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Summary

Land-use change due to agricultural expansion is one of the greatest global threats to biodiversity and
associated ecosystem functions and services. In the tropics in particular, conversion of forest and
agroforests into monoculture agriculture such as oil palm is happening at an extremely rapid rate, leading
to highly simplified landscapes. In Indonesia, currently the world’s leading palm oil producer, oil palm
plantation crop cover was nine million hectares in 2010 with a projected increase to 18 million hectares
by 2020. The predicted further large-scale expansion of oil palm plantations and other high-intensity
agricultural systems has extensive implications for biodiversity loss. In agricultural production systems,
loss of economically important functional groups can lead to decreases in essential ecosystem services
such as pollination, biocontrol and soil turnover. Ants for example, dominate terrestrial biomass and are
important for number of ecosystem services that are crucial in agriculture and have been shown to
influence yield. In this thesis | aim to understand 1) how ant communities respond to land-use change, 2)
if certain factors can alter their response, and 3) if changes in the ant community can alter their influence
on biodiversity, ecosystem functions and yield.

In chapter 2 and 3 of this thesis | investigated land-use change effects on the taxonomic and
functional diversity of ant communities in lowland forest, jungle rubber, monoculture rubber and oil
palm plantation sites. In chapter 2 | focus on changes in species richness and composition and in chapter
3 changes in functional diversity and composition, including also birds and leaf-litter invertebrates in the
analysis to broaden the study. The results show that ant species richness responded contrary to expected
to land-use change, either increasing or not changing from forest to the agricultural systems studied
dependent on the sampling methods used. However, species composition changed considerably and few
ant species were shared among different land-use types. These results suggest land-use change would
result in a net loss of ant species, even though ant species richness in plantations and forested habitats are
similar. Furthermore, there was a linear relationship between species richness and functional diversity for
ants, birds and leaf-litter invertebrates, indicating low redundancy in these systems. Finally, the
functional composition of all three animal groups also changed with land-change. In particular, species
from higher trophic guilds decreased from forest to oil palm. The observed decrease changes in species
composition from rainforest to monoculture plantations, along with the tightly coupled decreases in
functional diversity and low functional redundancy, could threaten long-term ecosystem stability through
potential consequences for ecosystem processes

The results from chapter 2 and 3 provide strong evidence that overall impacts of conversion from
natural ecosystems to land-use systems on ant communities are negative. However, there are factors
which can influence the severity of these impacts. Therefore, in chapter 4 and 5 I investigate the response
of ant communities and associated functions to landscape context and local management in oil palm
plantations. In chapter 4 | examined the effects of location within the plantation (edge vs centre) and

local characteristics (epiphyte cover, herbicide use, and local microclimate) on ant and other arthropod



communities and litter decomposition in oil palm leaf axils. Arthropod abundance and taxa richness were
higher at the edge of plantations than in the centre. Moreover, organic matter mass and height of the leaf
axil were more important for arthropod communities and decomposition rate than epiphyte or ground
vegetation cover. In chapter 5 | investigated the effect of surrounding landscape and distance from the
edge on predation rates and predator occurrences in oil palm plantations. Predation rates were ~70%
higher in non-oil palm habitat. This effect spilled over into the oil palm plantations, where predation
increased by 55-100% 20 m from the edge of the plantation and by 40-55% 50 m from the edge when
surrounded by a land-use other than oil palm. Taken together, chapters 4 and 5 show that oil palm
plantations adjacent to different land-use systems have enhanced biodiversity and associated functioning,
though this effect quickly declines with distance from the edge. Furthermore, local management of
ground cover has mixed effects on arthropods and epiphyte management is unlikely to influence ant
communities.

In chapter 6 and 7 | look further into the changes in ant communities shown in Chapter 1 and 2
by investigating the role of ant communities in shaping arthropod communities and associated ecosystem
functions and services. In chapter 6 | studied the influence of ants on both above- and belowground
invertebrate communities, soil and litter variables and decomposition across different land-use systems
using ant suppression plots at forest, jungle rubber, rubber and oil palm sites. Belowground invertebrates,
i.e. collembola, had 30% lower biomass in ant suppression plots. However, soil and litter variables and
above-ground invertebrates were mostly unaffected. Rather, differences in local conditions between the
four studies land-use systems were generally the most important predictors. Most notably, effects on
decomposition rates were context-dependent, whereby ant suppression reduced decomposition in the
forest sites only. Therefore, differences in ant communities between land-use systems alter their
relationship to decomposition processes, however, the underlying drivers of these effects require further
investigation. In chapter 7 | manipulated ant as well as flying vertebrate (birds and bats) access in only
oil palm sites and measured effects on arthropod communities, related ecosystem functions (herbivory,
predation, decomposition and pollination) and crop yield. Non-ant arthropod predator populations
increased in response to reductions in ant and bird access, and the net effect of experimental
manipulations on ecosystem functioning was minimal. Similarly, effects on yield were not significant.
Chapter 7 shows that ecosystem functions and productivity in oil palm are, under current levels of pest
pressure and pollinator populations, robust to large changes in the communities of major predator groups.

In conclusion, although forest conversion to oil palm and other agricultural systems in Indonesia
has wide-ranging negative influences on biodiversity and function, there is the opportunity to enrich
biodiversity in these systems. In oil palm plantations in particular this should be encouraged as changes

in biodiversity do not compromise production.



Chapter 1

General Introduction
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1.1 Land-use change in the tropics

Tropical forests may only cover ~ 5 % of the Earth surface, however, they harbour at least two thirds of
the world’s terrestrial species (Gardner et al. 2009). Additionally, tropical forests have the largest annual
rate of carbon sequestration among terrestrial ecosystems, produce around 20% of the world’s oxygen
and maintain the water cycle through transpiration and evaporation (Foley et al. 2007; Pan et al. 2011).
Therefore, tropical forests play a key role in regulating global and regional climate systems (Fearnside
2000; Foley et al. 2007). Tropical forest are also important for number of other essential ecological
services for human populations such as medicine production, supplying food and timber products,
erosion prevention, flood control, pollination, and support for local communities (Grimes et al. 1994;
Wright 2010; Laurance et al. 2014). Deforestation of tropical forests and the subsequent loss of the wide
range of important services they provide is therefore one of the major global change drivers worldwide.

Tropical deforestation has resulted in only 11 million km? of the original 17 million km?
of tropical forest left globally (Laurance et al. 2014). The extensive deforestation is only going to
increase as the need for agricultural land grows with increasing human population (Laurance et al. 2014).
Tropical forests were the primary source for newly established agricultural land between 1980 and 2000
with more than 80% of the land established at the expense of forests (Gibbs et al. 2010). The clearing of
tropical forest for the expansion of agriculture is expected to continue, with the demand for agricultural
products to increase by approximately 50% by 2050 and the majority of these products likely to come
from tropical countries where there is weak environmental protection and low cost production (Gibbs et
al. 2010; Lambin and Meyfroidt 2011; Laurance et al. 2014).

Presently, deforestation rates are particularly concerning in South-East Asia where peak
deforestation rates have shifted from the Amazon basin in recent years (Miettinen et al. 2011; Margono
et al. 2014). In 2012 Indonesia surpassed Brazil as the country with the highest deforestation rates
worldwide, losing 0.85 Mha of primary forest in that year alone (Margono et al. 2014). The total forest
lost in Indonesia from 2000 to 2012 totalled more than 6.02 Mha, and actually increased yearly by an
average of 47,600 ha per year (Margono et al. 2014). Lowland Sumatra is one the key areas for
deforestation, and two provinces in particular, Riau and Jambi, have had devastating forest loss, with
forest cover declining from 93 to 38% between 1977 and 2009 (Ekadinata and Vincent 2011).
Agriculturally driven forest conversion is going to continue this trend, particularly due to 35% of the
remaining forest in Indonesia being located within industrial concessions (Abood et al. 2015).

Human modification of forest in Indonesia has spanned centuries, first with hunting and
gathering activities followed by slash and burn agriculture for many food crops, but in particular for
upland rice (Gouyon et al. 1993; Feintrenie and Levang 2009). The swidden agriculture was abandoned
after one to two years of cultivation then left as fallow land for 15 to 20 years. In the early 1900s
however, the exotic Para rubber (Hevea brasiliensis) was introduced to Indonesia to meet the growing
demands from Europe and North America (Feintrenie and Levang 2009). Rubber seedlings were planted

in the swidden among the rice, then once the plot was left to fallow the rubber seedlings grew along with
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the secondary forest regrowth, leading to rubber agroforests (commonly known now as “jungle rubber”).
However, monoculture plantations of rubber produce higher yields than rubber agroforestry leading a
growing preference for plantations over agroforesty (Feintrenie and Levang 2009; Ekadinata and Vincent
2011). Oil palm (Elaeis guineensis) was also introduced to Indonesia at the beginning of the 1900s, and
in the second half of last century monoculture plantations began to dominate Indonesian landscapes, to
the detriment of the more ecologically friendly agroforestry systems (e.g. jungle rubber, Feintrenie and
Levang 2009).

Alarmingly, the area under oil palm plantations in Indonesia has increased exponentially from
673,000 to ~7.0 million ha in the past 30 years (FAO 2015). The exponential increase in oil palm stems
from large growth in the smallholder sector (190% growth in the past decade) (Lee et al. 2014) and the
Indonesian government granting large concessions to private enterprises (Jepson et al. 2001).
Subsequently, in 2008 Indonesia surpassed Malaysia to become the number one producer of palm oil
worldwide (FAO 2015). The alarming expansion of oil palm plantations in Indonesia is only going to
continue with the Indonesians governments plan to double production between 2010 and 2020 (Koh and
Ghazoul 2010). The continued deforestation and increased dominance of monoculture agriculture in
Indonesia highlights the need to understand the effect these land-use changes will have on the long-term
sustainability of both natural and agriculture systems in the region.

1.2 Consequences of land-use change on biodiversity and ecosystem

functioning

Land-use change in the tropics, either from conversion of natural to man-made ecosystems or through
changing management practices to create more intensive agricultural systems, is of major concern to
global biodiversity (Gardner et al. 2009; Gibson et al. 2011). The severe declines in biodiversity
(including species richness, functional diversity and genetic diversity) recorded as a consequence of
conversion to agriculture and agricultural intensification (Turner 1996; Vellend 2004; Flynn et al. 2009)
arise from simplification, fragmentation and degradation of habitat, loss of resources, use of fertilisers
and chemicals (e.g. herbicides and insecticides), and alteration in local climate (Sala et al. 2000; Foley et
al. 2005). Biodiversity loss is strongly linked to a loss of ecosystem functions and services, many of
which are essential for production and sustainability in agricultural systems and therefore human
wellbeing. For example, 35% of global crop production depends on animal pollination (Klein et al.
2007), however, there is substantial evidence of both wild and domestic pollinator species decline in
many ecosystems (Kremen et al. 2002; Klein et al. 2007; Potts et al. 2010). Furthermore, native
biocontrol agents (e.g. insect predators and parasitoids) are extremely susceptible to decline, as species
from higher trophic guilds are more vulnerable to disturbances such as land-use change (Klein et al.
2002; Cagnolo et al. 2009; Holt 2009). For example, Cagnolo et al. (2009) found that parasitoids were
more strongly affected by fragmentation than their leaf-miner prey and plants and Klein et al. (2002)

found a reduced predator-prey ratio with increased intensification of cocoa. The loss of native



biocontrol agents can have negative effects on production and lead to increased chemical use in
agricultural landscapes causing further negative effects on biodiversity (Isaacs et al. 2008; Landis et al.
2008). As there is no sign of land-use change decreasing in the near future, research needs to focus on
how to increase and maintain biodiversity in the altered landscapes or the long-term sustainability of
most agricultural systems is in jeopardy.

Conversion of forest to oil palm plantations is a major threat to biodiversity in the tropics.
Many recent studies have shown a general decline in species richness from primary or even logged forest
to oil palm plantations across numerous taxa, including bats, leaf-litter invertebrates, dung beetles, ants,
amphibians, lizards, birds, and plants (Fitzherbert et al. 2008; Danielsen et al. 2009; Foster et al. 2011;
Savilaakso et al. 2014; Barnes et al. 2014). Furthermore, there is evidence for functional diversity loss
and trait-dependent declines with conversion to oil palm plantation, with forest specialists, large-bodied
species and species from higher trophic guilds particularly sensitive (Fitzherbert et al. 2008; Senior et al.
2013; Edwards et al. 2014a). For example Fitzherbert et al (2008) found only 15% of forest specialists
also occurred in oil palm plantations. One caveat to the extensive research on biodiversity loss in oil
palm plantations is that the majority of research has been conducted in large-scale industrial plantations
not smallholdings (Savilaakso et al. 2014), which due to their (small) size and likely lower intensification
are expected to maintain higher biodiversity. Furthermore, there is still only a small amount of research
investigating the links between the known losses in biodiversity and the potential effects on ecosystem
functioning in the plantations (Koh 2008a; Gray et al. 2014; Barnes et al. 2014), in particular functions
important for sustainability of the plantations such as soil fertility, pollination and biocontrol (Foster et
al. 2011).

1.3 Potential factors influencing maintenance of biodiversity and ecosystem

functions in land-use systems

Overall the ecological impacts of conversion from natural ecosystems to land-use systems are negative,
however, there are factors which can influence the severity of these impacts (Fischer et al. 2006; Fahrig
et al. 2011). In particular, landscape context and local management (Landis et al. 2000) can influence the

potential for maintenance of biodiversity and ecosystem functions in land-use systems.

Local management

The local management practices in agricultural systems can have a major influence on the
persistence of biodiversity in production landscapes (Landis et al. 2000). One of the major outcomes of
land-use intensification is simplification of habitats, for example, highly intensive crop systems can have
almost no other plant species than the crop itself as well as having low architectural complexity (Foster et
al. 2011). A simplified agricultural system can lack resources such as habitat and food for natural
enemies, alternative prey and hosts and refuges from disturbance events such as pesticide use and
extreme environmental events (Landis et al. 2000; Tscharntke et al. 2007). Management practices such as

the planting of flower strips , intercropping, decreasing the amount of weed management to increase



ground cover, altered harvesting practices (e.g. not harvesting entire fields at one time) have be used to
increase heterogeneity in agricultural systems and as such are often linked to positive effects on
biodiversity and ecosystem services (Capinera et al. 1985; Landis et al. 2000; Lee and Heimpel 2005;
Koh 2008b).

Oil palm plantations are highly simplified agricultural monocultures, however, dependent on
plantation management there is the potential for structural and biological diversity due to the long-lived
nature of oil palm trees, the possibility for complex ground cover and the potential for a diverse epiphyte
community (e.g. in Malaysia half of the lowland epiphyte species have also been recorded in oil palm
plantations) (Foster et al. 2011). Epiphyte removal and intensive weed management are common
management practices in oil palm plantations, however, one of the main reasons for these management
options is ease of harvesting (though there is evidence understory vegetation (but not epiphytes) can
affect yield) and therefore they are not key for oil palm production and could be reduced or not used at
all. Epiphytes and increased weed cover can provide resources, suitable microclimates in otherwise hot
and dry plantations and increased habitat heterogeneity in these highly simplified systems. For example,
Koh (2008b) found increased weed cover and epiphyte presence had positive (though small) impacts on
butterflies and birds respectively oil palm plantations in Sabah, Malaysia. However, links to biodiversity
alone may not be enough to change a farmers management practices, rather relating these management
practices to ecosystem services such as increased biocontrol agents as seen in other agricultural systems

is crucial.

Landscape context

Increased heterogeneity in agricultural landscapes through such approaches as maintaining riparian
buffers and conserving patches of natural forest and other complex vegetation (e.g. shrub or agroforestry)
can highly enhance biodiversity on production lands (Bennett et al 2006; Steckel et al. 2014). A mosaic
landscape with different land-use types provides a wide range of resources for local biodiversity. More
favourable habitats can act as source habitats from which there is spill-over of individuals into the less
favourable agricultural systems (Tscharntke et al. 2012b; Edwards et al. 2014b). Furthermore, increased
connectivity between suitable habitat types often results in less fluctuation in population size than for
isolated populations (Burel and Baudry 2003; Fraterrigo et al. 2009). As well as increases in overall
species richness, more specifically, maintaining natural habitat surrounding agricultural systems can
support beneficial species (e.g. natural enemies for pest and disease biocontrol) and therefore help
maintain essential ecosystem services (Bianchi et al. 2006; Chaplin-Kramer et al. 2011).

The patch size of an agricultural field or plantation influences the overall effect of the
surrounding landscape, due to the decline in effect with increased distance from the edge of the patch .
For oil palm plantations this can be very important with large-scale plantations owned by private
enterprises being the dominant plantation type in countries such as Malaysia and Indonesia. In these
plantations which can be up to 40,000 ha in Indonesia (Lee et al. 2014), the surrounding landscape is

unlikely to play a major role in the biodiversity or functions persisting in the majority of the plantation



due to the low percentage of the total area actually adjacent to other land-uses. However, smallholder
plantations are becoming increasingly important, already accounting for more than 40% of total oil palm
land in Indonesia (Lee et al. 2014; Euler et al. 2015). Smallholder plantations are considerably smaller
(defined as <50 ha, on average 2 ha, Vermeulen and Goad 2006) than large-scale plantations are often
part of multifunctional landscapes with other agriculture (e.g. rubber and jungle rubber) and non-
agricultural systems (e.g shrub and secondary forest) in the immediate surroundings. Therefore it is
possible there is potential for the enhancement of biodiversity and ecosystem functions in these
smallholder plantations through maintenance of a heterogeneous landscape (Koh 2008b; Lucey and Hill
2012).

1.4  The role of ants in ecosystems

In many terrestrial ecosystems ants dominate the biomass and play an important role in ecosystem
functioning (Lach et al. 2010). Furthermore, unlike many other animal groups, although community
composition and evenness is altered, ants often maintain or even sometimes increase biomass and species
richness in agricultural systems and therefore retain a key role in the ecosystems (Folgarait 1998; Pfeiffer
et al. 2008). Ants can be omnivores, herbivores and opportunistic feeders, but also, many are specialist or
generalist invertebrate predators (Holldobler and Wilson 1994). Ants also influence animal food webs
due to their sheer voracity, mutualisms with other animals and plants, existence as prolific food source
and their dominance altering species interactions (Folgarait 1998; Gaume et al. 1998; Lach et al. 2010).
Ants are important for a number of ecosystem services that are crucial in agriculture systems such as
predation (biocontrol), soil aeration and nutrient cycling (Folgarait 1998; Vandermeer et al. 2002).
Furthermore, a number of previous studies have shown that ants can affect crop yield (Bharti and Silla
2011; Pierre and Idris 2013; Wielgoss et al. 2014). For example, Wielgoss et al (2014) found that ant
exclusion from cacao trees decreased yield by 27%, and Bharti and Silla (2011) found that the average
yield per mango tree was 12 kg more from trees with weaver ant (Oecophylla smaragdina) nests than

without.

1.5 Project framework (EFForTSs)

The research in this thesis was conducted within the framework of the DFG funded Collaborative
Research Centre 990 (CRC 990), entitled Ecological and Socioeconomic Functions of Tropical Lowland
Rainforest Transformation Systems (EEFForTs). EEFForTs is a long-term interdisciplinary project
including the University of Gottingen and three Indonesian Universities (Tadulako University, Bogor
Agricultural University and University of Jambi) that investigates the effects of land-use change on
environmental processes, biodiversity and human dimensions. It aims to provide science-based
knowledge on how to protect and enhance the ecological functions of tropical forests and agricultural

systems at a landscape scale, while improving human welfare.



The EEFForTs project sites are located in Jambi Province, Sumatra Indonesia within two main
research regions, Bukit Duabelas and Harapan in the Sarolangun and Batanghari regencies respectively.
To determine the consequences of land-use change four land-use systems important in the study area
were chosen to be the focus of the study; lowland rainforest, jungle rubber, rubber and oil palm (Figure
1.1). The project consists of 26 subprojects investigating a very broad range of environmental and social
factors, including belowground and aboveground plant, animal and microbial taxonomic and functional
diversity, water use, soil fertility, greenhouse gas fluxes, and social, economic and political issues.
Although the majority of the work within this thesis is embedded within the subproject “B09:
Aboveground patterns of biodiversity and associated ecosystem processes across tropical rainforest
transformations”, the broad range of subprojects and research provides an excellent opportunity for

interdisciplinary studies (e.g. Chapter 3; Chapter 6; Clough et al., in revision; Toledo-Hernandez et al., in

revision).

Figure 1.1. The four land-use systems included in the EEFForTsproject; (a) forest, (b) jungl
rubber, (c) rubber plantation and (d) oil palm plantation.

1.6 Thesis objectives

The overall aim of this thesis is to understand the response of ant diversity and function to land-use
change from forest to three important agricultural systems in Sumatra, Indonesia; jungle rubber, rubber
and oil palm. However, due to the increasing dominance of oil palm in Indonesia and elsewhere the need
for research in this major crop is a priority and therefore, although three of the chapters will investigate
all four land-uses (Chapters two, three and six), the other three chapters will investigate oil palm
plantations solely (Chapters four, five and seven). Furthermore, due to the interdisciplinary nature of the
EEFforTs project, | was able to work with colleagues researching other taxonomic groups for three of the
chapters (Chapter three, six and seven) which allowed more extensive research into the topics covered.
To investigate the overall aim of this thesis | will investigate three main objectives, each of which with

two research chapters:

1. Understand ant taxonomic and functional diversity responses to land-use change

Chapter 2: Agricultural land use alters species composition but not species richness of ant

communities

In Chapter 2 | aimed to understand the effects of land-use change on ant communities. More

specifically, this initial study looked at the species richness, community composition and dominance
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patterns of ant communities in our four study land-use systems, forest, jungle rubber, rubber and oil

palm.

Chapter 3: Single- and multi-trait measures reveal widespread functional diversity loss in human-
modified tropical landscapes

To take the ant community composition analysis a step further, in Chapter 3 | aimed to understand the
effects of land-use change on ant functional diversity. More specifically we quantified functional
diversity and single- and multi-trait functional indices for ants and two other animal groups (leaf-litter

invertebrates and birds) in our four study land-use systems.

. Investigate the response of ant communities and associated functions to landscape context and
local management in oil palm plantations

Chapter 4: Local and landscape drivers of arthropod diversity and decomposition processes in oil
palm leaf axils

In the first two chapters | established the taxonomic and functional changes in ant communities with
conversion from forest to oil palm, in Chapter 4 we aim to determine if landscape context and local
management can alter the ant communities or associated ecosystem functions that are retained in oil
palm plantations. More specifically we surveyed ants and other arthropods and measured
decomposition rates in oil palm leaf axils to assess their response to the epiphyte communities on the

oil palms and the vegetation surrounding the oil palm plantations.

Chapter 5: Landscape context affects insect biocontrol in oil palm plantations

To build on the previous chapter and gain an understanding of a key ecosystem function in
agricultural systems, in Chapter 5 | aimed to determine the effect of landscape context on insect
biocontrol in oil palm plantations. More specifically we determined predation rates (with a focus on
ants and Orthoptera as the predators) in oil palm plantations with differing vegetation in the

surrounding borders.

. Examine the role of ant communities in shaping arthropod communities and associated
ecosystem functions and services

Chapter 6: Effects of ant exclusion on above- and belowground invertebrate communities and
associated ecosystem processes across land-use systems

Also following on from the first two chapters and the establishment of changes in ant communities
between the four land-use systems, in Chapter 6, | aim to determine if the relative effect of ants on
above- and below-ground arthropods and associated ecosystem functions changes as well between the
different land-use systems. More specifically, | established ant suppression and control plots in our
four study systems and sampled arthropod communities, soil, litter and vegetation and measured

decomposition rates in experimental plots.

Chapter 7: The role of ants, birds and bats in oil palm plantations

10



Finally, to look more closely at the influence ant communities and two other major predator groups
have in these agricultural landscapes, in Chapter 7 | aimed to determine the role of ants, birds and bats
for arthropod communities, ecosystem functions and yield in oil palm plantations. More specifically,
we established a large-scale full factorial ant and flying vertebrate exclusion experiment in young oil
palm plantations and surveyed arthropods, four ecosystem functions (decomposition, herbivory,

pollination and predation) and yield at the sites.
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Chapter 2

Agricultural land use alters species composition but not species

richness of ant communities

Ratna Rubiana, Akhmad Rizali, Lisa H. Denmead, Winda Alamasari, Purnama Hidayat, Pudjianto,

Dadan Hindayana, Yann Clough, Teja Tscharntke, Damayanti Buchori

Asian Myrmecology, 2015, Vol. 7, p. 73 -85

Abstract

Land-use change causes undesirable effects such as biodiversity decline, altered community structure and
reduced ecosystem services. Changes in species composition and disrupted trophic interactions between
pests and their natural enemies may also result causing decreased ecosystem services. We studied the
effects of forest habitat transformation on the community structure of ants, which include major
biological control agents. We focused on four types of land use around Harapan Forest (Harapan) and
Bukit Duabelas National Park (BDNP), Jambi, Sumatra, Indonesia: forest, jungle rubber, rubber
plantations and oil palm plantations. Four replicate patches of each land-use type were sampled, with plot
sizes of 50 x 50 m at each of the 32 sites. Ants were collected by hand in combination with tuna and
sugar baiting on three strata i.e. leaf litter, soil and tree. We found 104 ant species in total. Surprisingly,
ant species richness per plot was not significantly different among land-use types, both in Harapan and
BDNP. However, few ant species were shared among different land-use types. Forest and jungle rubber
communities are relatively similar to each other (but still different), and distinct from communities in oil
palm and rubber plantations. We conclude that conversion of remnant forested habitats to plantations
would result in a net loss of ant species, even though ant species richness in plantations and forested

habitats are similar.
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2.1 Introduction

Habitat transformation is an unfortunate consequence of human population increase. Natural habitats
ever-growing are being altered by anthropogenic activities (Morris 2010). Habitat transformation
degrades natural habitats and interferes with the resources necessary for the survival of many organisms
(Pringle 2007). When their habitat is destroyed, plants and animals that had occupied the habitat are
often displaced or destroyed, thus reducing biodiversity and enhancing the likelihood of extinction (Swift
et al. 2004). Therefore, habitat transformation is one of the major causes of biodiversity decline along
with climate change, nitrogen deposition and increased atmospheric CO, concentration (Sala et al. 2000).

Biodiversity is important in regulating and sustaining the direct and indirect contributions of
ecosystems to human (ecosystem services) (Alberti 2005). The reduction of species richness often causes
decreases in ecosystem services (Naeem et al. 1999). In agricultural production systems, insects provide
ecosystem services such as pest control, pollination, and soil fertility (Power 2010). Decreasing the
number of species in economically important functional groups may lead to increased pest density,
reduced pollinator and natural enemies services (Tscharntke et al. 2012a). Ants (Hymenoptera:
Formicidae) provide important ecosystem services including biological pest control, seed dispersal, and
soil modification (Hill and Hoy 2003; Gammans et al. 2005; Lach et al. 2010; Philpott et al. 2010).
However, ants are sensitive to changes in their environment including changes in dominant vegetation
structure, food availability, and nesting resources (Andersen 2000). The changes of vegetation structure
resulting from forest transformation usually experience changes in ant community structure (Nakamura
et al. 2007). Habitat transformation may severely impact the abundance, community structure, and
interaction 14ehaviour of ants toward each other and other organisms (e.g. avoidance of predators and
parasitism) (Kaspari et al. 2003). Due to the benefits of ants for ecosystem services (Wielgoss et al.
2014), as well as their sensitivity to change, they are an ideal focus group to investigate the impacts of
habitat transformation.

Here, we compare ant communities in remnant forested habitats of Jambi province, Sumatra,
with those found in several common agricultural land-use types: rubber agroforests with diverse
vegetation (jungle rubber), monoculture rubber and oil palm plantations. The objectives of this research
were to (1) compare the diversity of ants in the different types of land use, (2) compare the species
composition and community structure across the different habitat types, and (3) investigate changes in

ant dominance patterns resulting from transformation of their habitat.

2.2 Materials and methods

Study sites

Fieldwork was conducted in the tropical lowland rainforest in Jambi Province in southwest
Sumatra, Indonesia (Fig. 2.1). Two sites were chosen for this research: Bukit Duabelas National Park
(BDNP) and Harapan Forest (Harapan). The habitat transformation systems investigated consisted of

lowland rainforest, jungle rubber (extensively managed rubber plantations, which have been logged at
14



least once, but usually more often), and intensive rubber and oil palm plantations. In each of the two
areas, four sites (plot size 50 x 50 m) in each type of land use were established, for a total of 32 study
plots. Each plot had five sub-plots (5 x 5 m) defined for sample collection. Subplot location was

determined randomly, and was reassigned for every plot.

Jambi Province
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Figure 2.1 Study area in two sites of Bukit Duabelas and Harapan in Jambi Province, Sumatra. Gray
colour indicates forest.

Sample collection and identification

We used both direct sampling and baiting of ants. Direct sampling allowed estimation of the
number of ant species per unit area. Direct sampling in each stratum (leaf litter, soil, and tree) lasted 5 —
10 min. Leaf litter was separated into coarse and fine litter and ants were taken from the fine litter in the
tray. For the soil strata, ants were collected directly from the ground with forceps. Sampling on trees was
combined with baiting, using tuna and sugar bait to attract the ants (Bestelmeyer et al. 2000). Sugar
water and canned tuna were put in a plastic plate with a diameter of 20 cm with 4 bait containers with a
diameter of 2 cm. Sugar water was absorbed into a foam that was placed in the container. Baits were
installed for one hour. Ant sampling was completed between 09.00 and 11.00 am from 22 February to 31
March 2013 and only carried out during sunny weather.

All specimens were stored in 70% ethanol and were identified to morphospecies using a stereo

microscope and an identification guide for Bornean Ants (Hashimoto 2003).
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Data Analysis

To understand whether ant species richness differed between habitat types, we used an analysis
of variance (ANOVA). Ant community structure was compared between different land-use types within
each study area based on Bray-Curtis dissimilarity index and further analyzed using non-metric
multidimensional scaling (NMDS). Significance tests for differences in community composition between
land-use types were performed using the analysis of similarity test (ANOSIM: Clarke 1993). All analyses
were performed using R statistic (R Core Team 2014).

