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Abstract. 1. Land-use change and agricultural intensification can strongly
affect biodiversity in agricultural landscapes. Although many studies investigate
management impacts, data on the long-term change of species communities in
agroecosystems are scarce.

2. We analysed the long-term change in diversity and composition of ant
communities in cacao agroforestry systems in Central Sulawesi, Indonesia and
attempted to disentangle the driving factors of this change. Ant communities
were resampled in 2009 from sites for which previous surveys had been
conducted either in 2001 (the rainforest-poor Palolo region) or 2003 (the
rainforest-rich Kulawi region) using insecticide fogging.

3. Ant community composition changed significantly over time in Palolo and
Kulawi. The change in ant species richness differed between regions. Species
richness increased in Kulawi, probably due to the increasing availability of nest
sites and microhabitats as trees grow larger and older. In the Palolo region,
species richness decreased, suggesting that the high local intensification and
landscape-wide changes may have counteracted the effects of tree age. Changes
in ant communities over time were significant, but were more difficult to explain
than expected, despite clear difference in management changes within and
between regions.

4. The findings suggest that the landscape-scale differences between the two
study regions play a more important role for species diversity and its composi-
tion than changes in local management. This highlights the importance of
long-term studies across contrasting landscapes for better understanding the
consequences land-use intensification has on tropical biodiversity.

Key words. Agricultural intensification, biodiversity, land-use change, pesticide
application, Philidris cordata, Sulawesi.

Introduction

Habitat destruction through land-use change such as con-
version of natural habitat to farmland is the most impor-

tant driver of biodiversity loss in terrestrial ecosystems

(Sala et al., 2000). In addition, intensification of agricul-

tural management through reduction of crop diversity and
increases in pesticide application have a negative impact
on non-crop biodiversity in agricultural habitats (Geiger

et al., 2010). Species surviving in such environments have
to be adapted to strongly modified habitats and regular
disturbance.

Some agricultural land-use types, however, can con-
serve biodiversity. Bhagwat et al. (2008) describes major
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reasons why agroforestry systems can be valuable for
biodiversity conservation. They are important for the
protection of species and habitats outside formally pro-
tected areas, because they maintain heterogeneity at local

habitat and landscape scales. Furthermore, shade trees in
agroforestry landscapes reduce pressure on protected for-
est reserves (Tscharntke et al., 2011). Although low-

intensity agricultural systems have been criticised for
indirectly increasing pressure to convert natural habitat
(Phalan et al., 2011), recent evidence suggests that agro-

forests can maintain biodiversity within production land-
scapes, without reducing yields per unit area (Clough
et al., 2011).

Nevertheless, as in other agroecosystems, intensification
of agroforest management often negatively affects biodi-
versity and associated ecosystem functions. Intensification
by shade tree removal in cacao agroforestry adversely

affects biodiversity (Steffan-Dewenter et al., 2007) and
reduces the relative abundance of predators relative to
their arthropod prey (Klein et al., 2002). In addition to a

decrease in complexity of vegetation structure, frequent
pesticide applications accompanying intensive manage-
ment may also negatively impact biodiversity, including

beneficial species such as pollinating bees or predatory
ants (Wiktelius et al., 1999).
Ants occur in high abundances and with a high diversity

of species in almost all natural ecosystems, including

agroecosystems, with the exception of tilled arable land.
Ant communities can be very species rich in tropical agro-
forestry systems (Philpott & Armbrecht, 2006), but agricul-

tural intensification, for example in coffee management by
reduction in canopy complexity, causes decreases in ant
species richness (Philpott et al., 2008). Thus, human distur-

bance and land-use change are pivotal factor affecting ant
diversity and its composition (see Gibb & Hochuli, 2003;
Gómez et al., 2003). In addition, insecticide application

negatively affects ant diversity, for instance in maize agro-
ecosystems (Badji et al., 2006). Unfortunately, information
about long-term patterns of ant diversity in agroecosys-
tems, including agroforests, is lacking. This is worrying,

because the species composition and the species richness of
communities in transformed ecosystems may not be stable
even if management does not change (Kuussaari et al.,

2009). Tropical agroecosystems established after forest
conversion lead to strong erosion over time of number of
forest species, but not overall species numbers, in bird

communities (Daily et al., 2001; Maas et al., 2009). Under-
standing the value of agroforests for conservation would
benefit from insights gained from the analysis of long-term
datasets. For ants, this is particularly important given the

major functional role they play in the agroecosystem.
Here, we studied how ant diversity changed over several

years in cacao agroforestry systems in Central Sulawesi,

Indonesia. Ants are very species rich in cacao, with over
160 morphospecies of ants having been recorded from
these systems in a previous study (Wielgoss et al., 2010).

