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Introduction

Abstract

Beta diversity — the variation in species composition among spatially discrete
communities — and sampling grain — the size of samples being compared — may
alter our perspectives of diversity within and between landscapes before and
after agricultural conversion. Such assumptions are usually based on point com-
parisons, which do not accurately capture actual differences in total diversity.
Beta diversity is often not rigorously examined. We investigated the beta diver-
sity of ground-foraging ant communities in fragmented oil palm and forest
landscapes in Sabah, Malaysia, using diversity metrics transformed from Hill
number equivalents to remove dependences on alpha diversity. We compared
the beta diversities of oil palm and forest, across three hierarchically nested
sampling grains. We found that oil palm and forest communities had a greater
percentage of total shared species when larger samples were compared. Across
all grains and disregarding relative abundances, there was higher beta diversity
of all species among forest communities. However, there were higher beta
diversities of common and very abundant (dominant) species in oil palm as
compared to forests. Differences in beta diversities between oil palm and forest
were greatest at the largest sampling grain. Larger sampling grains in oil palm
may generate bigger species pools, increasing the probability of shared species
with forest samples. Greater beta diversity of all species in forest may be attrib-
uted to rare species. Oil palm communities may be more heterogeneous in
common and dominant species because of variable community assembly events.
Rare and also common species are better captured at larger grains, boosting dif-
ferences in beta diversity between larger samples of forest and oil palm commu-
nities. Although agricultural landscapes support a lower total diversity than
natural forests, diversity especially of abundant species is still important for
maintaining ecosystem stability. Diversity in agricultural landscapes may be
greater than expected when beta diversity is accounted for at large spatial
scales.

studies limited to point comparisons between conversion
and preconversion habitats. Beta diversity — the variation

The conversion of tropical forest landscapes to agriculture
is a major factor driving the global biodiversity crisis
(Sodhi et al. 2010). Biodiversity worldwide is increasingly
being fractionated into landscape matrices characterized by
mosaics of pristine forest and agricultural lands. In such
fragmented ecosystems, multiple factors may alter assem-
blages occupying different tracts of the mosaic. To date,
however, our understanding of the impacts of agricultural
conversion on native diversity is mostly informed by
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in species composition among spatially discrete communi-
ties (Whittaker 1972; Flohre et al. 2011) — and the spatial
scale of sampling are not usually rigorously examined.
Consequently, such studies may have distorted and over-
simplified the more nuanced effects of agricultural conver-
sion on native diversity. Beta diversity and its underlying
processes in landscapes fragmented by agriculture are
hence not well understood, especially in the tropics (Karp
et al. 2012; Barton et al. 2013).
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Effects of Forest Conversion to Oil Palm

A comprehensive understanding of beta diversity is
critical toward the conservation and sustenance of species
diversity in fragmented landscapes. Beta diversity patterns
may vary at different scales, driven by ecological or physi-
cal phenomena operating at either local or larger regional
levels (Flohre et al. 2011; Steinbauer et al. 2012). In par-
ticular, beta diversity can depend on sampling grain: the
smallest unit of comparison in a study which defines the
lower limit of data resolution (Wiens 1989). At small
grains, beta diversity may be shaped by biological interac-
tions between species occurring at local scales (Laliberté
et al. 2009). In contrast, beta diversity at large grains may
be strongly predicted by landscape components such as
landscape diversity (Fahrig et al. 2011) and matrix com-
position (Bennett et al. 2006). Species associations with
vegetation and climatic factors are also more prevalent at
broad spatial scales (Laliberté et al. 2009).

Landscapes converted to agriculture are often assumed
to be structurally more homogeneous than natural pre-
conversion landscapes, consequently supporting a less
diverse fauna (Tscharntke et al. 2005). Empirical informa-
tion from existing studies, however, tends to be divergent
on the effects of modification and fragmentation on beta
diversity at different scales. Karp et al. (2012) showed that
beta diversity of tropical bird communities in Costa Rica
decreased in landscapes homogenized by high-intensity
agriculture at large spatial scales. In contrast, Hill and
Hamer (2004) found that the beta diversity of tropical
birds in habitats disturbed by logging or shifting agricul-
ture was more likely to be higher at larger spatial scales.
Further, Arroyo-Rodriguez et al. (2013) showed that the
beta diversity of tropical plant communities was lower in
severely deforested landscapes, relative to landscapes with
less deforestation, but only at the smallest spatial scale.
Moreover, undisturbed habitats do not necessarily sup-
port greater diversity. For example, Novotny et al. (2007)
found low beta diversity of herbivorous insects in contig-
uous rainforests of Papua New Guinea, suggesting a more
homogeneous natural forest fauna than is usually
expected. It is evident from these studies that diversity in
fragmented landscapes is contingent on beta diversity and
the scale at which communities are assessed.

The main aim of our study was to establish whether a rig-
orous consideration of beta diversity, and its relationship to
sampling grain would affect our understanding of the
impacts of converting natural habitats to agriculture on bio-
diversity in the tropics. We chose to study ants in oil palm
(Elaeis guineensis), because this crop dominates agricultural
ecosystems in Indonesia and Malaysia and is also wide-
spread in many other tropical regions; it is a major driver of
forest loss wherever it is grown (Fitzherbert et al. 2008).
Conversion of forest to oil palm drastically reduces species
diversity across most taxonomic groups (Foster et al. 2011).
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Our study focuses on ants, one of the most prominent
taxa in terrestrial landscapes worldwide, undertaking
functionally important roles in many ecosystems (Holldo-
bler and Wilson 1990). They are ubiquitous in oil palm,
but the oil palm ant fauna is currently considered impov-
erished in comparison with that of native forests, based
on point counts at local scales (Briihl and Eltz 2010; Fayle
et al. 2010). Ants usually form stationary and perennial
nests, and have fairly restricted foraging ranges (Alonso
2000), ensuring that those occurring in a sample are not
merely transient tourists, but species actually inhabiting a
particular site. Despite their ubiquity, there is limited
understanding of the beta diversity of ants in tropical
ecosystems (Pfeiffer and Mezger 2012; Rizali et al. 2013),
particularly for landscapes fragmented by agriculture such
as oil palm.