2.3 Results

A total of 104 ant species were collected, representing six subfamilies and 52 genera (Table 2.1,
Table S2.1). Species richness in the BDNP site (86 species) was slightly higher than in Harapan site (81
species). There were no significant differences in ant species richness between land-use types, neither in
BDNP (ANOVA, F; 0= 1.26, P = 0.340) nor in Harapan (ANOVA, F; 15 =0.37, P = 0.779).
Nevertheless, species accumulation curves show differences in ant species diversity between the different
sites and land-use types (Fig. 2.2).

Sites within each land-use type had a higher similarity of ant species composition than sites from
different land-use types (Table 2.2). NMDS ordination analysis showed that there were significant
differences in ant community structure between land-use types in both, BDNP (ANOSIM, R = 0.737, P =
0.001) and Harapan (ANOSIM, R = 0.652, P = 0.001) sites (Fig. 2.3).

In both, BDNP and Harapan sites, nine ant species were recorded in all habitat types, i.e. forest,
jungle rubber, rubber plantations and palm oil plantations (Fig. 2.4). Several ant species dominated the
study plots (Fig. 2.5) that are mostly categorized by Bril & Eltz (2010) as non-forest species and do not
normally occur in forest habitats, i.e. Anoplolepis gracilipes (Smith, 1857), Dolichoderus sp. 01 and 02,
Odontoponera denticulate (Smith, 1858), Monomorium sp. 02, Technomyrmex sp. 02, Oecophylla
smaragdina (Fabricius, 1775), Nylanderia sp. 02, and Crematogaster sp. 01.
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Table 2.1 Ant species richness in four land-use types in Bukit Duabelas National Park (BDNP) and
Harapan Forest. The difference of ant species richness between land-use types on each site was tested

using ANOVA.
Land-use Subfamily  Genus Species  Average Statistic
BDNP
Primary forest 5 27 42 175
Jungle rubber 5 22 31 14.0 F310=1.26
Rubber plantation 5 29 45 21.5 P =0.340
Oil palm plantation 5 27 40 21.3
Sub total 6 50 86 39.5
Harapan Forest
Primary forest 5 26 42 19.3
Jungle rubber 5 29 48 19.5 F315 =0.37
Rubber plantation 5 25 45 20.5 P=0.779
Oil palm plantation 5 25 43 17.8
Sub total 5 38 81 445
Total 6 52 104

Table 2.2 Dissimilarity of ant species (Bray-Curtis index) between different land-use types in Bukit
Duabelas and Harapan sites. The first letter indicates landscape (B: Bukit Duabelas, H: Harapan) and the
second letter indicates the land-use type (F: forest, J: jungle rubber, O: oil palm, R: rubber)

Land-use BF BJ BO BR HF HJ HO HR
BF 0
BJ 0.45 0
BO 0.61 0.61 0
BR 0.54 0.53 0.48 0
HF 0.36 0.36 0.51 0.49 0
HJ 0.52 0.53 0.53 0.47 0.45 0
HO 0.53 0.49 0.37 0.39 0.58 0.50 0
HR 0.56 0.47 0.43 0.27 0.42 0.44 0.30 0
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Figure 2.2 Species accumulation curves of ant species found four land use types within the two study
sites, (a) Bukit Duabelas National Park and (b) Harapan Forest. The dashed line indicates ant species
richness from 15 sub-plots.

(a) (b)
(=] (=]
= stress : 0.183 - stress : 0.173
IBJ'.‘
& H."
N . S8 ..
e e e - ol
N " mm P o
2 2. i Hot
“ P BR1 Ch A R
. : e "'_’g . HO2 ¢
....... BF o w2 ol S
S - g BR4 - pR2 nz RIS
] L] K
? HO4
e
T T T T T T T T T T T
=10 =05 00 05 10 -10 05 00 05 10
NMDSI

Figure 2.3 Variation in ant community structure between study sites in the two study areas (a) BDNP
and (b) Harapan, in non-metric multidimensional scaling (NMDS) ordination (based on abundance data
and a Bray-Curtis distance metric). Forest sites are denoted by an F as the second letter, Jungle Rubber
sites with J, Rubber sites with R and Oil Palm sites by an O. Stress values are given for a 2 dimensional
NMDS.
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Figure 2.5 The most abundant ant species based on number of subplots collected from Bukit Duabelas
and Harapan sites.
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2.4  Discussion

Transformation of near-primary forests to agroforests and plantations is often accompanied by drastic
changes in biodiversity. Against our expectation, species richness did not differ significantly between the
forest, jungle rubber, rubber and oil palm sites. However, species composition differed strongly between
land-use types. Ant communities in rubber and oil palm plantations, both in the BDNP and Harapan sites,
could be clearly distinguished from forest and jungle rubber communities. Forest and jungle rubber sites
were more similar, even partly overlapping in one of the two areas studied.

The absence of significant differences in ant species richness between forests and agricultural
land-uses could be due to the fact that the remaining dry lowland forests in the region are not primary but
secondary forests. Similarly, most forests that were transformed into palm oil plantations were not
primary but secondary forest (as the forest plots in our project area are), which had previously been used
for logging, or as agroforests (Koh and Wilcove 2008), so that the ant species pool may already be
eroded at the regional level by past land-use changes. However, as we discuss below, our results suggest
that a fairly large number of common and generalist ant species, tolerant of, or specialized to, open land
and monoculture plantations, inhabit the man-made habitats.

In contrast to species richness, ant community structure greatly differed between all land use
types, with differences most evident between forests and agroforests on one hand, and the monoculture
plantations on the other. The direct effects of the present habitat, such as differences in available
resources (food, shelter, potential nesting sites), environmental conditions (temperature, light), the open
land phase of establishment of monocultures, and indirect effects mediated by a shift towards dominant,
invasive species are likely to explain these patterns. Ant communities in BDNP oil palm plantations
showed high similarities among plots compared to other habitats including oil palm in Harapan, which
may be due to the homogeneous understory vegetation in oil palm plantations in the BDNP site.

The species of ants found in all four land-use types can be characterized as generalists, and are
probably species that originate from primary forest and tolerate the transformation to plantations
(Perfecto and Vandermeer 2006). Species in the genera Crematogaster and Pheidole were present in all
four land-use types and are often generalist species. The subfamily Myrmicinae, in which the majority of
ants species collected are included, harbours many common ant species that are widespread in warmer
habitats, and includes more than 900 described species worldwide (Eguchi et al. 2006). There is often
competition between these generalist species and species of the Dolichoderinae subfamily (Andersen
2000), represented here for example by ants of the genera Tapinoma and Technomyrmex, that are also
present in the four land-use types studied here. Ant species that were dominant in oil palm and rubber
plantation are generally tramp species, i.e. species that benefit from habitat degradation and human
association (McGlynn 1999). These include species of the genus Pheidole and Tetramorium that are
found in this study, which can be invasive (Schultz and McGlynn 2000).

One of the species that is present in three types of agricultural land use (jungle rubber, oil palm

and rubber plantations) but not the forest is A. gracilipes. This species is well-known as invasive species
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and thrives in disturbed areas, but not forest. Briihl et al. (2003) also found that A. gracilipes is the most
common species on 70% of all baits placed in oil palm plantations in Sabah, Malaysia. A. gracilipes is
one of the most invasive species in the Indonesian cocoa plantations and is associated with land-use
systems with low tree canopy cover and a small number of forest ant species (Bos et al. 2008).

Overall, the most dominant ant species are invasive non-forest ants such as A. gracilipes and
Odontoponera denticulata. In oil palm and rubber plantations, O. denticulata replaced a species of the
same genus found in forest and jungle rubber, Odontoponera transversa, These two related species can
be used as bio-indicators, because they seem to have different adaptability and different habit
preferences, as already suggested by a previous study, in which O. denticulata were only found in urban
areas, while O. transversa were found only in relatively intact forests (Rizali et al. 2008).

Forest ant species in the genera Cataulacus, Tetraponera and Polyrhachis were not commonly
found in any of the plots, not even regularly in the forest. This could be because it is more difficult to
sample the complete ant fauna in a forest because of its high microhabitat heterogeneity. Tapinoma sp.
01 is abundant and very active in Harapan site. When Tapinoma sp. 01 is abundant, other ant species
were unlikely to be present, even physically large ant species such as Camponotus gigas and Polyrhachis
spp.. In habitats where dolichoderine species were not found, we found many individuals of small
species such as Monomorium and large species such as Oecophylla and Tetraponera, suggesting that
dolichoderines outcompete species from other subfamilies.

To conclude, the conversion of forested habitat results in severe changes in ant communities.
While our study suggests this needs not be accompanied by a decrease in species richness, the identity of
the species, the abundance of tramp and invasive ants, and the dominance patterns are different in
agricultural habitats. The functional consequences are not clear, but in terms of large-scale biodiversity,
our results suggests that any further losses of forest habitat, including conversion to jungle rubber, would
result in a decrease in regional biological diversity, as those species dependent on forested habitats

cannot persist in monoculture plantations.
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2.5 Supplementary material

Table S2.1.  Ant species sampled in different land-use regimes from Harapan Forest and Bukit
Duabelas National Park (+ means present). *F = Forest, J = Jungle Rubber, R = Rubber plantation, O =

Oil palm plantation.

Harapan Forest Bukit Duabelas N.P
No Subfamily Land-use® Land-use®
Species F J R O F J R O
Dolichoderinae (Forel, 1878)
1 Dolichoderus sp. 01 + o+ o+
2 Dolichoderus sp. 02 + + o+
3 Iridomyrmex sp. 01 +
4 Loweriella sp. 01 + o+ +
S Philidris sp. 01 + o+ o+ + o+ o+
6 Philidris sp. 03 +
7 Philidris sp. 06 +
8 Tapinoma sp. 01 + o+ o+ + o+ + o+ +
9 Tapinoma sp. 02 + o+ + o+ + +
10 Tapinoma sp. 03 + o+ o+
11 Tapinoma sp. 04 + o+
12 Tapinoma sp. 05 +
13 Technomyrmex sp. 01 + o+ o+ o+ o+ o+ o+ o+
14 Technomyrmex sp. 02 + o+
15 Technomyrmex sp. 03 + o+
Dorylinae (Leach, 1815)
16 Dorylus sp. 01 +
17 Dorylus sp.02 +
Formicinae (Latreille, 1809)
18 Acropyga sp. 01 + o+ o+ +
19 Anoplolepis gracilipes (Smith, 1857) + 4+ + + o+ +
20 Camponotus gigas (Latreille, 1802) + + + + +
21 Camponotus sp. 02 + o+ o+ o+
22 Camponotus sp. 03 + o+ o+ + o+ o+
23 Camponotus sp. 05 + + +
24 Camponotus sp. 07 + +
25 Camponotus sp. 08 +
26 Echinopla sp. 01 + +

27 Echinopla sp. 02 +
28 Nylanderia sp. 01 + +



Harapan Forest

Bukit Duabelas N.P

No Subfamily Land-use® Land-use®
Species J R F J R O
29 Nylanderia sp. 02
30 Nylanderia sp. 03 +
31 Nylanderia sp. 04
32 Nylanderia sp. 05 + +
33 Nylanderia sp. 07 + +
34 Nylanderia sp. 08 +
Oecophylla smaragdina (Fabricius, N
35 1775)
Paratrechina longicornis (Latreille, N
36 1802)
37 Plagiolepis sp. 01 + + +
38 Polyrhachis sp. 01 + + +
39 Polyrhachis sp. 02 + + + + +
40 Polyrhachis sp. 04 + + +
41 Polyrhachis sp. 05 + +
42 Polyrhachis sp. 06 +
Myrmicinae
43 Acanthomyrmex sp. 01 +
44 Acanthomyrmex sp. 02
45 Acanthomyrmex sp. 03 +
46 Aphaenogaster sp. 01 + + + + +
47 Calyptomyrmex sp. 01 +
48 Cardiocondyla sp. 01 + + + +
49 Cardiocondyla sp. 02 +
50 Cataulacus sp. 01 + +
51 Crematogaster sp. 01 +
52 Crematogaster sp. 02 + + + +
53 Crematogaster sp. 03 + + + + + +
o4 Crematogaster sp. 04 + + + + + +
55 Crematogaster sp. 05 +
56 Crematogaster sp. 14 +
S7 Lophomyrmex sp. 01 + +
58 Lophomyrmex sp. 02 +
59 Lordomyrma sp. 01 +
60 Lordomyrma sp. 02 +
61 Lordomyrma sp. 03 + +
62 Meranoplus sp. 01 +
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Harapan Forest

Bukit Duabelas N.P

No Subfamily Land-use? Land-use?
Species R O F J R O
63 Monomorium floricola (Jerdon, 1851) + o+ 4
64 Monomorium sp. 02 + + + +
65 Monomorium sp. 03 + +
66 Myrmicaria sp. 01 +
67 Pheidole sp. 01 + o+ o+ + o+
68 Pheidole sp. 02 + +
69 Pheidole sp. 03 +
70 Pheidole sp. 04 + o+ +
71 Pheidole sp. 05 +
72 Pheidole sp. 06 +
73 Pheidole sp. 07 +
74 Pheidole sp. 08 + +
75 Pheidole sp. 09 +
76 Pheidole sp.10 +
" Pheidole sp. 11 + + o+ + +
78 Proatta butteli (Forel, 1912) + +
79 Recurvidris sp. 01 + +
80 Recurvidris sp. 02 +
8l Solenopsis sp. 01 +
82 Solenopsis sp. 02 +
83 Strumigenys sp. 01 +
84 Tetheamyrma sp. 01 + + + +
85 Tetramorium sp. 01 + o+ + o+
86 Tetramorium sp. 02 + + o+ +
87 Tetramorium sp. 03 +
Ponerinae
88 Anochetus sp. 01 +
89 Cryptopone sp. 01 + +
Diacamma rugosum (Le Guillou, N N
90 1842)
91 Emerypone sp. 01 +
92 Hypoponera sp. 01 + + +
93 Leptogenys sp. 01 + + + +
94 Mesoponera sp. 01 + o+ + o+
95 Myopias sp. 01 +
96 Odontomachus sp. 01 + 4 + o+ + o+ +
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Harapan Forest

Bukit Duabelas N.P

No Subfamily Land-use® Land-use®
Species F J R O F J R
Odontoponera denticulata (Smith,

97 1858) T ¥

Odontoponera transversa (Smith, N N

98 1857)

99 Platythyrea sp. 01 +
100 Platythyrea sp. 02 +
101 Ponera sp. 01 + + +
102 Ponera sp. 02 +

Pseudomyrmecinae

103 Tetraponera sp. 01 + + + + + +
104 Tetraponera sp. 03 + +
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Chapter 3

Single- and multi-trait measures reveal widespread functional

diversity loss in human-modified tropical landscapes
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Damayanti Buchori, Malte Jochum, Holger Kreft, Steffen Mumme, Walesa Edho Prabowo, Akhmad
Rizali, Teja Tscharntke

In review, Ecosphere, submitted: 7" December 2015

Abstract

In the tropics, land-use transformation from rainforest to monoculture agriculture such as oil palm and
rubber plantations is happening at a rapid rate causing considerable species loss. Patterns of species loss
with land-use change are comparatively well studied, but this is in contrast to the building evidence that
functional diversity, and not species richness per se, is the main driver of ecosystem functioning and
stability. To comprehensively investigate the effects of land-use change on species richness and
functional diversity, as well as the relationship between the two, we surveyed birds, arboreal ants and
leaf-litter invertebrates across 32 lowland rainforest, jungle rubber, monoculture rubber and oil palm
plantation sites in Sumatra, Indonesia. We quantified species richness, functional diversity and single-
and multi-trait functional indices (community-weighted mean and variance, functional dispersion,
functional evenness and functional divergence) for each taxonomic group using feeding guild, dispersal
and biomass traits. We found linear relationships between species richness and functional diversity
across all taxa, indicating low functional redundancy in these systems. Also, species richness and
functional diversity declined from forest to oil palm for birds and leaf-litter invertebrates, with
intermediate responses in the rubber systems. Ants however, had higher diversity in oil palm compared
with forest and jungle rubber. There were few significant responses to land-use change for multi-trait
indices, but noteworthy responses for single-trait indices. In particular, for all taxa species from higher
trophic guilds decreased from forest to oil palm. The observed decrease in species richness from
rainforest to monoculture plantations across multiple taxa, along with the tightly coupled decreases in
functional diversity and low functional redundancy, could threaten long-term ecosystem stability through
potential consequences for ecosystem processes. The complementary results from using multiple
functional indices emphasizes the need to combine different multi-trait and single-trait measures to better

understand the effects of land-use change on communities and associated functions.
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3.1 Introduction

Land-use change due to agricultural expansion is causing considerable species loss worldwide (Foley et
al. 2005; Newbold et al. 2015). In tropical regions in particular, conversion of forest and agroforests into
monoculture agriculture such as oil palm is happening at an extremely rapid rate, leading to highly
simplified landscapes (Fitzherbert et al. 2008). In Indonesia, currently the world’s leading palm oil
producer, oil palm plantation crop cover was nine million hectares in 2010 with a projected increase to
18 million hectares by 2020 (Koh and Ghazoul 2010). The predicted further large-scale expansion of oil
palm plantations and other high-intensity agricultural systems has extensive implications for species loss
and subsequent alteration of ecosystem functions and services (Fitzherbert et al. 2008).

Although patterns of species loss with land-use change are relatively well studied (Fitzherbert et
al. 2008), it is now widely understood that functional diversity, and not species richness per se, is the
main driver of ecosystem functioning and stability (Tilman et al. 1997; Lefcheck and Duffy 2015; Gagic
et al. 2015). Functional diversity refers to a component of biodiversity that measures the variation in the
functionally relevant traits present in a community (Petchey and Gaston 2006). Trait-based diversity
indices provided higher explanatory power than species-based diversity indices (e.g. species richness and
Shannon diversity) for predicting seven ecosystem functions’ responses in a recent study by Gagic et al.
(2015). Also, multifunctionality of ecosystems (rates of multiple processes) was only directly affected by
variation in functional diversity measures rather than taxonomic diversity in a grassland biodiversity
experiment (Mouillot et al. 2011). Understanding the response of functional diversity to land-use change
will be extremely important if we are to fully grasp the long-term consequences on ecosystem
functioning (Senior et al. 2013).

Quantifying functional diversity also enables the investigation of the relationship between
species richness and functional diversity. Functional diversity and species richness are often correlated
(Flynn et al. 2009; Bihn et al. 2010), but the relationship between the two is not necessarily linear. Its
shape has important implications for functional redundancy and complementarity (Flynn et al. 2009). For
example, species may be lost without an equivalent loss in functional diversity if a number of species
have similar traits within the community, indicating functional redundancy and the possibility of
community resilience to disturbance. Alternatively, if functionally unique species are lost there could
first be a sharp decline in functional diversity with only a small reduction in species richness. For
example, species with large body sizes, small geographic ranges and high trophic position are often more
sensitive to disturbance and are therefore lost first in disturbed ecosystems with potential serious
consequences for the ecosystem functions they perform (Henle et al. 2004; Larsen et al. 2005).

Functional responses can be assessed using indices based on single-traits (e.g. community-
weighted mean (CWM), Sonnier et al. 2010) or multiple traits (e.g. functional dispersion, the mean
distance of each species trait values to the community trait space centroid, Laliberté and Legendre 2010).
Recently, there has been a growing body of research investigating the relative benefit of different

functional indices and which best predict ecosystem functioning (e.g. Mouillot et al. 2011; Butterfield
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and Suding 2013; Gagic et al. 2015). However, it is still unclear if single-trait, multi-trait or
combinations of both provide the most appropriate or informative data for understanding changes in
functional diversity or the consequences of those changes. A number of studies investigating both single-
trait and multi-trait functional indices in plants have found that a single-trait index (CWM) better predicts
measured ecosystem functions (e.g. Butterfield and Suding 2013). Correspondingly, Gagic et al. (2015)
found that, of the reviewed studies that considered both single- and multi-trait indices, 73% demonstrated
certain single-trait indices were better at predicting ecosystem functioning than multi-trait indices.
However, others claim that only considering one type of index is insufficient, and that both are needed to
gain a comprehensive understanding of community functional diversity (Gagic et al. 2015).

Although there is an increasing amount of research that investigates both taxonomic and
functional diversity in the context of land-use change, studies across multiple taxa and in different land-
use systems are still rare (but see Flynn et al. 2009; Senior et al. 2013; Gagic et al. 2015). In the present
study, we use community and trait data from arboreal ants, leaf-litter macro-invertebrates and birds to
study functional diversity responses to land-use change in Sumatra, Indonesia. We assess four land-use
systems important to the study region, lowland rainforest, jungle rubber, rubber and oil palm. To
comprehensively assess changes in functional diversity, we estimate the relationships between taxonomic
and functional diversity and the responses of multiple single and multi-trait functional indices to land-use
change, and compare the relative value of single or multi-trait indices. Understanding functional diversity
loss in these systems is important for predicting effects on ecosystem functioning and for understanding

the overall consequences of land-use change.

3.2 Materials and Methods

Study Area

Our study was carried out within two lowland regions in the Batanghari and Sarolangun
Regencies of Jambi Province, Sumatra, Indonesia at elevations of 40-100 m a.s.l. These regions were
adjacent to two protected areas, the Bukit Duabelas National Park and the Harapan Rainforest (Fig.
S3.1). This area is typical of lowland Sumatra in that it has undergone extensive selective logging and
deforestation, especially over the past 50 years as a result of the increasing expansion of agricultural land
(Laumonier et al. 2010). In particular, rubber is the most dominant crop in the province with a land cover
of 650,000 ha in 2011. However, over the past 20 years oil palm has become increasingly dominant,
increasing almost 4-fold from 150,000 ha to 550,000 ha in the period from 1996 to 2011 (Gatto et al.
2015).

Study design
Between October 2012 and August 2014 sampling was conducted across four land-use systems:
degraded lowland rainforest, jungle rubber, rubber plantation and oil palm plantation. In the two study
regions, each land-use system was replicated four times (n=32). At each of the 32 study sites, a 50 m x
50 m sampling plot was defined, which included five randomly assigned 5 m x 5 m subplots. All sites
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were on little or no slope, had comparable soil and mircoclimate conditions within a region, and the
plantations were of similar age. The mean pair-wise distance between sites was 11.5 km and 18.2 km for
Bukit Duabelas and Harapan regions, respectively). The rainforest sites were within Bukit Duabelas
National Park and Harapan Rainforest and, although protected, have been selectively logged in the past.
Jungle rubber represents an agroforestry system consisting of degraded forest with rubber trees between
the native vegetation and minimal management (e.g. minimal mechanical weeding but typically no
fertilizer application). The rubber and oil palm plantations, in contrast, were intensively managed
monoculture systems. For a detailed description of the study site management practices see Allen et al.
(2015).

Sampling methods and trait determination

Arboreal ants

We used plastic observation plates with two baits of 2 cm? of tuna in oil and two sponges
saturated with 70% sucrose solution attached to sample arboreal ant species (hereafter, “ants) (Wielgoss
et al. 2010). One plate was tied at breast height on each of two randomly selected trees in all five
subplots at each site (total of 10 trees per site). If there were not two trees in a subplot (often the case in
oil palm plantations), the closest trees to the subplot were chosen. At 15, 30, 45 and 60 minutes after
placing the plates on the trees, the abundance of each ant species present on the plate (separately for ants
feeding on sugar or tuna) was recorded. Specimens were collected from each ant species present where
possible without disrupting recruitment. Surveys were conducted at each site four times during the study
period (first: October 2012, second: February-March 2013, third: September-October 2013, fourth:
February 2014), between 9:00 am and 11:00 am. No sampling was conducted during or immediately
after rain due to a reduction in ant activity under wet conditions. All ants collected were identified to
genus level (Fayle et al. 2014). We identified specimens to species level where possible and assigned the
remainder to morphospecies. Ant abundance per species at a given site was defined as the mean of the
maximum number of each species on each plate (at any time measurement) used at a site (over the whole
survey). By taking the mean abundance from the maximum at any given time during the surveys we took
into account the possibility of competition that could disadvantage subdominant species if only looking
at the abundance after 60 minutes.

Three traits were defined for each ant species present: head length (as an indicator of body
mass), protein/carbohydrate preference ratio (feeding type) and relative leg length (dispersal) (Bihn et al.
2010). Head and leg length (combined tibia and femur) were measured to the nearest 0.01 mm on
between one and five individuals from each species at each site and a mean was used for analysis.
Relative leg length was calculated by dividing by head length. The protein/carbohydrate preference ratio
for each species was determined by dividing the total abundance of the species counted at the protein
baits (tuna) by the total abundance of the species at both baits (higher ratio indicates increased predator

abundance).
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Leaf-litter macro-invertebrates

In each of three (out of the possible five) randomly chosen subplots at each site we sieved 1 m?2
of leaf-litter over a coarse sieve (mesh width of 2 cm). Macro-invertebrates were then hand-collected
from the sieved litter. Samples were collected in October and November 2012. Specimens were
identified to morphospecies based on consistent morphological characteristics.

Three traits were defined for each morphospecies of leaf-litter macro-invertebrate (hereafter,
“invertebrates™): body mass, feeding guild and dispersal capacity (Mumme 2014). Body mass was
calculated from individual body lengths using length-mass regressions from the literature (for details see
Mumme 2014). Each morphospecies was assigned to one of three feeding guilds: primary consumers
(herbivores and detritivores), omnivores and predators, based on a combination of literature, taxonomy
and morphology. To enable the analysis of categorical traits, each feeding guild was given a score
between 0 and 1 for analysis; primary consumers were scored as 0, omnivores as 0.5 and predators as 1.
Dispersal capacity was assessed by allocating morphospecies into two groups according to whether they
were winged (scored as 1 for analysis) or wingless (0).

Birds

Bird data were collected using standardized point counts and passive acoustic monitoring
stations. The point counts were completed at the center of each plot and all birds within the plot were
observed (using 7 x 40 mm Nikon Monarch binoculars) and recorded for 20 minutes between 6:00 and
10:00 from June-July 2013. The timing of bird data collection alternated between early and late morning
and all plots were visited 3 times (60 min sampling per plot in total). Individuals flying above the canopy
were excluded, and unfamiliar bird calls were recorded using a directional microphone (Sennheiser ME-
66/K6). The recordings were compared with an online bird call database (Xeno-Canto) for confirmation.
Bird species identification follows Birdlife International (BirdLife International 2015) (97.4 % of
observed birds were identified to species level). Additionally, we recorded sound for 20 minutes after
sunset at 44100Hz on two channels using sound recorders (SM2+ recorder with 2 SMX-II microphones,
Wildlife acoustics ®) which were attached to a tree at the center of the plot at 2-2.5m. Eight plots could
be sampled simultaneously, so sampling all 32 plots took 4 days (10th and 13th of May for Harapan
region, and the 3rd and 7th of June 2013 for Bukit Duabelas). Recordings were uploaded to a website

(http://soundefforts.uni-goettingen.de/) where two independent ornithologists tagged all audible bird calls
within an estimated 35m radius with the corresponding species name. A third ornithologist reviewed all
identifications. Bird data from sound recordings and point counts were subsequently merged.

Three traits were defined for each bird species present: body mass, feeding guild and relative
wing length (dispersal). Body mass and feeding guild were obtained from Wilman et al. (2014) and wing
length data from Robinson & Chasen (1927). The bird species were assigned to one of three feeding
guilds: herbivores (frugivore, nectivore, granivore, scored as 1), omnivores (0.5) and predators (mostly

insectivores, 0). Relative wing length was calculated by dividing wing length by body mass.

Functional diversity indices

31


http://soundefforts.uni-goettingen.de/

We calculated functional diversity (FD) in each site for each taxonomic group (community) to
directly compare it with species richness (SR) and determine the relationship between the two (Flynn et
al. 2009). FD is a dendrogram-based index calculated as the total branch length of the community
functional dendrogram following Petchey & Gaston (2002). FD is one of the most commonly used trait-
based measures of functional diversity and, as suggested by Flynn et al. (2009), can be related to species
richness to assess the functional redundancy within a system (Flynn et al. 2009; Brown et al. 2011). FD
calculations were computed based on presence/absence data and standardized trait values in R 3.2.0 (R
Core Team 2015).

To compare community trait composition across land-use systems, we calculated three
multi-trait functional indices that are based on how species are distributed within a multi-dimensional
functional trait space (trait-space based indices): functional evenness (FEve), functional divergence
(FDiv) and functional dispersion (FDis) (Villéger et al. 2008; Laliberté and Legendre 2010). FEve
measures the evenness of abundance distributions within the total trait space. FDiv describes the
proportion of the total abundance that includes species with extreme traits. Finally, FDis is the
abundance-weighted mean distance of each species trait values to the community trait space centroid. We
calculated the three indices with abundance data and standardized trait values using the dbFD function in
the FD package in R 3.2.0 (Laliberté and Legendre 2010; Laliberté and Shipley 2014; R Core Team
2015).

To determine if important functional responses are lost when combining traits into multi-
trait indices of functional diversity, we also calculated two single-trait indices for each trait studied,;
community weighted mean (CWM) and community weighted variance (CWV) (Sonnier et al. 2010;
Butterfield and Suding 2013). CWM is the abundance-weighted mean trait values for a community,

whereas CWV is the variability of the trait values around the mean community value.