Cacao has seen substantial intensification over the past
years in Central Sulawesi, with the removal of shade trees

and an increase in the frequency of pesticide applications
(Wanger et al., 2010; Clough et al., 2011), but it is not
known how ant communities are responding to such
changes. We resampled sites where ants had been col-

lected previously by Hosang (2004) and Bos (2006), with
the same sampling method of previous research with fog-
ging in the same plots and the same month. We inter-

viewed farmers to get information about change in
habitat and agricultural practices. In addition, we con-
ducted a field experiment to test the effect of pesticide

applications on the ant community. Of all management
changes we expected increases in insecticide-use to have
the largest impact, but at the same time farmer recollec-

tion about the use of phytochemical compounds other
than herbicides was expected to be poor. We addressed
the following questions: (i) What is the long-term change
in richness and composition of ant communities? (ii)

Which factors affect the change of ant communities over
time? and (iii) Is pesticide application the main factor
affecting ant communities?

Methods

Study site

Ants were sampled in cacao agroforests in Central Su-

lawesi, Indonesia, in sites previously sampled by Hosang
in 2001 (Hosang, 2004) and Bos in 2003 (Bos, 2006).
Plots of Hosang were located in cacao agroforestry in

the Palolo valley at the eastern margin of the Lore
Lindu National Park (LLNP) which is designated as part
of the UNESCO World Network of Biosphere Reserves.

In this research, we resampled ants in 12 of the 18 plots
sampled by Hosang. Plots are distributed across three
villages: Berdikari (B), Sintuwu (S) and Nopu (N) (see

supplementary material Fig. S1) and this cacao agrofor-
estry landscape was classified as rainforest-poor because
most plots were several kilometres away from the contin-
uous rainforest of the national park due to large-scale

deforestation from 2001 to 2009 (Erasmi et al., 2004,
S. Erasmi, unpubl. data).
The plots sampled by Bos were located in cacao agro-

forestry systems around the village of Toro in the Kulawi
valley, at the western border of LLNP. The cacao agro-
forestry landscape of Toro was classified as rainforest-rich

because Toro was in 2009 still surrounded by rainforest,
with only few hundred metres distance to the continuous
rainforest of the national park, thereby contrasting with
the Palolo region, where the main distance to the continu-

ous forest within the national park increased between the
two samplings by several kilometres due to deforestation.
Bos categorised the cacao plots into three different types:

agroforests shaded by forest remnants (type B), agrofor-
ests shaded by diverse stands of planted trees (type C)
and agroforests shaded by one or two species of planted

shade trees (type D). The conditions of all plots were
almost the same when resampled in 2009.
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Ant sampling

Ants were resampled in the same month as in the original
study, i.e. July 2009 for Palolo (Hosang, 2004) and Decem-

ber 2009 for Kulawi (Bos, 2006). Ants were sampled using
same method by Hosang and Bos with canopy knockdown
fogging, which is an effective and widely used technique for

collecting arthropods from tree crowns (Perfecto et al.,
1997; Lawton et al., 1998). Both Hosang and Bos used
pyrethroid insecticides (Lambda-cyhalothrin: Hosang,

2004; Permethrin: Bos, 2006). We used Malathion, an orga-
nophosphate insecticide, which has a similar knock-down
effect as pyrethroids (Sogorb & Vilanova, 2002). The re-

sampling was carried out on one randomly selected site per
day between 8.00 and 9.00 am. On each cacao tree, fogging
was conducted for approximately 5 min or until the whole
canopy was completely covered with insecticidal fog. To

reduce bias due to contamination with specimens from out-
side the target canopy, killed ants were collected from a 4
square metre sheet of white canvas placed directly under

each tree and stored in 70% alcohol for identification.

Ant identification

Ant specimens were sorted and identified to genus level
using published keys (Bolton, 1994). Ants were further

sorted to units according to their external morphology
(morphospecies) (Lattke, 2000). Some of the ants were
identified to species level based on reliable digital

resources (e.g. http://www.antweb.org). Comparing mor-
phospecies of ants of both samples, we identified those
morphospecies likely to be identical in the sampling by

Hosang/Bos and our resampling (Supplementary material
Table S1).