The beta diversity of ants in any landscape may be
expected to fall with habitat homogenization, which is
often assumed to occur as an inevitable consequence of
forest conversion to agriculture. More homogenized habi-
tats entail a lower diversity of resources available, poten-
tially leading to species declines especially for specialists
that thrive only on particular resources (Fayle et al.
2010). A small number of wide-ranging generalist species
may dominate communities in such agricultural land-
scapes. Alternatively, ant communities in converted land-
scapes may exhibit greater compositional variation,
considering that these communities are usually at differ-
ent stages of succession in species assembly, and are hence
subject to varied influences such as the colonization
sequence of species from the surrounding matrix (Fukami
2010). Furthermore, there might be more structural heter-
ogeneity in agricultural landscapes than assumed, such as
for perennial crops with mixed age stands (Foster et al.
2011), possibly supporting a wider range of species with
different habitat requirements.

As oil palm is a monoculture, both the oil palm land-
scape and its associated animal and plant communities
might be assumed to be relatively homogeneous, as com-
pared to a forest landscape (Tscharntke et al. 2005). If
this were the case, point comparisons at local scales,
which would not account for the higher beta diversity in
forest compared with oil palm, might seriously underesti-
mate the effects of forest conversion on biodiversity. We
therefore compared the beta diversity of ground-foraging
ants within and between oil palm and forest landscapes in
Sabah (Malaysia), adopting a multiscale approach with
three hierarchically nested sampling grains. Our main
objective was to test whether oil palm ant communities
were more homogenized than forest communities, as
expected of converted landscapes, and whether results
were comparable at different scales of sampling. We sam-
pled the ground-foraging ant fauna using unbaited pitfall
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traps, which may not give a complete and accurate census
of all species in each community, but still provides a good
representation of ground surface-active ants in an area
(Bestelmeyer et al. 2000).

Methods used by past studies to compare compositional
differences between spatially discrete communities are usu-
ally dependent on alpha diversity or the observed number
of species per locality (Chao et al. 2012). Beta diversity
might be inflated by a lower alpha diversity of each com-
munity sampled in a particular region (Karp et al. 2012).
We removed this dependency using transformed multiple-
community generalizations of pairwise similarity measures
(Chao et al. 2012), allowing for fairer comparisons of beta
diversity between tropical oil palm, which is expected to
have lower total diversity, and forest landscapes. We are
concerned with general beta diversity, regardless of identi-
ties and perceived conservation values of individual species,

Effects of Forest Conversion to Oil Palm

in this study. Species labeled as “exotics” or “tramps” of
recognized low conservation value may, nevertheless, play
important roles in maintaining well-functioning ecosys-
tems (Prévot-Julliard et al. 2011). Beta diversity of all spe-
cies is therefore linked to ecosystem sustainability, also a
major component of conservation.

Materials and methods

Study sites

We sampled a total of 26 oil palm plots and 21 forest sites
across Sabah, Malaysia (Fig. 1). Sabah has a land area of
73,631 km?, taking up approximately 10 percent of
Borneo, East Malaysia (Reynolds et al. 2011). Its overall
landscape comprises a fragmented mosaic of multiple land
use and forest types, whereby oil palm plantations occupy
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Figure 1. Locations of 26 oil palm and 21 forest sites sampled in Sabah, Malaysia. Oil palm estate names: BB — Bukit Batu (Sabah Softwoods
Bhd), CBL — Cepatwawasan Beluran, CP — Cepatwawasan, DP — Danum Palm, MW — Mawang (Sabah Softwoods Bhd), SG — Segaliud (Sime
Darby), SP — Sapong (Sime Darby), TK — Tingkayu (Sime Darby). Forest names: DN — Danum Valley Conservation Area, BRL — Borneo Rainforest
Lodge Forest Reserve, GM — Gomantong, KS — Kabili-Sepilok, MAL — Ulu Segama-Malua, SAFE — Stability of Altered Forest Ecosystems Project
Virgin Jungle Reserve, TH — Tawau Hills Park. Starting letters indicate the oil palm estate (_W) or forest (_WF) where the plot is located. Letters
followed by the number “2" indicate plots sampled in 2012; 2011 otherwise.
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more than 14,000 km” or about 19 percent of total land
area (Reynolds et al. 2011). Oil palm within the age range
of 8-13 years was chosen for sampling as this corresponded
roughly to the period of steadily rising yield in the palm oil
production cycle (Ismail and Mamat 2002). Forest sites
sampled consisted of primary and secondary lowland dip-
terocarp forests corresponding to different classes of the
Sabah Forestry Department’s classification system (Rey-
nolds et al. 2011) (Fig. 1). Oil palm plots were positioned
at least 1 km away from forested areas or fragments to
avoid spillover effects on ant species; forest plots were also
located at least 500 m from roads or man-made boundaries
to avoid potential edge effects in sampling. Sampling was
conducted in April-September 2011 and 2012.

Derivation of sampling grains

Variation among ant assemblages was analyzed at three
hierarchical nested grains, obtained by pooling pairs of
either oil palm or forest samples of the smaller grain to the
next larger grain, while total sampled area remained fixed.
A 100 x 100 m? plot was taken as the first and also small-
est sampling grain (Grain 1: Noj paim = 26, Niorest = 21).
Samples from paired plots in relatively close proximity (oil
palm: 1.12-4.08 km; forest: 1.17-2.27 km) were aggregated
to form the second level of the hierarchy (Grain 2: Ny
paim = 13, Niorest = 10). One forest plot was omitted from
the pairings, as we could not access and sample another
plot within close vicinity (~5 km) to form a separate pair.
The third, and largest, grain was obtained by further pool-
ing pairs of samples of the second grain (Grain 3: N
palm = 65 Ngrest = 5). A pair of oil palm plots were omitted
from this round of sample pooling, because there were
inadequate plots to form nonoverlapping grains compris-
ing four plots each. Samples pooled together at the largest
grain were from plot-pairs distributed within 645 km of
each other.