Statistical analysis

Relationship between species richness and functional diversity

Under the assumption that land-use system is driving both SR and FD, we tested for differences
between the SR and FD response to land-use system (and therefore a presumed non-linear relationship
between the two) by directly testing for the presence of an interaction between the type of diversity
measure used (SR or FD) and land-use system. For each taxonomic group, we therefore compared two
linear mixed-effects models (LMEs) (fitted by maximum likelihood) testing for the effect of land-use
system on diversity (including both diversity types in the data); one with diversity type included as a
predictor with an interaction term, and one without. Study site nested within region was included as a

random effect in both models. The statistical notation of the models thus read as
(1) Diversity ~ land-use type x diversity type + random=~1|region/site
(2) Diversity ~ land-use type + random=~1|region/site
where diversity is the standardized SR and FD values and diversity type is either SR or FD. If AAICc >

2, the model with the lowest AlCc (small sample size corrected Akaike information criterion’s scores)
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was considered the best supported model. We also considered Akaike weight when determining the best
supported model. If the best supported model did not include the interaction term then a linear
relationship between species richness and functional diversity was assumed. The best-fit model, refitted
using restricted maximum likelihood, was then used to determine the effect of land-use system on overall
diversity (both SR and FD). Tukey post-hoc tests with Bonferroni correction were used to test for
significant differences among the systems. Apart from FD, FDis has also been used to investigate
relationships between species richness and functional diversity (Luck et al. 2013; Grass et al. 2014a). To
corroborate our findings based on FD, we also tested for differences between SR and FDis responses to
land-use system, using the same modelling framework as with FD. LMEs, AlCc score calculations and
post-hoc tests were conducted using the nlme (Pinheiro et al. 2015), AlICcmodavg (Mazerolle 2015) and
multcomp (Hothorn et al. 2008) packages in R 3.2.0 (R Core Team 2015).

Responses of functional diversity indices to land-use change

We used LMEs to determine the effect of land-use system on FEve, FDiv, FDis, CWM and
CWV, with region specified as a random effect. When LMEs contained a significant effect of land-use
system on the response variable, we performed a Tukey post-hoc test (with Bonferroni correction) to test
for significant pair-wise differences among land-use systems. To meet assumptions of normality all

biomass CWM and CWYV values were log transformed prior to analysis.

3.3 Results

Relationships between taxonomic and functional diversity

For all taxonomic groups (ants, invertebrates, birds), the model testing the response of SR and
FD to land-use change without an interaction with diversity type included as a predictor was the best-
supported model based on AlCc (Fig. 3.1, Table S3.1). The supplementary analyses comparing species
richness with FDis showed similar results (Table B1).

When testing the response of overall diversity (SR and FD) to land-use system using the best-
supported model, we found that all taxonomic groups responded significantly to land-use change,
although directions of the effect varied (Fig. 3.1, Table S3.2). Both birds and invertebrates showed a
significant decline in both taxonomic and functional diversity across the land-use gradient (Fig. 3.1,
Table S3.3). Ants conversely had significantly lower SR and FD values in forest and jungle rubber
compared with oil palm and significantly lower values in rubber compared with jungle rubber (Fig. 3.1,
Table S3.3). SR and FD of invertebrates were significantly lower in oil palm, compared with all the other
land-use systems, which had similar values except for a marginally significantly higher diversity in forest
than jungle rubber (Fig. 3.1, Table S3.3). SR and FD were significantly higher in forest than oil palm for
birds, with the rubber systems having intermediate values (Fig. 3.1, Table S3.3).
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Figure 3.1. The relationship between species richness and functional diversity (left column) and
response of species richness and functional diversity to land-use system (right column) for ants, leaf-litter
macro-invertebrates and birds. Means (SR and FD) with different letters are significantly different
(Tukey’s HSD, p <0.05). Error bars indicate standard error. F = forest, J = jungle rubber, R = rubber, O =
oil palm. SR = Species richness, FD = Functional diversity.

Functional diversity responses to land-use change
Multi-trait functional indices

FDiv and FDis did not respond significantly to land-use change for both birds and invertebrates,
however, for ants there significant differences between land-use systems for FDiv and FDis (Table S3.4).
More specifically, ant FDiv was significantly higher in jungle rubber and oil palm compared with forest
(Fig. 3.2, Table S3.5) and ants had significantly higher FDis values in oil palm than in forest with
intermediate values for the rubber systems (Fig. 3.2, Table S3.5). FEve was only significantly different
between land-uses for birds (Table S3.4), with oil palm having significantly lower FEve values than the

other three land-uses which had similar values (Fig. 3.2, Table S3.5).
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Figure 3.2. The response of ant, leaf-litter macro invertebrate and bird multi-trait (trait-space based)
functional indices (functional evenness (FEve), functional dispersion (FDis) and functional divergence
(FDiv)) to land-use system. Means with different letters within taxonomic group are significantly
different (Tukey’s HSD, p <0.05).

Single-trait functional indices

The CWM and CWV values for the animal biomass traits for each taxonomic group (ant head
length, invertebrate body mass, bird body mass) showed a significant response to land-use change for
invertebrates but not for ants or birds (Table S3.6). More specifically, CWM and CWYV values for
invertebrates were both significantly lower in oil palm than forest and rubber, with CWV values also
significantly lower in jungle rubber than forest (Fig. 3.3, Table S3.7).

Ant, invertebrate and bird CWM values for trophic guild measures (ant
protein/carbohydrate preference ratios and invertebrate and bird trophic guild) significantly decreased
across the land-use gradient, with oil palm having significantly lower values than forest in all cases and
the rubber systems having intermediate values (Fig. 3.3, Tables S3.8+S3.9). This indicates a decrease in
the presence of species at high trophic levels (i.e. predators) from forest to oil palm. Trophic guild CWV
values did not differ significantly between land-uses for any of the taxonomic groups (Table S3.8).

The CWM and CWV values for the animal mobility traits (ant leg length, invertebrate
mobility and bird relative wing length) showed a significant response to land-use change for ants and
birds (only CWM), but not invertebrates (Table S3.10). Ant leg length CWM was significantly higher in
oil palm than rubber, and higher in jungle rubber than forest. Also, bird relative wing length CWM was

significantly lower in forest than in jungle rubber and rubber, with intermediate values for oil palm (Fig.
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3.3, Table S3.11). The ant CWV values were significantly lower in forest than in any of the other land-
use systems (Fig. 3.3, Table S3.11).
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Figure. 3.3. The response of the community weighted mean (CWM) and community weighted variance
(CWV) of ant, leaf-litter macro invertebrate and bird biomass, feeding guild and mobility traits to land-
use system. Means with different letters within taxonomic group are significantly different (Tukey’s
HSD, p <0.05).

3.4 Discussion

We studied the relationship between taxonomic and functional diversity as well as the changes in
functional diversity of multiple taxa with tropical rainforest transformation using several single and
multi-trait indices of functional diversity. We found a linear relationship between species richness and
functional diversity across all taxa, suggesting low functional redundancy in the land-use systems
studied. The use of both dendrogram based and trait-space based multi-trait indices, along with single-
trait indices, provided complementary results describing animal functional responses to land-use change
and their implications. We found a general negative effect of land-use change on species richness and
functional diversity, in particular for oil palm plantations. In addition, we established that higher trophic
guilds were most vulnerable to land-use change; dispersal ability and to a lesser extent body mass were
also important traits for determining animal responses to disturbance.

Our results showed a consistent linear relationship between species richness and functional

diversity across three different taxonomic groups; ants, invertebrates and birds. The linear relationship
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implies low functional redundancy in the studied systems, which occurs when many of the species
present in a community have a unique combination of traits (Flynn et al. 2009). Low functional
redundancy has also been found in a number of other studies (e.g. Micheli and Halpern 2005; Petchey et
al. 2007; Laliberte et al. 2010). For example, Petchey et al. (2007) found functional diversity changes
were almost exactly proportional to species richness in British bird assemblages. In communities with
low functional redundancy, even a relatively small decrease in species richness can decrease functional
diversity which can have potential dramatic consequences for ecosystem functioning (Micheli and
Halpern 2005). Due to this, redundancy is also linked with an ecosystem’s resilience to disturbance and
stability (Laliberte et al. 2010). Thus in our study, the low functional redundancy across a large number
of different taxa points towards a much reduced resilience of the studied land-use systems towards future
anthropogenic pressures.

As expected, due to the highly simplified habitat and intensive management of monoculture
plantations, we also found a general decrease in functional diversity and species richness for birds and
leaf-litter invertebrates from lowland rainforest towards monoculture production systems. The general
decline, however, did not hold for arboreal ant species, which showed the highest biodiversity in the
monoculture plantations, in particular oil palm. This could be due to a sampling bias because of the
differences in vegetation density between the systems. However, a detailed study on the ant communities
at the same sites also did not find a decline in species richness with land-use change (Rubiana et al.
2015), and similarly, Luke et al. (2014) found comparable occurrences of ants between oil palm and old
growth forest in Malaysian Borneo. Nevertheless, both studies still concluded ant communities are
changed from forest to oil palm due to the large differences in community composition. The observed
alteration of species richness with land-use change, along with the tightly coupled decreases in functional
diversity and low functional redundancy, threatens long-term stability through potential consequences for
ecosystem processes vital to the sustainability of agricultural systems such as biocontrol, decomposition
and nutrient cycling.

We found that the majority of trait-space based functional indices showed no response to land-
use change, with only three out of the nine measures used showing significant responses. The minimal
response however, is in contrast to expectation as there are still large changes in the species richness and
dendrogram based functional diversity of communities between these systems. However, using multi-
trait indices may mask the underlying changes if different traits have varying responses; for example, if
one trait responds positively to change and the other negatively then combining them could mask those
responses entirely (Spasojevic and Suding 2012). By looking at each trait separately, we may gain more
understanding about the specific changes in these communities.

Our investigation of each trait using single-trait functional indices yielded important results that
would be masked by using multi-trait indices alone. In particular, we found a decline in the higher
trophic guilds (predators) for all taxa from forest to oil palm plantations. Theory predicts losses of higher
trophic guilds, in particular predators, with disturbances such as fragmentation and land-use change, and

that these losses precede those of species at lower trophic levels (Holt 2009). However, empirical
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research demonstrating this is still uyncommon and mostly restricted to a few specific taxa (in particular,
parasitoid-host relationships) (van Nouhuys 2005; Cagnolo et al. 2009). In the land-use systems we
investigated, however, there was a consistent loss of predators with land-use change, which threatens the
long-term sustainability of the agricultural systems due to the potential decrease in important ecosystem
services they provide; in particular, biocontrol. For example, it is established that birds and bats control
arthropods in agroforestry systems and therefore impact herbivory and, often subsequently, yield (Maas
et al. 2015).

Interestingly, we also found unexpected results for ant and bird community-weighted mean
biomass data, in that there were no significant differences between land-use systems. The results
highlight that although species with large body sizes are often sensitive to disturbance, overall
community biomass may not decrease with disturbance due to the persistence of large and/or very
common generalist species. Ant communities in the plantations for example, are dominated by the
medium-sized invasive species and generalists such as the very common Anoplolepis gracilipes. In
contrast, comparatively larger forest specialists (e.g. Camponotus gigas and Polyrachis spp.) only occur
in low numbers (Rubiana et al. 2015). Similarly, many of the birds that are able to persist in the
plantations are large-bodied omnivores (e.g. Bulbuls and doves), which may better be able to use
disturbed land-use systems due to their less specialized resource use (Newbold et al. 2013; Grass et al.
2014b).

Both ant and bird communities became dominated by more mobile species from forest to one or
more of the agricultural systems. Also, ant leg length had higher variability in all agricultural systems
compared with forest. Species with high mobility are often associated with disturbed or non-natural
habitats (Driscoll and Weir 2005). For example, the highly invasive ant A. gracilipes has the largest
relative leg length of any ant species in the study, a trait which positively relates to locomotion and
foraging efficiency (Bihn et al. 2010). Increased dispersal capability is a common trait in species that
persist in disturbed habitats due to improved resource acquisition abilities where resources may be
scarcer than in natural habitats (Barnes et al. 2014). In summary, we found that using single-trait
functional indices allowed us to understand how species traits such as trophic guild position, biomass and
dispersal capacity mediate species’ responses to land-use change, shaping the trajectory of local

community assembly and the taxonomic and functional diversity in different land-uses.

Conclusions

The low functional redundancy seen here implies that even relatively small losses in biodiversity
may impact ecosystem functioning. This finding suggests strong effects from biodiversity losses
following rainforest transformation, particularly towards monoculture production systems. Ecosystem
processes associated with higher trophic guilds are most vulnerable, indicating non-random
simplification of food webs which may imperil ecosystem stability in the long-term. Single-trait
functional indices provided information about important changes in the studied animal groups that were

masked by most multi-trait indices. However, the comparison of multi-trait indices with species richness
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yields conclusions about the level of redundancy in a system. The few unexpected results along with the
differing complementary applications of the different functional indices emphasize the need to
investigate many aspects of taxonomic diversity, functional diversity and community composition if we

want to fully understand the overall effects of land-use change on animal and plant communities.
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Figure S3.1. Map of study area located in Jambi, Sumatra, Indonesia. In the two study regions, each
land-use system was replicated four times. The regions were adjacent to two protected areas, the Bukit

Duabelas National Park and the Harapan rainforest (area shaded in orange). Figure modified from Allen
et al (2015).
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Table S3.1. AlCc table for comparison of fits of linear mixed effects models testing the effect of land-
use change on overall diversity (species richness and functional diversity/functional dispersion). The two
models tested for (a) arboreal ant, (b) leaf-litter invertebrate and (c) bird overall diversity (both species
richness and functional diversity or functional dispersion) are shown with K (number of parameters in
the model), AlCc (AIC adjusted for bias due to small sample size), AAICc (change in AICc, models with
AAICc < 2 have an equal likelihood of being the model that best explains the response variable), and
Akaike weight (relative probability of each model being the best model).The best supported models are
indicated in bold. LUS is land-use system and DivType is diversity type.

Functional diversity Functional dispersion
Response variable K AICc  AAICc Akaike Wt K AlCc AAICc  Akaike Wt
@ Ant
LUS 7 17454 0.00 0.97 7 170.28 0.00 0.92
LUS*DivType 11 181.68 7.15 0.03 11 175.07 4.79 0.08
(b) Invertebrate
LUS 7 170.58 0.00 099 7 18458 0.00 0.78
LUS*DivType 11 179.13 8.56 0.01 11 184.06 2.48 0.22
(c) Bird
LUS 7 169.37 0.00 1.00 7 180.64 0.00 0.94
LUS*DivType 11 180.13 10.76 0.00 11 186.12 5.47 0.06

Table S3.2. Linear mixed effect model ANOVA outputs testing for a significant effect of land-use
system on overall diversity (species richness and functional diversity). The best-fit linear mixed effects
models which determined the effect of land-use change on (a) arboreal ant, (b) leaf-litter invertebrate and
(c) bird overall diversity (both species richness and functional diversity) (Table S1). Significant P-values
are indicated in bold (P = <0.05).

Response variable Effect df F-value P-value

(@) Ant diversity Land-use system 59 3.606 0.018
(b) Invertebrate diversity Land-use system 59 9.565 <0.001
(c) Bird diversity Land-use system 57 7.333 <0.001
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able S3.3. Summary statistics of Tukey post-hoc tests testing for significant differences in overall
diversity (species richness and functional diversity) among land-use systems. Tukey post-host tests were
performed on the best-fit linear mixed effects models which determined the effect of land-use change on
(a) ant, (b) leaf-litter invertebrate and (c) bird overall diversity (both species richness and functional
diversity) (Table S3.1). Significant P-values are indicated in bold (Tukey’s HSD, P = <0.05). F=forest,
J=jungle rubber, R=rubber, O=oil palm.

Response variable Estimate  z-value  P-value
(a) Ant diversity
J-F 0.043 0.132 1.000
O-F 0.933 2.867 0.025
R-F 0.170 0.522 1.000
o-1J 0.889 2.734 0.038
R-J 0.127 0.390 1.000
R-0O -0.763 -2.344 0.114

(b) Leaf-litter invertebrate diversity
J-F -0.774  -2.619 0.053

O-F -0.158  -5.345  <0.001
R-F -0.702  -2.374 0.106
0-J -0.806  -2.726 0.038
R-1J 0.072 0.245 1.000
R-0O 0.878 2971 0.018

(c) Bird diversity
J-F -0.698  -2.345 0.114

O-F -1.446  -4688  <0.001
R-F -0.707  -2.375 0.105
0-1J -0.748  -2.425 0.092
R-1J -0.009  -0.030 1.000
R-0O 0.739 2.396 0.099
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Table S3.4. Linear mixed effect model ANOVA outputs testing for a significant effect of land-use system on trait-space based functional indices. The linear
mixed effects models determined the effect of land-use change on (a) arboreal ant, (b) leaf-litter invertebrate and (c) bird functional evenness, functional
evenness and functional dispersion. Significant P-values are indicated in bold (P = <0.05).

functional evenness functional divergence functional dispersion
Response variable  Effect df F-value P-value df F-value P-value df F-value P-value
(@) Ant Land-use system 27 0.504 0.683 27 5.433 0.005 27 3.882 0.020
(b) Invertebrate Land-use system 27 0.307 0.820 27 1.841 0.164 27 1.656 0.200
(c) Bird Land-use system 26 7.254 0.001 26 1.988 0.141 26 0.231 0.874
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Table S3.5. Summary statistics of Tukey post-hoc tests testing for significant differences in trait-space based functional indices among land-use systems.
Tukey post-host tests were performed on linear mixed effects models determining the effect of land-use change on (a) arboreal ant and (b) bird functional
evenness, functional evenness and functional dispersion. Only values from response variables with significant responses to land-use system (Table S3.4) are
shown here. Significant P-values are indicated in bold (Tukey’s HSD, P = <0.05). F=forest, J= jungle rubber, R=rubber, O= oil palm.

functional evenness functional divergence functional dispersion

Response variable estimate z-value P-value estimate z-value P-value estimate z-value P-value
(@) Ant

J-F 0.210 3.221 0.008 0.542 2.243 0.194

O-F 0.220 3.370 0.005 0.796 3.292 0.006

R-F 0.072 1.103 1.000 0.560 2.314 0.124

0-1J 0.010 0.149 1.000 0.254 1.049 1.000

R-J -0.139 -2.118 0.205 0.017 0.071 1.000

R-0 -0.148 -2.267 0.140 -0.237 -0.978 1.000
(b) Bird

J-F -0.010 -0.368 1.000

O-F -0.113 -4.163 <0.001

R-F -0.017 -0.647 1.000

0-1J -0.103 -3.807 <0.001

R-J -0.007 -0.279 1.000

R-0 0.096 3.538 0.002




Table S3.6. Linear mixed effect model ANOVA outputs testing for a significant effect of land-use system on single-trait (biomass) functional indices. The
linear mixed effects models determined the effect of land-use change on the community weighted mean (CWM) and community weighted variance (CWV) (a)
arboreal ant, (b) leaf-litter invertebrate and (c) bird biomass traits. v.

°1%

CWM CWv
Response variable Effect df F-value P-value df F-value P-value
(@) Ant (head length) Land-use system 27 2.028 1.336 27 1.265 0.306
(b) Invertebrate (body mass) Land-use system 27 4.146 0.015 27 7.424 <0.001
(c) Bird (body mass) Land-use system 26 2.333 0.097 26 2.031 0.134

Table S3.7. Summary statistics of Tukey post-hoc tests testing for significant differences in single-trait (biomass) functional indices among land-use systems.
Tukey post-host tests were performed on linear-mixed effect models testing the response of the community weighted mean (CWM) and community weighted
variance (CWV) of leaf-litter invertebrate to land-use system. Only values from response variables with significant responses to land-use system (Table S3.6)
are shown here. Significant P-values are indicated in bold (Tukey’s HSD, P = <0.05).

CWM-biomass CWV-biomass
Response variable estimate z-value p-value estimate z-value p-value
Invertebrate (body mass)
J-F -0.780 -1.477 0.838 -1.371 -2.667 0.046
O-F -1.428 -2.706 0.041 -2.211 -4.301 0.001
R-F 0.237 0.448 1.000 -0.418 -0.813 1.000
0-1J -0.649 -1.229 1.000 -0.840 -1.634 0.614
R-1J 1.016 1.925 0.325 0.953 1.854 0.382
R-0O 1.665 3.154 0.010 1.793 3.488 0.003
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Table S3.8. Linear mixed effect model ANOVA outputs testing for a significant effect of land-use system on single-trait (feeding guild) functional indices.
The linear mixed effects models determined the effect of land-use change on the community weighted mean (CWM) and community weighted variance
(CWV) (a) arboreal ant, (b) leaf-litter invertebrate and (c) bird feeding traits. Significant P-values are indicated in bold (P = <0.05).

CWM CWv
Response variable Effect df F-value P-value df F-value P-value
(@) Ant (protein/carbohydrate ratio) Land-use system 27 5.437 0.005 27 0.669 0.578
(b) Invertebrate (feeding guild) Land-use system 27 3.047 0.046 27 2401 0.090
(c) Bird (feeding guild) Land-use system 26 6.737 0.002 26 2.054 0.131




Table S3.9. Summary statistics of Tukey post-hoc tests testing for significant differences in single-
trait (feeding guild) functional indices among land-use systems. Tukey post-host tests determined the
response of the community weighted mean (CWM) of (a) arboreal ant, (b) leaf-litter invertebrate and
(c) bird feeding guild traits to land-use system. Only values from response variables with significant
responses to land-use system (Table S3.8) are shown here. Significant P-values are indicated in bold
(Tukey’s HSD, P = <0.05).

CWM-feeding guild

Response variable estimate z-value P-value
(a) Ant (protein/carbohydrate ratio)
J-F -0.047 -1.447 0.887
O-F -0.122 -3.763 0.001
R-F -0.020 -0.611 1.000
o-J -0.075 -2.316 0.123
R-J 0.027 0.836 1.000
R-0 0.102 3.151 0.010
(b) Invertebrate (feeding guild)
J-F -0.032 -0.830 1.000
O-F -0.112 -2.919 0.021
R-F -0.057 -1.494 0.811
0-J -0.080 -2.090 0.220
R-J -0.025 -0.664 1.000
R-0 0.055 1.425 0.925
(c) Bird (feeding guild)
J-F -0.043 -0.599 1.000
O-F -0.313 -4.185 <0.001
R-F -0.124 -1.722 0.510
0-1J -0.270 -3.606 0.002
R-J -0.081 -1.123 1.000
R-0 0.189 2.521 0.070
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Table S3.10. Linear mixed effect model ANOVA outputs testing for a significant effect of land-use system on single-trait (mobility) functional indices. The
linear mixed effects models determined the effect of land-use change on the community weighted mean (CWM) and community weighted variance (CWV) of
(2) arboreal ant, (b) leaf-litter invertebrate, and (c) bird mobility traits. Significant P-values are indicated in bold (P = <0.05).

CwM Ccwv
Response variable Effect df F-value F-value P-value
(a) Ant (relative leg length) Land-use system 27 7.451 27 12.637 <0.001
(b) Invertebrate (dispersal capacity) Land-use system 27 0.684 27 0.641 0.595
(c) Bird (relative wing length) Land-use system 26 3.417 26 0.425 0.736
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Table S3.11. Summary statistics of Tukey post-hoc tests testing for significant differences in single-trait (mobility) functional indices among land-use
systems. Tukey post-host tests determined the response of the community weighted mean (CWM) and community weighted variance (CWV) of (a) arboreal
ant and (b) bird dispersal traits to land-use system. Only values from response variables with significant responses to land-use system (Table S3.10) are shown
here. Significant P-values are indicated in bold (Tukey’s HSD, P = <0.05).

CWM-mobility/dispersal CWV- mobility/dispersal
Response variable estimate z-value P-value estimate z-value P-value

(@) Ant (relative leg length)

J-F 0.651 2.652 0.048 2.320 5.056 <0.001

O-F 1.053 4.289 <0.001 2.546 5.550 <0.001

R-F 0.197 0.762 1.000 1.468 3.200 0.008

0-1J 0.402 1.637 0.610 0.227 0.494 1.000

R-J -0.464 -1.890 0.352 -0.851 -1.856 0.381

R-0O -0.866 -3.527 0.003 -1.078 2.350 0.113
(b) Bird (relative wing length)

J-F 0.863 2.570 0.061

O-F 0.870 2.501 0.074

R-F 0.912 2.713 0.040

0-1J 0.007 0.019 1.000

R-J 0.048 0.143 1.000

R-0 0.042 0.120 1.000




50



Chapter 4

Local and landscape drivers of arthropod diversity and

decomposition processes in oil palm leaf axils

Dominik Ganser, Lisa H. Denmead, Yann Clough, Damayanti Buchori, Teja Tscharntke

In review, Agricultural and Forest Entomology, submitted: 26" February 2016

Abstract

Oil palm expansion results in a loss of biodiversity and associated ecosystem services.

However, there are factors which influence the severity of these impacts and enhancing biodiversity
within plantations is important. Here, we examine the role of epiphytes for supporting arthropod
communities in oil palm plantations in Sumatra, Indonesia. We considered the effects of landscape
context and local characteristics (epiphyte cover, herbicide use, and local microclimate) on arthropod
communities and litter decomposition in oil palm leaf axils. We surveyed arthropods and measured
decomposition rates at two different heights on eighty oil palm trees located at the centre and the edge of
eight plantations. We found that oil palm trees at the edge of plantations hosted a higher abundance and
more arthropod taxa than oil palms in the centre of plantations. Moreover, organic matter mass and
height of the leaf axil were important for arthropod communities, and decomposition rate negatively
related to ant abundance. However, epiphyte cover did not influence arthropod communities. Our results
show that leaf axils with more organic matter and at a higher location on the oil palm promote arthropod
biodiversity. Furthermore, oil palm plantations adjacent to different land-use systems have enhanced

biodiversity.
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4.1 Introduction

The intensification and expansion of agriculture is the greatest global threat to biodiversity (Donald
2004; Fitzherbert et al. 2008; Danielsen et al. 2009) and associated ecosystem services (Cardinale et al.
2012). The global demand for agricultural products is increasing (Hansen et al. 2009; FAO 2016), in
particular for vegetable oils to be used as food, cosmetics and biofuel (Basiron 2007; Danielsen et al.
2009). Oil palm (Elaeis guineensis) is the highest yielding vegetable oil crop per unit area (Donald 2004)
and its production increased by 75% between 2004 and 2014, mostly due to the expansion of area
cultivated (FAO 2016). Indonesia and Malaysia, which are located in one of the most biodiverse regions
of the world (Sodhi et al. 2010), produce over 80% of the world’s palm oil (Koh and Wilcove 2007). Oil
palm plantations have considerably lower tree diversity, more uniform tree structure, a hotter, drier and
more variable climate, and higher human disturbance than primary forests (Peh et al. 2006; Danielsen et
al. 2009; Luskin and Potts 2011; Hardwick et al. 2015). These changes lead to a much lower species
richness and significant changes in trophic structure and ecosystem functioning (Barnes et al. 2014).

Epiphytes, which are commonly associated with oil palms, may increase biodiversity in
otherwise sparse plantations (Koh 2008b). As epiphyte species provide resources, increase habitat
heterogeneity and buffer temperature and evaporative fluctuations, they represent a microhabitat for
organisms such as arthropods in otherwise hot and dry plantations (Freiberg 2001; Stuntz et al. 2002;
Fayle et al. 2010). Nevertheless, for many farmers epiphytes in oil palm plantation are seen as obstacles
for harvesting (Koh 2008b), although there is no evidence of a potential negative effect on yield (Prescott
et al. 2015). Most farmers remove epiphytes manually or with herbicides (pers. obs.) and removal is
mentioned in several management practice guides for the industry (e.g. Rankine and Fairhurst 1999;
Turner and Gillbanks 2003).

In addition to these plot specific factors, the landscape surrounding the oil palm plantations can
be of importance. Studies have shown that the heterogeneity of commodity landscapes can highly
enhance biodiversity (Bennett et al. 2006; Karp et al. 2012; Steckel et al. 2014). A mosaic landscape with
different land-use types could add new resources for arthropods enabling spillover of individuals into oil
palm plantations from neighbouring land-use systems (De Vries et al. 1997; Koh 2008b; Lucey and Hill
2012; Tscharntke et al. 2012a; Lucey et al. 2014). For example, Lucey and Hill (2012) found increased
butterfly diversity in oil palm plantations with increasing proximity to forest. Moreover, species whose
individuals can disperse between habitat patches usually face less fluctuation in metapopulation size than
isolated populations (Burel and Baudry 2003).

Little is known about the interaction between arthropod communities, decomposition processes
and epiphyte cover in oil palm plantations. Previous studies have either focused only on the epiphyte
species bird’s nest fern Asplenium nidus (Turner and Foster 2009; Fayle et al. 2010), or rather have
concentrated on ground dwelling (Briihl 2001; Lucey and Hill 2012) or canopy arthropods (Philpott et al.
2006; Prescott et al. 2015), but not on epiphyte or leaf axil dwelling arthropods (a substantial amount of

organic matter accumulates in the leaf-axils, potential habitat for a wide range of animals, pers. obs.).
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Quantification of litter decomposition can provide a direct relationship between biodiversity and
ecosystem services (Huhta 2007). Ants (Hymenoptera: Formicidae) can affect other organisms and
decomposition directly or indirectly, which may lead to complex interactions (Frouz and Jilkova 2008).
Here, we examine (i) the role of epiphytes inhabiting oil palm leaf axils and their possible influence on
arthropod and, more specifically, ant (Hymenoptera: Formicidae) communities, and (ii) the effects of the
neighbouring non-oil palm land use on epiphytes and associated arthropod communities. We also assess
litter decomposition in the leaf axils of the oil palm trees and its relationship to the arthropod community.
We conclude with suggestions how management strategies may counteract negative aspects of highly

simplified ecosystems such as oil palm plantations.

4.2 Materials and methods

Study area

The research was conducted in two regions, one adjacent to Bukit Duabelas National Park and
the other adjacent to Harapan rainforest (PT. REKI) in Jambi province, Sumatra, Indonesia (Fig. S4.1).
Located in central Sumatra, Jambi Province has a tropical climate with originally covered by lowland
tropical rainforest, which is said to be one of the most diverse and complex ecosystems on earth (Whitten
et al. 2000). However, due to large amounts of land-use change in the past decades, Sumatra has lost 2.6
million hectares of its lowland rainforest in the last 20 years (Hansen et al. 2009). Qil palm monoculture

is now among the most dominant agricultural systems in Sumatra.

Study design

In each of the two regions, four replicate oil palm plantations were investigated (eight plantations
in total) (Fig. S4.1). The plantations were similarly aged (12-15 years) and situated in lowland areas
(below 400m a.s.l). The climate can be characterised as tropical humid, with an average rainfall of over
2000 mm per year (Allen et al. 2015). All plantations were owned by smallholders, who continued
business-as-usual management practices during the research. Management practices usually consist of
manual removal of epiphytes, harvesting of the fruits every two weeks and the application of herbicides,
insecticides and fertiliser. Herbicides and insecticides are applied to the ground and oil palm trunks. The
timing and quantity of applications differed between plantations, however, herbicide use was the main
vegetation clearance method used in the study plantations (not manual clearance).

