant communities at comparable, small 
spatial scales in the diff erent microhabitats (sampling units 
being either a single fern, 1 m 2  of leaf litter, or 1 m 2  of 
canopy), and at the larger scales at which ant mosaics are 
usually studied (sampling units being whole trees, each 
of which was assessed using 4    �    1 m 2 ). Ants were identifi ed 
to genus (Bolton 1994, Hashimoto 2007), split to mor-
phospecies and where possible assigned species names. 
Species were assigned as native/non-native following 
previous studies (Pfeiff er et   al. 2008, Fayle et   al. 2010).   

 Statistical analyses 

 As a minimum requirement for inferring the presence of 
an ant mosaic, species need to occur non-randomly 
with respect to each other. Specifi cally it is expected that 
dominant species will co-occur less often than would be 
expected at random. If particular subordinates co-occur 
only with particular dominant species, then this will act 
to create larger sets of mutually non-co-occurring species 
(Fig. 2). To test this hypothesis we used null models of 
species co-occurrence. Since sample sizes precluded the use 
of pairwise assessments of co-occurrence between species 
(Supplementary material Appendix 1), we quantifi ed 
co-occurrence across entire data matrices. Following previ-
ous studies testing for the existence of ant mosaics (Pfeiff er 
et   al. 2008, Dejean et   al. 2010), we used the C-score as 
our metric of community-wide species co-occurrence. Th e 
C-score counts the number of pairs of species and pairs 
of sites where each species occurs only once and the two 
species occur at diff erent sites (Stone and Roberts 1990). 
Th e higher the C-score, therefore, the greater the numbers 
of non-overlapping species distributions. Randomisation 
of the original matrix is then used to create the distribu-
tion of C-scores expected under the null hypothesis that 
species co-occur at random, from which the probability of 
obtaining the observed C-score, or one more extreme, is 
obtained. Standardised eff ect sizes (SES; Sanders et   al. 
2003) are calculated as follows: SES    �    (C observed     �    C null )/
 σ  null . Where C observed  is the observed C-score, C null  is the 
mean C-score of the randomised null matrices, and  σ  null  
the standard deviation of the C-scores of the randomised 
null matrices. Th us, a positive SES value indicates segre-
gation between species, and a negative value, aggregation. 
Th e expected signal of an ant mosaic is a large proportion 
of negative pairwise interactions (P neg ), unless the number 
of dominants is very small, and the proportion of subordi-
nates is very high, and even in this case P neg  is never less than 
0.5 (Fig. 2). We therefore used one-tailed tests ( α     �    0.05), 
since we were specifi cally looking for segregation between 
species. Tests were conducted using the oecosimu function 
in the R package vegan (Oksanen et   al. 2008) with constant 
row and column sums, the sequential swap randomisation 
algorithm (see studies by Gotelli (2000)), and a burn in of 
30 000 swaps. We used a further 30 000 swaps to generate 
null distributions, as smaller numbers of swaps can lead 
to high type 1 error rates (Fayle and Manica 2010). 

 One criticism of metrics that sum co-occurrences across 
all species has been that they fail to detect non-random 
community structure where positive and negative interactions 
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  Figure 2.      Expected proportion of pairwise negative co-occurrences 
between species in an ant mosaic in communities with diff erent 
numbers of dominant and subordinate species. Consider an ant 
mosaic in which two or more dominant species hold mutually 
exclusive territories, in each of which occur subordinates peculiar 
to that dominant species. For simplicity, assume that the number 
of ant species (including the dominant) in any one territory is S, 
and this is constant between territories occupied by diff erent 
dominants. Th ere are therefore S  �    1 subordinate species and 
one dominant species in each territory. If D is the number of 
diff erent dominant species, then D  �  S is the total number of spe-
cies in the whole community. Consequently the total number 
of pairwise interactions between species will be DS(DS  �    1)/2. 
Th e number of positive interactions within a territory will be 
S(S  �    1)/2, and therefore the total number of positive interactions 
in the community will be DS(S  �    1)/2. Th e proportion of positive 
interactions is therefore (DS(S  �    1)/2)/(DS(DS  �  1)/2) and so 
the proportion of negative interactions is simply calculated as 
P neg    �     1  �    (DS(S  �    1)/2)/(DS(DS  �    1)/2), simplifi ed as P neg    �     
1  �    (S  �    1)/(DS  �    1). P neg  is minimised when S tends towards 
infi nity and D    �    2 (the minimum number of dominant species 
required for the community to be considered a mosaic). P neg  can 
be written as 1  �    1/(D  �    (1/S))  �    1/(DS  �    1), (from the simplifi ed 
version of P neg , above, separating out the two parts of the numera-
tor of the fraction) which tends towards 0.5 only where D    �    2 
and S tends towards infi nity. Th erefore, given the assumptions 
above, there will always be more negative interactions between spe-
cies than positive ones in an ant mosaic. Note that this analysis 
assumes that the territory of each dominant species is sampled only 
once. If multiple samples are taken from each territory type, then 
the predominance of negative interactions will become even more 
extreme (analyses not presented).  