Change in environment and agricultural management

An interview was conducted with the owner of each

cacao plot to gather data about the differences in environ-
mental conditions and agricultural management between
2001 and 2009 in Palolo valley and between 2003 and 2009

in Kulawi valley. The focus of the interview was to gain
information about habitat conditions, shade tree reduction,
insecticide application, and weed management (herbicide

application) at the time of the first and second sampling
(detail of the questions in the supplementary material Table
S2). Cacao tree characteristics (age and plant size) were
directly measured in terms of stem diameter and canopy

height, and compared with data from Hosang and Bos.

Insecticide experiment

An insecticide experiment was conducted to test the

effect of insecticide application on the ant communities in
cacao. The experiment was conducted in the Palolo valley

in a cacao agroforestry system where insecticides had
never been used before. In total, eight plots of 8 9 8 m2

were used in this experiment with four plots as control
and four plots as treatment (see supplementary material

Fig. S2). Each plot consisted of nine cacao trees 8 years
of age at the start of the experiment. In the treatment
plots, insecticides were applied every 2 weeks (this is the

frequency of insecticide application generally used by local
farmers in Palolo valley) during 1 year (from August 2009
to July 2010) using an insecticide with the active ingredi-

ent Chlorpirifos 200 g l�1.
After a 1-year insecticide treatment, in August 2010,

ants were collected both in the control and treatment

plots using hand collecting and baiting. On each plot, five
from nine cacao trees were selected randomly for ant
observation. The baiting method, following Wielgoss et al.
(2010), consisted in offering tuna and sugar water on plas-

tic observation plates. One plate was placed in the main
ramification of each cacao tree and one set on the ground
with 1 metre distance from each cacao tree. Ant species

were observed at 15, 30, 45, and 60 min after placing the
plates and the abundance of all ant species occurring at
the baits was counted at each plate. At the same time,

ants were also observed with hand collecting on the tree
stem, in the lower canopy and on the soil surface by
searching ants that were not attracted to baits. The speci-
mens were identified to species or morphospecies as

reported above.

Data analysis

Analysis of variance (ANOVA) was used to compare ant

diversity between different years both in the rainforest-
poor Palolo region and the rainforest-rich Kulawi region.
Ant diversity was analysed both at the tree and the plot

level. Tree-level analysis was conducted on the average
number of species on a cacao tree for each plot. Plot-level
analysis was conducted on the total ant species number
for each plot. For each of the two levels of analysis there

was thus one value per plot per year. Species accumula-
tion curves were used to compare ant species richness
between different years in Palolo and Kulawi based on

cacao tree as sampling unit. Changes in ant species com-
position were analysed using non-metric multi-dimen-
sional scaling (NMDS), based on the Bray-Curtis

similarity index. Then, analysis of similarities (ANOSIM)
was used to test for differences in ant species composition
between years.
Changes of management practices such as shade-tree

removal and increased pesticide application were derived
from questionnaire data. We used data of shade-tree can-
opy cover from Hosang and Bos and compared these with

current data. The differences of plant size (diameter and
height) between years were analysed using ANOVA.
The effects of environment and agricultural manage-

ment on ant diversity were analysed using linear mixed-
effects model (LME). Their effects on ant community
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composition were analysed using canonical correspon-
dence analysis (CCA) with ordination and forward
selection.
The effect of insecticide application on number of ant

species at plot level was tested using ANOVA. We also used
ANOSIM based on the Bray-Curtis similarity index, to test
for differences in ant species composition between treat-

ment and control plots. All analyses were conducted using
R software (R Development Core Team, 2012).

Results

The long-term change of ant diversity in cacao plantation

A total of 87 ant species belonging to five subfamilies
were recorded across all samples in 2001, 2003, and 2009

from the rainforest-poor Palolo and the rainforest-rich
Kulawi region (see supplementary material Table S3). The
change in ant species richness between the first and the

second sampling period differed greatly between cacao
agroforestry systems in the rainforest-poor and the rain-
forest-rich region (Fig. 1a and b). Based on ANOVA at the

tree level, ant species richness in the rainforest-poor Palol-
o was significantly lower in 2009 than in 2001 (Fig. 2a;
F1,11 = 14.180, P = 0.003). In contrast, in the rainforest-
rich Kulawi, ant species richness was significantly higher

in 2009 than in 2003 (Fig. 2b; F1,11 = 6.191, P = 0.030).
At the plot level, ant species richness in the rainforest-