In each plantation ten oil palm trees were chosen, five at the centre of a 50 m x 50 m established
research plot and five at the edge of the plantation (n=80). Each plantation was surrounded by different
landscapes. To be selected, an oil palm had to fulfil three characteristics: (1) trunk height of at least six
metres, (2) distance to another selected oil palm of at least ten metres and (3) no visible damage to the
trunk (e.g. leaf axils fallen off). Moreover to be chosen as a centre oil palm, it had to be at least twenty
metres from the edge of the plantation. Although, edge effects can easily extend past twenty metres, in
smallholder plantations often the furthest point from the edge is of similar distance (or less), therefore the
distance is appropriate in the context of small holder plantations. For each plot the neighbouring land use
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and habitat structure were documented. Most common neighbour habitat types were jungle rubber,
described as rubber agroforestry, where secondary forest understorey is allowed to regrow as the rubber

trees mature (Wilcove et al. 2013) and shrub, which was most often abandoned agricultural land.

Measurement of vegetation variables

We measured two vegetation variables for each tree studied, (i) epiphyte cover and (ii) ground
cover. Epiphyte cover was defined as the estimated proportion of the trunk overlain by vascular plants on
a scale of one (low) to six (high); (1) 0-15%, (2) 16-30%, (3) 31-50%, (4) 51-65%, (5) 66-80%, and (6) =
81-100% trunk cover (Fig. 4.1). The majority of epiphytes were ferns, and were generally rooted in
the oil palm leaf axils. Ground cover was defined as the estimated proportion of ground within a
two metre radius of the oil palm trunk covered in vegetation on a scale of one (low) to three
(high); (1) 0-35%, (2) 36-65%, (3) 66-100% ground cover (Fig. S4.2). This is the area most heavily
sprayed with herbicides to allow plantation workers access and easy sighting of the fruits. Ground cover

was therefore used as an indicator for herbicide use.

Figure 4.1. Epiphyte cover, the proportion of vascular plants covering the oil palm trunk assessed on a
scale of 1-6: (1) 0-15%, (2) 16-30%, (3) 31-50%, (4) 51-65%, (5) 66-80%, and (6) 81-100% trunk cover.

Arthropod sampling

One litre of organic matter was collected from the inside of a randomly chosen leaf axil
(independent of epiphyte presence) on each selected oil palm tree at two heights (2 m and 4 m, n=160). If
there was not one litre of organic matter in the first leaf axil, we chose another at random (still at the
same height) until one litre was collected. The organic matter was transported to the laboratory in cotton
bags, where the samples were sieved over a 10 mm mesh and the top fraction discarded. Sampling was
conducted between 11:00 and 13:00 during the dry season, from May to June 2014. Samples were
immediately weighed to obtain wet mass. Following this, arthropods were extracted from the samples

using Winkler extractors (Agosti and Alonso 2000). The organic matter was placed into elastic 6-mm
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mesh bags, which were suspended inside the Winkler sack, fitted at the bottom with a falcon tube
containing 75% ethanol to preserve the fauna extracted.

The organic matter was removed after 72 hours, which is sufficient for Winkler extraction (Krell
et al., 2005). The organic matter was then oven-dried for 48 hours at 80°C and weighed again to obtain
the dry mass. The moisture content of the organic material collected was calculated as a percentage of
dry organic matter:

MC%= (Ww— Wp) / Wp x 100

where: Wy, = Mass wet organic matter; Wp = Mass dry organic matter

All arthropods extracted were then identified to higher taxonomic groups in the laboratory. The

ants (Hymenoptera: Formicidae) were further identified to genus level (Fayle et al. 2014).

Measurement of decomposition rate

To determine decomposition rate in the oil palm leaf axils, litter bags (Falconer et al. 1933) were
placed in each of the five centre oil palm study trees (described above) at each plantation. Edge oil palms
were not included because they were not within the core research plot and it could not be guaranteed that
litter bags placed there would be left undisturbed for the required time period. In each oil palm we placed
six litter bags at 2 m and 4 m (12 per tree): a total of 480 litter bags. Three were removed from each
location after two months, and the other three after four months.

The litter bags were 10 x 10 cm, with a 2 mm mesh and contained 3 g of dried epiphyte leaves.
The fern species Nephrolepisa cutifolia was used for the reason that it was the most common epiphytic
species found in all sampled plantations. The leaves were dried for 48 hours at 60°C and then being put
into the litter bags, which were then weighed and pinned into the leaf axils. After removal from the
palms the leaves from the litter bags were dried to a constant weight in the laboratory at room
temperature and weighed again. Decomposition rates were calculated using exponential decay function
(Olson 1963):

W = Woexp(-kt)

where: W = amount dry matter(g) remaining at time t (60 days, 120 days);

W, =1 initial amount

dry matter (g);k = decomposition rate

Statistical analyses

The completeness of ant and overall arthropod sampling was evaluated with species and higher
taxa accumulation curves (Magurran 2013) using the R package vegan, version 2.0-9 (Oksanen et al.
2015).

We tested oil palm parameters (epiphyte cover, ground vegetation cover, location (centre/edge),
height, dry organic matter mass, moisture content) on arthropod community variables: (i) arthropod
abundance (ants excluded), (ii) ant abundance, (iii) arthropod taxon richness, and (iv) ant genus richness

(n=160) using linear mixed effect models (LME). First, we created an initial full model for each response
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variable with all explanatory variables with their pairwise interaction included. Significant interactions as
well as all main effects were included in the final models. Analyses of decomposition rates were as
follows. We included all explanatory variables used above (without location, as only non-edge palms
were assessed for decomposition rates) and the arthropod community parameters on (i) decomposition
rate after 60 days and (ii) 120 days using LMEs (n=80). To allow consideration of interactions but avoid
over parameterisation for the decomposition rate, interactions were first evaluated in a block-wise
manner. For each main term we computed one model with all the interactions involving that main term.
We then composed the full model with all the main terms, plus the interactions that were significant at
the alpha level of 0.05 in one of the models in the approach just described. Plantation and oil palm tree
were included in the models for all predictors as random effects. Response variables were log
transformed (+1 due to some zero abundance) before analysis to meet assumptions of normality. Ground
and epiphyte cover were positively correlated (P=0.0001, r=0.41), but not strongly enough to preclude
including them jointly as explanatory variables in the models. LMEs were implemented within the nlme
package in R (Pinheiro et al. 2015; R Core Team 2015) and were refitted with maximum likelihood
(ML).

4.3 Results

Arthropod communities

In total 6638 arthropod individuals were found over all plots (n=160). The individuals were
identified to 28 taxonomic groups (Table S4.1). The most abundant group was Hymenoptera (4405, 65%
of total arthropod abundance), 99% of which were ants (Formicidae). The mean abundance of arthropods
excluding ants was 14.23 + 18.12 (mean £ SE) per sample and a taxon richness of 4.62 + 2.07 per
sample. A total of 4366 ant individuals were found in the collected samples, representing seven
subfamilies and 41 genera (Table S2). The subfamily with the highest representation was Myrmicinae
(73%), followed by Dolichoderinae (10%) and Ponerinae (7%). The average number of ant individuals
per sample was 28.23 + 44.4 with an average genus richness of 3.21 + 1.99 per sampled plot. The taxon
accumulation curve for arthropods and the genus accumulation curve for ants pass into saturation phase
suggesting the sampling effort almost fully captured the richness of arthropod and ant communities (Fig.
S4.3).

The effect of epiphytes and neighbouring non-oil palm habitats on arthropod communities

Epiphyte cover did not explain variation in abundance of arthropods excluding ants (hereafter,
“arthropod abundance”) (P = 0.27), arthropod taxon richness (P = 0.33), ant abundance or genus
richness (P =0.94; P = 0.77) (Fig. S4.4, Table S4.3). Increased ground cover had a significantly
negative influence on abundance (P = 0.04) and taxon richness of arthropods (P = <0.01). However, ant
abundance (P = 0.83) and genus richness (P = 0.45) were not dependent on ground cover (Fig. 4.4,
Table S4.3). Arthropod and ant abundance was higher at the edge compared with the centre of the
plantation (P = 0.01; P = 0.04). Taxon richness was also marginally (P = 0.09) higher at the edge but
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this only equated to an average of 0.7 more taxon at the edge compared with the centre (Fig. 4.2a, d, g,
Table S4.3) and there was no difference for ant genus richness (P = 0.31) (Fig. 4.2j, Table S4.3). Height
was significantly positively correlated with arthropod abundance (P = <0.01), ant abundance (P =
<0.01) and arthropod taxon richness (P = <0.01), but not for ant genus richness (P = 0.07) (Fig. 4.2b, e,
h, k, Table S4.3). Furthermore, the interaction between height and moisture content was significant for
arthropod abundance (P = <0.01) and taxon richness (P = <0.01). The direction of the relationship
between moisture content and abundance of arthropods was dependent on height (positive at 4 m and
negative at 2 m). Additionally, there is a significant interaction between height and organic matter on
arthropod taxon richness (P = 0.04). Dry organic matter mass had a positive effect on arthropod
abundance, arthropod taxon richness and ant genus richness, but not ant abundance (Fig. 4.2c, f, i, I,
Table S4.3). Finally, moisture content had a significant positive effect on ant genus richness (P =0.04).

57



Arthropod abundance
(Formicidae excl.)

Formicidae abundance
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Figure 4.2. The response of (a-c) arthropod abundance (ants excluded), (d-f) ant abundance, (g-i)
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the trunk (2m, 4m) and amount of dry organic matter (n=160). The error bars indicate the standard errors.
Significant results (P = <0.05) are indicated with a star. Marginally significant (P = <0.10) are indicated

with “§”.

The effect of plantation characteristics and arthropod and ant communities on decomposition

The mean loss of organic material from the litter bags was 1.55 £ 0.51 grams (52%) and 1.88 £

0.47 grams (61%) after 60 and 120 days, respectively. Of the oil palm characteristics tested, moisture

content had a significantly positive relationship with decomposition rate after both 60 (P =0.03) and 120

days (P = <0.01) (Fig. 4.3b, Table S4.4), whereas, height (P = 0.01) and ground cover (P = 0.01) only

58



had a significant positive relationship with decomposition rate after 60 and 120 days, respectively (Fig.

4.3a, Fig. S4.5b, Table S4.4). Only one out of the four arthropod variables significantly explained

variation in decomposition rates after both 60 and 120 days (Table S4.4). Arthropod abundance had a

significant positive relationship with decomposition rate after 60 days (P = 0.04) (Fig. 4.4a, Table

S4.4a), and conversely, ant abundance had a significant negative relationship with decomposition rate
after 120 days (P = 0.01) (Fig. 4.4c, Table S4.4b). Also, there was a significant interaction between

height and epiphyte cover (P = <0.01) and between organic matter mass and ant abundance (P = 0.05)

on decomposition rate after 60 days. Epiphyte cover had a negative effect on decomposition rates at 4 m

but not at 2 m. Ant abundance was more positively correlated with decomposition when organic matter

mass was increase.
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Figure 4.3.The relationship between decomposition rate after 60 and 120 days and (a) height (2m, 4m),
(b) moisture content (%) and (c) dry organic matter of central oil palm trees (n=80). Significant results (P

= <0.05) are indicated with a star.
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Figure 4.4. The relationship between decomposition rate after 60 and 120 days and (a) arthropod
abundance (Formicidae excluded, log+1 transformed), (b) arthropod taxon richness, (c) Formicidae
abundance (log+1 transformed) and (d) Formicidae genus richness of central oil palm trees (n=80).
Significant results (P = <0.05) are indicated with a star.
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The effect of edge habitats on arthropod and ant communities

We found that oil palm trees at the edge of plantations host more arthropod and ant individuals

Formicidae genus richness

and slightly higher arthropod taxa richness than oil palms in the centre of plantations. The most common

habitats neighbouring the study sites were jungle rubber and shrub land, which have higher habitat

diversity than oil palm plantations and may act as source habitats for arthropods spilling over into the oil

palm plantations (Tscharntke et al. 2012b). Moreover Rubiana et al. (2015) showed that there is a

different ant assemblage structure in jungle rubber, compared with oil palm plantation. Although there

was no control in which two adjacent plantations were sampled, previous studies have found that more

diverse habitat surrounding plantations can encourage spill over of non-plantation species, supporting

the positive effects of more diverse habitats surrounding the plantations found in this study (Koh 2008b;

Lucey et al. 2014). For example, Lucey et al (2014) found that adjacent habitats may act as ‘stepping

stones’ for some species normally absent in oil palm plantations, whereas monocultures of oil palm
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enhance the number of mostly generalist species. Also, in monocultures local extinction is a common
process and immigration is of major importance (Tscharntke et al. 2012b). Our results provide a strong
argument in support of having more patches of different habitats in the surrounding landscape to enhance

arthropods in the plantations and to maintain higher landscape diversity as a result.

The impact of oil palm characteristics on arthropod and ant communities

Organic matter within the oil palm leaf axils plays an important role in both arthropod and ant
community structure. We found that the abundance of arthropods and ants as well as the genus and taxon
richness showed a positive correlation with total organic matter mass. This is due to the organic matter in
leaf axils being important for arthropods as a nesting substrate, food source and shelter in the hot and dry
plantations. Furthermore, there was increased ant and overall arthropod abundance and genus and taxon
richness higher on the oil palm tree (4 m compared with 2 m), indicating a more suitable habitat for
arthropod communities. A possible explanation for this could be the interaction between organic matter
and height, as there is higher organic matter accumulation at 4 m compared with 2 m. Finally, there may
be a less intensive use of chemicals higher on the oil palm (pers. obs.), because spraying chemicals at a
height above two metres is impractical for the plantation workers. Therefore, the higher position might
be less disturbed than the lower parts where a frequent use of herbicides and insecticides is common.

The response of arthropods to ground cover was surprising, because the abundance of arthropods
was highest when the ground cover was lowest. The amount of ground cover investigated in this study
was included as a proxy for the last application of herbicide use, and we expected that arthropod
abundance would be higher with ground cover present, but the opposite was the case. These results could
indicate that oil palm trees may become habitat islands for arthropods when ground cover plants are
absent due to the use of herbicides, with leaf axils, especially those harbouring epiphytes, providing
refugia for them. The higher abundance may be diluted again when ground cover plants grow back and
can be used by the arthropods. Research is needed investigating the differences in arthropod communities

between the different habitats in oil palm plantations.

The influence of arthropod and ant communities and oil palm characteristics on decomposition rates
Ant abundance had a significantly negative effect on decomposition rate after 120 days. This
could be due to predatory ants negatively influencing the decomposer community. Ants can have
significant top down effects on the arthropod fauna (Philpott et al. 2004) due to certain species becoming
ecologically dominant, which leads to a reduction of species richness and evenness of arthropod
communities (Holldobler and Wilson 1994). Certain dominant ant species may exclude other species
from their territory and food sources (Gibb and Hochuli 2003), which in this case could be the
detritivorous species influencing decomposition rate. Conversely, high overall arthropod abundance
(excluding ants) had a significantly positive effect on decomposition rate after 60 days. Moreover, we
found that high moisture content in the organic matter positively influenced decomposition. A certain
amount of water in the organic matter is necessary for the survival of detritivorous organisms affecting

decomposition rate (Kowalenko et al. 1978).
61



The impact of epiphytic plants on arthropod and ant communities

The extent of epiphyte establishment on palms did not influence associated ant or overall
arthropod communities. Although this is initially surprising, it is supported by similar results in a study
by Prescott et al (2015) which found total removal of epiphytes in oil palm plantations does not affect ant
species richness. The lack of relationships in our study may be due to the absence of certain epiphyte
species (in particular, Asplenium nidus) or because of the age structure of the investigated oil palms. The
epiphyte species and community structure change between middle aged (like in this study) and old oil
palms (Altenhovel 2013; Krobbach 2014). Leaf-axils fall off older oil palms and epiphytic plants may
become more important in the absence of leaf axils due to the epiphytes providing a structure for habitats
unavailable when leaf axils are absent. Also, it is important to consider that although ants and broad
measures of the arthropod community are not influenced by epiphyte cover, the community composition
or richness of other taxa may be affected (Prescott et al. 2015). Additionally, a possibility for future
research would be to investigate the influence of epiphyte presence at the exact sample site, rather than

just total epiphyte cover.

Conclusions and management recommendations

This study indicates that higher species richness in oil palm plantations can be achieved with
adjacent fields of different agricultural land use or other systems. A mosaic of patch types of agricultural
and semi-natural systems may act as a reservoir for beneficial species spilling over to the oil palms. Even
a plantation design of different aged small fields of oil palms would increase heterogeneity within a
plantation (Luskin and Potts 2011) having possible positive implications for arthropod biodiversity.
Furthermore, we found that height on the tree and amount of organic matter were more important for
arthropod communities than epiphyte cover. Epiphyte cover did not positively influence arthropod
communities, however, this should not provide a justification for removal of epiphytes in the plantations
as other animal groups and functions not studied could still be negatively influenced and they retain plant
diversity in often depauperate plantations. Also, a recent study found no effect of epiphytes on yield
(Prescott et al. 2015) which, along with the fact that epiphytes are by name non-parasitic, eliminates one

of the main arguments for removal.
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4.5 Supplementary material
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Figure S4.1. Map of study area located in Jambi, Sumatra, Indonesia. Four oil palm plantations were
located in each of the two study regions. Study plantations are indicated with a white point.The regions
were adjacent to two protected areas, the Bukit Duabelas National Park and the Harapan rainforest.
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Figure S4.2. Ground cover, proportion of ground next to the oil palm within a two metre radius covered
by other vegetation assessed on a scale of 1-3: (1) 0-35%, (2) 36-65%, (3) 66-100% ground cover.
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Figure S4.3. Formicidae genus and higher-ranked taxon accumulation curve for all samples (n=160).
100 permutations. The error bars indicate the standard errors.
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Figure S4.4. The response of (a-b) arthropod abundance (Formicidae excluded), (c-d) Formicidae
abundance, (e-f) arthropod taxon richness and (g-h) Formicidae genus richness to epiphyte cover
(categorical: 1=very low, 6=very high) and ground cover (categorical: 1=low, 3=high) in oil palm
plantation (n=160). Significant results (P = <0.05) are indicated with a star.
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Figure S4.5.The relationship between decomposition rate after 60 and 120 days and (a) epiphyte cover

(categorical: 1= very low, 6= very high) and (b) ground cover (categorical: 1=low, 3=high) of central oil

palm trees (n=80). Significant results (P = <0.05) are indicated with a star.
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Table S4.1. Total abundance of each higher taxonomic group in the studied oil palm plantations (n=8),
separated into the two study regions (a) Harapan and (b) Bukit12.

Number of individuals

Taxon a) Harapan b) Bukitl12 Total
Araneae 116 124 240
Arcari 144 39 183
Amphipoda 5 0 5
Archaeognatha 4 1 5
Blattodea 47 50 97
Chilopoda 27 34 61
Coleoptera 83 123 206
Collembola 139 187 326
Dermaptera 103 101 204
Diplopoda 11 65 76
Diplura 17 15 32
Diptera 51 103 154
Formicidae 1521 2845 4366
Hemiptera 3 21 24
Hymenoptera (non Formicidae) 16 23 39
Isoptera 12 0 12
Isopoda 184 219 403
Lepidoptera 10 11 21
Opiliones 5 7 12
Orthoptera 8 8 16
Pauropoda 0 1 1
Protura 1 0 1
Pseudoscorpions 7 3 10
Psocoptera 17 9 26
Scorpiones 0 1 1
Symphyla 37 38 75
Thysanoptera 1 2 3

Total 2587 4511 6638




Table S4.2. Total abundance of each Formicidae genus in the studied oil palm plantations (n=8),
separated into the two different study regions (a) Harapan and (b) Bukit12.

Number of individuals

Genus a) Harapan b) Bukitl12 Total
Proatta 445 289 734
Pheidologeton 9 531 540
Paratopula 100 403 503
Pheidole 176 276 452
Monomorium 229 211 440
Tapinoma 137 266 403
Hypoponera 85 123 208
Cardiocondyla 28 154 182
Aphaenogaster 36 84 120
Tetramorium 67 34 101
Prionopelta 1 90 91
Pyramica 64 0 64
Strumigenys 36 27 63
Anochetus 43 17 60
Euprenolepis 0 56 56
Prenolepis 1 53 54
Anoplolepis 17 35 52
Crematogaster 1 49 50
Technomyrmex 16 22 38
Ponera 6 24 30
Odontomachus 5 15 20
Rotastruma 0 17 17
Camponotus 1 15 16
Rhoptromyrmex 14 0 14
Philidris 0 10 10
Tetraponera 0 9 9
Lordomryma 0 8 8
Plagiolepis 0 7 7
Pseudolasius 1 6 7
Pachycondyla 0 5 5
Lasiomyrma 0 2 2




Calyptomyrmex
Myrmecina
Leptogenys
Myrmicaria
Meranoplus
Paratrechina

Proceratium
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Table S4.3. Summary of statistics (model output tables) of linear mixed effects analyses of oil palm
components: dry organic matter, height (2 metres, 4 metres), location (centre, edge), moisture content
(%), epiphyte cover (1=low, 6=high), and ground cover (1=low, 3=high) on (a) arthropod abundance
with Formicidae excluded (log+1),(b) Formicidae abundance (log+1),(c) arthropod taxon richness and
(d) Formicidae genus richness. Random effects: 1| plantation/tree. Significant P-values (P = <0.05) are
indicated in bold.

Response variable df F-value P-value

a) Arthropod abundance (Formicidae excl.)

(Intercept) 113 1028.420 <0.001
organic matter 113 5.076 0.026
height 113 29.757 <0.001
location 113 7.125 0.009
moisture content 113 0.130 0.719
epiphyte cover 113 1.227 0.270
ground cover 113 4.360 0.039
height:moisture content 113 11.157 0.001
b) Formicidae abundance
(Intercept) 113 114.944 <0.001
organic matter 113 1.383 0.242
height 113 10.996 0.001
location 113 4.236 0.042
moisture content 113 0.801 0.373
epiphyte cover 113 0.007 0.935
ground cover 113 0.046 0.830
height:ground cover 113 2.193 0.141
c) Arthropod taxon richness
(Intercept) 112 2206.513 <0.001
organic matter 112 9.930 0.002
height 112 22.960 <0.001
location 112 2.874 0.093
moisture content 112 0.010 0.922
epiphyte cover 112 0.954 0.331
ground cover 112 8.650 0.004
height:organic matter 112 3.265 0.039
height:moist.content 112 11.973 0.001

d) Formicidae genus richness
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(Intercept)

Formicidae abund. (log +1)
organic matter

height

location

moisture content

epiphyte cover

ground cover
height:ground cover

epiphyte cover:organic matter

112
112
112
112
112
112
112
112
112
112

200.237
83.678
6.833
3.358
1.040
4.176
0.086
0.565
3.664
2.900

<0.001
<0.001
0.010
0.070
0.310
0.043
0.770
0.454
0.051
0.091
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Table S4.4. Summary of statistics (model output tables) of linear mixed effects analyses of oil palm
components: dry organic matter, height (2 metres, 4 metres), moisture content (%), epiphyte cover
(1=low - 6=high), ground cover (1=low - 3=high), epiphyte species richness, arthropod abundance
(Formicidae excluded), Formicidae abundance, arthropod taxon richness and Formicidae genus

richness on (a) decomposition rate after 60 days (log), and (b) decomposition rate after 120 days (log)

in the centre plots. Random effects: 1| plantation/tree. Significant P-values (P = <0.05) are indicated

in bold.

Response variable df F-value P-value

a) Decomposition rate after 60 days
(Intercept) 30 4453.096 <0.001
height 23 8.338 0.008
epiphyte cover 30 4.047 0.063
ground cover 30 2.406 0.131
organic matter 23 0.985 0.331
moisture content 23 5.713 0.025
arthropod abundance (Form. excl.) 23 3.263 0.044
arthropod taxon richness 23 0.151 0.879
Formicidae abundance 23 0.546 0.468
Formicidae genus richness 23 0.024 0.879
height : epiphyte cover 23 29.664 <0.001
organic matter : Formicidae abund. 23 2.361 0.047

a) Decomposition rate after 120 days
(Intercept) 30 12714.091 <0.001
height 29 2.249 0.152
epiphyte cover 30 0.167 0.679
ground cover 30 8.498 0.006
organic matter 29 0.364 0.518
moisture content 29 20.814 <0.001
arthropod abund. (Form. excl.) 29 2.602 0.120
arthropod taxon richness 29 1.374 0.134
Formicidae abund. 29 9.523 0.004
Formicidae genus richness 29 1.577 0.200
organic matter : Formicidae abund. 29 3.010 0.045
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Chapter 5

Biological control in oil palm is enhanced by landscape

context

Fuad Nurdiansyah, Lisa H. Denmead, Yann Clough, Kerstin Wiegand, and Teja Tscharntke

In review, Agriculture, Ecosystems and Environment, submitted: 23" March 2016

Abstract

Oil palm plantation expansion is occurring at a rapid pace. However, substantial yield losses from pest
attacks are becoming major threats to the oil palm industry, while the potential role of conservation
biological control, a sustainable and environmentally friendly solution for pest control, is still largely
unknown. The type of vegetation surrounding oil palm plantations can be hypothesized to influence
pest predation, and we tested this in Indonesia (Sumatra), the worldwide largest palm oil producer. We
studied six different vegetation types adjacent to oil palm plantations: another oil palm plantation
(control), weedy oil palm, weedy rubber, scrub, jungle rubber, and secondary forest. Each border type
was replicated eight times. We quantified predation rates and predator occurrences using dummy
caterpillars and mealworms 20 m inside of the adjacent vegetation and 20 m as well as 50 m inside the
oil palm plantation. Ants and bush crickets were the most prominent predators in the plantations,
whereas birds, bats, monkeys, beetles, and molluscs played a minor role. Predation rates were ~70%
higher in non-oil palm habitat. This effect spilled over into the focal plantations, where predations
were increased by 55-100% at a distance of 20 m from the border and 40-55% at a distance of 50 m
from the border, indicating the need for improved vegetation diversification inside plantations. Overall
predation rates in oil palm decreased slightly but significantly with distance to the border. Our results
suggest that oil palm management maintaining non-oil palm vegetation in the area and weedy plant
strips inside the plantation may be most promising for effective conservation biological control in the

future.
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5.1 Introduction

Oil palm plantation expansion is occurring at a rapid pace (Foster et al. 2011), particularly due to it
being the highest yielding vegetable oil crop per unit area (Murphy 2009). However, substantial yield
losses from pest attacks are becoming major threats to the oil palm industry (Kamarudin and Wahid
2010; Constantin et al. 2013; Woruba et al. 2014). Pests can be potentially controlled through two
main methods, chemical inputs (pesticides) or biocontrol (Wood 2002). Compared to pesticide
applications, biocontrol is known as a sustainable and ecofriendly solution, to reduce pest numbers
below economic level by using natural enemies (Norris et al. 2003; Hajek 2004). However, research
on factors influencing biocontrol agents in oil palm plantations, such as landscape context or local
management, is lacking but urgently needed to understand the potential for biocontrol methods to stop
yield losses from pest attacks.

Oil palms are attacked by a large number of insect pests (e.g. trunk borers and defoliators)
and diseases (e.g. Ganoderma, Fusarium, and Phytomonas) (Corley and Tinker 2003). Both of which
occur often in oil palm plantations and have a high impact on oil palm production (Wood 2002; Corley
and Tinker 2003; Foster et al. 2011). However, defoliating pests, in particular bagworms (Psychidae)
and nettle caterpillars (Limacodidae), play one of the most important roles in reducing crop yield due
to their high reproduction and mobility (Wood 2002). For example, bagworms can cause up to 50%
yield loss at high infestation levels (Basri et al. 1995; Kamarudin and Wahid 2010), while nettle
caterpillars can cause 29% and 31% yield reduction after the first and second year of infestation
respectively (Potineni and Saravanan 2013). Significant pest attacks can be related to an imbalance
between pests and their natural enemies (Ighinosa 1992; Wood 2002). In the past, pest resurgence after
insecticide application was assumed to be a major cause of the imbalance (Wood 1971). However,
despite the decline in use of broad spectrum-long residual contact-insecticides (bslrcs), pest numbers
have still continued to reach detrimental numbers in many locations (Wood 2002; Kamarudin and
Wahid 2010). Investigation of methods for promoting biocontrol agents in plantations is therefore
crucial for decreasing pest outbreaks and maintaining or increasing production levels (Corley and
Tinker 2003; Foster et al. 2011).

Fostering native biocontrol in oil palm plantations through local or landscape management
may be an important approach to decreasing pest populations. Conversion to oil palm plantations
results in highly simplified landscapes leading to huge biodiversity losses for a wide range of
organisms, including biocontrol agents (Fitzherbert et al. 2008; Barnes et al. 2014; Dislich et al. in
revision). Of particular concern is a decline in predatory species (Denmead et al. in review), which are
the main cause of defoliator pest mortality in the field (Wood 2002). For example, Aratrakorn et al.
(2006), and Koh (2008b) found that insectivorous birds have difficulty adapting to oil palm plantations
and therefore, have a reduced capacity for top-down control of crop pests. Ant community
composition is also largely changed, with many forest species lost and a decline in predatory species

(Denmead et al. in review; Rubiana et al. 2015). Dejean et al (1997) reported that when two predatory
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ants, Crematogaster gabonensis and Tetramorium aculeatum, occupied oil palm plantations in
Cameroon, there were lower attack rates by a leaf-mining beetle (Coleoptera: Chrysomelidae).
However, studies on the biocontrol of oil palm pests in the past have mostly focused on the
introduction of exotic biocontrol agents to the field or assessments of potential agents (Zeddam et al.
2003; Bakeri et al. 2009; Kamarudin and Wahid 2010), rather than evaluating factors influencing the
native enemy population. There has been no comprehensive study that links pests to native biocontrol
agents (Foster et al. 2011; Savilaakso et al. 2014). A potential method for increasing biodiversity, and
in particular native biocontrol agents, in the plantations are the increase of landscape heterogeneity
through such approaches as protecting riparian buffers (Gray and Lewis 2014), leaving patches of
natural forest and agroforestry within the landscape, and enhancing the understorey vegetation (Koh
2008a; Koh et al. 2009). Thus, increasing landscape complexity and connectivity among habitats may
provide a way to manipulate biological control in agroecosystem (Tscharntke et al. 2007; Tscharntke
et al. 2012b).