Field methods

We installed 30 unbaited pitfall traps in each 100 m? plot,
positioned around five random focal trees spaced at least
20 m apart. Four traps were installed in a North-South—
East-West configuration five meters from each focal tree,
and two more traps were installed approximately one
meter from the tree base. Each trap comprised of a 50-
mL centrifuge tube (Falcontm) filled with 15 mL 95%
denatured ethanol and a few drops of unscented deter-
gent. Traps were collected after 48 h and sorted for ants
thereafter. Unbaited pitfall traps capture a good represen-
tation of most ants that forage on the ground (Bestelmey-
er et al. 2000) and their relative abundances (Gotelli et al.
2011; Stuble et al. 2013). Using unbaited pitfall traps is
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therefore sufficient for the main purposes of this study,
ensuring standardized sampling effort in both oil palm
and forest, allowing for fair comparisons of samples
between the two habitat types.

Ant identification and biomass estimation

Ants collected from pitfall traps were counted and identi-
fied to morphospecies, using references and available tax-
onomic keys (e.g., Hashimoto 2003). Ant biomass was
used as a surrogate for abundance in terms of individual
counts for subsequent calculation of diversity metrics, in
order to account for broad variation in size both within
and among species. Furthermore, the proportional bio-
mass representation of a species within a community usu-
ally reflects its potential influence on ecosystem processes,
regardless of individual size. We therefore chose to use
biomass instead of individual counts in view of its possi-
ble implications on ecosystem function. Mean biomass
for individuals of each morphospecies collected from pit-
fall traps was calculated from weights of at least three
oven-dried specimens per species and then used to con-
vert abundance counts to biomass for all samples. Mean
biomasses of major and minor castes were calculated sep-
arately. Regression curves of mean dry weight against var-
ious body dimensions measured from sampled ants were
used to predict mean individual biomass for species rep-
resented by less than three intact specimens. Following
Kaspari and Weiser (1999), we measured different body
dimensions for different subfamilies: headlength for Do-
lichoderines, Formicines and Pseudomyrmicines, tibia
length for Ponerines, and pronotum width for Myrmi-
cines.

Assessing sampling completeness and
species ranked abundances

Sample-based species rarefaction
curves were generated for oil palm and forest samples,
respectively, to assess sampling completeness. (Appendix
S1). Coverage refers to the proportion of the total abun-
dance of individuals in an assemblage that belongs to spe-
cies represented in the sample (Chao etal. 2014).
Rarefied species richness was plotted against the number
of samples and coverage, respectively. Further, to examine
how sampling completeness varied with the number of
samples, sampling coverage was plotted as a function of
number of samples for oil palm and forest, respectively.
Sampling curves were constructed using the online free-
ware application iNEXT (iNterpolation/EXTrapolation)
(Hsieh et al. 2013).

Bar graphs illustrating the top 20 species, in biomass

(mg) per unit of occurrence (grain) for each grain level,

and coverage-based

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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were constructed to visualize possible shifts in species
ranks at different grains. These graphs were adapted from
standard rank—abundance curves, using biomass per grain
as a surrogate for individual counts.

Data analyses

Alpha diversity and average pairwise overlap
between oil palm and forest communities

Average true alpha diversities (D,) were first calculated
for each grain using Hill numbers (Hill 1973), which rep-
resent the “effective number of species within a commu-
nity” (Jost 2007). Different values of q in each measure
give differential weights to the relative abundances of spe-
cies (Jost et al. 2011). The measure °D, corresponds to
species richness, 'D, approximates the number of com-
mon species, and °D, represents the number of very
abundant or dominant species in a community (Chao
et al. 2014). We are interested in investigating the diversi-
ties of common and dominant species, because by virtue
of their relative abundances, these species potentially play
important functional roles in the ecosystems they inhabit,
regardless of species identities.
1D, can be calculated as follows:

1 S 1 S 1 S
an_ — (— 9 4, = q - q
D, = (NE i:lpi1+NE i:lpi2+"'+NE i:lp,»N>
(1)

S denotes the total number of species found across all N
assemblages being compared, and p; represents the relative
abundance, surrogated with proportional biomass in this
case, of the i-th species.

To evaluate average similarity between an oil palm and
a forest community, all possible pairwise combinations of
between-group (oil palm against forest) comparisons were
generated at each grain. Pairwise overlap was assessed
using three similarity indices: Serensen’s index measuring
similarities in species identities, the Horn index for simi-
larities in common species, and the Morisita—Horn index
for similarities in dominant species. Standard error (SE)
for each similarity value was obtained through bootstrap-
ping at 500 iterations. Mean pairwise similarity was then
calculated from the set of comparisons at each grain and
value of q. Differences between similarity values at differ-
ent grains were assessed using standardized Z tests.

Comparisons of beta diversity within and
between oil palm and forest landscapes

The family of overlap measures (C,y) includes multiple-
assemblage generalizations of classic pairwise similarity
indices (Jost et al. 2011). These similarity measures are

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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derived from traditional beta metrics which have been
transformed to remove dependences on alpha diversity
and the number of communities, allowing for fair com-
parisons of relative similarity among communities across
multiple regions (Chao et al. 2012). C,y can be inter-
preted as the percentage species overlap in a set of N
equivalent communities, where g determines sensitivity of
the measure to species’ relative frequencies (Chao et al.
2014):

Cyn
(qu,N)Ziszl [(pil +pio+-.+pin) = (P} +P?2+-~-+P?N)}
S
N el (P?1 +P?2+--~P?N)

(2)

when g =0, the multi-assemblage Serensen’s index is
obtained:

aw = (N=5) /- ()

S denotes the total number of species across N equally
weighted communities, whereas S represents the mean
number of species per assemblage.

Cin gives the generalized Horn (1966) index of overlap
as ¢ tends to 1:

Civ = @Z; Z]]'\]:l [%1"%(1 +Zk¢jp""/Pij)}
(4)

C,y gives the generalized multi-assemblage Morisita—
Horn index, when g = 2:
221‘5:1 > i<k PiPi
CZN = S N (5)
(N=1)>7_, Zj:lpizj
Cgnv values between the three sampling grains, and
between oil palm and forest at each grain, were compared
using standardized Z tests. Standard error values for each
parameter output were derived from bootstrapping at
1000 random iterations of each original dataset.
Significances of all test statistics from comparisons
between grains were corrected for multiple testing of
grain levels using a simple sequential Bonferroni-type
false discovery rate (FDR) procedure (Benjamini and

Hochberg 1995). Singletons were included in the main
round of data analyses, but later omitted for a repeated
set of analyses to determine whether very rare species
affected assessments of beta diversity.