are present at similar frequencies (Bl ü thgen and Stork 
2007). Th is is because metric values for datasets with many 
positively and negatively interacting species are similar to 
those where all species interact at random. Furthermore, 
when there are few dominants, and large numbers of subor-
dinates, the ratio of negative to positive interactions is 
expected to tend towards 1:1 (Fig. 2). Here we implement a 
novel metric that allows the detection of such instances, 
without the need to explicitly conduct multiple pairwise 
comparisons. For all analyses for which the C-score did 
not diff er signifi cantly from that expected at random, we 
conducted a second analysis. We counted the numbers of 
chequerboard units for all pairs of species in the dataset, 
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 To assess the role of non-native species in structuring 
oil palm communities, we reran these analyses with all non-
native species excluded from the datasets, following the 
method of Pfeiff er et   al. (2008). If non-native species 
compete strongly with all other ant species, then removing 
these species, and therefore their interactions, from the 
dataset, should result in a decreased degree of species segre-
gation i.e. a lower C-score. Note that this approach is valid 
for detecting only direct interactions between ant species; 
indirect interactions will not be detected. Very few non-
native species were found in rain forest (fi ve occurrences 
across 200 samples from the three microhabitats, with 1 m 2  
samples separate, compared with 61 occurrences in oil 
palm plantation), and so these data were not reanalysed. In 
order to ensure that species removal does not increase 
the probability of detecting species segregation per se we 
repeated the analyses described above, but instead of remov-
ing non-native species, we removed the same number of 
randomly selected species.    

 Results 

 Ant species in all three primary forest microhabitats co-
occurred at random to one-another at the 1 m 2  scale 
(Fig. 3A – C, Table 1), with the observed C-scores being very 
close to the mean values expected under the null hypothesis. 
However, this was not the case in oil palm plantation, where 
there was evidence for species segregation in ant communi-
ties from bird ’ s nest ferns and a non-signifi cant trend for 
segregation in communities in the rest of the canopy 

but instead of taking the mean of this value per species pair 
(the C-score), we calculated the variance in frequency of 
chequerboard units between species pairs (Supplementary 
material Appendix 2). We call this metric the C var -score. 
We then compared the observed C var -score to the distribu-
tion of this metric obtained from the randomised matrices 
generated above to calculate p-values. We were therefore 
able to assess whether there was a simultaneous increase 
in both positive and negative interactions. Note that tests 
were one tailed i.e. we only looked for instances in which 
the variance of pairwise chequerboard frequency was larger 
than would be expected if species co-occurred at random. 
We did not analyse matrices for which a signifi cantly high 
C-score had been detected, since higher mean values of 
the metric are likely to lead to a higher variance, even in 
the absence of balancing positive and negative interactions. 

 Analyses of the C-score and C var -score were conducted 
at two spatial scales for litter and canopy ant communities. 
For each dataset at the 1 m 2  scale, four data matrices were 
generated, one each from bearings of 0 ° , 90 ° , 180 °  and 
360 ° . Each data matrix was randomised separately and the 
resulting observed and simulated metrics were summed 
across the four matrices. p-values were then calculated 
by comparing the distribution of the summed randomised 
null metrics with the observed metric summed across the 
four data matrices. Th is was done so that analyses were con-
ducted at comparable scales across all microhabitats. We 
also conducted analyses at the scale of individual trees 
(whole tree scale) following previous studies (Pfeiff er et   al. 
2008), by combining the four data matrices from each tree 
before analysis. 
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  Figure 3.     (A – I) Th e observed C-scores (broken lines) and the distributions of C-scores expected using null models in which there are 
no interactions between ant species for the 1 m 2  scale (histograms). A high C-score indicates that there is a high degree of segregation 
between species i.e. if the broken line is to the right of the histogram then there are fewer co-occurrences between species in that community 
than would be expected by chance. Histograms in green (A – C) show null distributions from primary forest microhabitats and those in 
red (D – I) oil palm microhabitats. Plots (G – I) show distributions for oil palm microhabitats with non-native ant species removed. 
Asterisks denote tests for which there was a signifi cant degree of species segregation. See Table 1 for statistics.  
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strength of segregation always decreased, as would be 
expected with reduced sample size and therefore reduced 
statistical power (Supplementary material Appendix 3). 
Results relating to diff erences in ant species richness and 
composition across habitats and microhabitats are presented 
elsewhere (Fayle et   al. 2010).   