Developing ecologically sound integrated pest management strategies in such a rapidly
expanding agricultural system will be extremely important for the sustainability of the crop and the
wider ecosystems in the long term. However, these concerns have only received little attention in the
past. Here, we investigated if the surrounding landscape and the distance from border influence
predator predation rates in oil palm plantations in Sumatra, Indonesia. We measured predation rates
and predator occurrences using dummy caterpillars and mealworms in oil palm plantations bordered
by important vegetation types such as another oil palm plantation (control), weedy oil palm, weedy
rubber, scrub, jungle rubber, and secondary forest to determine if the border type can influence the
potential for biocontrol in the plantations. We also surveyed a key predator group (ants) in different
vegetation types to link predation rates with probable predators. Understanding how the landscape
context and management can influence biocontrol agents in oil palm plantations is a crucial factor to

allow farmers to promote biocontrol of crop pests.

5.2 Materials and methods

Study area

The study was conducted within two regions in the Batanghari and Sarolangun Regencies in
Jambi Province, Sumatra, Indonesia. Both study regions were located in the lowland area of the
province with potential vegetation of tropical lowland rainforest. However, there has been
considerable land-use change in the province over the past 50 years as result of the expansion of
agricultural land. In particular, more recently, the area cultivated as oil palm plantations increased
from 150,000 ha to 550,000 ha in the period from 1996 to 2011 (Gatto et al. 2015) making oil palm
one of the most dominant crops in the province.

Four important vegetation types in the study area include degraded lowland rainforest, jungle

rubber (agroforestry system consisting of degraded forest with rubber trees between native
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vegetation), rubber plantations, and oil palm plantations. A major arthropod predator group across all
these vegetation types is ants, which maintains dominance across all systems, with even slightly higher
abundances and richness in oil palm plantations compared to other systems (Table 5.1, Appendix S5.1,
Denmead et al. in review) and predatory ants lowest in the oil palm plantations (Table 5.1, Denmead et
al. in review).

Table 5.1. Ant community composition measures (mean + SE, n=8) for each land-use system. Ant
community responses to vegetation type were also tested using LMEs with region specified as a
random effect (Appendix S5.1, Table S5.1). Means (within rows) with different letters are
significantly different (Tukey’s HSD, P = <0.05) (Table S5.2). CWM preference ratio = community
weighted mean (abundance-weighted mean trait values for a community) for the protein/carbohydrate
preference ratio, a higher ratio indicates increased predator abundance (Appendix S5.1).

Forest Jungle rubber Rubber Oil palm
Ant species richness 9.25+0.62 ab 8.75+092a 12.50+0.68 bc 1450+1.35¢c
Ant abundance 15.72+3.93 a 1457+4.15a 1715+ 2.85a 26.13+5.19Db
CWM preference ratio 0.77+0.02a 0.72+0.03 ab 0.75+0.02a 0.65+0.01b

Experimental design

Sample and data collection were completed from October 2012 to June 2014 at the border of oil
palm plantations that were surrounded by six different vegetation types: another oil palm plantation
(control), weedy oil palm, weedy rubber, scrub, jungle rubber, and secondary forest (Fig. 5.1). In each
of the two study regions each border type was replicated four times (n=48 sites). The minimum
distance from a selected border to another was one kilometre. The age of the oil palm plantations was
from five to 15-years-old.

At each of these 48 sites, we conducted our research at three locations: 20 m from border into the
adjacent vegetation (OUT 20) and 20 m and 50 m into the focal oil palm plantation (IN 20 and IN 50)
(Fig. S5.1). Each location consisted of two stations. Inside the plantation, each pair of stations was
separated by one oil palm (~20 m). Inside the bordering vegetation, due to the high variance in
vegetation the stations were not centred on particular trees, rather, at each station we marked a five
metre long transect perpendicular to the border beginning at 20 m from the border (OUT 20) (Fig.

5.2). The distance between these stations (i.e. transects) was 20 m.
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Figure 5.1. The types of vegetation bordering the oil palm plantations included in this study. A)
Control (oil palm plantation), B) weedy oil palm plantation, C) weedy rubber plantation, D) scrub, E)

jungle rubber, and F) secondary forest.

Border Types Oil Palm Plantation

T T T T
OouT 20 Border IN 20 IN 50

Figure 5.2. The experimental design at each border included in the study. All research was conducted
at three paired locations at each border: (A) two 5 m transects within the bordering vegetation at 20 m
from the border and two oil palms within the oil palm plantation at (B) 20 m from the border and (C)
50 m from the border.

Measuring Predation Rates and Predator Occurrences

We measured predation rates at the sites using dummy caterpillars (Howe et al. 2009) and
predator occurrences using mealworms as exposed prey. The dummy caterpillars were modelled on
the nettle caterpillar (Setothosea asigna), which is an important pest of oil palm. The caterpillars were
made from a 50/50 mixture of brown and green plasticine and the size was similar to a ninth instar
nettle caterpillar (3.6 cm long, 1.1 cm diameter). The mealworms (yellow mealworm, Tenebrio
molitor) were collected from local bird traders, which sold them as bird food.

Ten dummy caterpillars and ten mealworms were exposed at each station (i.e., 60 of each prey
type per border site, n = 2880). Inside the plantation (IN 20 and IN 50), the caterpillars and
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mealworms were glued to four fronds on each selected oil palm with a minimum distance of 30 cm
between each prey item (Fig. S5.2). Inside the bordering vegetation (OUT 20), the dummy caterpillars
and mealworms were glued to leaves between 1.5 m and 2 m high either side of the transect (Fig.
S5.2). The exposure time for the dummy caterpillars and exposed preys was four days and one day
respectively. Preliminary experiments determined the chosen exposure time to be optimal for detecting
differences in predation rates and predator occurrences. After exposure, dummy caterpillars were
transported to the laboratory where they were examined for signs of predation using either a
magnifying glass or a stereomicroscope. Mealworm damage was assessed directly in the field.

Camera traps were utilised inside the plantation nearby border types to observe predator type
and activities on dummy caterpillar and mealworm. Ten caterpillars or mealworms were glued on
leaves about 30 cm in front of a camera lens. The camera took a picture every 2 minutes between 9 am
until 5 pm two times a week for two months. The use of camera traps allowed us to distinguish the
types of damage produced by two major insect predator groups, ants and Orthoptera and therefore
assign damage on mealworms to a particular predator (Fig. 5.3). We observed the surface of dummy
caterpillar can record multiple successive predators in the field and therefore the more marks left on
the caterpillar can be representative as a proxy of higher predators abundances.

On the dummy caterpillars all marks caused by a predator’s mandibles, teeth, beak, or
ovipositor were recorded (Fig. 5.3). Predation rate was expressed as percentage of dummy caterpillar
surface area marked by predators (Appendix S5.1, Fig. S5.2) and assigned to a predator group where
possible. Missing dummy caterpillars were excluded from analysis. Damage recorded on the
mealworms was classified into four categories of predator occurrence based on camera trap
observations: 1) 0% damage = no predator occurrence, 2) 20 % damage = a single foraging ant, 3) 40 -

80% predatory Orthoptera or Mantodea, 4) 100% = group of predatory ants.
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Bird marks Bat marks Monkey marks

Figure 5.3. Observations of predation by the main predators. A) Camera trap photos of the main
predators. Ants and crickets attacking (1, 2) a dummy caterpillar and (3, 4) a mealworm. B). Marks of
predator bites on dummy caterpillars made by some predator groups.

Statistical analysis

We used linear mixed effect models (LMEs) (fitted by maximum likelihood (ML)) to
investigate the effect of border type, location (OUT 20, IN 20, and IN 50), and their interaction on
species-specific predation rates and predator occurrences (separately for the four predation damage
categories), with site specified as a random effect. For both response variables we fitted four models
with all combinations of explanatory variables (only border type, only location, both border type, and
location with and without an interaction term) and ranked them by AIC score (Burnham and Anderson
2002). The model with the lowest AIC score was considered the best-fit model and used for analysis.
If the best-fit model included only location, then the model was re-analysed excluding predation rates
at the control border type. If the best-fit model included an interaction term, we created a new
“interaction” variable and only included that in the final model for post-hoc analysis. When the final
model contained a significant term we determined contrasts of interest post-hoc with the generalised
linear hypothesis test (glht). To meet assumptions of normality, predation rate and predator occurrence
were log transformed (+1 due to some zero abundances) before analysis.

LMEs and post-hoc tests were carried out in R 2.13.0 environment (R Core Team 2015) using
the nime (Pinheiro et al. 2015) and multcomp (Hothorn et al. 2008) packages respectively.

5.3 Results

Predators of dummy caterpillar and exposed prey
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There were several predators which bit into the dummy caterpillars, including arthropods
(Hymenoptera (ants), Orthoptera, and Coleoptera), birds and mammals (bats and monkeys) (Fig. 3).
Ants and Orthoptera dominated the predation recorded with mean predation rates of 24.28% and
10.87% respectively. The other predators totalled less than 3%: bats 0.28%, coleoptera 0.43%, birds
0.04%, monkeys 1.39%, and molluscs 0.38% and were therefore left out of further analysis.

Similarly to the dummy caterpillars, ants and Orthoptera were also the main predators of the
exposed prey (mealworms), with a total occurrence of 1660 and 728 out of 2880 prey, respectively.
Pictures taken using camera traps and direct observation in the field during data collection also
revealed that the majority of Orthoptera predating on dummy caterpillars and mealworms were the

bush cricket, Nisitrus vittatus (Orthoptera: Gryllidae).

Border type and location effects on predation rates

At the control border, mean percentages of ant and Orthoptera predation rates at OUT 20 were
16.39% and 7.16% respectively, and 16.03% and 6.1% at IN 20, and 14.47% and 7.48% at IN 50.
Averaged across all other borders except control, mean percentages for ant and Orthoptera were
28.90% and 12.26%, respectively, at OUT 20, 26.61% and 12.40% at IN 20, and 22.93% and 10.58%
IN 50. Comparison of AIC scores determined that the best-fit model for both ant and orthoptera
predation rates included border type, location, and their interaction (Table S5.3).

The interaction term in the final model testing the influence of border types and locations on
ant predation rate on dummy caterpillars was significant (Table S5.4). Post-hoc analysis of the
influence of border type on ant predation rates inside the border vegetation (OUT 20) showed there
were significantly higher ant predation rates in jungle rubber, weedy oil palm, and weedy rubber than
in the control (oil palm plantation), and intermediate rates in the scrub (Fig. 5.4a, Table S5.5). Within
the oil palm (IN 20 and IN 50) both jungle rubber and weedy oil palm had significantly higher ant
predation rates than the control (Fig. 5.4a, Table S5.5). Weedy rubber and secondary forest also had
significantly higher rates than the control at IN 20 and IN 50, respectively. For all but one border type
(secondary forest) there was also a decline in predation rate with distance, from outside the plantation
(OUT 20) to the furthest inside (IN 50) (Fig. 5.4a).

Orthoptera predation rates on dummy caterpillars were significantly influenced by border
type, location, and their interaction (Table S5.4). Comparison of orthopteran predation rates within the
border vegetation (OUT 20) showed a significantly higher predation rate in jungle rubber and weedy
rubber compared with the control, and intermediate rates in secondary forest (Fig. 5.4b, Table S5.5).
Twenty metres within the oil palm plantation (IN 20), orthopteran predation rates were significantly
higher in weedy rubber and secondary forest than in the control. However, 50 m within the plantation
there was no significant difference in the predation rate between border types, indicating a decline in
the effect of border type with distance to the border (Fig. 5.4b, Table S5.5).
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Figure 5.4. The effects of border type on (A) ant and (B) Orthoptera predation rates of the dummy
caterpillars at three different locations. Means with different letters within location are significantly
different (glht, P = <0.05).

Border type and location effects on predator occurrences

The average of the ant group predator occurrences was by 53.63 occurrences inside the border,
while 36.63 and 32.38 occurrences in the plantation interior, IN 20 and IN 50 respectively. Predatory
Orthoptera occurrences OUT 20, IN 20 and IN 50 were 18.25, 28.75 and 24.50 occurrences
respectively and single ant occurrences were 13.00, 16.63 and 21.38 occurrences for the locations of
OUT 20, IN 20 and IN 50 respectively. Incidences without predator occurrences were almost similar
between the locations with the average all of the three locations was 18.29 occurrences. For predator
occurrences, the best-fit model for all four predation damage categories (no damage, single ant,
Orthoptera, and group of ants) included only location. Thus, the control values were excluded from the
data and it was re-analysed, with the best-fit model still only including location (Table S5.6).

Location, the only variable in the final models testing influences on predator occurrences, had
a significant effect on all four categories of predator occurrence on mealworms (Table S5.7). More
specifically, for all predation damage categories except groups of ants (100% damage), there was
lower predator occurrence outside the border (OUT 20) than 20 m inside (IN 20) (Fig. S5.3, Table

S5.8). Single ants had similar occurrences 50 m inside (IN 50) as outside the plantation, but the
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orthopteran occurrence at 50 m inside was similar to 20 m inside (IN 20). The opposite was observed
for group of ants, there were higher occurrences outside the plantation than inside (both IN 20 and IN
50) (Fig. S5.3, Table S5.8).

5.4 Discussion

We found that the vegetation surrounding oil palm plantations and the distance from the border of the
plantation affected both predation rates and predator occurrences. Predatory ants and Orthoptera were
the dominant predators for the prey items tested and other animal groups only played minor role.
Overall, predation rates were higher in plantations bordered by vegetation types other than another oil
palm plantation. The distance from the plantation border also played a role in determining both
predation rates and predator occurrences, with predation rates almost always lowest further into the
plantation.

The most dominant predators were ants and Orthoptera, whereas very low predation rates
were recorded for the other predators recorded, i.e., bats, Coleopterans, birds, monkeys, and molluscs.
Until now there have been no direct tests of potential predator groups on predation rates of defoliating
insects in oil palm plantations except for one study by Basri et al. (1995) which focused on the
predatory beetle, Callimerus arcufer (Coleoptera: Cleridae), as potential predator of the bagworm,
Metisa plana Walker (Lepidoptera: Psychidae). Other studies have shown the potential for birds to
be important biocontrol agents in oil palm (Koh 2008a), and that the abundance of insectivorous birds
can increase in plantations when the non-crop vegetation is enhanced (Najera and Simonetti 2010).
However, none of these studies directly tested predation of oil palm pests. Although birds are very
important for controlling herbivorous pests in many crops, their contribution to predation was very
low in oil palm plantations. Surprisingly, N. vittatus was the most common Orthoptera predating on
our prey, although N. vittatus is often identified as a pest of many trees and crops (e.g. Acacia
mangium seedlings, Hamid 1987). Furthermore, species of Orthoptera from the family Tettigoniidae
are one of the most important pests of oil palm in certain areas (e.g. Papua New Guinea, Howard et al.
2001). Due to their significant contribution to predation however on both dummy caterpillars and
mealworms, as well as their high occurrences in oil palm plantations, N. vittatus appeared to have the
potential to act as insect biocontrol agent in oil palm, especially for caterpillar pests.

The majority of previous studies on the transformation of forest to oil palm plantation and its
management intensification have reported extensive losses in biodiversity, in particular of higher
tropic levels (Chung et al. 2000; Senior et al. 2013; Barnes et al. 2014). For example, Chung et al.
(2000) found that forest conversion to oil palm reduces predatory beetles. Our results show that ants,
although following the same pattern of predatory species loss, still remain one of the most dominant
predators. This may be little surprising, as ants are still the dominant insect group in the plantation
(Pfeiffer et al. 2008), and ant community composition can influence oil palm herbivory rates (Dejean

et al. 1997). The higher ant predation rate on the caterpillars indicates higher predatory ant activity
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(Human and Gordon 1999; Peters et al. 2009; Klimes et al. 2011). We found some of the most
dominant ant species in the plantations, such as Anoplolepis gracilipes, the yellow crazy ant (Pfeiffer
et al. 2008), which predated on the dummy caterpillars and the exposed prey. Although they are
known as exotic tramp ants, which might displace other species, A. gracilipes, could be important for
biocontrol in oil palm and in fact has been used to control herbivore populations in cocoa and coconut
plantations (Way and Khoo 1992).

Oil palm plantations surrounded by non-oil palm vegetation enhanced insect predation,
possibly due to additional resources (Foster et al. 2011; Lucey and Hill 2012; Mitchell et al. 2013).
Landscape context is known to influence functional biodiversity in agricultural systems, although most
studies have been conducted in temperate systems (Tscharntke et al. 2007; but see Poveda et al. 2012).
In oil palm, so far only four studies investigated how to promote biocontrol in these plantations (Basri
et al. 1995; Koh 2008b; Kamarudin and Wahid 2010; Gitau et al. 2011). In addition, Koh (2008b)
found that increasing epiphyte and leguminous crop cover in the oil palm plantation can enhance
insectivorous bird populations and Kamarudin & Wahid (2010) observed that planting Cassia
cobanensis within the vicinity of oil palm plantations can promote parasitoids of bagworms, a major
oil palm pest (Kamarudin and Wahid 2010). None of these studies however, investigated the effect of
surrounding habitats on predation rates in the oil palm plantation. Nevertheless, retaining natural
habitat, surrounding the plantation as a source for beneficial organisms, has been widely advocated by
many authors (Koh et al. 2009; Foster et al. 2011). Our results suggest that different land uses such as
jungle rubber, weedy oil palm, and weedy rubber can support predatory arthropods to deliver strong
top-down effects on crop pests inside the plantation. Due to increases in predation pressure,
maintaining natural habitat surroundings agricultural landscapes can support specifically beneficial
species. Maintaining diverse habitats inside and surrounding oil palm plantations supports the
movement of predatory insects and the potential for predators to control crop pests bridging
biodiversity conservation and function (Tscharntke et al. 2007; Senior et al. 2013; Lucey et al. 2014).
We therefore recommend improving predation rates by keeping alternative vegetation types such as
jungle rubber, weedy oil palm, weedy rubber, and secondary forest near oil palm plantations.

The majority of the effects of border type tended to decline along the distance gradients, with
(aside from a few exception) the lowest predation rates and predator occurrences the furthest into the
plantation. An interesting exception occurred in the plantation nearby secondary forest borders where
the predation rates were still similarly enhanced even at the furthest distance measured, 50 m inside
the plantation. The general decline in insect predation rates towards the centre of the plantation needs
further assessment, however, in order to quantify overall biological control effectiveness across the
whole plantation area. Our results suggest that both ants and Orthoptera are major insect predators in

oil palm plantation and might complement each other in pest suppression.

Conclusions
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The present study suggests that ant and Orthoptera are the main predators of defoliating pests
in oil palm plantations and their predation pressure are influenced by border types and edge effects.
The higher attack pressure in plantations surrounded by jungle rubber, weedy oil palm, weedy rubber,
and secondary forest suggests that diverse vegetation surrounding oil palm plantations could be useful
for conserving predators and controlling oil palm pests, especially caterpillars. However, the border
effect quickly declines with distance from the border so that management inside the plantation is
necessary, for example through restoring or maintaining weedy understory or flowering plant strips.
Better understanding of the ecological management of oil palm plantations including biological pest
control needs more experimental studies testing the optimum plantation size and shape and the type
and size of adjacent vegetation as well as the kind of ecological improvements inside the plantations

with weedy strips .

Acknowledgments

We thank David Warisman, Deslian Permana, Febrina Herawani, Rico Fardiansa, Derly Hartika, and
Tutty for all their help in the lab and the field. We thank the village leaders and local homegarden
owners for granting us the use of their properties. This study was financed by the Deutsche
Forschungsgemeinschaft (DFG) in the framework of the collaborative German — Indonesian research
project Collaborative Research Centre 990 EFForTS: Ecological and Socioeconomic Functions of
Tropical Lowland Rainforest Transformation Systems (Sumatra, Indonesia). FN was supported by the

German Academic Exchange Service (DAAD).

84



5.4 Supplementary material

Appendix S5.1. Supplementary methods.

Ant sampling in different vegetation types

Ant sampling was conducted across four different vegetation types: degraded lowland
rainforest, jungle rubber, rubber plantation and oil palm plantation. In the two study regions, each
vegetation type was replicated four times (n=32). At each of the 32 study sites, a 50 m x 50 m
sampling plot was defined, which included five randomly assigned 5 m x 5 m subplots. All sites were
on little or no slope and there was a minimum distance of 120 m between each site (mean distance
between sites was 14.9 km). The rainforest sites were within Bukit Duabelas National Park and
Harapan Rainforest and, although protected, have been selectively logged in the past. The rubber and
oil palm plantations, were intensively managed monoculture systems, with the oil palm plantations
resembling the “control” border vegetation type described above.

We used plastic observation plates with two baits of 2 cm? of tuna in oil and two sponges
saturated with 70% sucrose solution attached to sample ant species (Wielgoss et al. 2010). One plate
was tied at breast height on each of two randomly selected trees in all five subplots at each site. If
there were not two trees in a subplot (often the case in oil palm plantations), the closest trees to the
subplot were chosen. At 15, 30, 45, and 60 minutes after placing the plates on the trees, the abundance
of each ant species present on the plate (separately for ants feeding on sugar or tuna) was recorded.
Specimens were collected from each ant species present where possible without disrupting
recruitment. Surveys were conducted at each site four times during the study period (first: October
2012, second: February-March 2013, third: September-October 2013, fourth: February 2014), between
9:00 am, and 11:00 am. No sampling was conducted during or immediately after rain due to a
reduction in ant activity under wet conditions. All ants collected were identified to genus level (Fayle
et al. 2014). We identified specimens to species level where possible and assigned the remainder to
morphospecies. Ant abundance per species at a given site was defined as the mean of the maximum
number of each species on each plate (at any time measurement) used at a site (over the whole
survey). By taking the mean abundance from the maximum at any given time during the surveys we
took into account the possibility of competition that could disadvantage subdominant species if only
looking at the abundance after 60 minutes. A protein/carbohydrate preference ratio was defined for
each ant species by dividing the total abundance of the species counted at the protein baits (tuna) by
the total abundance of the species at both baits (higher ratio indicates increased predator abundance).
A community-weighted mean (CWM) of the preference ratio was then determined for each site as an

indicator of predator abundance at the site.

Statistical analysis
We used LMEs to determine the effect of vegetation type on ant species richness, ant

abundance and the community-weighted mean (CWM) of the protein/carbohydrate preference ratio,
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with region specified as a random effect. When the LME contained a significant effect of land-use
system on the response variable, we performed a Tukey post-hoc test (with Bonferroni correction) to
test for significant pair-wise differences among land-use systems. To meet assumptions of normality
all ant abundance was log transformed prior to analysis. LMEs and post-hoc tests were conducted
using the nlme (Pinheiro et al. 2015) and multcomp (Hothorn et al. 2008) packages in R 3.2.0 (R Core
Team 2015).

Assessing dummy caterpillar predation rate

Initially the caterpillar was divided into five sections, (excluding the part of the caterpillar
which was glued to the leaf), three rectangular with an area of 3.96 cm?® (25.7%) and two circular with
an area of 1.77 cm? (11.5%) (Fig. 5.2a). Percentage marked by each predator type was estimated by
overlaying marked transparent plastic over each section (Fig. 5.2b). Total predation rate for each
predator type was calculated for each dummy caterpillar by adding together all sections.
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Figure S5.2. Experimental design. a) dummy caterpillar and exposed prey were attached on the
frond; b) each location of the caterpillars were labeled using waterproof marker; ¢) Every frond with
the caterpillar on them was marked with color tape in order to find them easily; d) Inside the border,
right side was used for artificial caterpillar and left side was used for exposed prey; €) the arrangement
of camera trap in some study sites; f & g) a dummy caterpillar and a mealworm larvae with labels
inside the plantation; h & i) a dummy caterpillar and a mealworm larvae with labels inside the border;

and j) the location of dummy caterpillar and exposed prey on a frond .

(a) (b)

Rectangle Measurement 1 Rectangle Measurement2

W:11cm

AC=1.77 R:0.75cm

Circle Measurement 1 Circle Measurement2

Figure S5.2. Method for quantifying predation rate on dummy caterpillars. (a) Each caterpillar
was divided into five sections for assessment. (b) Marked transparent plastic was overlayed on each

section to help assess percentage marked by predators.
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Figure S5.3. The effect of location on predator occurrences on the exposed prey. Means with

different letters within locations are significantly different (glht, P = <0.05).

Table S5.1. Linear mixed effect model ANOVA outputs testing for a significant effect of
vegetation type on ant communities. The linear mixed effects models determined the effect of
vegetation type on (a) ant species richness, (b) ant abundance, and (c) community-weighted mean
(CWM) of the protein/carbohydrate preference ratio (Ant P/C ratio). Significant P-values are indicated
in bold (P = <0.05).

Response variable Effect df F-value  P-value
(&) Ant species richness  Vegetation type 27 8.73 <0.01
(b) Ant abundance Vegetation type 27 14.24 <0.01
(c) AntP/C ratio Vegetation type 27 5.44 <0.01
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Table S5.2. Summary statistics of Tukey post-hoc tests testing for significant differences in ant
communities among vegetation types. Tukey post-host tests determined the response of ant species
richness, ant abundance and community-weighted mean (CWM) of the protein/carbohydrate
preference ratio (Ant P/C ratio) to vegetation type. Significant P-values are indicated in bold (Tukey’s
HSD, P = <0.05).

Response variable Estimate z-value P-value

Ant species richness

J-F -0.50 -0.38 1.00
O-F 5.25 4.02 <0.01
R-F 3.25 2.49 0.08
o-1J 5.75 4.40 <0.01
R-J 3.75 2.87 0.03
R-0 -2.00 -1.53 0.76
Ant abundance
J-F 0.44 1.77 0.46
O-F 1.55 6.25 <0.01
R-F 0.44 1.76 0.47
o-1J 1.11 4.48 <0.01
R-J -0.00 -0.00 1.00
R-0 -1.11 -4.48 <0.01
Ant P/C ratio
J-F -0.05 -1.45 0.89
O-F -0.12 -3.76 <0.01
R-F -0.02 -0.61 1.00
o-1J -0.07 -2.32 0.01
R-J 0.03 0.84 1.00
R-0 0.10 3.15 0.01

89



Table S5.3. AIC table for comparison of fit of LMEs testing the influence of border type and
location on predation rate. For both (a) ant and (b) Orthoptera predation rate and we fitted four
models with all combinations of explanatory variables, with df (degrees of freedom) in the model),
AIC and AAIC. The best supported models are indicated in bold.

Response variable df AIC AAIC
(a) Ant predation rate
Border type*Location 20 -174.63 0.00
Border type+location 10 -173.82 0.81
Border type 8 -161.42 13.20
Location 5 -159.27 15.36
(b) Orthoptera predation rate
Border type*Location 20 -142.91 0.00
Border type+location 10 -140.91 2.00
Border type 8 -136.12 6.79
Location 5 -135.95 6.96

Table S5.4. Linear mixed effect model ANOVA outputs testing for a significant effect of border
type, location and their interaction on predation rates. The best-fit linear mixed effect models
which determined the effect of border type, location and their interaction on (2) ant and (b) Orthoptera
predation rates on dummy caterpillars (Tables S5.3). Significant P-values (P = <0.05) are also
indicated in bold.

Response variable Effect df F-value P-value
(@) Ant predation rate Border type 5 5.61 <0.01
Location 2 9.71 <0.01
Border type*location 10 2.03 0.04
(b) Orthoptera predation rate Border type 5 3.07 0.02
Location 2 5.06 0.01
Border type*location 10 2.16 0.03
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Table S5.5. Summary statistics of glht post-hoc tests testing for significant differences in
predation rates between border types within a location. Glht post-host tests determined the
response of (a) ant and (b) Orthoptera predation rate on dummy caterpillars to border type at each
location. Significant P-values are indicated in bold (P = <0.05). JR=Jungle rubber, WOP=Weedy oil
palm, WR=Weedy Rubber, SF=Secondary Forest, SC=Scrub, and Control=0il Palm Border.

Response variable Estimate z-value  P-value

(@) Ant predation rate

JR.IN50 - Control.IN50 0.23 3.37 0.01
WOP.IN50 - Control.IN50 0.19 2.89 0.04
WR.IN50 - Control.IN50 0.15 2.20 0.25
SF.IN50 - Control.IN50 0.21 3.14 0.02
SC.IN50 - Control.IN50 0.10 1.56 0.69
JR.IN20 - Control.IN20 0.31 4.61 <0.01
WOP.IN20 - Control.IN20 0.23 3.41 <0.01
WR.IN20 - Control.IN20 0.20 2.97 0.03
SF.IN20 - Control.IN20 0.17 2.59 0.10
SC.IN20 - Control.IN20 0.08 1.23 0.90
JR.OUT20 - Control.OUT20 0.38 5.66 <0.01
WOP.OUT20 - Control.OUT20 0.24 3.52 <0.01
WR.OUT20 - Control.OUT20 0.21 3.11 0.02
SF.OUT20 - Control.OUT20 0.11 1.59 0.67
SC.0UT20 - Control.OUT20 0.19 2.79 0.06
(b) Orthoptera predation rate
JR.IN50 - Control.IN50 0.09 1.09 0.92
WOP.IN50 - Control.IN50 0.10 1.19 0.87
WR.IN50 - Control.IN50 0.19 2.16 0.24
SF.IN50 - Control.IN50 0.21 2.45 0.12
SC.IN50 - Control.IN50 0.07 0.81 0.99
JR.IN50 - Control.IN20 0.12 1.36 0.77
WOP.IN20 - Control.IN20 0.10 1.16 0.89
WR.IN20 - Control.IN20 0.33 3.80 <0.01
SF.IN20 - Control.IN20 0.35 3.94 <0.01
SC.IN20 - Control.IN20 0.12 1.42 0.72
JR.OUT20 - Control.OUT20 0.29 3.26 0.01
WOP.OUT20 - Control.OUT20 0.13 1.44 0.70
WR.OUT20 - Control.OUT20 0.28 3.15 0.01
SF.OUT20 - Control.OUT20 0.23 2.66 0.07
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Table S5.6. AIC table for comparison of fit of LMEs testing the influence of border type and

location on predator occurrences. For (a) no damage and damage by (b) single ants, (c) Orthoptera,

and (d) group of ants, we fitted four models with all combinations of explanatory variables, with df
(degrees of freedom) in the model, AIC and AAIC. The best supported models are indicated in bold.