For ease of explanation, results of comparisons with
C,n are reported as changes to beta diversity (fgrain1/2/3)
for either oil palm or forest communities, at different
orders of g. If can be obtained simply by subtracting C,y
from 1, that is, 98 = 1-Cyn.
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All measures of diversity and matrices were generated,
and statistical tests performed in R ver. 2.14.1 (R Devel-
opment Core Team 2011), with packages vegetarian
(Charney and Record 2010) and Vegan (Oksanen et al.
2011).

Results

General species overview

We collected a total of 223 morphospecies of ground-for-
aging ants from 10 subfamilies and 58 genera (Table S1).
From oil palm obtained 14,525 individuals (5992.4 mg)
from 105 species, while 11,501 individuals (8401.4 mg)
from 181 species were identified from forest samples.
Sixty-three species were shared between oil palm and for-
est, which means 40 percent of oil palm species were
exclusive to oil palm, and approximately 65.2 percent of
forest species were only found in forest. Rarefied coverage
accumulation curves indicated that coverage for <26 sam-
ples was slightly higher in oil palm than forest, that is for
the same level of coverage, more forest samples are
required (Appendix S1). While our samples were proba-
bly incomplete representations of the total ground-forag-
ing ant fauna per habitat, confidence intervals for
coverage curves of both oil palm and forest overlap
(Appendix S1), suggesting that comparisons of diversity
between these two landscapes will not be confounded by
biased sampling completeness.

Mean effective species richness (°D,) and mean effec-
tive numbers of common species (*D,) and dominant
species (*D,) were significantly higher (P < 0.05) in forest
than in oil palm at all three grains (Table 1). Four species
were consistently ranked among the top 10 in terms of
mean biomass per sampling unit (grain) across all three
grains in both oil palm and forest, namely Leptogenys
mutabilis, Lophomyrmex bedoti, Odontoponera transversa,
and Pheidologeton affinis (Appendix S2). Various species
changed in ranking by biomass with changes in sampling
grain size (Appendix S2).

W. Y. Wang & W. A. Foster

Average pairwise similarities between oil
palm and forest

Sampling grain had a marked effect on the apparent per-
centage overlap of species between a forest and an oil
palm community. Average pairwise similarities in effective
species identities (Serensen’s index), common species
(Horn index), and dominant species (Morisita—Horn
index) between an oil palm and a forest community were
highest at the third grain, relative to the first grain
(Fig. 2). Average similarity in species identities signifi-
cantly increased (P < 0.05) progressively from the first
grain to the second and from the second grain to the
third. Average similarities between an oil palm and a for-
est community were significantly higher at the third grain
as compared to the first for both common and dominant
species (Fig. 2). However, average similarities at the sec-
ond grain were not significantly different from the first
grain for common and dominant species; similarities at
the second grain were also not significantly different from
similarities at the third grain, respectively (Fig. 2).

Patterns of beta diversity within oil palm
and forest across different grains

“Beta diversity” in this section refers to the metric 6,
which is derived from 1-Cgy (see Materials and meth-
ods). C,y may be interpreted as the percentage species
overlap in a set of N equivalent communities, of domi-
nant species (q = 2), common species (g = 1), or species
identities disregarding relative abundances (q = 0).

In oil palm, beta diversity at the largest grain, that is,
grain 3, was highest when considering dominant species
(Zﬁgmm = 0.77, SE = 0.005), relative to common species
(lﬁgrain3:0.49, SE = 0.006), and species identities
regardless of relative abundance (Oﬁgrain3 = 0.27,
SE = 0.023). The same pattern was observed across all
grains, when beta diversity in oil palm was always highest
for dominant species (q = 2) (Fig. 3). Beta diversity of
dominant species () was significantly (P < 0.03) lower

Table 1. Summary of mean alpha diversity in oil palm and forest communities at different grains.

N °D, [sp richness] D, [common spp] 2D, [dominant spp]
Grain Oil palm Forest Oil palm Forest Qil palm Forest QOil palm Forest
1 26 21 18.5 (0.28) 31.8(0.42) 2.8 (0.06) 4.5 (0.08) 1.8 (0.03) 2.5 (0.04)
2 13 10 28.6 (0.48) 49.9 (0.76) 3.4 (0.06) 5.5(0.12) 2.1 (0.03) 2.7 (0.05)
3 6 5 43.8 (0.90) 77.2 (1.33) 3.8 (0.08) 7.1(0.16) 2.3(0.03) 3.4 (0.07)

N — number of samples/communities used to calculate the mean. °D, — Mean effective species richness; 'D, — Mean effective number of common
species; 2D, — Mean effective number of dominant species. Standard error (S.E) values are displayed in parentheses. All values of 9D, from forest

displayed are significantly (P < 0.05) higher than those from oil palm.

3164

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



W. Y. Wang & W. A. Foster Effects of Forest Conversion to Oil Palm

(A) Proportion of shared species (B) Proportion of shared Common (C) Proportion of shared Dominant

species species
* *% *k
I 1 I 1 [ 1
0.26 - N 0.4 - 0.4 -
| —— [—
*
0.24 [ — {( — —
0.35 0.35
0.22 4
3 [ ]
x T
3 >I< < 031 £ 03
£ 024 5 g
a £ b=
o a g
5 £ °
2 0.18 T 0.25 o 0.25
g 2 2
2 0.16 5 S
. b [*]

g X T 02 } % 02-
» S

0.14 - =

0.15 0.15 A *
0.12 4
0.1 - - \ 0.1 - - \ 0.1 - - .
1 2 3 1 2 3 1 2 3
Grain Grain Grain

p<0.033-**p<0.05-*

Figure 2. Average pairwise species comparisons between oil palm and forest ground-foraging ant assemblages across three grains (1-3).
Sgrensen overlap index — proportion of shared species (all, including rare species); Horn overlap index — proportion of shared common species;
Morisita-Horn index — proportion of shared very abundant/dominant species. Error bars depict standard errors of each mean similarity computed
from all possible oil palm — forest pairs per grain. Statistically significant Z test comparisons between grains are marked with **(P < 0.033),

or *(P < 0.05). Significance levels have been FDR-corrected using a sequential Bonferroni procedure.

at the second grain (2ﬁgmin2 = 0.75, SE = 0.005) as com-
pared to the first (Zﬁgminl =0.77, SE = 0.004;
*Barain1 — ~Barainz =0.015, z = —2.29, P < 0.03) and third
grains, respectively, but Z,Bgrainl and Zﬁgram were not sig-
nificantly different (2ﬁgrain3 = 0.77, SE = 0.005;
*Barain1 — ~Barains = —0.002, z = 0.37, P = 0.722).