 Discussion 

 By using the same sampling methods in both forest and 
plantation we were able to compare directly the degree 
to which patterns of species segregation diff ered between 
these two habitats. Perhaps surprisingly, given the contro-
versy over the existence of ant mosaics in undisturbed 
forest (Bl ü thgen and Stork 2007, Davidson et   al. 2007), we 
have not been able to fi nd any other study taking this 
approach in comparisons with oil palm plantation, or any 
other agricultural habitat. We found that none of the 
communities from primary forest showed any evidence of 
deterministic structuring (although see the non-signifi cant 
trend for the C var -score in primary canopy). Th is result 
echoes that found in comparisons of ant communities 
in pristine and disturbed rain forest (Floren et   al. 2001), 
where disturbance increases the degree of species segre-
gation. However, note that not all ant communities in 
disturbed forest are deterministically structured (Ribas and 
Schoereder 2002). It has previously been suggested that 
such results from pristine forests might relate to low statisti-
cal power or to positive and negative interactions cancelling 
out (Bl ü thgen and Stork 2007). However, this is unlikely 
to be the case in our study, since our dataset was large 
enough to clearly show the existence of ant mosaics in 
oil palm plantation, and there was no evidence for high 
variance in pairwise chequerboard count (C var -score) in 
any microhabitat. Indeed, there were fewer species in plan-
tation microhabitats than in those from rain forest and the 

(Fig. 3E, F, Table 1). Leaf-litter dwelling ant communities 
from oil palm plantations were randomly assembled (Fig. 3D, 
Table 1). We found no evidence for simultaneous increases 
in both positive and negative interactions (C var -score) for 
any of the communities for which the above test was non-
signifi cant (Table 1). However, there was a non-signifi cant 
trend for a higher C var -score than would be expected at ran-
dom in the canopy of rain forest (Table 1). Co-occurrence 
patterns at the whole tree scale for canopy and litter ants 
from the two habitats mirrored those observed at the 1 m 2  
scale, with only a non-signifi cant trend for species segre-
gation being found in the oil palm canopy (Table 1). 

 We found seven non-native species in oil palm planta-
tions:  Tetramorium simillimum ,  Tetramorium bicarinatum , 
 Dolichoderus thoracicus ,  Anoplolepis gracilipes ,  Paratrechina 
longicornis ,  Monomorium fl oricola  and  Cardiocondyla 
wroughtonii . Across the 20 oil palm sites, non-native species 
were present in 10 sites in leaf litter, 11 sites in the canopy, 
and eight sites in epiphytic ferns. When these species 
were excluded and interactions between the remaining 
species analysed separately, this increased the degree of neg-
ative co-occurrence between species in leaf-litter, canopy 
and fern communities (Fig. 3G – I), as demonstrated by 
the larger SES values in all three microhabitats (Table 1). 
Th is eff ect was suffi  ciently pronounced such that oil palm 
canopy ant communities, which were initially not signifi -
cantly segregated, became so after removal of non-natives 
from the dataset (Fig. 3E, H). Th is indicates that these 
non-native ant species are not the main drivers of the pat-
terns of species segregation that we found. Th is was the 
case at both 1m 2  and whole tree scales (Table 1). Neither 
the leaf-litter nor the canopy oil palm ant communities 
showed evidence of simultaneous increases in positive 
and negative interactions (C var -score) following removal of 
non-native species (Table 1). We found the method of spe-
cies removal did not, of itself, increase species segregation. 
When species were selected for removal at random, the 

  Table 1. Observed C-scores and C var -scores, mean metric values under null models, standardised effect sizes (SES) and related (one-tailed) 
p-values for ant communities from the three microhabitats in oil palm plantation and primary forest. Large C-score SES values indicate 
a greater degree of species segregation than would be expected at random. Large C var -score SES values indicate greater degrees of both 
species segregation and aggregation. For leaf litter and canopy communities, analyses were conducted at two spatial scales: 1 m 2  and  
‘ whole tree ’ . See Fig. 1 for graphical representations of full null distributions in comparison with observed metric values for C-score analyses 
at the 1 m 2  scale. p-values    �    0.05 are given in bold.  ∗ Denotes oil palm communities with non-native species removed from the dataset.  