poor Palolo was significantly lower in 2009 than in 2001

(Fig. 2c; F1,11 = 10.930, P = 0.007). In contrast, there was
no significant overall difference of ant species richness in
the rainforest-rich Kulawi between years, with diversity

increasing, decreasing or remaining, depending on the plot
(Fig. 2d; F1,11 = 0.186, P = 0.674).
Based on NMDS and ANOSIM, the long-term change of

ant species composition show similar patterns in the rain-
forest-poor Palolo region and the rainforest-rich Kulawi
region, in that the ant species composition changed in Pa-
lolo (Fig. 3a, ANOSIM statistic R = 0.417, P = 0.001) and

in Kulawi (Fig. 3b, ANOSIM statistic R = 0.461, P = 0.001).
The species abundance ranking based on the number of

trees occupied exhibits important differences between the

first and second sampling (see Fig. 4, supplementary
material Figs S3–S4). In the rainforest-poor Palolo, the
most abundant ant species Philidris cordata (F1,22 = 3.708,

P = 0.067) was still very frequently encountered although
the number of trees occupied tended to decrease (Fig. 4a).
In the rainforest-rich Kulawi, the changes between 2003
and 2009 were considerable. P. cordata, which had not

been recorded in 2003 was the most dominant ant species
in 2009 (F1,22 = 29.146, P < 0.0001, Fig. 4b).
The changes in occurrence of tramp ant species (human

commensal species) such as Anoplolepis gracilipes, Techno-
myrmex albipes, Monomorium floricola and Tapinoma
melanocephalum (based on McGlynn, 1999) between years

differed between species and regions (Fig. 4). In rainforest-
poor Palolo, A. gracilipes and M. floricola significantly

decreased (Fig. 4a). In rainforest-rich Kulawi, the tramp

and invasive ant species A. gracilipes still occurs in cacao
trees. In addition, T. albipes and M. floricola that had not
been recorded in 2003 had become established in cacao in

2009 in Kulawi (Fig. 4b).

Change in environment and agricultural management

Based on the information from the farmers, agricultural
management changed dramatically in rainforest-poor

Palolo, but only slightly in rainforest-rich Kulawi. In
Palolo, age of cacao trees at the first sampling ranged
from 5 to 10 years in 2001 (Hosang, 2004) and from 13 to

18 years when we resampled them. Stem diameter signifi-
cantly increased (Table 1; F1,11 = 10.34, P = 0.008), but

(a)

(b)

Fig. 1. Species accumulation curve between different years in

(a) the rainforest-poor Palolo and (b) the rainforest-rich Kulawi.
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the height of cacao trees did not change (Table 1;
F1,11 = 0.01, P = 0.909). Canopy cover of shade trees

decreased by about 44% between 2001 and 2009 (Table 1)
and other changes to parts of the wider plantation, such
as conversion to housing, occurred in 7 of 12 observation

plots (Table 1). In Palolo, insecticide application fre-
quency almost doubled between 2001 and 2009, but herbi-
cide application frequency remained stable (Table 1).

In the rainforest-rich Kulawi, the age of cacao trees
ranged from 7 to 10 years in 2003 (Bos, 2006), and from
13 to 16 years at the time of resampling in 2009. The stem
diameter significantly increased (Table 1; F1,11 = 48.95,

P < 0.0001) and the height of cacao trees also significantly
increased (Table 1; F1,11 = 67.24, P < 0.0001). Shade tree
cover slightly decreased by about 14% (Table 1) and con-

version of parts of the plantation to other uses did not

occur. The farmers in Kulawi increased insecticide and
herbicide use (Table 1). Herbicides were increasingly used

to control weeds, especially in plots shaded by only one
or two species of planted shade trees (type D), with a
slightly higher frequency in 2009 than that in 2003.