Predator occurrences were assigned based on percent damage of mealworm prey items.

Response variable df AIC AAIC
(@) No damage (0% damage)
Border type * Location 17 108.00 7.49
Border type + Location 9 103.74 3.23
Border type 7 105.37 4.86
Location 5 100.51 0.00
(b) Single ant (20% damage)
Border type * Location 17 67.71 10.65
Border type + Location 9 62.87 5.81
Border type 7 68.93 11.88
Location 5 57.06 0.00
(c) Orthoptera (40 - 80% damage)
Border type * Location 17 75.96 16.30
Border type + Location 9 67.03 7.38
Border type 7 78.36 18.71
Location 5 59.65 0.00
(d) Group of ants (100% damage)
Border type * Location 17 79.39 14.85
Border type + Location 9 69.19 4.65
Border type 7 80.45 15.91
Location 5 64.54 0.00
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Table S5.7. Linear mixed effect model ANOVA outputs testing for a significant effect of location

on predator occurrence. The best-fit linear mixed effect models which determined the effect of

location on (a) no predator occurrence and predation by (b) sinlge ants, (¢c) Mantodea and Orthoptera,

and (d) group of ants. Significant P-values (P = <0.05) are also indicated in bold. Predator

occurrences were assigned based on percent damage of mealworm prey items.

Response variable Effects df F-value P-value
(a) No predator (0% damage) Location 2 2.84 0.06
(b) Single ants (20% damage) Location 2 5.23 <0.01
(c) Orthoptera (40 - 80% damage) Location 2 8.23 <0.01
(d) Groups of ants (100% damage) Location 2 8.19 <0.01
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Table S5.8. Summary statistics of glht post-hoc tests testing for significant differences in

predator occurrences between locations. Glht post-host tests determined the response of (a) no

predator occurrence, (b) single ants, (c) Mantodea and Orthoptera, and (d) groups of ants. Significant

P-values are indicated in bold (P = <0.05). Predator occurrences were assigned based on percent

damage of mealworm prey items.

Response variable Estimate z-value P-value
@) No predators (0% damage)
OUT20 - IN20 -0.17 -2.34 0.05
OUT20 - IN50 -0.12 -1.68 0.21
IN20 — IN50 0.05 0.66 0.79
(b) Single ants (20% damage)
OUT20 - IN20 -0.20 -3.27 <0.01
OUT20 — IN50 -0.09 -1.50 0.29
IN20 — IN50 0.11 1.77 0.18
(c) Orthoptera (40 - 80% damage)
OUT20 - IN20 -0.15 -2.66 0.02
OUT20 — IN50 -0.22 -4.04 <0.01
IN20 — IN50 -0.08 -1.38 0.35
(d) Groups of ants (100% damage)
OUT20 - IN20 0.23 3.94 <0.01
OUT20 — IN50 0.17 2.95 <0.01
IN20 — IN50 -0.06 -1.00 0.58
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Ants affect belowground invertebrate communities and
associated ecosystem processes across tropical land-use

systems
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Akhmad Rizali, Stefan Scheu, Rahayu Widyastuti, Teja Tscharntke
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Abstract

Ants make up an estimated 15% of the total terrestrial animal biomass. Furthermore, ants carry out and
influence a wide range of important ecosystem processes such as predation, seed dispersal, soil
aeration and pollination, varying across land-use systems. Ant exclusion experiments can help us
understand the role of ants in shaping above- and belowground invertebrate communities and
associated processes, but have up until now mostly focused on aboveground communities and
herbivory only. We created paired ant suppression and control plots in 16 lowland forest, jungle
rubber, rubber and oil palm sites in Sumatra, Indonesia. We assessed above- and below-ground
invertebrates as well as soil and litter variables. Ant suppression was linked to a decline in the
aboveground herbivores, detritivores and predators, but not omnivores likely as an artefact of the
suppression treatments. Furthermore, all aboveground feeding guilds negatively responded to land-use
change. Although, unexpectedly, herbivore and predator abundance was lowest in rubber not oil palm.
Belowground invertebrates, i.e. Collembola, were strongly influenced in ant suppression plots.
However, soil and litter C:N ratio, moisture and microbial biomass were mostly unaffected by ant
suppression. Most notably, effects on decomposition rates were dependent on the land-use system,
whereby ant suppression reduced decomposition in the forest sites only. In conclusion, differences in
ant communities between land-use systems alter their relationship to decomposition processes;

however, the underlying drivers of these effects require further investigation.
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6.1 Introduction

Ants make up an estimated 15 % of terrestrial animal biomass globally, and in the tropics this estimate
is even higher, at approximately 25 % (Schultz 2000). They also exhibit a wide range of important
ecosystem functions such as seed dispersal, soil aeration and pollination (Folgarait 1998; Vandermeer
et al. 2002; Lach et al. 2010). Ants can be omnivores, herbivores and opportunistic feeders, while they
also include specialist and generalist predators (Holldobler and Wilson 1994). Ants play an important
role in the shaping of animal food webs through predation, symbiosis and as a prolific food source
(Folgarait 1998; Gaume et al. 1998; Lach et al. 2010). Due to the important role ants play in
ecosystems, it is likely that ecosystem functioning will be altered when ant communities are affected
by disturbances such as land-use change.

In the tropics, unlike for many other taxa, ant diversity and biomass can be retained in
agricultural systems (Folgarait 1998; Rubiana et al. 2015). However, these communities can still be
highly impacted by land-use change through changes in taxonomic and functional composition. For
example, Rubiana et al. (2015) found no difference in ant species richness between forest, jungle
rubber, rubber plantation and oil palm sites in Sumatra, Indonesia; however, community composition
was very different between each land-use type and species from higher trophic guilds declined from
forest to oil palm (Denmead et al. in review). It is particularly important to understand how such a
dominant animal group’s role is altered in different land-use systems if we are to understand the long-
term consequences of land-use change.

Decomposition rates can be an important indicator of how land-use change is affecting a key
ecosystem process in agricultural systems (Hattenschwiler et al. 2005). The process of leaf litter
decomposition is a vital ecosystem process that is carried out by invertebrates, fungi and microbes
(Swift et al. 1979). It is crucial for soil formation and the cycling of nutrients (Swift et al. 1979;
Throop and Archer 2007). Decomposition is a particularly important service to increase soil fertility
and microbial activity (Bardgett 2005; Moradi et al. 2014) and therefore in crop systems it is related to
the sustainability of agriculture. Decomposition is influenced by above- and below ground biotic
communities (e.g. arthropods and microbes) as well as abiotic conditions (e.g. moisture availability,
soil structure and temperature) (Swift et al. 1979). Whereas abundance of invertebrate individuals or
their species richness describe a community in numbers and their diversity, quantification of
decomposition rates can provide a direct relation between biodiversity and ecosystem services (Huhta
2007).

Ant exclusion experiments can help us understand the role of ants in ecosystem processes, but
have up until now mostly focused on above-ground communities and herbivory (e.g. Sanders and van
Veen 2011; Mestre et al. 2012; Gras et al. 2016), whereas research on below-ground communities and
associated ecosystem processes, such as decomposition is lacking (but see Wardle et al. 2011). In this
study we implemented paired ant suppression and control plots for one year across four different land

uses in Sumatra, Indonesia: 1) tropical lowland rainforest; 2) jungle rubber, an agroforestry systems
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closely resembling secondary rainforest; 3) rubber monoculture plantation and 4) oil palm
monoculture plantation. To investigate the relative effect of ants on species communities and
associated ecosystem processes across these land-uses, we conducted comprehensive sampling at all
study sites including above- and belowground invertebrate communities, soil, litter and vegetation,

and measurements of decomposition rates.

6.2 Materials and methods

Study Area

Our study was carried out within the Batanghari Regency of Jambi Province, Sumatra,
Indonesia (Figure S6.1). Located in central Sumatra, the area has potential vegetation of tropical
lowland rainforest, however Sumatra has lost 2.6 million ha of its lowland rainforest in the last 20
years (Hansen et al. 2009) as a result of the increasing expansion of agricultural land. Currently the
most dominant crop in the province is rubber, however oil palm is becoming increasingly dominant

with an almost 4-fold increase in land-cover over the past 20 years (Gatto et al. 2015).

Experimental Design

Sampling was conducted across four land-use systems: lowland disturbed rainforest, jungle
rubber, rubber plantation and oil palm plantation. Each land-use system was replicated four times (16
sites, Figure S6.1). At each of the 16 study sites six 1.5 m x 1 m experimental plots were defined,
consisting of three pairs of one ant suppression plot and one control plot (six plots/site, n=96). Paired
plots had similar vegetation cover at the beginning of the experiment. All sites were on little or no
slope, the plantations were of similar age and the mean pair-wise distance between sites was 18.2 km
(x SE, 9.6 km), respectively. The lowland rainforest sites were within a protected area, Harapan
Rainforest. Jungle rubber sites selected occurred in secondary forest with rubber trees between the
native vegetation and minimal management. The rubber and oil palm plantations, in contrast, were
intensively managed monoculture systems. For a detailed description of the study site management
practices see Allen et al. (2015).

Two methods were used to suppress ants in the ant exclusion plots. A 50 cm high aluminium
barrier was established surrounding the plot, buried 20 cm beneath the soil and the top of the barrier
was cover in insect glue (Tanglefoot, Contech Enterprises Inc., British Columbia). The glue was
replaced as needed. The control plots also had a similar aluminium barrier without glue and regular
small holes were cut into the aluminium (below- and aboveground) to facilitate invertebrate movement
(Figure S6.2). We also carried out regular toxic baiting for the duration of the experiment. The toxic
baiting consisted of placing two types of attractants, sugar and tuna, mixed with the insecticide
chlorpyrifos (Dursban™ 200EC, Dow AgriSciences, Jakarta, Indonesia) in two random locations in the
exclusion plots for one hour once per week. Preliminary experiments and a previous study (Klimes et

al. 2011) determined these two baits were attractive to the majority of ant species present but no other
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invertebrates. Exclusion was continuous for one year from February 2014 to February 2015. No
management practices (e.g. herbicide spraying) were carried out in the plots for the duration of the
experiment.

Ants were surveyed monthly in every plot to monitor the effectiveness of the ant suppression
methods. We used plastic observation plates with two baits of 2 cm?® of tuna in oil and two sponges
saturated with 70% sugar solution attached to sample ant species (Wielgoss et al. 2010). One plate was
put on the ground in each experimental plot at each site. At 15, 30, 45 and 60 minutes after placing the
plates on the ground the abundance of each ant species present on the plate was recorded. Specimens
were collected from each ant species present where possible without disrupting recruitment. All ants
collected were identified to genus level (Fayle et al. 2014). We identified specimens to species level
where possible and assigned the remainder to morphospecies. Ant species abundance at a given plot
each month was defined as the maximum number of each species on the plate over the hour sampling

period (Denmead et al. in review).

Sampling methods

Aboveground invertebrates

We combined insecticide spraying with vacuum sampling to sample aboveground
invertebrates in the experimental plots at the end of the experiment (February 2015). First, the plot was
covered with a cloth tent and we sprayed insecticide (Decis ® 2,5 EC, Bayer CropScience, Jakarta,
Indonesia) within the tent. The amount of insecticide sprayed into each plot was consistent between
plots. After 15 minutes the tent was removed and the vegetation was removed (see below, vegetation
surveys). Vegetation was shaken over the plot before removal to drop any invertebrates from the
vegetation onto the ground. We then vacuumed and hand-collected over the entire area of the plot to
collect all invertebrates within the plot.

All invertebrates (excluding ants) collected by the three sampling methods were identified to
higher taxonomic groups, counted and assigned to four feeding guilds; herbivores, predators,

detritivores and omnivores based on information from literature (Table S6.1).

Belowground invertebrates

Below-ground invertebrates were sampled at the end of the experiment by taking one 16 x 16
cm soil core per plot and extracting the invertebrates using the high gradient canister method in
modified Kempson extractors (Kempson et al. 1963).

All Collembola extracted were counted and identified to genus. The biomass of Collembola
was determined by length-mass regressions from Petersen (1975). Body length was measured on 10-
15 individuals (or all available if less abundant) from each genus. Regressions values for each genus
were determined from morphologically similar species based on morphotype (Poduromorpha,
Entomobryomorpha and Symphypleona) and size class (small or medium, determined from mean
body length) (Petersen 1975).
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Soil, litter and vegetation

We collected one soil and litter sample in February 2015 to a depth of 10 cm at each
experimental plot using a 5 cm diameter soil corer to measure carbon (C), nitrogen (N), moisture
content and microbial biomass in the plots. Half of the sample was dried at 65°C for 72 h, milled and
analysed for total C and N concentrations using an elemental analyser (Carlo Erba, Milan, Italy) and
the moisture content was determined gravimetrically. Microbial biomass was determined from the
other half of the sample by measuring O, consumption using an automated respirometer system
(Scheu 1992). We collected all vegetation (cutting at ground level) from the plots three times to gain
an estimate of plant biomass. The collected vegetation was dried in an oven at 60°C for 48 hours, then
weighed. Vegetation samples were taken in June 2014, October 2014 and when the experiment ended
in January 2015 (at the same time as above-ground invertebrate sampling, see above). We collected
the samples three times during the experiment due to the presence of fast growing species in the
plantations compromising the effectiveness of the exclusion by growing over the sides of the plot

barriers. Plant biomass is the total dry weight of all three samples at each plot.

Litter decomposition

Litter decomposition rates were measured using litter bags (Falconer et al. 1933) placed in the
plot between March and September 2014. A total of 96 litterbags (20 cm x 20 cm) were made from
polyester mesh with a 4 mm x 4 mm mesh size. Each litterbag contained 10.0 + 0.05 g of the
dominant litter type in each land-use system. For forest plots the litter was a mixture of three species:
4 g from cf. Garcinia sp., 3 g from Gironniera nervosa, 3 g from cf. Santiria lavigata, while in jungle
rubber and rubber plantations the litter was rubber (Hevea brasiliensis) leaves and in the oil palm
plantations, oil palm (Elaeis guineensis) leaves. Fresh fallen (fresh cut for the oil palm) leaves were
collected from one plot for each land-use system and dried at 25°C for 72 hour and put into the bags.
Litter decomposition was calculated as the difference between the initial litter dry mass and litter dry

mass remaining after six months and expressed as percentage of the initial leaf litter mass.

Statistical analysis

Ant suppression effectiveness

We used linear mixed effect models (LMES) to determine the effect of ant suppression on
average ant abundance and species richness over the whole year of monthly sampling (Ime() function
in package nlme, Pinheiro et al. 2015). Site was included as a random effect. To meet assumptions of
normality ant abundance was log-transformed prior to analysis. Linear mixed-effect models with
transformation (log or square root) were used for non-normal data because they had better fit and
convergence than generalised linear mixed-effect models based on untransformed data with Poisson or

negative-binomial error distributions.
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Above- and belowground invertebrate, soil and litter variables, vegetation and decomposition
responses to ant exclusion and other measured variables

We used LMEs to determine the relative effect of treatment on all response variables:
aboveground invertebrate feeding guild (predator, omnivore, herbivore, detritivore) abundances
excluding ants, collembola genus richness and biomass, soil and litter C:N ratio, soil and litter
microbial biomass, soil moisture, plant biomass and decomposition (percentage of the initial leaf litter
mass lost after six months). Treatment (exclusion or control), land-use system and their interaction
were included in all models. The interaction term was included to detect if treatment effects were
dependent on land use. Also included in each model were all other theoretically possible measured
predictors (Table S6.2), however, both litter and soil measures of the same variable (microbial
biomass and C:N ratio) were never included in the same model due to significant correlations between
the two. Similarly, collembola richness was never included as a predictor because of a correlation with
collembola biomass. Pair was nested within sites as a random effect. To meet assumptions of
normality, invertebrate abundances, collembola biomass and richness, microbial biomasses were log-
transformed (+1 in the case of some zero abundance) and plant biomass square root transformed prior
to analysis.

We then used an information-theoretic approach to identify the most important variables in
explaining each response variable. First, we constructed model sets of all possible combinations of
variables included in an initial full model (dredge() function in package MuMIn, Barton 2013).
Second, we ranked models best on Akaike’s Information Criterion for small sample sizes (AICc), and
selected the best models as those with AAICc < 2 (Burnham and Anderson 2002). Third, we used
model averaging on the best models (model.avg() function in package MuMIn) for each response
variable (Grueber et al. 2011). P-values, coefficients and relative variable importance values
(equivalent to summing up the predicted variables weights, Burnham & Anderson, 2002) were derived
from the average best models.

When there was at least one significant (P = <0.05) land-use effect in the average best model
Tukey post-hoc tests with Bonferroni correction (glht() function in package multcomp, Hothorn et al.
2008) were used on the best fit model including land-use system (lowest AICc score) to test for
significant differences among the land-use systems. When there was a significant treatment and land-
use interaction term in the average best model, the response variable was also assessed for each land-
use separately using the same process as when considering all land-uses together, though without land-

use in the initial full model. All analyses were conducted in R 3.2.0 (R Core Team 2015).

6.3 Results

Ant suppression effectiveness
Average ant abundance was 48% lower and species richness was 0.5 species less on average
over the year of the experiment in ant suppression plots compared with the control plots (Table S6.3).
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Above-ground invertebrates

Herbivore abundance was on average 40% lower in suppression plots than control (Table 6.1,
Figure 6.1a). Furthermore, herbivore abundance responded significantly to land-use change (Table
6.1), with a 76% and 69% decline from forest to rubber and jungle rubber (though it was non-
significant for jungle rubber) respectively, but no difference between forest and oil palm (Figure 6.1b,
Table S6.4). Herbivore abundance was also positively related to plant biomass (Table 6.1). Detritivore
abundance had only a marginally significant negative response to ant suppression (55% decline), but
did respond to land-use system (Table 6.1, Figure 6.1c). More specifically, detritivore abundance was
88%, 79% and 95% lower on average in jungle rubber, rubber and oil palm sites than forest (though
for rubber this difference was only marginally significant). (Figure 6.1d, Table S6.4). Detritivores also
responded positively to C:N ratio but the relationship was only marginally significant (Table 6.1).
Predator abundance was on average 70% lower in suppression plots than control plots (Table 6.1,
Figure 6.1e). Predator abundance also had a significant land-use effect, however, the relative
importance value was only 0.50, and the post-hoc test on the best-fit model only contained a
marginally significant decrease from forest to rubber (72% decline, Figure 6.1f, Table S6.4).
Omnivore abundance did not response to treatment (Table 6.1, Figure 6.1g), however, was 67% and
84% lower in rubber and oil palm than in forest and 55% and78% lower than in jungle rubber (Figure
6.1h, Table S6.4).
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Table 6.1. The coefficients (coeff), p-values (p-val) and relative variable importance values (Imp) for each predictor in the average of the best models (AAICc

< 2) for invertebrate feeding guild abundances and collembola biomass and genus richness. LUS=land-use system. T=Treatment. Control is the intercept for
treatment, and forest is the intercept for land-use system. Predictors marked with “---* were included in the full but not the average best model. Significant
(P=<0.05) predictors are indicated in bold. Marginally significant (P=<0.10) are indicated with a .

Predictor

Herbivore abund

Detritivore abund

Predator abund

Omnivore abund

Collembola biomass Collembola richness

Imp coeff p-val

coeff p-val

Imp coeff p-val

Imp coeff p-val

Imp coeff p-val

Imp

Treatment
Treatment Suppression
Land-use system
LUS Jungle rubber
LUS Oil palm
LUS Rubber
Treatment:Land-use sys
T:LUS Jungle rubber
T:LUS Oil palm
T:LUS Rubber
Soil moisture
Litter microbial biomass
Litter C:N ratio
Plant biomass

coeff p-val
-0.54 <0.01
-0.34 0.16
0.25 0.42
-0.57 0.01
015 0.19
-0.10 0.23
0.18 0.02

-0.34

-1.16
-1.45
-1.07

-0.40

-0.88
-0.93
-0.94

0.56
-0.23
-0.41
-0.26
-0.06

0.11

0.02

0.10
0.12
0.04

0.12
0.53
0.28

0.09"

0.53

0.37

1.00

0.50

0.24

0.56
0.08

0.17

-1.20

-0.94
-1.86
-0.87

<0.01

0.06"
<0.01
0.09"

-0.39

-0.44
-0.77
-0.40

0.13
0.34
-0.05
0.06
-0.04

1.00

1.00

¢0T
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Figure 6.1. Response of (a-b) herbivore abundance, (c-d) detritivore abundance, (e-f) predator
abundance and (g-h) omnivore abundance to treatment and land-use system. Treatment or land-use
system means with different letters are significantly different (Tukey’s HSD, P = <0.05).

Below-ground invertebrates

Collembola biomass and genus richness were 68% and 16% lower in ant suppression plots
than control (Figure 6.2a, c, Table 6.1). Collembola also negatively responded to land-use change

(Table 6.1). Biomass declined by 81% from forest to oil palm, however the decline from forest to
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jungle rubber and rubber was non-significant (Figure 6.2b, Table S6.4). Genus richness declined 33%,
35% and 58% from forest to jungle rubber, rubber (only marginally significant) and oil palm
respectively. (Figure 6.2d, Table S6.4). Collembola biomass also responded positively to soil moisture
content (Table 6.1).
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Figure 6.2. Response of (a-b) Collembola biomass (mg/sqm) and (b) Collembola genus richness to
treatment and land-use system. Treatment or land-use system means with different letters are
significantly different (Tukey’s HSD, P = <0.05).

Soil, litter and vegetation

Soil microbial biomass did not respond to treatment or land-use system, rather only
had a positive relationship with soil moisture content (Table 6.2, Figure 6.3a). Litter microbial
biomass however, did respond to ant suppression though was only 2.9% lower in the suppression than
control plots and relative importance value of treatment was only 0.53 (Table 6.2, Figure 6.3b). Litter
microbial biomass was also significantly lower in oil palm than the other three land-uses and was
positively related to detritivore abundance (though only marginally significant), soil moisture and
plant biomass (Table 6.2, Table S6.5). Soil and litter C:N ratio was not affected by ant suppression,
but both responded significantly to land use (Table 6.2, Figure 6.3d, e). However, for soil C:N ratio
the post-hoc test on the best-fit model did not show any significant differences between land uses
(Table S6.5). Litter C:N ratio was higher in forest than rubber and oil palm, and higher in jungle
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rubber than oil palm but the rubber systems were only marginally significantly different from each
other (Table S6.5). Soil moisture was 7% higher in the ant suppression than the control plots and
responded to land-use change (Table 6.2, Figure 6.3e.) More specifically, soil moisture was highest in
forest, lowest in o0il palm and had intermediate values in the rubber sites (Table S6.5). Plant biomass
did not respond to any predictors included in the model (Table 6.2, Figure 6.3f).
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Table 6.2. The coefficients (coeff), p-values (p-val) and relative variable importance values (Imp) for each predictor in the average of the best models (AAICc

< 2) for soil and litter variables, plant biomass and decomposition. LUS=Iland-use system, T=Treatment. Control is the intercept for treatment, and forest for
land-use system. Predictors marked with “X” were not included in the full model, predictors marked with “---“were included in the full but not average best
model. Significant (P=<0.05) predictors are indicated in bold, and marginally significant (P=<0.10) with ¥.

Soil microbial B Litter microbial B Soil C:N ratio Litter C:N ratio Soil moisture Plant biomass Decomposition
Predictor coeff p-val Imp coeff p-val Imp coeff p-val Imp coeff p-val Imp coeff p-val Imp coeff p-val Imp coeff p-val Imp
Treatment 0.48 0.53 011 - - - 0.86 0.41 1.00
Treatment Suppression -0.13 0.11 -0.35 0.04 0.16 0.55 2.60 0.05 1.27 0.14 -28.92 <0.01
Land-use system 0.47 0.19 1.00 1.00 1.00
LUS Jungle rubber -- - - -011 0.68 -0.58 0.47 -1.68 0.36 -12.17 <0.01 -- - ---16.10 0.02
LUS Oil palm -- - ---0.87 0.01 -1.15 0.15 -8.34 <0.01 -22.17 <0.01 -- - - -22.87<0.01
LUS Rubber -- - - 031 025 -1.86 0.02 -5.73 <0.01 -6.43 0.05 - - ---2014 0.01
Treatment:Land-use sys 1.00
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Figure 6.3. Response of (a) soil microbial biomass, (b) litter microbial biomass, (c) soil C:N ratio, (d)
litter C:N ratio, (e) soil moisture and (f) plant biomass to measured predictors. Treatment means with

different letters are significantly different (Tukey’s HSD, P = <0.05).

Litter decomposition

Land-use system, treatment and interaction had a significant effect on decomposition (Table

6.2). Overall decomposition was significantly lower in ant suppression plots than control, however,

when assessing decomposition rate in each land-use separately, decomposition was only significantly
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different between treatments in the forest, where it was 47% lower in suppression rather than control
plots (Figure 6.4, Table S6.6).
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Figure 6.4. Response of decomposition rate to ant exclusion treatment and treatment: land-use system
interaction. Significant treatment main effects are denoted with “*” (LME, P = <0.05). The presence
of a significant interaction between treatment and land-use system included in final model is denoted
with “A”, Treatment mean and standard error across all land-uses are marked with a grey circle and
line. Treatment mean within land-use are marked with solid shapes. Significant differences between
treatments for a land-use type are indicated with a solid line between treatment means.

6.4 Discussion

Our results show that ants influence above- and belowground invertebrate communities, soil and litter
variables and decomposition. Experimental ant suppression was linked to a decline in three out of four
aboveground invertebrate feeding guilds (herbivores, detritivores, predators, but not omnivores). Also,
belowground invertebrates, i.e. collembola, were strongly influenced with lower biomass and genus
richness in ant suppression plots. Soil and litter variables were mostly unaffected by ant suppression.
Differences in local conditions within and between the four studies land-use systems were generally
foremost predictors of our response variables. Most notably, ant suppression reduced decomposition in

the forest sites only.

Aboveground invertebrates
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Predators, herbivores and to a lesser extent detritivores declined with ant suppression,
however, omnivores did not change. This is likely due to the ant suppression treatment not only having
a negative effect on ants but also other invertebrates. All four feeding guilds also had strong responses
to land-use change with all groups severely declining from forest to one or more of the agricultural
systems. Interestingly, although detritivores and omnivores were lowest in oil palm, herbivores and
predators were lowest in rubber even though oil palm is usually presumed to be more intensive and
therefore have less biodiversity than rubber. Jungle rubber abundance values, although lower than
forest, were generally intermediate between the plantations and forest sites. These results support
previous studies suggesting forest conversion and the intensification of agriculture are two of the main
threats to global biodiversity (Sala et al. 2000; Danielsen et al. 2009; Laurance et al. 2014)
Furthermore, the effects of land use change were dependent on functional feeding guild, which in turn
infers differing functional impacts of land use change, though these effects are less well studied.
Finally, herbivore abundance was positively related to plant biomass, although this is unsurprising it
has implications for management in the plantations were the understory biomass is almost entirely

dependent on management practices.

Belowground invertebrates

Collembola are heavily influenced by ant suppression, in particular in terms of biomass, with
suppression plots only having 30% of the collembola biomass of control plots. Due to the small size of
Collembola we expect effects of the barriers to be of low importance unlike the large aboveground
community. Altered ant densities may indirectly influence Collembola populations, due to ants
reducing other predator groups, especially spiders, which are known to affect Collembola populations
(Moya-Larafio and Wise 2007; Sanders and Platner 2007; Sanders and van Veen 2011). Abundances
of spiders and other aboveground predators in general also decreased with ant suppression here, but it
is possible a belowground predator group such as predatory mites (Acari, Gamasida) were oppositely
affected. In the aboveground invertebrate samples, number of mites did increase with ant suppression;
however, we did not look at predatory mites specifically.

In contrast to our expectations, ant suppression decreased Collembola biomass and genus
richness in a similar manner across land use systems, including structurally complex forests and
structure-poor oil palm plantations. This is surprising considering that the presence of complex
structure, e.g., dense undergrowth vegetation, may strongly dampen antagonistic interactions among
predators and enhance prey suppression (Finke and Denno 2002). However, we measured moderate
but significant increases of soil moisture in ant suppression plots, which may be closely connected to
the decreases of Collembola. Ants have been linked to increases in soil aeration and therefore greater
water infiltration and drainage (Majer et al. 1987; Folgarait 1998). Few studies investigated the effect
of soil moisture and seasonal rainfall on Collembola populations in tropical forests in detail, the
available data show that decreases in Collembola populations are mainly caused by prolonged drought

events (Holt 1985; Frith and Frith 1990; Wiwatwitaya and Takeda 2005). However, Collembola
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numbers may also decrease when soil conditions are very wet (Holt 1985; Frith and Frith 1990;
Bardgett et al. 1993). For our study Collembola have been sampled once around the end of the rainy
season, when the soil on the study sites is frequently highly humid or even water logged. Additional
soil moisture and decreased drainage may have negatively affected Collembola populations by
increasing the frequency and duration of periods in which the soil is water logged.

Soil, litter and vegetation

A previous long term (13 years) ant exclusion experiment also found increases in soil
moisture, though they linked moisture changes to changes in vegetation composition and cover
(Wardle et al. 2011). We did not find any changes in plant biomass with ant suppression; however we
did not look at compositional differences in the plant community. Plant biomass could be expected to
change with ant suppression, due to their role as seed dispersers and predators (Carlson and Whitford
1991; Levey and Byrne 1993; Wardle et al. 2011); however, this was not the case here. The plants also
did not respond to our measured soil variables (moisture, C:N ratio and microbial biomass). The plant
biomass and the species present in the three agricultural systems in particular was very variable within
land use and could have been affected by past management and light conditions. For example,
herbicide use is quite variable within the plantation systems and there is variation in light availability
between jungle rubber sites.