When considering common species in oil palm (g = 1),
beta diversity was overall highest at the largest grain.
! Borain1  Was significantly lowest relative to ! Barainz
(' Bgrain1— ' Bgrain2 = —0.025, z =338, P <0.01) and
lﬂgrain’j (lﬁgrainlflﬁgrain3 = —0.085, z=10.96, P < 001))
respectively. lﬁgmm was also higher than ! Porain2
(" Barains— ' Baraina = 0.06, z = 7.23, P < 0.01). When rela-
tive species abundances were not considered (g = 0), no
significant differences were found between Oﬁgminl and
OﬁgrainZ, O.Bgrainz and 0ﬁgrain3. O.Bgrain3 was, however, Signiﬁ_
cantly higher than Oﬁgrainl (Oﬁgrain3—0ﬁgmm1 = 0.078,
z = 2.83, P < 0.01). The patterns of change in beta diver-
sity with grain in oil palm remained consistent when data-
sets were re-analyzed with singletons omitted.

As with oil palm, beta diversity among forest commu-
nities was also highest across all grains in terms of domi-
nant species (q =2), but lowest when species relative

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

abundances were disregarded (¢ =0), that is,
’B > "B > B (Fig. 3). In contrast to oil palm communi-
ties, however, 2§ progressively declined with increasing
grain. ’p was lowest at the third grain (zﬁgrain3 = 0.30,
SE = 0.011), and significantly (P < 0.05) lower than at
the first (*Barain1 = 0.57, SE = 0.006;
*Baraini— Bgrains = 0.268, z = —21.83, P < 0.01) and sec-
ond (*Bgrainz = 0.55, SE = 0.007; *Byrainz—Parains = 0.249,
z=—19.24, P <0.01) grains, respectively. Zﬁgminz was
lower but not significantly different from zﬂgrainl
(*Barain1— Barainz = 0.018, z = —1.97, P = 0.05).

Beta diversity of common forest species (') changed
more irregularly with increasing grain, but in general, 'S
was highest at the second grain (lﬁgminz = 0.34,
SE = 0.005). ! PBarains was lower than ! Parainz, but this differ-
ence was not significant (lﬁgrairﬁ = 0.33, SE = 0.006;
'Baraina— Berains = 0.013, 2 = —1.71, P = 0.09). ' Bgrain1 Was
also not significantly lower thanlﬁgmhﬁ (1[3grain1 =0.32,
SE = 0.004; 'Baraini— Barains = 2z = —0.001, P = 0.84).
! Parainz Was, nevertheless, significantly greater than ! Paraint
(" Barain1— ' Barainy = —0.014, z = 2.28, P < 0.03). When rel-
ative species abundances were disregarded (q = 0), beta
diversity (°B) generally increased with increasing grain — °f
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was highest at the third and largest grain (Oﬁgmm =0.32,
SE = 0.018). Oﬁ significantly (P < 0.017) increased
from Oﬁgrainl (Oﬂgrainl =023, SE= 0012) to OﬁgrainS
(°Barain1— Barains = —0.085, z = 3.99, P < 0.01), and also
from  “Buraini 10 “Barains  (“Parainz = 0.28, SE = 0.014;
*Barain1—Barainz = —0.046, z = 2.51, P < 0.05). When sin-
gletons were omitted from the dataset, the difference
between Oﬁgmml and Oﬁgrainz became nonsignificant
(P > 0.05).

Comparing beta diversities between oil
palm and forest at different grains

Beta diversity when relative species abundances were disre-
garded (°f) was significantly (P < 0.05) higher in forest
as compared to oil palm at the first (Oﬁoﬂpalml—oﬁﬁ)rem
= —0.05, z = 2.54, P = 0.01) and second (*Boipaim>—"Brorestz
= —0.06, z = 2.63, P = 0.01) grains, respectively. At the larg-
est grain, the difference between Oﬁoﬂpalm3 and *Brorests Was
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not  significant (Oﬁoﬂpalm3—0ﬁfomt3 = —0.05, z=1.84,
P = 0.07). Beta diversity of common species was significantly
(P < 0.05) greater in oil palm than in forest across all three
grains (lﬁoilpalmlflﬁforestl = 0.07; lﬁoilpalm2flﬁforest2 = 0.09;
1B0i1palm3_lﬁforest3 =0.16) (Fig. 3). Beta diversity of
dominant species was also significantly (P < 0.05) higher in
oil palm than forest for all grains (Zﬁoﬂpa_lml_zﬁforestl =
0205 *Boipaimz—Broresz = 0-215 *Poiipaims— Prorests = 0.47)
(Fig. 3). When data were re-analyzed without singletons,
most trends remained the same, except °f was no longer sig-
nificantly higher in forest than oil palm at the first two sam-
pling grains.

Discussion

We found, using our multigrain hierarchical sampling
scheme, that ground-foraging ant communities in oil
palm are more heterogeneous than usually assumed of

monocultures, especially in comparison with forest
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communities. This heterogeneity becomes more evident
with respect to relatively abundant species and at larger
sample sizes. As expected, forest communities had more
ant species at every grain, that is, higher alpha diversity.
But there were two unexpected and important results.
First, the average percentage similarity between oil palm
and forest ant communities generally increased with
increasing sampling grain (Fig. 2); this is unexpected if
we view oil palm as a homogeneous monoculture,
supporting a similar set of species at every grain. Second,
the beta diversities of common and very abundant
(dominant) species were always higher among oil palm
communities, relative to forest communities, regardless of
grain (Fig. 3). These results suggest that studies
which overlook beta diversity and sampling grain effects
may distort the true impacts of conversion of natural
habitats to agriculture on biodiversity in modified
landscapes.