Effects of agricultural management and environmental

change on ant diversity

Based on the LME, changes in insecticides and herbicides
were not significantly related to ant diversity change in the

rainforest-poor Palolo (Table 2), although there was a non-
significant trend for a negative effect of insecticide applica-
tions on ant species richness The changes in shade tree

cover and age of the cacao trees were not included in the

(a) (b)

(c) (d)

Fig. 2. Change in ant species richness per plot. In the rainforest-poor Palolo region, ant richness significantly decreased both at (a) tree

level (ANOVA: F1,11 = 14.180, P = 0.003) and (b) plot level (ANOVA: F1,11 = 10.930, P = 0.007). Plots are labelled with N: Napu village,

B: Berdikari village, and S: Sintuwu village. In the rainforest-rich Kulawi region, ant richness significantly increased at (c) tree level (ANOVA:

F1,11 = 6.191, P = 0.030) but not at (d) plot level (ANOVA: F1,11 = 0.186, P = 0.674). Plots are labelled with B: agroforests shaded by forest

trees, C: agroforests shaded by a diversity of planted trees, and D: agroforests shaded by one or two species of planted shade trees.
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LME analysis due to their high correlation with year (shade

trees, Pearson’s correlation: r = �0.79; age: r = 0.95).
Insecticide and herbicide applications were also not related
to ant diversity change in Kulawi (Table 2).
The CCA revealed a marginally non-significant relation-

ship between insecticide application and ant species com-
position both in Palolo (P = 0.076) and Kulawi
(P = 0.075) (Table 3). Ordination with CCA also revealed

that insecticide was an important variable affecting ant
species composition in cacao agroforestry in Palolo
(Fig. 5) and Kulawi (Fig. 6).

Insecticide experiment

In the insecticide experiment, 17 ant species were
recorded both from control and treatment plots (Supple-
mentary material Table S4). A. gracilipes was the most

abundant species and could be found in all control and
treatment plots. Insecticide application did not affect ant
diversity which did not significantly differ between control

and treatment plots (F1,6 = 2.46; P = 0.168). Insecticide
application affected the changes in ant species composition
between control and treatment plots (ANOSIM statistic

R = 0.10, P = 0.008). Several ant species such as Oecophy-
lla smaragdina, Polyrhachis sp. 04, Monomorium sp. 01 and
Tetramorium sp. 01 were found only in the control plots.

Discussion

Resampling ant communities of cacao agroforestry sys-
tems after 6–8 years revealed important changes both
in terms of species composition and in terms of species

richness. Overall, land-use was intensified, albeit not

consistently within and between regions. Although

changes in community structure over time are common
and based on both natural temporal turnover (Greens-
lade, 2008) and changes due to increasing microhabitat
availability as trees age (Dejean et al., 2008), we expected

that agricultural intensification would be a major driver
of ant community change.
In our study, the results depended both on the region

and on the scale at which diversity measures were calcu-
lated, i.e. tree-level or plot-level ant communities. Plot-
level and tree-level species richness decreased strongly in

the rainforest-poor Palolo region. In contrast, plot-level
richness did not decrease, and ant richness per tree
increased in the rainforest-rich Kulawi region. Increasing

tree size and age may increase nesting site availability and
microhabitat structure, a primary factor for ant occur-
rence (Andersen, 2000). The diversity increase in Kulawi
was likely related to the growth of the cacao trees, associ-

ated with increases in structural complexity of cacao trees
and abundance of pruning scars and cracks in the bark.
In the Palolo region, regional characteristics such as high

local intensification and landscape-wide intensification of
agriculture and deforestation may have counteracted the
positive effect of tree age which we detected in Kulawi. In

this case, ant diversity and its composition in Palolo may
have been strongly influenced by anthropogenic distur-
bance and land-use change, as was shown for other
regions of Asia (Narendra et al., 2011). Although cacao is

the dominant land-use besides paddy rice in both regions,
landscape-scale cacao management and land-use change
differed strongly. Palolo was characterised by high man-

agement intensification with decreasing canopy cover of
shade trees and an increase in the frequency of pesticide
applications. In contrast, number of shade trees has

decreased only slightly in Kulawi, and pesticide use

(a) (b)

Fig. 3. Two-dimensional non-metric multidimensional scaling of ant species community composition between plots using the Bray-Curtis

dissimilarity index. (a) Ant species in the rainforest-poor Palolo in 2001 (solid circle) and 2009 (open triangle), stress = 22.46, ANOSIM

statistic R = 0.417, P = 0.001. (b) Ant species in the rainforest-rich Kulawi in 2003 (solid circle) and 2009 (open triangle), stress = 21.71,

ANOSIM statistic R = 0.461, P = 0.001.
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remained infrequent. On a landscape scale, deforestation

has progressed much more rapidly in Palolo than in Kula-
wi since 1999 (Erasmi et al., 2004; S. Erasmi unpubl.
data).

Previous studies suggested that a decrease in shade tree
cover can play a major role in reducing the number of
forest species, thereby changing the composition, but not
the species richness, of ant communities (Bos et al., 2007).