Soil and litter C:N ratio and microbial biomass were not (or only slightly) influenced by ant
suppression, which was against expectation due to many other studies showing effects of ants on soil
properties (though not litter) (e.g. Folgarait 1998; Cammeraat and Risch 2008; Frouz and Jilkova
2008). A possible reason for the lack of differences seen in this experiment is the scale of the
experiment, both in regards to size and time. Changes in soil properties at this scale may have only
been detected if the plots were of a scale that could include ant nests (which there weren’t in any our
experimental plots) or if the experiment was longer term (e.g. Wardle et al. 2011 found increases in
microbial biomass with ant exclusion after 6 years). Most commonly, ant effects on soil properties are
found due to nest construction (Jouquet et al. 2006) and although not often studied it is important to
understand nest patterns in the landscape when studying the impacts of ants (Folgarait 1998;
Cammeraat and Risch 2008).

Decomposition

Almost all responses to treatment were independent of land-use system, however there was a
significant interaction between treatment and land-use system in the final model for decomposition.
Treatment only influenced decomposition in forest sites where it was significantly lower in
suppression rather than control plots. This could be due to different plant material used, or just as
likely due to the large differences in ant communities between the land-uses included in this study
(Denmead et al. in review; Rubiana et al. 2015). Although ants are still dominant in jungle rubber,

rubber and oil palm, there are large changes in the functional composition of ant communities between
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the land-use systems (Denmead et al. in review). Certain species of ant that are forest specialists could
be directly influencing decomposition or rather, indirectly through effects such as predation and

competition altering the decomposer community.

Conclusions

In this study we found that ant suppression at small scales can cause suppression of other
aboveground invertebrates, and have severe negative effects on belowground invertebrates, i.e.
Collembola. The substantial effects on Collembola need further investigation, particularly in regards to
their relationship with predatory mites and seasonal variation. Ant suppression effects on vegetation
and soil and litter variables were minimal, nevertheless, effects on decomposition rates were
dependent on land use, whereby ant suppression reduced decomposition in the forest sites only. It is
likely that ant community changes from forest, which supports more forest specialists and predators, to
agricultural systems have altered their influence on decomposition, however, the underlying drivers of
these effects require further investigation. Knowledge of changes in the functional role of animal
groups in response to land-use change is important to understand the long-term consequences of land-

use change.
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6.5 Supplementary material
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Figure S6.1. Study site location and study design. Map of study area located in Jambi, Sumatra,

Indonesia. Each land-use system was replicated four times in the Batanghari regency. The study area

was adjacent to a protected area which also contained the forest sites, the Harapan rainforest (area

shaded in orange). Figure modified from Allen et al (2015).
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Figure S6.2. Photo of a control plot. One control plot from a rubber site showing the regular holes
cut into the aluminium
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Table S6.1. Invertebrate higher taxonomic groups, assigned to feeding guilds.

Higher taxonomic group Feeding guild
Acari omnivore
Araneae predator
Blattodea detritivore
Chilopoda predator
Coleoptera omnivore
Collembola omnivore
Dermaptera omnivore
Diplopoda detritivore
Diptera omnivore
Gastropoda detritivore
Haplotaxida detritivore
Hemiptera omnivore
Hymenoptera (non formicidae) omnivore
Isopoda detritivore
Isoptera detritivore
Lepidoptera herbivore
Mantodea predator
Neuroptera predator
Opiliones omnivore
Orthoptera herbivore
Pseudoscorpionida predator
Psocoptera detritivore
Symphyla detritivore
Thysanoptera herbivore
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Table S6.2. Variables included in full models for each response variable. Variables marked with an “X” are included as predictors within the
corresponding response variables initial full model. Pred =, Herb = herbivore, Det = detritivore, Omni = omnivore, A = abundance, R = richness, Col =
collembola, B = biomass, S = soil, L = litter, moisture = moist content, microB= microbial biomass, CN = C:N ratio.

Predator Herbivore Detritivore Omnivore Collembola Soil S microbial L microbial SC:N L C:N Plant

Response variable abund abund abund abund biomass  moisture  biomass biomass ratio ratio biomass

Predator abund
Herbivore abund
Detritivore abund
Omnivore abund
Collembola biomass
Collembola richness
Soil moisture

S microbial biomass
L microbial biomass
S C:N ratio

L C:N ratio

Plant biomass
Decomposition




Table S6.3. Linear mixed effect model ANOVA outputs testing for a significant effect of ant
suppression on ant abundance and richness. The linear mixed effects models which determined
the effect of the ant suppression treatment on (a) average ant abundance and (b) average ant
species richness. Significant p-values are indicated in bold (p <0.05).

Response variable Effect df F-value p-value
a) Antabundance Ant suppression treatment 79 63.968 <0.001
b)  Ant species richness Ant suppression treatment 79 86.547 <0.001
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Table S6.4. Summary statistics of Tukey post-hoc tests testing for significant differences in
invertebrate response variables among land-use systems. Tukey post-host tests were performed on
the best-fit linear mixed effects models which determined the effect of land-use change a) herbivore
abundance, b) detritivore abundance, ¢) predator abundance, d) omnivore abundance, e) collembola
biomass, f) collembola richness. Significant p-values are indicated in bold (Tukey’s HSD, P = <0.05).
Marginally significant (P = <0.10) are indicated with a f. F = forest, J = jungle rubber, R = rubber, O
= oil palm.

Response variable Estimate z-value p-value

a) Herbivore abundance

J-F -0.40 -1.77 0.29
O-F 0.15 0.66 0.91
R-F -0.62 -2.71 0.03
0-1J 0.55 2.31 0.10
R-J -0.22 -0.97 0.77
R-0O -0.77 -3.20 0.01
b) Detritivore abundance
J-F -1.18 -2.98 0.02
O-F -1.40 -3.16 <0.01
R-F -1.05 -2.51 0.06
o-1J -0.22 -0.52 0.95
R-J 0.12 0.30 0.99
R-0 0.34 0.85 0.83
c) Predator abundance
J-F -0.83 -1.79 0.28
O-F -1.18 -2.21 0.12
R-F -1.07 -2.38 0.08"
o-1J -0.35 -0.75 0.87
R-1J -0.24 -0.53 0.95
R-0 0.11 0.23 1.00
d) Omnivore abundance
J-F -0.05 -0.13 1.00
O-F -1.68 4.02 <0.01
R-F -1.28 -3.04 0.01
o-1J -1.63 -3.86 <0.01
R-1J -1.22 -2.90 0.02
R-0O 0.41 0.95 0.78
e) Collembola biomass
J-F -0.98 -1.82 0.26
O-F -1.93 -3.58 <0.01
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Table S5. Summary statistics of Tukey post-hoc tests testing for significant differences in soil,
litter and vegetation response variables among land-use systems. Tukey post-host tests were

performed on the best-fit linear mixed effects models which determined the effect of land-use change
on a) litter microbial biomass, b) soil C:N ratio, c) litter C:N ratio and d) soil moisture. Only response
variables with significant responses to land-use system (Table 2) are shown here. Significant p-values
are indicated in bold (Tukey’s HSD, P=<0.05). Marginally significant (P =<0.10) are indicated with a

T. F=forest, J= jungle rubber, R=rubber, O= oil palm.

Response variable Estimate z-value p-value
a) Litter microbial biomass
J-F -0.14 -0.57 0.94
O-F -0.98 3.93 <0.01
R-F 0.28 1.09 0.69
0-1J -0.84 -3.31 <0.01
R-J 0.42 1.63 0.36
R-0 1.26 4.87 <0.01
b) Soil C:N ratio
J-F -0.58 -0.71 0.89
O-F -0.16 -1.42 0.48
R-F -1.86 -2.27 0.11
0-1J -0.58 -0.71 0.89
R-J -1.28 -1.56 0.40
R-0 0.70 -0.85 0.83
c) Litter C:N ratio
J-F -1.30 -0.76 0.87
O-F -7.31 -4.00 <0.01
R-F -5.14 -2.96 0.02
0-1J -6.01 -3.66 <0.01
R-J -3.84 -2.35 0.09
R-0 2.16 1.30 0.56
d) Soil moisture
J-F -12.50 -3.74 <0.01
O-F -23.38 -6.96 <0.01
R-F -6.76 -2.01 0.18
0-1J -10.88 -3.22 <0.01
R-J 5.74 1.98 0.33
R-0 16.62 4.89 <0.01
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Table S6. The coefficients (coeff), p-values (p-val) and relative variable importance values (Imp)
for each predictor in the average of the best models (AAICc < 2) for decomposition rate in each

land-use. Predictors marked with a --- were included in the full but not the average best model.
Control is the intercept for treatment. Significant (P=<0.05) predictors are indicated in bold.
Marginally significant (P=<0.10) are indicated with a T.

Land-use system
Predictor

coeff

p-val

a) Forest
Treatment
Treatment Suppression
Herbivore abundance
Detritivore abundance
Predator abundance
Omnivore abundance
Collembola biomass
Soil moisture
Litter microbial biomass
Litter C:N ratio
Plant biomass
b) Jungle rubber
Treatment
Treatment Suppression
Herbivore abundance
Detritivore abundance
Predator abundance
Omnivore abundance
Collembola biomass
Soil moisture
Litter microbial biomass
Litter C:N ratio
Plant biomass
c) Rubber
Treatment
Treatment Suppression
Herbivore abundance
Detritivore abundance
Predator abundance
Omnivore abundance
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Collembola biomass
Soil moisture
Litter microbial biomass
Litter C:N ratio
Plant biomass 3.22 0.19 0.28
d) Oil palm
Treatment
Treatment Suppression
Herbivore abundance 2.89 0.06" 0.68
Detritivore abundance -4.54 0.22 0.19
Predator abundance
Omnivore abundance
Collembola biomass
Soil moisture
Litter microbial biomass
Litter C:N ratio
Plant biomass
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Chapter 7

The role of ants, birds and bats for ecosystem functions and

services in oil palm plantations

Lisa H. Denmead, Kevin Darras, Yann Clough, Patrick Diaz, Ingo Grass, Munir Hoffmann, Fuad

Nurdiansyah, Teja Tscharntke

In review, Ecology, submitted: 14™ March 2016

Abstract

One of the world’s most important and rapidly expanding crops, oil palm, is associated with low levels
of biodiversity. Large changes in communities at higher trophic levels might alter ecosystem services
and subsequently sustainable management but these links have received little attention to date. Here,
we manipulated ant and flying vertebrate (birds and bats) access for the first time, using six
smallholder oil palm plantations in Sumatra (Indonesia), and measured effects on arthropod
communities, related ecosystem functions (herbivory, predation, decomposition and pollination) and
crop vield. Spiders increased in response to reductions in ant and bird access, but the overall effect of
experimental manipulations on ecosystem functions was minimal. Similarly, effects on yield were not
significant. We conclude that ecosystem functions and productivity in oil palm are, under current
levels of pest pressure and pollinator populations, robust to large changes in the communities of major

predator groups.
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7.1 Introduction

Conversion of natural forests to agricultural systems results in considerable losses in biodiversity
(Newbold et al. 2015), yet the remaining biodiversity can play an important role through supporting
ecosystem functions and services, alongside inputs such as fertilisers and labour (Fischer et al. 2006).
In tropical agricultural systems, species groups such as ants, birds and bats contribute to a number of
ecosystem services, such as predation (biocontrol), soil aeration and nutrient cycling (Folgarait 1998;
Vandermeer et al. 2002; Evans et al. 2011), and have been shown to positively affect yield (Evans et
al. 2011; Wielgoss et al. 2014; Maas et al. 2015; Maine and Boyles 2015). Currently the most rapidly
expanding tropical perennial crop is oil palm, the world’s most important oilseed commodity (Phalan
et al. 2013). Despite the importance of oil palm, there have been few studies linking biodiversity and
function (e.g. Dejean et al. 1997; Koh 2008a; Slade et al. 2014) and the majority of these have only
looked at only one function or service (but see, Gray and Lewis 2014) and no studies as yet have
looked at the relationship between biodiversity, functions and yield.

Almost all organisms studied thus far show a decrease in species diversity from forest
to oil palm (Fitzherbert et al. 2008; Foster et al. 2011; Barnes et al. 2014). More importantly, this
biodiversity loss is often non-random, endangering ecosystem functioning (Fitzherbert et al. 2008;
Senior et al. 2013). However, certain management practices can promote biodiversity in oil palm
plantations (Chung et al. 2000; Najera and Simonetti 2010; Teuscher et al. 2015). Yet, plantation
owners are unlikely to adopt new management practices to increase biodiversity alone. Nevertheless,
if there is any relationship between biodiversity and yield and/or any beneficial ecosystem service this
might alter a plantation owner’s willingness to change.

While ant species richness and abundance in Indonesian oil palm can equal or exceed that in
lowland rainforest, species and functional composition is drastically altered (Denmead et al. in review;
Rubiana et al. 2015). Therefore, although ants remain dominant and likely play an important part in
oil palm plantations, their influence on the community and certain ecosystem functions may be altered.
Furthermore, birds and bats reduce the abundance of arthropod communities in agricultural systems
which results into lower herbivory and higher yields (Maas et al. 2015). For instance, birds may lower
leaf damage by pests in young, unproductive oil palms (Koh 2008a). However, null and negative
effects on herbivory and yield have also been reported for other systems (e.g. Gras et al. 2016).

Exclusion studies including ants, birds and bats can exhibit important intra-guild
interactions that lead to non-additive effects (Maas et al. 2015), but such studies are scarce (Gras et al.
2016). In the present study, we established a one year long, large scale full factorial combination of
bird/bat and ant exclosures in young, productive oil palm plantations in Sumatra, Indonesia. We
comprehensively assess the influence of ants, birds and bats on arthropod communities and associated
ecosystem functions and services, investigating changes in arthropod communities and four key
ecosystem functions: herbivory, predation, pollination and decomposition. Furthermore, this is the first

study to assess the impact of predator exclusions on oil palm yield.
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7.2 Materials and methods

Study area

The experiment was carried out in the Batanghari Regency of Jambi Province, Sumatra,
Indonesia. The climate of the region can be characterised as tropical humid, with more than 2000 mm
rainfall per year (Allen et al. 2015) and a long sunshine duration of an average 6h/day. Thus, it is
classified as suitable for oil palm production (Corley and Tinker 2003), and attainable yields are above
30,000 kg FFB/hal/year (FFB=fresh fruit bunch) during the most productive phase in the life cycle of
the oil palm (Hoffmann et al. 2014). Over the past 20 years oil palm has become one of the most
dominant crops in the Province, increasing almost 4-fold from 150,000 ha to 550,000 in the period
from 1996 to 2011 (Gatto et al. 2015).

Experimental design

Six smallholder oil palm plantations were selected in the study area for inclusion in this study
with a minimum distance between the sites of 1.0 km (mean distance to closest site: 2.4 km; Fig.
S7.1). We selected oil palm sites with trees that were 2—3 years old (earliest age to begin harvesting)
due to height limitations of establishing the bird and bat exclusion cages. The plantation management
was consistent with plantations in the study area and site conditions were relatively similar
(Supplementary methods, Appendix 7.1). Within each plantation we created a full factorial
combination of ant and flying vertebrate (bird and bat) exclusion plots, and each plot’s location was
randomly assigned (Fig. 7.1). This resulted in four experimental plots per site: control, ant exclusion
only, flying vertebrate exclusion only and both ant and flying vertebrate exclusion. Each plot was

approximately 16 m x 16 m, encompassing four oil palm trees.
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Figure 1. Experimental design. Full factorial combination of ant and bird and bat exclusion plots at
each study site. (a) Both bird, bat and ant exclusion, (b) ant exclusion only, (c) control (no exclusion),
(d) bird and bat exclusion only. (e) Example of a bird, bat and ant exclusion plot.
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Exclusion methodology

Two methods were used to suppress ants in the exclusion plots. A 50 cm high
aluminium barrier was established surrounding the plot, buried 20 cm beneath the soil and the top of
the barrier was covered in insect glue (Tanglefoot, Contech Enterprises Inc., British Columbia). The
glue was regularly checked and replaced when needed. We also carried out toxic baiting five days per
week and targeted poisoning of ant nests during the first month of the experiment and then toxic
baiting three times per week for the duration of the experiment. The toxic baiting consisted of placing
sugar and tuna as attractants, mixed with the insecticide chlorpyrifos (Dursban™ 200EC, Dow
AgriSciences, Jakarta, Indonesia) in nine random locations (one in each tree, five on the ground) in
each ant suppression plot for a minimum of one hour. Preliminary experiments determined these two
attractants to be attractive to the majority of ant species present, but not to other arthropods.

Flying vertebrate (birds and bats) exclusion cages were constructed using a metal structure
consisting of nine 5.0-5.5 m high iron poles (2.5 inches diameter). The poles were embedded in
concrete foundations, lined with plastic bags to prevent leaching of carbonate to the soil. Fish nets (35
mm mesh size transparent, nylon) were pulled over the structure and fastened to the ground. Due to
the size of the exclosure and the length of the experiment it was not possible to use removable nets
that could be manipulated to differentiate between the effects of vertebrates with day or night activity
(i.e., birds and bats; Maas et al. 2013). Ant suppression and bird and bat exclusion was continuous for
one year, from August 2013 until August 2014 in four out of six plots, and from May 2014 to May
2015 for the other two.

Ant abundance, bird and bat activity monitoring

Ants were surveyed monthly in every plot to monitor the effectiveness of the ant suppression
methods. We used two plastic observation plates per plot with two baits of 2 cm® of tuna in oil and two
sponges saturated with 70% sugar solution attached (Wielgoss et al. 2010). At 15, 30, 45 and 60
minutes after placing the plates on the ground the abundance of each ant species present on the plate
was recorded. Specimens were collected from each ant species present and were identified at species
or morpho-species level (Fayle et al. 2014). Ant species abundance at a given plot each month was
defined as the mean of the maximum number of each species on each plate used at an exclusion plot
and the sum of all these values at each plot determined the total ant abundance each month (Denmead
et al. in review).

Bird and bat calls were recorded in January (4 sites) and July (6 sites) 2014, and

January 2015 (remaining two sites) with automated sound recorders attached to the central oil palm,
and fitted with one acoustic and one ultrasound microphone (SM2Bat+ recorder, SMX-11 and SMX-
US microphones, Wildlife Acoustics Inc., Massachusetts, USA). We recorded sound for 48 hours
starting at sunset, and programmed a sampling rate of 44.1 kHz during the day and a sampling rate of
192 kHz at night. Bird and bat recordings were processed on an online sound platform
(http://soundefforts.uni-goettingen.de/). An ornithologist identified bird species in one morning
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recording per plot for each month (20 min starting after sunrise). We classified them into feeding
guilds based on Thiollay et al. (1995); missing data were retrieved from del Hoyo et al. (2015). The
distance to bird calls (including songs) was estimated by ear by both the ornithologist and an
additional listener. We computed the mean distance for each call and excluded calls beyond 35 m. For
bats, night recordings of 20 min per plot for each month (starting from 18:30) were time-expanded by
a factor of 4 (from 192 to 48 kHz) to make bat ultrasound calls audible. For insectivorous and
omnivorous birds as well as insectivorous (echolocating) bats, we used the total duration of their calls
in each plot to measure their activity. The activity of birds and bats inside cages was assumed to be

null.

Sampling methods

Environmental and tree variables

In each plot we measured four variables which could potentially vary between and within sites
and influence our experiment’s response variables to be included in our analysis: Soil pH (H;0O), soil
texture (clay content), initial oil palm height and oil palm red/green leaf colour ratios (Appendix 7.1).
Soil pH and texture reflected soil conditions at our plots, initial oil palm height accounts for oil palm
developmental stage and red/green leaf colour ratios were used to gauge the proportion of the leaves
that had photosynthetic activity.

Arthropod collection and identification

The arthropod communities present in the oil palms were sampled intensively after one year of
exclusion through three survey methods: insecticide spraying, beating and vacuuming. All methods
were completed at one plot before moving to the next. First we laid four 0.9 m x 2.9 m white sheets on
the ground at right angles from four points at the base of the trunk of each oil palm. One person then
walked around the palms twice spraying an insecticide with knock-down effect (deltamethrin, Decis ®
2,5 EC, Bayer CropScience, Jakarta, Indonesia) over each palm using a knapsack sprayer. After 15
min all arthropods on the sheets were collected. Next, the beating method was completed by holding a
5 m x 3 m sheet under four different fronds per palm and shaking the frond up and down so arthropods
dropped onto the sheet. All arthropods that had dropped onto the sheet were collected. Finally,
arthropods in the oil palm leaf axils and flowers were collected by vacuuming the axils for four
minutes per palm using a modified vacuum cleaner.

Arthropods — other than ants and the introduced oil palm pollinator Elaeidobius kamerunicus,
which were identified to species/morpho-species level — were identified to higher taxonomic groups,
counted and assigned to four feeding guilds: herbivores, predators, detritivores and omnivores based
on literature (Table S7.1).

Ecosystem functions
In each of the plots, data on four important ecosystem functions were collected: herbivory,
decomposition, predation and pollination.
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Herbivory was quantified using photos of two leaflets (pinnae) from four fronds per palm
(eight leaflets per palm). Percentage leaf loss per photo was calculated using ImageJ software and
converted to an average leaf loss per palm. These photos were taken at nine months after exclusion.

Leaf-litter decomposition was measured using litter bags (Falconer et al. 1933). Litter bags
were 20 cm x 20 cm and made from mesh with a 4 mm x 4 mm mesh size. Each litter bag contained a
known dry weight (10.0 g + 0.05 g) of oil palm leaves. Four litter bags were placed at random points
within each plot. After approximately four and a half months the litter bags were collected and the
remaining contents were air dried and weighed. Initial weight minus weight at collection divided by
days exposed determined the decomposition rate.

Predation rates were estimated using three different prey sizes. To represent the large prey size
we used dummy caterpillars modelled on (similar size and colour) a common species of nettle
caterpillar that is known to attack oil palm (Setothosea asigna). Four dummy caterpillars were glued to
a leaflet on four different fronds on each oil palm (four caterpillars/palm) and collected 48 hours later.
Each caterpillar was defined as predated (visible marks present in the clay) or not (no marks present)
and missing caterpillars were excluded from analysis. This method was carried out four and eight
months after exclusion start. To represent a medium and small prey size we used dead crickets (Acheta
domesticus) and aphids (Aphidoidea sp.) respectively. Four individuals were glued onto a piece of card
and then one card was glued to four different fronds on each oil palm (16 individuals/palm for both
prey). Cards were checked after two hours for crickets and four hours for aphids, and each individual
was defined as predated (visible marks present, or individual missing) or not (no marks present). The
cricket predation method was carried out at eight (last two sites) and 12 months (first four sites), and
the aphids at five and eight (last two sites), and 11 and 12 months (first four sites) after exclusion.

We used the abundance of Elaeidobius kamerunicus collected at final arthropod sampling as a
proxy for pollination in our ecosystem functions analysis. Elaeidobius kamerunicus was introduced to
South East Asia in the 1980s and is now the main pollinator of oil palm in the area (Foster et al. 2011).
The introduction resulted in an approximate 20% increase in yield and removed the need for hand
pollination (Greathead 1983; Foster et al. 2011).

Yield

Yield measurements continued throughout the experiment and six months after exclusion
ended (total = 18 months), except for one plot where the manager decided to terminate their
partnership with the experiment at exclusion end (site two, Fig. S7.2). Plantation owners harvested
fruit bunches following their normal schedule (twice per month). Yield as fresh fruit bunch weight
(FFB) was recorded as kg/palm. Oil palm takes 5-6 months between flowering and yield (Verheye
2010), therefore we discarded the first six months of data and used the following 12 months’ data in
order to reduce carry-over effects from the pre-study period. Also, a few palms had not developed
mature bunches by the experiment start, therefore, we computed yield by time by dividing yield by the

number of days since the first harvest (FFB (kg/palm)/day) (Fig. S7.2). Two palms (out of 96) that
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were never harvested were excluded from the overall analysis. Three supplementary measures of yield
were analysed and included in the supporting information to confirm the robustness of the yield
measurement used here (Appendix 7.1).

Statistical analysis

Treatment effects on arthropods, ecological functions, growth and yield

We used linear-mixed effect models (LMES) to determine the effect of experimental treatment
on the arthropod feeding guild abundances (predator, herbivore, detritivore and omnivore), weevil
abundances, oil palm herbivory (% leaf loss), decomposition rate, predation rates and oil palm yield
(FFB(kg/palm)/time). In the LMEs a Poisson distribution was specified for modelling arthropod
abundances and a binomial distribution was specified for modelling predation rates, where we used the
counts of predated and unpredated prey items (aphids, crickets and dummy caterpillars). An
observation-level random effect was included in the case of over-dispersion with the Poisson
distributions (Harrison 2014). Experimental treatment consisted of three variables: average ant
abundance, bird activity and bat activity (bird and bat activity in caged plots was set to zero). To
account for the different combinations of exclusion we included an interaction term for ants and birds
and ants and bats. We used these three continuous variables instead of the factorial treatment to
account for the variation in the effectiveness of ant suppression and the known variation in bird and
bat activity between sites (Appendix 7.1, Table S7.2, Fig. S7.3+S7.4). In each model all other
theoretically possible measured predictors were also included (Table S7.3) and treatment was nested
within site (plantation) as a random effect. Oil palm initial height, soil pH and soil clay content were
included as predictors in all the models where is was theoretically relevant due to preliminary analyses
determining there were significant differences between treatments within sites (Appendix 7.1, Table
S7.4). Due to highly skewed distributions, we log-transformed bat activity and weevil abundance
when they were included in models as predictors. All numeric predictors were z-transformed to
facilitate comparisons of effect sizes.

We then used a model selection approach to assess which of the variables included
were most important in explaining each response variable (i.e., maximized the likelihood of the
model). For each response, we constructed a model set based on the initial full model —which included
all possible combinations of predictors up to a model including only the intercept — and ranked models
within each set using Akaike’s Information Criterion for small sample sizes (AICc) (dredge() function
in R-package MuMIn, Barton 2013). We then identified the best models as those with AAICc <2
(Burnham and Anderson 2002). We used model averaging to combine the best models, which were
equivalently likely (Grueber et al. 2011), and derived relative variable importance by summing up the
predicted variables weights (model.avg() function in package MuMIn) (Burnham and Anderson 2002).
We also determined conditional R? values for all of the best models (Table S7.5). All analyses were
conducted in R 3.2.2 (R Core Team 2015).
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7.3

The following results from LMEs are displayed in Fig. 7.2, 7.3 and 7.4 and listed in detail in the

Results

supplement (see Table S7.6 (arthropods), S7.7 (functions) and S7.8 (yield)). If not specified, discussed

relationships are significant at least at a P-value of <0.05.

Arthropod responses to ant, bird and bat treatments.

Average ant abundance and bird activity had negative effects on predator abundance,

however, bat activity did not significantly influence predators (Fig. 7.2). Predator abundance

decreased by 53% and 42% from the lowest to the highest ant abundance and bird activity

respectively. Ant abundance had a marginally significant negative relationship with herbivore (P =

0.087) and omnivore (P = 0.076) abundance (both also had a relative importance value of one) but not

bird or bat activity (Fig 7.2). Also, for omnivores, ant abundance had a significant and a marginally

significant (P = 0.070) interaction with bat activity and bird activity respectively. Detritivore

abundance was not affected by ant abundance or bird and bat activity. Soil clay content had a positive

relationship with predator, herbivore and detritivore abundance.
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Figure 7.2. The response of arthropod feeding guilds to average ant abundance, bird activity and bat
activity. Significant (P=<0.05) relationships are indicated with a solid line. Darker shading of points
indicates multiple overlapping points.

Ecosystem function responses to ant, bird and bat treatments and arthropod communities

Our ant, bird and bat manipulations had no effects on herbivory, rather only oil palm initial
height and soil pH had (marginally significant for height) positive and negative effects respectively
(Fig. 7.3). Decomposition was not affected by any of our treatments (Fig. 7.3) or measured variables.
Bird and bat activity respectively had a negative and positive marginally significant relationship (P =
0.070 and 0.081) with cricket predation rate, but were not related to the predation rate for aphids and
dummy caterpillars (Fig. 7.3). Ant abundance did not affect predation rate for any of the prey types.
Arthropod predator abundance (99% of which were spiders) however had a positive effect on
predation rate of all three prey types (though only marginally significant for dummy caterpillars, P =
0.090). Furthermore, herbivore abundance had a positive relationship with aphid predation and
omnivore abundance had a negative relationship with cricket predation. Pollinator weevil abundance
was not affected by ant abundance and bird and bat activity (Fig. 7.3). However, weevil abundance
was positively related to omnivore abundance and soil clay content and negatively to oil palm initial
height.
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Figure 7.3. The response of ecosystem functions to average ant abundance, bird activity and bat
activity. Predation of aphids is indicated by “A”, crickets “C” and dummy caterpillars “D”. Significant
(P=<0.05) relationships are indicated with a solid line. Darker shading of points indicates multiple
overlapping points
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Oil palm yield responses to ant, bird and bat treatments and ecosystem functions

Total oil palm yields for the year averaged 37 kg FFB/tree (28 kg SD). The variables
included in our models had no effects on yield (FFB(kg/palm)/time) (Fig. 4) and the three
supplementary yield measurements showed similar results (Table S9.7).
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Figure 7.4. The response of yield (FFB(kg/palm)/time) to average ant abundance, bird activity and bat
activity. Significant (P=<0.05) relationships are indicated with a solid line. Darker shading of points
indicates multiple overlapping points.

7.4 Discussion

Our results detail the role of ants, birds and bats for arthropod communities, ecosystem functions and
yield in oil palm plantations using an exclusion experiment. We found a strong negative effect of
manipulated ant abundance and bird activity on arthropod predators, but only minimal effects if any on
the other arthropod feeding guilds. The measured ecosystem functions, including herbivory, predation,
decomposition and pollination, did not respond to variation in ant, bird and bat abundance. Rather,
local soil variables, tree height and arthropod abundances (other than ants) were, although generally
weakly related, the most important predictors for ecosystem functions in our oil palm plantations. The
economically most important ecosystem service, yield, however, did not respond to our measured

predictors.