Average similarity between oil palm and
forest communities

The increase in similarity between oil palm and forest
communities with sampling grain raises the question of
how a “forest species” should be operationally defined.
This increase in similarity may be attributed to the higher
probability of obtaining shared species when larger sam-
pling grains in oil palm generate bigger species pools.
This implies that oil palm communities are heteroge-
neous, but this heterogeneity is only captured in large
samples. The accumulation of diversity with increasing
sample size is unexpected for oil palm, as intensive agri-
culture is usually thought to homogenize communities
over large spatial scales (Karp et al. 2012). In addition,
the shifts in relative species abundances with grain may
also contribute to increased average similarities of com-
mon and dominant species (Fig. 2). These results suggest
that species may be erroneously assumed to be restricted
to forest simply because they do not, or rarely, occur in
small samples from oil palm. The species Tetramorium
smithi (Mayr, 1879), for example, found in both oil palm
and forest (Table S1), entered the top abundance ranks
only at larger grains (Appendix S2). Furthermore, our
results are not confounded by potential spillover effects,
as samples were collected well away from plantation-forest
boundaries. In addition, we can be confident that rare
species occurrence indicates the existence of actual ant
colonies inhabiting the area being sampled, as ants are
relatively sessile organisms with restricted home ranges
(Alonso 2000). While total diversity in agricultural land-
scapes is undoubtedly lower relative to native forest land-
scapes, there may potentially be more species of
conservation importance in agriculture than assumed, but

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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these may only be captured if samples are sufficiently
large.

Beta diversity of ground-foraging ant
communities in oil palm and forest

Beta diversity of species identities

Beta diversity of species identities was generally higher in
forest than in oil palm, but comparisons were sensitive to
both grain size and the inclusion of singletons. This indi-
cates that beta diversity of species identities in oil palm
may be comparable to those in forest, but only at suffi-
ciently large sampling grains. Upon excluding singletons,
beta diversities in oil palm and forest were not signifi-
cantly different at every grain, suggesting that forest com-
munities are more heterogeneous than those in oil palm
at smaller grains mainly due to the occurrence of rare
species, when relative species abundances are disregarded.
Rare species, however, do not significantly enhance forest
beta diversity relative to oil palm beta diversity at the
largest grain. Consequently, these results entail the fact
that heterogeneity among ant communities in oil palm
tends to increase at larger scales, alongside the probability
of obtaining rare species. Assessing small samples may
therefore underestimate the actual faunal diversity in oil
palm and misrepresent the true conservation value of the
entire tropical agricultural landscape.

Beta diversity of common and dominant species

Unexpectedly, the beta diversities of common and domi-
nant ant communities were strikingly higher in oil palm
than in forest at all sampling grains: the differences were
particularly marked for dominant species, and at the largest
grain (Fig. 3). For forest ant communities, this could be
explained by greater habitat stability over time, promoting
the persistence of historically established species ranges and
favouring homogenization among discrete communities
(Juen and De Marco 2011). The possibility of historic
events of range expansion imprinting on and homogenizing
forest communities is compounded by the tendency of ant
colonies to persist once established in a particular location,
provided local environmental conditions do not undergo
sudden drastic changes that displace entire assemblages,
that is, agricultural conversion (Andersen et al. 2012). Low
beta diversity of common and dominant species at the larg-
est grain may be attributed to the inclusion of widely dis-
persed species which qualify as relatively more abundant
only in larger grains. This is shown by the rise in abundance
rank of certain forest species with increasing grain, such as
Lophomyrmex bedoti (Emery, 1893) and Leptogenys diminu-
ta (Smith, F., 1857) (Appendix S2).
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In contrast to old growth forest, the younger oil palm
environment is much more dynamic and less stable. Local
microclimate conditions change as oil palm crops grow
(Luskin and Potts 2011), giving rise to the potential for
supporting temporally disparate communities (Foster
et al. 2011). The variation in stand age of blocks within
the oil palm matrix may thus enable the existence of
more heterogeneous ant communities than expected of a
typical monoculture. Furthermore, variable immigration
and historic events of community assembly within sepa-
rate oil palm blocks following conversion may also boost
heterogeneity among communities of common and domi-
nant species in oil palm at the largest grain (Chase 2003;
Fukami 2010). The relatively lower beta diversity of dom-
inant species for oil palm at the second grain (Fig. 3)
implies that spatially discrete plantations may support
similar dominant species, as each sampling unit usually
comprises pooled samples from the same plantation.
Dominant species may share identical traits that allow
them to exploit the relatively homogeneous conditions of
each oil palm site soon after conversion, quickly achieving
numerical dominance and modifying resources in situ
that limit the immigration of other species in later stages
of community assembly (Fukami 2010). Surrounding spe-
cies source pools providing immigrants to these oil palm
sites may be very different in composition at the largest
grain, increasing the variability of species arriving first
and establishing dominance. As a result, beta diversities
of common and dominant oil palm species become high-
est at the largest grain.

Conclusion

Overall, our results show that the ground-foraging ant
communities in tropical oil palm are not as homoge-
neous, in comparison with forest communities, as is often
expected for fauna in large-scale monocultures. As shown
in previous studies, homogenization or differentiation of
communities in fragmented and heavily modified land-
scapes is ultimately contingent on spatial configuration of
the landscape, and the varying successional pathways
undergone by each discrete community (Arroyo-
Rodriguez et al. 2013). Furthermore, beta diversity in oil
palm seems to increase with rising sampling grain, sug-
gesting that heterogeneity among oil palm communities
becomes more evident at larger sample sizes. Therefore,
studies which overlook beta diversity and are based solely
on small samples probably misinterpret the impacts of
agricultural conversion on biodiversity. While we do not
dispute the fact that the preservation of pristine tropical
forest should remain a conservation priority, our results
also show that there is also substantial diversity present in
large-scale agriculture which should not be ignored.
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We acknowledge that many oil palm species may be
recognized as wide-ranging tramp or exotic species of lit-
tle conservation interest, such as Monomorium floricola
and Anoplolepis gracilipes. Such species, however, may still
play important roles in maintaining ecosystem function,
especially if naturalized within their respective communi-
ties (Prévot-Julliard et al. 2011). Besides the preservation
of rare species, the maintenance of sustainable ecosystems
should also be a major conservation objective, especially
for fragmented landscapes with multiple land-use types
(Tscharntke et al. 2005).