In addition to shade trees, insecticide applications can
also play an important role. Although in some agroeco-
systems, ant communities were found to be little affected

by insecticide applications (Matlock & la Cruz, 2003;
Chong et al., 2007), other studies found insecticides to

decrease ant diversity (Badji et al., 2006) and to disturb

trophic interaction between ants and phytophagous insects
(Perfecto, 1990; Kenne et al., 2003).
To shed more light on the drivers of change in ant com-

munities in our study, we collected information on
changes in plot-level management by interviewing farmers
and correlated this data with the changes in ant commu-
nity diversity. The change in canopy cover of shade trees

within regions was closely correlated with year, but it is
unlikely that reduction of shade level was responsible for
the observed changes, given that the absolute change in

species richness with shade tree cover reported in previous
studies was not significant (Bos et al., 2007; Wielgoss

(a)

(b)

Fig. 4. Changes in abundant ant species based on number of trees occupied in (a) the rainforest-poor Palolo region between 2001 (solid

bar) and 2009 (white bar); and (b) the rainforest-rich Kulawi region between 2003 (solid bar) and 2009 (white bar). Significance different

based on ANOVA: ***P < 0.0001, **P < 0.001, and *P < 0.01. Species abbreviation: Phili_corda: Philidris cordata, Anopl_graci: Anoplolepis

gracilipes, Techn_albip: Technomyrmex albipes, Polyr_sp.06: Polyrachis sp.06, Dolic_thora: Dolichoderus thoracicus, Oecop_smara: Oeco-

phylla smaragdina, Parat_sp.01: Paratrechina sp.01, Monom_flori: Monomorium floricola, Polyr_sp.01: Polyrachis sp.01, Polyr_sp.02:

Polyrachis sp.02, Dolic_sp.01: Dolichoderus sp.01, Tetrp_sp.01: Tetraponera sp.01, Crema_sp.01: Crematogaster sp.01, Polyr_dives: Polyra-

chis dives, Campo_recti: Camponotus recticulatus, Tapin_melan: Tapinoma melanocephalum, Echin_linea: Echinopla lineata.
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et al., 2010). Although herbicide use had no effect on ant
species richness in either region, there was a weak trend
towards a negative effect of insecticide on ant species rich-
ness in Palolo, the region in which average insecticide

application frequency was highest.
It was apparent during the interviews that farmers did

not have perfect recollection of past conditions and prac-

tices, and could only estimate roughly the change in
agricultural practices. Therefore, to supplement the ques-
tionnaire data, we conducted a year-long insecticide

experiment and recorded the ant communities. Surpris-
ingly, we also found only a marginally non-significant
trend in species richness. We found that insecticide

application, however, affects ant community composi-

tion in cacao agroforestry. Several ant species sustained
population declines with insecticide application and then
disappeared in the long term.
Given their simplified structure compared with natural

forest habitat, agroforestry systems can be vulnerable to

Table 1. Changes in tree size, habitat condition (shade trees and cacao field change), and pesticide application in the rainforest-poor Pa-

lolo from 2001 to 2009 and in the rainforest-rich Kulawi from 2003 to 2009. Data of tree size and canopy cover were derived from previ-

ous research by Hosang in 2001, Bos in 2003 and Rizali in 2009. Data of cacao field condition and pesticide application were based on

information from the farmers. Data are given as means ± SE.

Parameters

Rainforest-poor Palolo Rainforest-rich Kulawi

2001 2009 Statistics 2003 2009 Statistics

Plant size

Stem diameter (cm) 10.6 ± 0.7 12.4 ± 0.2 F1,11 = 10.34,

P = 0.008

7.9 ± 0.5 11.4 ± 0.6 F1,11 = 48.95,

P < 0.0001

Height (cm) 512.9 ± 37.6 509.5 ± 12.5 F1,11 = 0.01,

P = 0.909

341.1 ± 16.0 485.7 ± 23.7 F1,11 = 67.24,

P < 0.0001

Habitat condition

Canopy cover of shade trees (%) 60.0 ± 5.2 15.8 ± 4.8 F1,10 = 52.64,

P < 0.0001

65.0 ± 3.9 50.8 ± 5.1 F1,11 = 12.67,

P = 0.004

Cacao field change (plot change per plot

total)

0/12 7/12 0/12 0/12

Pesticide application

Insecticide (time year�1) 6.9 ± 2.2 12 ± 2.9 F1,11 = 4.55,

P = 0.058

0 1.7 ± 0.9 F1,11 = 3.57,

P = 0.085

Herbicide (time year�1) 2.4 ± 1.1 1.6 ± 0.4 F1,11 = 0.39,

P = 0.553

0.1 ± 0.1 1.5 ± 0.6 F1,11 = 5.20,

P = 0.043

Table 2. Linear mixed-effects models run using restricted maxi-

mum likelihood with number of species as the response variable,

insecticide and herbicide as fixed effects. Random intercepts were

included for each plot. Estimates are given for the intercept and

the slopes for the fixed effects.