Birds and ants have strong effects on arthropod predators but not on other arthropods groups

Our study showed that ants and birds both have a strong negative influence on arthropod
predators. However, except for a weak negative influence of ants on herbivores, all other feeding
guilds were not influenced by our experimental exclusion. It is likely that the predators (ants, birds,
and other arthropod predators) of our disturbed sites are generalists (Fitzherbert et al. 2008) and
therefore can exert similar predation pressures on the other arthropod communities. The predators
could be complementary through processes such as mesopredator release or similar in the sense that
the absence of one predator group is compensated by the increase of the other, resulting in a constant

predation pressure. Indeed, the most dominant birds were middle-sized omnivorous bulbuls
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(Pycnonotus sp.). True insectivorous birds (such as Orthotomus sp. and Prinia sp.) were less active
than omnivores, and overall, insectivorous birds accounted for only one quarter of the measured bird
calling activity. The lack of bat effects on arthropods could be due to bats mostly feeding on aerial
nocturnal insects, which would not have been optimally sampled with our methods and can disperse
freely between experimental cages, diluting the effect of bat predation.

No net effects of ants, birds and bats on ecosystem functions in oil palm plantations

Our manipulations of ants, birds and bats had no significant effects on any of the ecosystem
functions measured. Local environmental variables and arthropods other than ants were generally
more important.

Although ants, birds and bats manipulation did not influence predation rates, we found a
positive correlation between arthropod predator abundance and predation rate for all three prey types.
This suggests that ants, birds and bats may not successfully suppress phytophagous insects, or at least
the species we investigated, in oil palm plantations. Also, other predators could play an important role
(e.g. spiders and spiders and Orthoptera (Nurdiansyah et al. unpublished data)).

Contrary to previous research (Koh 2008a), exclusion of birds and bats did not affect oil palm
herbivory. However, the previous research looked at very young (one year old) palms, which are likely
more susceptible to damage (Coley 1980). Furthermore, these plants were situated in a relatively old
(more than one crop generation) and large oil palm complex (pers. comm. Lian Pin Koh), where pest
pressure may be higher. The herbivory we measured on our palms was overall quite low (0-4.8%,
mean = standard error of 0.9 = 0.1 %, versus 0-21% herbivory in Koh (2008)). Overall, our findings
suggest that defoliating pests are not a major problem in the small holder oil palm plantations of Jambi
Province, where the crop has been introduced only one crop cycle ago. In particular, two of the most
important defoliating pests of oil palm, the nettle caterpillar (Setothosea asigna) and bagworm (Metisa
plana) are relatively uncommon in the study area (Nurdiansyah et al. unpublished data) and tend to
have non-cyclic outbreaks. We only observed a single pest outbreak in our experimental sites, which
was controlled immediately and aside from that outbreak, insecticide application was very low.
However with time, if pest numbers increase and outbreaks become cyclic the role of predators for
pest control may become more important.

Ant, bird and bat manipulation did not affect decomposition rates directly or indirectly
through changes in detritivore abundance. This could suggest that other unmeasured variables are
more important for the decomposition rate of oil palm leaves than the variables we measured. Many
other factors can contribute to decomposition and are often more important than the variables we
measured, such as local climatic variables, microbial activity and soil nutrients (Vossbrinck et al.
1979; Dyer et al. 1990).

The pollination of oil palm in Indonesia relies to a large extent on the weevil E. kamerunicus
(Foster et al. 2011). While birds can consume E. kamerunicus in oil palm plantations (Amit et al.

2015), the lack of predator effects on E. kamerunicus found in our study is reassuring, and suggests
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that measures taken to increase the abundance and diversity of predators of arthropods are unlikely to
be accompanied by reduced pollination. However, in the long-term the reliance on a single pollinator
species may be a risky strategy given the significant fluctuations of wild and managed pollinators in
other agricultural systems (Potts et al. 2010).

Ants, birds and bats and other measured variables do not influence oil palm yield

Oil palm yield was not affected by the variables studied in this research, indicating that our
comprehensive manipulations of biodiversity or even variation in arthropods and ecosystem functions
do not affect oil palm productivity. Most interestingly we found no link between herbivory and yield.
However, as mentioned, herbivory was low at the sites, and in the past other studies have shown leaf
herbivory is not always important for yield, rather other types of herbivory can be more important (e.g.
flower herbivory, Maas et al. 2013). Also, yield responses to herbivory may only be observed in the
case of pest outbreaks (Kamarudin and Wahid 2010), which are rare and non-cyclic in oil palm in
Indonesia. However, there is evidence from other crops that as the area cultivated increases there is an
increase in pest and disease problems (Clough et al. 2009). Lack of any effects on yield at these sites
suggests that other limiting factors play a more important role in yield variation, such as nutrient
availability, rainfall and efficiency of light uptake from the canopy (Rafflegeau et al. 2010; Breure
2010). For example, the very low soil pH across sites could indicate a potential phosphorous
deficiency. Furthermore, the absence of a biodiversity and yield relationship suggests there is an
opportunity for a win-win situation for high biodiversity and yield in oil palm plantations as seen in

cacao agroforestry (Clough et al. 2011).

Conclusions

We conclude that ecosystem functions and productivity in oil palm are, under current levels of
pest pressure and pollinator populations, robust to large changes in the communities of major predator
groups. Although, it is widely presumed that biocontrol plays a major role in crop production
everywhere, the lack of relationship we observed between predators and yield proves that expectation
to be wrong. However biodiversity conservation should not be compromised if it is not coupled with

economically meaningful services; its intrinsic value alone is also important.
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7.5 Supplementary material

Appendix S7.1. Supplementary Methods

Site conditions

The plantation management was consistent with plantations in the study area; herbicides were used 2-3
times per year and both chemical and organic fertilisers were used, however exact quantification of
nutrient input was not possible. Soils of the region are fine textured but there was some variation
between sites (Table Al.1). The pH (H,0) ranged from 4.03 (site four) to 4.45 (site five) (Table Al.1).
Plantation area was between 2 and 10 ha and planting density was between 25 and 47 palms/ha (Table
Al.1).Tree density at each site was determined by measuring the area of a block containing 49 oil

palms (a 7x7 block) with a GPS device (Garmin GPSmap 63s), centred around the experiment.

Table A7.1.1. Conditions for each plantation.

Site Plant source Size (ha) Planting density Planting date Average pH Soil type!

(palms/ha) (Hx0)*
1  Marihat 7 188 January 2011 4.15 Clay
2  Supindo 2 170 August 2010 4.17 Sandy clay
3  Marihat 10 100 August 2010 4.12 Sandy clay
4  Marihat 4 116 September 2009 4.03 Clay
5  Private nursery 2.5 153 March 2008 4.45 Sandy clay loam
6 AHOK 4 150 August 2011 4.37 Clay

! Methods for determination of soil pH and texture (type) are included in the following section
Environmental and tree variable measurements and analysis

We took soil cores in each experimental plot at a depth of 50cm eight months after experiment
start. Eight samples were taken in caged plots, and four samples in plots without cage. All soil samples
were taken between bordering oil palms 200 cm away the foundation at the border middle. The
additional four samples were taken at 20 cm from the foundation concrete border to test for possible
effects of carbonate leaching into the soil from the concrete foundations of the bird/bat cages. The soil
samples were air dried and sieved (2 mm) then analysed for pH and texture at the University of Jambi,
Indonesia. Soil pH (H,O) was analysed in a 1:2.5 soil-to-water ratio and soil texture (clay content) was
measured using the pipette method (Gee & Bauder 1986). The height of each oil palm included in the
experimental plots was recorded at the beginning (initial height) and the end of the experiment (final

height). We measured height from the palm base to the tip of the meristem (Kotowska et al. 2015). We
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used linear mixed effect models (LMESs) to determine the differences in initial palm height, soil pH
and soil texture between treatments with plantation (experiment site) included as a random effect. We
used Wilcoxon rank sum tests to compare mean pH values between samples collected near (20cm) and
far (200cm) from the concrete foundation border (n=48). Mean pH values far from the concrete
foundation (mean=4.27 + 0.21 sd) were higher than pH values near to it (mean=4.20 + 0.17),
confirming that the concrete foundations were not leaking carbonates into the soil. The Wilcoxon
mean comparison was not significant (p=0.288). The occurrence of red and brown spots on the oil
palm leaves was determined by analysis of the red and green components of leaf JPEG photographs
taken for herbivory measurements to estimate a red/green leaf area ratio. Brownish spots on oil palm
leaflets, typical of wet conditions, are due to algal infestation, and orange-coloured spots are caused by
K-deficiency (Turner 1981). One photograph from each of four fronds was chosen randomly per tree
and the white balance was adjusted with the underlying white cardboard. The crops were twice longer
than wide and taken from the greatest leaf portion without holes. The mean of its scaled red and green
values were used to compute the red/green leaf area ratio, indicating the proportion of the leaf surface

that is red and thus photosynthetically not active.

Supplementary yield variables and analysis

In addition to total yield divided by time harvested with a six month delay in the data
(FFB(kg)/time), three other yield measurements were analysed to confirm the robustness of the
variable. We also used total yield without delay (18 months of data) divided by time harvested (18m
FFB(kg)/time), total yield without delay (18m FFB(kg)) and total yield with six month delay (12m
FFB(kg)). Data were analysed as with the analysis of 12m FFB/time in the main text.

Effectiveness of ant suppression analysis

We used linear mixed effect models (LMES) to determine the effect of ant suppression
(independent of bird/bat exclusion) on ant abundance and species richness in the experimental plots
with plantation (experiment site) included as a random effect. To meet assumptions of normality ant
abundance was log transformed prior to analysis. LMEs were conducted using the nlme (Pinheiro et
al. 2015) package in R 3.2.0 (R Core Team 2015).
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Table S7.1. Invertebrate higher taxonomic groups, assigned to feeding guilds.

Higher taxonomic group Feeding guild
Acari omnivore
Annelida detritivore
Araneae predator
Blattodea detritivore
Chilopoda predator
Coleoptera omnivore
Collembola omnivore
Dermaptera omnivore
Diplopoda detritivore
Diptera omnivore
Gastropoda detritivore
Haplotaxida detritivore
Hemiptera omnivore
Hymenoptera: Formicidae omnivore
Hymenoptera: other omnivore
Isopoda detritivore
Isoptera detritivore
Lepidoptera herbivore
Mantodea predator
Neuroptera predator
Opiliones omnivore
Orthoptera herbivore
Pseudoscorpionida predator
Psocoptera detritivore
Symphyla detritivore
Thysanoptera herbivore
Thysanura omnivore
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Table S7.2. Linear mixed effect model ANOVA outputs testing for a significant effect of ant

suppression on ant abundance and richness. The linear mixed effects models which determined

the effect of the ant suppression treatment on (a) average ant abundance and (b) average ant
species richness. Significant p-values are indicated in bold (P = <0.05).

Response variable Effect df F-value p-value
(@ Antabundance Ant suppression treatment 17 8.003 0.012
(b) Ant species richness Ant suppression treatment 17 0.395 0.538
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Table S7.3. Variables included in full models for each response variable. PredA = predator abundance, HerbA = herbivore abundance, DetA = detritivore

abundance, OmniA = omnivore abundance, herb = herbivory, Decomp = decomposition, Pred = predation rate, WvilA = weevil abundance, AntA = average

ant abundance, BirdA = bird activity, BatA = bat activity, height = initial oil palm height and RG = leaf red/green ratio.

Response

variable AntA  BirdA BatA pH Clay  Height RG PredA HerbA DetA OmniA Herb  Decomp Pred WvilA
PredA X X X X X X

HerbA X X X X X X X

DetA X X X X X X

OmniA X X X X X X X

Herb X X X X X X X X X X

Decomp X X X X X X X X X

Predation X X X X X X X

WVIlA X X X X X X X X

Yield X X X X X X X X X X X




Table S7.4. Linear mixed effect model ANOVA outputs testing for significant difference in

environmental variables between treatments. The linear mixed effects models which

determined the effect of treatment on (a) soil pH, (b) soil texture and (c) initial palm height.

Significant P-values are indicated in bold (P=<0.05).

Response variable Effect df F-value p-value
@  Soil pH Treatment 85 7.395 <0.001
(b)  Soil texture Treatment 81 9.525 <0.001
(c) Initial palm height Treatment 85 4.995 0.003

Table S7.5. The range of conditional R? values for all best models (AAICc < 2) for each response

variable.

Response variable R? range
Predator abundance 0.466-0.473
Herbivore abundance 0.445-0.450
Detritivore abundance 0.267-0.304
Omnivore abundance 0.413-0.487
Decomposition <0.001-0.060
Herbivory 0.121-0.137
Predation: aphids 0.280-0.393
Predation: crickets 0.213-0.221
Predation: dummy caterpillars 0.026-0.033
Weevil abundance 0.705-0.725
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Table S7.6. Linear mixed effect model ANOVA outputs and relative variable importance (RV1) for the average of the best models (AAICc < 2) for
arthropod feeding guild abundances. PredA = predator abundance, HerbA = herbivore abundance, DetA = detritivore abundance, OmniA = omnivore
abundance, AntA = average ant abundance, BirdA = bird activity, BatA = bat activity, height = initial oil palm height and RG = leaf red/green ratio. Predictors
marked with an “X” were not included in the full model, predictors marked with a “---> were included in the full but not the average best model. Significant

(P=<0.05) predictors are indicated in bold.

HerbA DetA PredA OmniA
Predictor coeff P-val RVI coeff P-val RVI coeff p-val RVI coeff P-val RVI
AntA -0.13 0.087 1.00 -0.10  0.268 0.25 -0.11 0.005 1.00 -0.11 0.076 1.00
BirdA -0.16  <0.001 1.00 0.948 0.10
BatA 0.13 0.400 0.50
AntA:BirdA 0.07 0.099 0.59 0.071 0.06
AntA:BatA -0.10 0.042 0.40
Clay 0.29 <0.001 0.64 0.24  0.011 1.00 0.11 0.007 1.00
pH -0.06 0.395 0.20 -0.12 0.192 0.29 0.04 0.451 0.17 -0.17 0.190 0.33
Height 0.17  0.068 0.82 -0.17 0.178 0.34
RG X X X X -0.07 0.425 0.15
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Table S7.7. Linear mixed effect model ANOVA outputs and relative variable importance (RV1) for the average of the best models (AAICc < 2) for

ecosystem functions. Abbreviations are as in Table 1, except for, Dcat = dummy caterpillar. Predictors marked with an “X” were not included in the full

model, predictors marked with a “---” were included in the full but not the average best model. Significant (P=<0.05) predictors are indicated in bold.

Interaction terms are not included in the table because although included in all full models they were not included in any average best models.

Decomposition Herbivory Predation:aphids Predation:crickets Predation:Dcat Weevil abund
Predictor coeff P-val RVI coeff P-val RVI coeff P-val RVI coeff P-val RVI coeff P-val RVI coeff P-val RVI
AntA --- --- --- 008 0475 010 0.26 0.151 0.37 --- --- --- 005 0403 0.18 --- -
BirdA --- --- --- -0.34 0.107 0.2 -0.11 0.483 0.05 -0.82 0.070 0.28 -0.05 0.348 0.08 -0.46 0.158 0.20
BatA --- --- --- 028 0217 017 031 0339 020 0.80 0.081 0.28 --- --- -- 034 0237 0.44
Clay -- 010 0396 011  --- --- 044 0.013 1.00
pH 0.01 0.295 031 -0.25 0.032 0.63 X X X X X X X X X --- -
Height -- 019 0.092 083 024 0115 085 --- --- -0.67<0.001 1.00
RG X X X -0.16 0.255 0.11 X X X X X X X X X X X X
PredA --- 018 0.046 051 0.31 0.002 100 0.11 0.090 0.64 -0.12 0.417 0.17
HerbA -- 009 0379 011 0.18 0.050 0.86 -0.05 0.596 0.19 0.09 0.156 048  ---
DetA --- --- X X X X X X X X X X X X X X X
OmniA --- --- -- 017 0.142 0.8 -0.15 0.119 055 -0.68<0.001 1.00 -0.05 0.563 0.08 1.03<0.001 1.00




Table S7.8. Linear mixed effect model ANOVA outputs and relative variable importance (RVI)

for the average best model (AAICc < 2) for yield (FFB (kg/palm)/time). Abbreviations are as in

Table 1 and 2. Predictors marked with an “X” were not included in the full model, predictors marked

with a “---”” were included in the full but not the average best model. Significant (P=<0.05) predictors

are indicated in bold.

Predictor

FFB (kg)/time

coeff

P-val

AntA

BirdA

BatA
AntA:BirdA
AntA:BatA
Clay

pH

Height

RG

Herbivory
Decomposition
Predation:aphids
Predation:crickets
Predation:Dcat

Weevil abundance

0.01

0.459
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Table S7.9. Linear mixed effect model ANOVA outputs for the average of the best models

(AAICc < 2) for supplementary yield measures. Abbreviations are as in Table S6. Predictors marked

with an “X” were not included in the full model, predictors marked with a “---”” were included in the

full but not the average best model. Significant (P=<0.05) predictors are indicated in bold. Interaction

terms are not included in the table because although included in all full models they were not included

in any average best models.

18m FFB(kg)/time

18m FFB(kg)

12m FFB(Kkg)

Predictor coeff p-val coeff p-val coeff p-val
AntA 4.624 0.411
Bird activity
Bat activity
Clay
pH - -14.153 0.193  -9.172 0.302
Height --- 15.310 0.088 14.171 0.053
RG --- -5.913 0.416 -5.906 0.321
Decomposition
Herbivory 0.007 0.478
Predation:aphids 5.647 0.334 5.488 0.255
Predation:cricket 0.007 0.471
Predation:Dcat
Weevil abund -8.744 0.136 -3.131 0.520
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Chapter 8

Synthesis

8.1 Objective 1: Understand ant taxonomic and functional diversity

responses to land-use change

In Chapter 2 and Chapter 3 | investigated the taxonomic (Chapter 2, Rubiana et al. 2015) and
functional diversity (Chapter 3) responses of ants to land-use change from forest to jungle rubber,
rubber monoculture and oil palm plantations. | show that ant species richness responded contrary to
expected to land-use change, either increasing (Chapter 3) or not changing (Chapter 2, Rubiana et al.
2015) from forest to the agricultural systems studied depending on the sampling methods used.
However, the results from Chapter 2 show there are distinct changes in the ant species community
composition (Rubiana et al. 2015). Few ant species were shared among all the different land-uses, and
the ones that were (e.g. from the genera Crematogaster and Pheidole) are known as generalist species.
The species that were dominant in the plantations are general tramp and/or invasive species (e.g.
species of the genus Pheidole and Tetromorium and Anoplolepis gracilipes). A. gracilipes in
particular, a well-known invasive species was present in all three agricultural systems but not in any of
the forest plots. The lack of A. gracilipes in the forest sites has positive implications for the integrity of
our study forests even though they are not undisturbed primary forest. These results suggest that
although species numbers may increase or stay the same with land-use change, overall with increased
conversion of forest to agricultural systems there will be a net loss in regional species diversity.
Further to species composition, in Chapter 3 I show that ant functional community
composition changed considerably between forest, jungle rubber, rubber and oil palm, across a wide
range of functional measures. For example, functional dispersion and functional divergence was
lowest in forest compared with the three agricultural systems, suggesting, increased levels of
community heterogeneity and higher abundance of species with extreme traits from forest to the
managed systems, particularly oil palm plantations. Furthermore, species from higher trophic guilds
(predators) and with lower mobility were more common in forest than oil palm, with intermediate
numbers in the rubber systems. The loss of predators in agricultural systems is particularly worrying,
as it could be linked to a loss of biocontrol services. The strong negative responses of ant community
composition to land-use change both in regards to species and function along with the minimal or
positive response of species richness, show how important it is to not only look at simple measures of
communities such as species richness if we want to fully understand the consequences of land-use

change.
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8.2 Objective 2: Investigate the response of ant communities and
associated functions to landscape context and local management in oil palm

plantations

Local management

In Chapter 4 | investigated the effect of epiphytes and ground cover, two vegetation variables that are
influenced by management, on ant communities and associated functions living in the oil palm leaf
axils. The results showed that epiphyte cover and ground cover (around the trees) did not influence ant
communities or decomposition rates in oil palm leaf-axils. In the middle aged trees (10-15 years)
investigated it seems that the leaf-axil habitat (e.g. amount of organic matter, moisture and height on
the tree) is more important than the vegetation growing on and around the tree for ant community
structure or decomposition. As the leaf axils fall off the tree with age, the epiphytes themselves could
become more important for harbouring ants on the oil palms. Particularly, due to the higher likelihood
of large epiphyte species (e.g. bird’s nest ferns, Asplenium nidus) being present on older palms (pers.
obs). The lack of effect of epiphytes on ants and associated functions should not provide a justification
for removal of epiphytes in the plantations however, as other animal groups and functions not studied
could still be negatively influenced and they retain plant diversity in often depauperate plantations.
Furthermore, a recent study found no effect of epiphytes on yield (Prescott et al. 2015) which, along
with the fact that epiphytes are by name non-parasitic, eliminates one of the main arguments for
removal.

Ground cover did not influence ants living on the oil palms, however it did influence the
overall arthropod community and it is still likely that ground cover can enhance litter and soil dwelling
ants and associated functions in oil palm plantations. For instance, in Chapter 5 when investigating
predation rates in oil palm plantations and the surrounding vegetation types | found that predation
rates by ants were higher in weedy oil palm plantations than in non-weedy oil palm plantations. Also,
other studies have found positive effects of understory vegetation on other animal groups (Chung et al.
2000; Koh 2008c; Najera and Simonetti 2010). For example, Chung et al. (2000) found understory
vegetation was correlated with species richness and abundance of beetles in oil palm plantations in
Malaysia and Najera and Simonetti (2010) found that bird species richness and abundance was highest
in Guatemalan oil palm plantations with understory vegetation than without. Therefore, clearing of
understory vegetation in plantations should be discouraged. Understory and epiphyte management are
only two aspects of local management in oil palm plantations however, and it is essential that
comprehensive experiments looking at the response of biodiversity and ecosystem functions to these
and other management options (e.g. fertiliser and pesticide use) together are carried out. Identifying
and investigating trade-offs between the positive effects of different management regimes on yield and

their potential negative effects on the environment is needed to make informed decisions on best
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practice management for both oil palm production and the retention of biodiversity and ecosystem

function in the landscape.

Landscape context

In Chapters 4 and 5 | also investigated the effect of landscape context on ant communities and
their associated functions in oil palm plantations. Specifically, Chapter 4 considered the differences in
ant communities dwelling in oil palm leaf-axils dependent on the location of the oil palm within the
plantation, comparing the edge to 20 metres inside and Chapter 5 looked at if predation rates in the
plantations were dependent on the surrounding land-use type and the distance from the edge of the
plantation. | found that the abundance and genus richness of ants dwelling in oil palm leaf-axils was
highest on oil palms that were at the edge of the plantations (Chapter 4) and predation by ants declined
with distance from the edge of plantations (Chapter 5). Also, oil palm plantations bordered by a
different land-use had higher predation rates than when bordered by similar oil palm plantations.
Taken together these results indicate a strong landscape context effect on ant communities and one of
their key functions. Increased ant abundance and richness and predation by ants closer to the edge of
plantations bordered by other land-uses is likely due to spill-over from the neighbouring land-uses.
Ant community composition is different in oil palm plantations that in other common land-uses in the
study area, with different species composition and lower predator abundances in oil palm compared
with forest, jungle rubber and oil palm (Chapter 2, Rubiana et al. 2015; Chapter 3). There is extensive
research showing positive effects of landscape heterogeneity on biodiversity and ecosystem function
in a range of agricultural systems (e.g. Weibull et al. 2003; Rundl6f and Smith 2006; Tscharntke et al.
2007; Steckel et al. 2014) and the results presented here along with a growing amount of comparable
studies (e.g. Koh 2008c; Azhar et al. 2013; Lucey et al. 2014) are showing similar results in oil palm.
Maintaining a heterogeneous landscape of different agricultural, natural and semi-natural systems is
key to sustaining biodiversity and ecosystem functions in agricultural landscapes. For example, the
spill-over of species not commonly associated with oil palm plantations from the surrounding land-
uses can helps mitigate local extinction events (Tscharntke et al. 2012b). Furthermore, less intensive
land-uses and natural habitat near to the oil palm plantations could act as a source for beneficial
organisms (Tscharntke et al. 2007). In particular, increased predation pressure from surrounding land-
uses could be important for maintaining biocontrol services within oil palm plantations (Chapter 3;
Chapter 5; Tscharntke et al. 2007; Lucey et al. 2014).

8.3 Objective 3: Examine the role of ant communities in shaping

arthropod communities and associated ecosystem functions and services

In Chapters 6 and 7 | used exclusion experiments to investigate the role of ant communities in
shaping invertebrate communities and ecosystem functions and services. In chapter 6 | studied the

relative effects on ants on above- and belowground invertebrates, soil and litter, vegetation and
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decomposition rates across forest, jungle rubber, rubber and oil palm sites with small scale (1.5 mx 1
m) ant suppression and control plots. From Chapter 2 and 3 we know that the ant communities are
different between these systems, therefore our aim was to determine if these changes can influence
their role in the ecosystem. Experimental ant suppression was linked to a decline in three out of four
aboveground invertebrate feeding guilds though, this was likely an artefact of the suppression
treatments. Belowground invertebrates, i.e. Collembola severely declined in both biomass and richness
with ant suppression across all land-use systems. Collembola changes may have been caused by
predator release when ants were suppressed (Moya-Larafio and Wise 2007; Sanders and van Veen
2011) or by slight changes in the soil moisture which can have strong influences on Collembola
populations (Holt 1985; Frith and Frith 1990). Surprisingly, soil and litter C:N ratio and microbial
biomass and vegetation were mostly unaffected by ant suppression though this is likely due to no ant
nests being present in the experimental plots. Ant effects on soil properties are most commonly found
due to nest construction (Jouquet et al. 2006) and although not often studied it is important to
understand nest patterns in the landscape when studying the impacts of ants (Folgarait 1998;
Cammeraat and Risch 2008). Most notably, effects on decomposition rates were dependent on the
land-use system, whereby ant suppression reduced decomposition in the forest sites only. It is likely
that ant community changes from forest, which supports more forest specialists and predators, to
agricultural systems (Chapter 2, Rubiana et al. 2015; Chapter 3) have altered their relationship with
decomposition processes, however, the underlying drivers of these effects require further
investigation.

In chapter 7 | focused on oil palm, and studied the effect of ant and fly vertebrate (bird and
bat) exclusion on arthropods, four ecosystem functions (herbivory, predation, decomposition and
pollination) and yield in oil palm plantations using large-scale (four trees within one plot) exclusion
and control plots. Birds and bats were included in this experiment because as well as ants they are two
important predator groups. | found a strong negative effect of manipulated ant abundance and bird
activity on arthropod predators, but only minimal effects on the other arthropod feeding guilds.
Differing patterns in invertebrate responses from chapter 6 are likely due to the differing scale of the
experiments. The measured ecosystem functions, herbivory, predation, decomposition (similar to
chapter 6) and pollination, did not respond to variation in ant, bird and bat abundance. Rather, local
soil variables, tree height and arthropod abundances (other than ants) were, although generally weakly
related, the most important predictors for ecosystem functions in our oil palm plantations. The
economically most important ecosystem service, yield, however, did not respond to our measured
predictors. The results show that ecosystem functions and productivity in oil palm are, under current
levels of pest pressure and pollinator populations, robust to large changes in the communities of major

predator groups.

8.4 Overall conclusions
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This thesis shows that ant species richness may not decrease with land-use change from forest to
jungle rubber, rubber monoculture and oil palm plantations however there are severe changes to the
species and functional composition of ant communities, particularly in oil palm plantations. These
community changes are non-random, with forest specialists and species from higher trophic guilds
(predators) and with lower mobility particularly threatened. The results also demonstrate that
landscape context and local management can influence the severity of land-use impacts on ant
communities and associated ecosystem functions in oil palm plantations. In particular, increased
landscape heterogeneity can enhance oil palm ant populations and their functions. Encouragingly, the
positive influence of the surrounding landscape is strong not only when surrounded by complex
natural and agroforestry systems but also when surrounded by less intensively managed oil palm
plantations (dense and high understory vegetation present) and other monocultures (i.e. rubber). Local
management effects on biodiversity and ecosystem functioning however are less clear; more
comprehensive research investigating many aspects of management, biodiversity, and functioning, and
most importantly their links to yield is urgently needed. Particularly in large-scale plantations, local
management will be a more important tool for enhancing biodiversity rather than landscape
management due to the positive effects of surrounding land-use declining rapidly with distance from
edge. Finally, I show that although changes in ant communities between land-uses can alter their
relationship to ecosystem functions, within oil palm plantations ecosystem functions and productivity
are not altered by large changes in ant communities and the communities of other major predator
groups. Nevertheless, the lack of a relationship between biodiversity and yield should not discourage
enhancement of biodiversity in oil palm plantations through local and landscape management for three
main reasons. Firstly, maintaining biodiversity in agriculture allows for insurance against future
disturbances. In the oil palm Indonesia for example, pest outbreaks are uncommon and non-cyclic,
however, pest and disease outbreaks are known to increase with time and area under cultivation.
Therefore, in the future, pest problems could become more severe and in that case predators may play
a more important role. Secondly, a lack of relationship between biodiversity and yield allows for a
win-win situation for biodiversity and yield in oil palm plantations. There is no trade-off between
biodiversity and yield as is commonly found in agricultural systems. Therefore management practices
that do not compromise yield themselves but could possibly promote biodiversity (e.g. not removing
epiphytes) can be encouraged. Lastly, intrinsic values alone should be a sufficient reason for
biodiversity conservation. Conservation need not be compromised just because it does not lead to an
increase in one or more economically meaningful ecosystem services.

In conclusion, although forest conversion to oil palm and other agricultural systems in
Indonesia has wide-ranging negative influences on biodiversity and function, there is the opportunity
to enrich biodiversity in these systems. In oil palm plantations in particular this should be encouraged

as changes in biodiversity do not compromise production.
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