The effective mitigation of large-scale impacts of forest
conversion on tropical biodiversity has to include the
maintenance of diversity in landscapes dominated by agri-
culture. The understanding of beta diversity, and its
underlying processes, at multiple scales is therefore neces-
sary, for the management and sustenance of biodiversity
present in modified agricultural landscapes.

Acknowledgments

We thank D. Edwards, E.C. Turner, S. Luke, and other
contributors for their critique and advice on the manu-
script. We are also grateful to the Royal Society and G.
Reynolds, the Sabah Forestry Department, Sabah Parks,
the Sabah Biodiversity Council, and all the oil palm com-
panies and estate managers, for having facilitated our
research. In addition, we deeply appreciate Professor Seiki
Yamane (Kagoshima University, Japan) for sharing his
invaluable expertise in ant species identification. Financial
support through the John-Stanley Gardiner Fund and the
Tim Whitmore Zoology Fund (Department of Zoology,
University of Cambridge) were indispensable toward the
completion of this paper.

Conflict of Interest

None declared.

References

Alonso, L. E. 2000. Ants as indicators of diversity. Pp. 8088
in D. Agosti, J. D. Majer, L. E. Alonso and T. R. Schultz,
eds. ANTS: standard methods for measuring and
monitoring biodiversity. Smithsonian Institution Press,
Washington, DC.

Andersen, A. N., X. Arnan, and K. Sparks. 2012. Limited niche
differentiation within remarkable co-occurrences of
congeneric species: Monomorium ants in the Australian
seasonal tropics. Austral Ecol 38:1-11.

Arroyo-Rodriguez, V., M. Ros, F. Escobar, F. P. L. Melo, B. A.
Santos, M. Tabarelli, et al. 2013. Plant f-diversity in
fragmented rain forests: testing floristic homogenization and
differentiation hypotheses. J. Ecol. 101:1449—-1458.

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



W. Y. Wang & W. A. Foster

Barton, P. S, S. A. Cunningham, A. D. Manning, H. Gibb, D.
B. Lindenmayer, and R. K. Didham. 2013. The spatial
scaling of beta diversity. Glob. Ecol. Biogeogr. 22:639-647.

Benjamini, Y., and Y. Hochberg. 1995. Controlling the false
discovery rate: a practical and powerful approach to multiple
testing. J. R. Stat. Soc. SeriesB Stat. Methodol. 57:289-300.

Bennett, A. F., J. Q. Radford, and A. Haslem. 2006. Properties
of land mosaics: implications for nature conservation in
agricultural environments. Biol. Conserv. 133:250-264.

Bestelmeyer, B.T., D. Agosti, L. E. Alonso, R. F. Brandao, et al.

2000. Field techniques for the study of ground-dwelling
ants: an overview, description, and evaluation. Pp. 122-144
in D. Agosti, ].D. Majer, L.E. Alonso and T.R. Schultz, eds.
ANTS: Standard methods for measuring and monitoring
biodiversity. Smithsonian Institution Press, Washington,
USA.

Briihl, C. A., and T. Eltz. 2010. Fuelling the biodiversity crisis:
species loss of ground-dwelling forest ants in oil palm

plantations in Sabah, Malaysia (Borneo). Biodivers. Conserv.

19:519-529.

Chao, A., C.-H. Chiu, and T. C. Hsieh. 2012. Proposing a
resolution to debates on diversity partitioning. Ecology
93:2037-2051.

Chao, A., N. Gotelli, T. C. Hsieh, E. Sander, K. H. Ma, R. K.
Colwell, et al. 2014. Rarefaction and extrapolation with Hill
numbers: a framework for sampling and estimation in
species diversity studies. Ecol. Monogr. 84:45-67.

Charney, N., and S. Record. 2010. Vegetarian: Jost Diversity
Measures for Community Data. R package version 1.2.
http://CRAN.R-project.org/package=vegetarian

Chase, J. M. 2003. Community assembly: when should history
matter? Oecologia 136:489—498.

Fahrig, L., J. Baudry, L. Brotons, F. G. Burel, T. O. Crist, R. J.
Fuller, et al. 2011. Functional landscape heterogeneity and
animal biodiversity in agricultural landscapes. Ecol. Lett.
14:101-112.

Fayle, T. M., E. C. Turner, J. L. Snaddon, V. K. Chey, A. Y. C.
Chung, P. Eggleton, et al. 2010. Oil palm expansion into
rain forest greatly reduces ant biodiversity in canopy,
epiphytes and leaf-litter. Basic Appl. Ecol. 11:337-345.

Fitzherbert, E. B., M. J. Struebig, A. Morel, F. Danielsen, C. A.
Bruhl, P. F. Donald, et al. 2008. How will oil palm

expansion affect biodiversity? Trends Ecol. Evol. 23:538-545.

Flohre, A., C. Fischer, T. Aavik, J. Bengtsson, F. Berendse, R.
Bommarco, et al. 2011. Agricultural intensification and
biodiversity partitioning in European landscapes comparing
plants, carabids, and birds. Ecol. Appl. 21:1772-1781.

Foster, W. A,, J. L. Snaddon, E. C. Turner, T. M. Fayle, T. D.
Cockerill, M. D. F. Ellwood, et al. 2011. Establishing the
evidence base for maintaining biodiversity and ecosystem
function in the oil palm landscapes of South East Asia.
Philos. Trans. R. Soc. B 266:3277-3291.

Fukami, T. 2010. Community assembly dynamics in space. Pp.
45-54 in H. A. Verhoef and P. J. Morin, eds. Community

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Effects of Forest Conversion to Oil Palm

ecology: processes, models, and applications. Oxford Univ.
Press, Oxford, U.K.