Fixed effect Estimate SE d.f. t-Value P-value

The rainforest-poor Palolo

Intercept 13.955 1.140 11 12.240 0.000

Insecticide �0.170 0.090 10 �1.810 0.100

Herbicide 0.266 0.342 10 0.777 0.455

The rainforest-rich Kulawi

Intercept 10.433 0.701 11 14.877 0.000

Insecticide 0.059 0.343 10 0.171 0.868

Herbicide 0.549 0.481 10 1.141 0.280

Table 3. Effects of explanatory variables related to environment

and agricultural management on ant species composition in the

rainforest-poor Palolo and the rainforest-rich Kulawi: results of a

forward selection procedure within a canonical correspondence

analysis using ordistep method with 1000 permutations. Signifi-

cant codes: ** = 0.01, * = 0.05.

Parameter d.f. AIC F N. Perm Pr (>F)

Palolo

Age 1 230.05 1.909 999 0.335

Diameter 1 226.49 5.731 999 0.018*

Habitat 1 230.79 1.182 999 0.515

Herbicide 1 230.77 1.202 999 0.396

High 1 231.18 0.814 999 0.666

Insecticide 1 228.30 3.718 999 0.076

Shade 1 230.73 1.243 999 0.514

Year 1 230.06 1.898 999 0.340

Kulawi

Age 1 222.57 1.147 999 0.115

Diameter 1 223.42 0.345 999 0.717

Habitat 0 221.79 0 0

Herbicide 1 223.19 0.554 999 0.537

High 1 223.03 0.712 999 0.275

Insecticide 1 221.86 1.842 999 0.075

Shade 1 222.73 0.995 999 0.163

Year 1 221.20 2.505 999 0.004**
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ant invasions (Greenslade, 2008), which, in turn may lead
to decreases in ant species richness as local ant colonies
become outcompeted. Five tramp ants were recorded both
during the original survey and the resampling. Surpris-

ingly, in Kulawi, the increase in plot-level ant species rich-
ness was accompanied by the appearance of the invasive
ant P. cordata in almost (75%) all plots. This was unex-

pected since in a previous study the presence of P. cordata
was found to be negatively related to ant species richness
(Wielgoss et al., 2010). Interestingly, the invasive species

A. gracilipes, which was a numerically dominant species in
Kulawi during the original survey (Bos et al., 2008), was
detected much less frequently during the second survey.

In conclusion, the change in ant communities in man-
aged systems over time can be more difficult to predict
than expected, highlighting the importance of repeating
such long-term studies to improve our understanding of

the processes underlying patterns. We found that ant spe-
cies richness in cacao agroforestry may either decrease or
increase significantly with time, with differences in plot-

level management such as insecticide application fre-
quency explaining only a small part of this change. The
large differences in landscape-scale changes between the

two regions studied (high vs. low land-use intensification
and deforestation levels) and the corresponding differ-
ences in change in ant communities suggest that plot and
tree-level species richness depends on changes at larger

scales. Therefore, findings from other agroecosystems that

complex landscapes can compensate for local agricultural
intensification (Schmidt et al., 2005; Tscharntke et al.,
2005) may also apply here. Interestingly, this may suggest
that supporting biodiversity-friendly management by indi-

vidual smallholders, through biodiversity-friendly certifica-
tion for example, may not yield substantial benefits in
terms of ant diversity unless the wider landscape is also

targeted. The relative role of local and landscape-level
land-use patterns will need to be formally tested as more
data sets become available.
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Fig. 6. Canonical correspondence analysis ordination for ant

species abundance data in the rainforest-rich Kulawi. Arrows

indicate environmental variables and its lengths indicate the rela-

tive importance and the directions of which are obtained from

the correlation of the variable to the axes. The orthogonal projec-

tion of a species point onto an environmental arrow represents

the approximate centre of the species distribution along that par-

ticular environmental gradient. Species are indicated with circle

point and labelled with first five letters of their genus and species

or morphospecies name respectively. Some species are not

labelled to avoid congested graph.