C-score C var -score

Habitat Microhabitat Obs. Mean null SES p Obs. Mean null SES p

1 m 2  scale:
  Rain forest
  Oil palm
  Oil palm ∗ 
  Rain forest

  Epiphytic ferns
  Epiphytic ferns
  Epiphytic ferns
  Leaf litter

  2.28
  2.36
  2.26
  2.80

  2.28
  2.23
  2.10
  2.80

   � 0.18
  2.77
  3.59

   � 0.14

  0.573
   0.006 
   0.001 
  0.560

  0.05
  NA
  NA
  0.65

  0.05
  NA
  NA
  0.66

   � 0.24
  NA
  NA

   � 0.35

  0.606
  NA
  NA

  0.625
Rain forest Canopy 1.62 1.62 1.10 0.147 0.18 0.16 1.30  0.099 
Oil palm
  Oil palm
  Oil palm ∗ 
  Oil palm ∗ 

  Whole tree scale:
  Rain forest
  Rain forest
  Oil palm
  Oil palm
  Oil palm ∗ 
  Oil palm ∗ 

Leaf litter
  Canopy
  Leaf litter
  Canopy
  
Leaf litter
  Canopy
  Leaf litter
  Canopy
  Leaf litter
  Canopy

1.41
  2.17
  1.31
  2.00

  
4.51
  2.60
  2.36
  3.04
  2.04
  2.61

1.46
  2.14
  1.35
  1.97

  4.53
  2.61
  2.41
  2.99
  2.09
  2.54

�  1.85
  1.30

   � 1.49
  1.98

 �   0.98
   � 0.64
   � 1.42

  1.41
   � 1.57

  2.32

0.983
  0.107
  0.947
   0.026

 
  0.834
  0.730
  0.932
   0.090 
  0.945
   0.012 

0.13
  0.10
  0.14
  NA

  2.07
  0.46
  0.28
  0.24
  0.22
  NA

0.17
  0.10
  0.17
  NA

  2.43
  0.49
  0.34
  0.23
  0.28
  NA

 � 1.67
  0.29

   � 1.11
  NA

   � 0.92
   � 0.78
   � 1.46

  0.43
   � 1.61
  NA

0.967
  0.381
  0.882
  NA

  0.822
  0.784
  0.926
  0.328
  0.958
  NA
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et   al. 2012). If nest sites really are more limiting in planta-
tions, then we would expect the more dominant species that 
monopolise honeydew resources (Bl ü thgen and Stork 2007) 
to take over these valuable resources. Th is is exactly what we 
observe: the most common species in primary forest ferns is 
 Diacamma  RF36 (8/20 ferns), a generalist predator and 
scavenger, while the most common species in plantation 
ferns are from two myrmicine genera, both of which are 
known to tend honeydew secreting homopterans or extrafl o-
ral nectaries ( Plagiolepis  Y1 (Eichhorn et   al. 2011) and 
 Monomorium  J (Cuautle et   al. 2005), both 6/20 ferns). An 
interesting exception to this has been found for some emer-
gent trees in rain forest in Sarawak, in which the sole domi-
nant ant species inhabits the rhizomes of  Leucanopteris  and 
 Platycerium  ferns and reduces the diversity of other canopy 
ants (Tanaka et   al. 2012). How ever, although this shows that 
nest sites can sometimes infl uence ant interaction networks 
in primary forest canopies, this community could not strictly 
be called a mosaic, since there is only one dominant species. 