Gotelli, N. J., A. M. Ellison, R. R. Dunn, and N. J. Sanders.
2011. Counting ants (Hymenoptera: Formicidae):
Biodiversity sampling and statistical analysis for
myrmecologists. Myrmecol. News 15:13-19.

Hashimoto, Y. 2003. Inventory and collection. Pp. 95-160 in
Y. Hashimoto and H. Rahman, eds. Identification guide to
the ant genera of Borneo. UMS-BBEC Press, Kota Kinabalu.

Hill, M. O. 1973. Diversity and evenness : a unifying notation
and its consequences. Ecology 54:427-432.

Hill, J. K, and K. C. Hamer. 2004. Determining impacts of
habitat modification on diversity of tropical forest fauna:
the importance of spatial scale. J. Appl. Ecol. 41:744-754.

Holldobler, B., and E. O. Wilson. 1990. The Ants. Belknap,
Cambridge, MA.

Horn, H. S. 1966. Measurement of “overlap” in comparative
ecological studies. Am. Nat. 100:419-424.

Hsieh, T. C., K. H. Ma, and A. Chao. 2013. iNEXT online:
interpolation and extrapolation (Version 1.3.0) [Software].
Available from http://chao.stat.nthu.edu.tw/blog/software-
download/.

Ismail, A., and M. N. Mamat. 2002. The optimal age of oil
palm replanting. Oil Palm Industry Econ. J. 2:11-18.

Jost, L. 2007. Partitioning diversity into independent alpha and
beta components. Ecology 88:2427-2439.

Jost, L., A. Chao, and R. L. Chazdon. 2011. Compositional
similarity and f (beta) diversity. Pp. 66-84 in A. E.
Magurran and B. J. McGill, eds. Biological diversity:
frontiers in measurement and assessment. Oxford Univ.
Press, Oxford, U.K.

Juen, L., and P. De Marco. 2011. Odonate biodiversity in
terra-firme forest streamlets in Central Amazonia: on the
relative effects of neutral and niche drivers at small
geographical extents. Insect Conserv. Divers. 4:265-274.

Karp, D. S., A. J. Rominger, J. Zook, J. Ranganathan, P. R.
Ehrlich, and G. C. Daily. 2012. Intensive agriculture erodes
p-diversity at large scales. Ecol. Lett. 15:963-970.

Kaspari, M., and M. Weiser. 1999. The size-grain hypothesis
and interspecific scaling in ants. Funct. Ecol. 13:530-538.
Laliberté, E., A. Paquette, P. Legendre, and A. Bouchard. 2009.
Assessing the scale-specific importance of niches and other

spatial processes on beta diversity: a case study from a
temperate forest. Oecologia 159:377-388.

Luskin, M. S., and M. D. Potts. 2011. Microclimate and
habitat heterogeneity through the oil palm life cycle. Basic
Appl. Ecol. 12:540-551.

Novotny, V., S. E. Miller, J. Hulcr, R. Drew, Y. Basset, M.
Janda, et al. 2007. Low beta diversity of herbivorous insects
in tropical forests. Nature 448:692—695.

Oksanen, J., F. G. Blanchet, R. Kindt, P. Legendre, P. R.
Minchin, R. B. O’Hara, et al. 2011. Vegan: Community
Ecology Package. R package version 2.0-2. http://CRAN.R-
project.org/package=vegan

3169


http://CRAN.R-project.org/package=vegetarian
http://chao.stat.nthu.edu.tw/blog/software-download/
http://chao.stat.nthu.edu.tw/blog/software-download/
http://CRAN.R-project.org/package=vegan
http://CRAN.R-project.org/package=vegan

Effects of Forest Conversion to Oil Palm

Pfeiffer, M., and D. Mezger. 2012. Biodiversity assessment in
incomplete inventories: leaf litter ant communities in several
types of Bornean rain forest. PLoS ONE 7:e40729.

Prévot-Julliard, A.-C., J. Clavel, P. Teillac-Deschamps, and R.
Julliard. 2011. The need for flexibility in conservation
practices: exotic species as an example. Environ. Manag.
47:315-321.

R Core Team 2011. R: A language and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL http://www.R-
project.org/.

Reynolds, G., J. Payne, W. Sinun, G. Mosigil, and R. P. D.
Walsh. 2011. Changes in forest land use and management in
Sabah, Malaysian Borneo, 1990-2010, with a focus on
the Danum Valley region. Philos. Trans. R. Soc. B 366:3168—
3176.

Rizali, A., Y. Clough, D. Buchori, M. L. Hosang, M. M. Bos,
and T. Tscharntke. 2013. Long-term change of ant
community structure in cacao agroforestry landscapes in
Indonesia. Insect Conserv. Divers. 6:328—338.

Sodhi, N. S., L. P. Koh, R. Clements, T. C. Wanger, J. K. Hill,
K. C. Hamer, et al. 2010. Conserving Southeast Asian forest
biodiversity in human-modified landscapes. Biol. Conserv.
143:2375-2384.

Steinbauer, M. J., K. Dolos, B. Reineking, and C.
Beierkuhnlein. 2012. Current measures for distance decay
in similarity of species composition are influenced by

3170

W. Y. Wang & W. A. Foster

study extent and grain size. Glob. Ecol. Biogeogr.
21:1203-1212.

Stuble, K. L., M. A. Rodriguez-Cabal, G. L. McCormick, I.
Juri¢, R. R. Dunn, and N. J. Sanders. 2013. Tradeoffs,
competition, and coexistence in eastern deciduous forest ant
communities. Oecologia 171:981-992.

Tscharntke, T., A. M. Klein, A. Kruess, I. Steffan-Dewenter,
and C. Thies. 2005. Landscape perspectives on agricultural
intensification and biodiversity - ecosystem service
management. Ecol. Lett. 8:857-874.

Whittaker, R. H. 1972. Evolution and measurement of species
diversity. Taxon 21:213-251.

Wiens, J. A.. 1989. Spatial scaling in ecology. Funct. Ecol.
3:385-397.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Appendix S1. Sampling completeness and coverage
curves.

Appendix S2. Changes in species ranked abundance (bio-
mass/mg) with sampling grain.

Appendix S3. Ranked species abundance distribution
curves.

Table S1. Total species list.

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.


http://www.R-project.org/
http://www.R-project.org/