Fig. 5. Canonical correspondence analysis ordination for ant

species abundance data in the rainforest-poor Palolo. Arrows

indicate environmental variables and its lengths indicate the rela-

tive importance and the directions of which are obtained from

the correlation of the variable to the axes. The orthogonal projec-

tion of a species point onto an environmental arrow represents

the approximate centre of the species distribution along that par-

ticular environmental gradient. Species are indicated with circle

point and labelled with first five letters of their genus and species

or morphospecies name respectively. Some species are not

labelled to avoid congested graph.
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Figure S1. Map of study sites located in the border of

Lore Lindu National Park, Central Sulawesi, Indonesia.

Plots in Palolo (solid triangle) and in Kulawi (solid
circle).
Figure S2. Plot design for pesticide experiment. Eight

plots were groups into four control plots (open circle) and
four treatment plots (closed circle). Each plot size about
8 9 8 m2 consists of nine cacao trees.

Figure S3. Ant species composition in the rainforest-
poor Palolo region between (a) 2001 and (b) 2009. Num-
ber of cacao trees occupied is based on total number of
cacao trees from which that species was recorded

(irrespective of the plot).
Figure S4. Ant species composition in the rainforest-

rich Kulawi region between (a) 2003 and (b) 2009. Num-

ber of cacao trees occupied is based on total number of
cacao trees from which that species was recorded
(irrespective of the plot).

Table S1. Comparing morphospecies of ant from
Hosang (2004) and Bos (2006) with author specimens.
Table S2. Questionnaire used to record data on agricul-

tural management and environmental conditions during

the first and second samplings.
Table S3. Number of individuals per ant species com-

paring results from canopy fogging samples of Hosang in

2001 and Bos in 2003 and re-sampling by Rizali et al. in
2009. Morphospecies were based on the different of exter-
nal morphology.

Table S4. Ant species collected from control and treat-
ment plots using hand collecting (HC) and baiting (B)
method.
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are responsible for the content or functionality of any
supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the
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Nascimento, I.C. (2006) Deltamethrin-induced impact on ant

assemblages in tropical maize fields under conventional and

no-tillage cultivation. Sociobiology, 48, 701–715.
Bhagwat, S.A., Willis, K.J., Birks, H.J.B. & Whittaker, R.J.

(2008) Agroforestry: a refuge for tropical biodiversity? Trends

in Ecology & Evolution, 23, 261–267.

Bolton, B. (1994) Identification Guide to the Ant Genera of the

World. Harvard University Press, Cambridge, Massachussets.

Bos, M.M. (2006) Insect diversity and trophic interactions in

shaded cacao agroforestry and natural forests in Indonesia. PhD

thesis, University of Göttingen, Göttingen, Germany.

Bos, M.M., Steffan-Dewenter, I. & Tscharntke, T. (2007) The

contribution of cacao agroforests to the conservation of lower

canopy ant and beetle diversity in Indonesia. Biodiversity and

Conservation, 16, 2429–2444.
Bos, M.M., Tylianakis, J.M., Steffan-Dewenter, I. & Tscharntke,

T. (2008) The invasive yellow crazy ant and the decline of for-

est ant diversity in Indonesian cacao agroforests. Biological

Invasions, 10, 1399–1409.
Chong, C.S., Hoffmann, A.A. & Thomson, L.J. (2007) Commer-

cial agrochemical applications in vineyards do not influence ant

communities. Environmental Entomology, 36, 1374–1383.
Clough, Y., Barkmann, J., Juhrbandt, J., Kessler, M., Wanger, T.

C., Anshary, A., Buchori, D., Cicuzza, D., Darras, K., Putra,

D.D., Erasmi, S., Pitopang, R., Schmidt, C., Schulze, C.H.,

Seidel, D., Steffan-Dewenter, I., Stenchly, K., Vidal, S., Weist,

M., Wielgoss, A.C. & Tscharntke, T. (2011) Combining high

biodiversity with high yields in tropical agroforests. Proceedings

of the National Academy of Sciences USA, 108, 8311–8316.
Daily, G.C., Ehrlich, P.R. & Sánchez-Azofeifa, G.A. (2001)

Countryside biogeography: use of human-dominated habitats

by the avifauna of Southern Costa Rica. Ecological Applica-

tions, 11, 1–13.
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