 Re-analysis of the data with non-native species excluded 
resulted in an increase in the strength of deterministic 
community structuring, with oil palm canopy-dwelling 
communities becoming signifi cantly segregated (Table 1). 
Th e direct interactions mediated by non-native species 
therefore have the net impact of reducing the overall degree 
of segregation in arboreal plantation communities. Such a 
pattern might result from diff erential impacts of non-
native species on residents (Sanders et   al. 2003, Pfeiff er et   al. 
2008). For example, if a non-native species competed 
strongly with one native dominant species, but interacted at 
random with other native dominants (with which the native 
dominant competed; Sanders et   al. 2007a), then this would 
eff ectively  ‘ disassemble ’  the community, leading to a weaker 
overall degree of segregation. What is clear is that the eff ects 
of non-native species on species interaction networks are 
more subtle than them merely taking the place of native 
dominants, or competing strongly with all native species. 

 Our study demonstrates that high degrees of species seg-
regation, congruent with the existence of ant mosaics, are 
present in oil palm plantation, and are absent, or at least 
much weaker, in primary rain forest. We also show that non-
native species may act to disassemble ant communities in oil 
palm plantations, reducing the degree of species segregation, 
and that competition for nest sites potentially drives the 
assembly of these ant mosaics. Quantifying the impacts of 
habitat change on community interactions is central to our 
understanding of the long-term consequences of forest loss 
on biodiversity and for maintaining ecosystem function 
within plantations. Th is paper takes a step towards under-
standing the eff ect of habitat change on interaction networks, 
rather than assessing changes in species composition alone. 
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same number of samples (Fayle et   al. 2010), so any con-
founding eff ect of statistical power would be expected to 
give rise to the opposite pattern to that observed. One strik-
ing diff erence between the two habitats, and a potential fac-
tor explaining these patterns, is the structure of the canopy. 
In rain forest there are many more tree species (one 
species in oil palm vs 587 species in rain forest across 8 ha; 
Foster et   al. 2011), and a single square metre of canopy 
could potentially consist of multiple species of trees across 
diff erent canopy layers (even though the higher canopy 
layers may not have been completely sampled using our 
ground-based method). Th is might be expected to result 
in a more deterministic structuring in forest, since envi-
ronmental fi ltering has a potentially greater role (Ellwood 
et   al. 2009). However, the increased vertical heterogeneity 
could also potentially allow ant species to co-exist that 
would otherwise compete strongly. Alternatively, the high 
level of connectivity in the rain forest canopy might make 
it diffi  cult to maintain a coherent territory, in contrast to 
the more simple structure of the plantation canopy. Indirect 
evidence for this postulation is the fact that the strength of 
segregation was, to some degree, scale dependent in planta-
tions: a larger eff ect size was recorded at the whole-tree 
scale than at the 1 m 2  scale (controlling for diff erences in 
statistical power). A single canopy presumably makes for a 
more easily defendable territory than a 1 m 2  patch, which is 
well connected to other areas. Th ere may even be diff erences 
in the way that ant communities are structured at diff erent 
heights, something that it is not possible to detect using 
methods that combine communities from the upper and 
lower canopy. Recent work has found that ant communities 
at lower levels are structured randomly, while those from 
the very top of the canopy are more deterministic (Ribeiro 
et   al. in press). A potential explanation for this is the 
high levels of insolation received by the upper canopy, 
which make it a similar environment to that found in 
plantations. Th erefore our results do not necessarily rule out 
the possibility that competitive segregation exists in primary 
forests; rather they show that the mosaic pattern is much 
more pronounced in plantations. Our new metric, the 
C var -score, may be useful for investigating such systems 
with more extensive datasets. Another promising option for 
detecting any weaker mosaic pattern in primary forests is 
to conduct sampling using continuous transects or plots, 
in which overlaps between territories can be explicitly iden-
tifi ed (Davidson et   al. 2007, Klime š  et   al. 2012). 

 Our results also hint that competition for nest sites could 
be a driver of these mosaic patterns. To date it has been 
assumed that the major factor structuring ant mosaics is 
competition between dominant species for honeydew and 
extra-fl oral nectar (Bl ü thgen et   al. 2003, Davidson et   al. 
2003, Bl ü thgen and Stork 2007). We found that in planta-
tions deterministic, segregatory, community structuring 
was strong in an important canopy nest site (epiphytic 
ferns), weaker in the rest of the canopy and non-existent 
in ground-dwelling leaf litter communities. In hot, dry 
plantation canopies bird ’ s nest ferns provide a cool, damp 
microclimate (Turner and Foster 2006), making them a 
valuable resource, and hence foci of competition. Nest sites 
could be less important in primary forests, since there are 
abundant accumulations of leaf litter elsewhere (Snaddon 
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