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Abstract

Pollination is critical for global food security as it ensures the reproduction of many wild and
crop plants. Pollination services may be at risk as tropical rainforests are rapidly being destroyed
and degraded, largely due to agricultural expansion.

In this study | assessed the ability of a mixed forest and oil palm landscape in West Kalimantan,
Borneo, Indonesia to sustain bees. | quantified bee visitation frequency by observing visits to
four crop plants, Citrullus lanatus (watermelon), Capsicum frutescens (chili), Solanum
lycopersicum (tomato), and Solanum melongena (eggplant); one native colonizing plant
Melastoma malabathricum; and one exotic species Turnera subulata. | examined the
relationships between visitation frequencies and distance from forest; distance from oil palm;
size of the nearest forest; and environmental conditions. | also assessed the feasibility of using
automatic cameras to observe pollinator visits and whether visitation rates varied among plant
species. My observations combine two studies: Study 1 was a small scale grid-based study with
six plant species observed in a cleared area at distances up to 208m from natural forest and 144m
from oil palm. Study 2 was a large scale transect study with observations conducted on T.
subulata planted within oil palm at distances up to 2130m from natural forests.

In Study 1 | recorded 355 bee visits in 723 ten-minute observation periods from July 22" to
September 5", 2017. In Study 2 | recorded 894 bee visits in 323 observation periods from
October 15-29™, 2017. Analyses revealed a positive relationship with visit frequency and
temperature in Study 1. In both studies there were positive relationships between visit frequency
and sunlight while there was a negative relationship with time of day. The use of cameras had a
negative relationship, when compared to direct observations, with observed visitation frequency
in Study 1 but a slightly positive relationship in Study 2. Visitation frequency varied among the
observed plant species (ranging from 0 observed visits to S. lycopersicum to an average of 0.62
visits/flower/per ten minutes to C. lanatus), with C. frutescens and S. lycopersicum receiving
significantly lower visitation frequencies than the other species. In both studies bee visit
frequency declined with increasing distance from forest. In Study 1, there is a decrease in
expected visitation frequency of about 72% at the maximum distance from forest, and in Study 2,
the decrease of expected visitation frequency is about 94% at the maximum distance. In Study 2,
visitation frequency was positively related to the size of the nearest forest, with flowers near the
smallest forest expected to have a visitation frequency about 67% lower than flowers near the
larger forest. | detected no relationship with distance from oil palm.

My results suggest that though bees forage in the planted oil palm, the majority, if not all, remain
dependent on the natural forests. The low visitation frequencies observed for some plant species
suggest there may be a lack of essential pollinators. Conserving large forests provides the most
benefit to bees, though I show that forests as small as 50ha can have a positive effect. Along with
conserving forests, managing the agricultural matrix to maintain suitable floral resources can
lead to a more heterogenous landscape which may support more bees and thus pollinator
services. More studies are required to better understand the effect of oil palm plantations on
pollinator communities and the services they provide.
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Introduction

Tropical Forests

Tropical forests are essential for maintaining much of the world’s biodiversity, as well as for
maintaining ecological and global stability. They play a critical role in cycles which regulate
global climate including water transpiration, cloud formation, atmospheric circulation and carbon
storage (Devaraju et al. 2015; Lawrence & Vandecar 2015; Vira et al. 2015). Southeast Asia, and
particularly the rainforests in Borneo, have been identified as a biodiversity hotspot which hosts
many of the world’s endemic species and is important in global carbon storage. Despite the
global importance of Borneo forests, they are being increasingly threatened by forest

fragmentation and degradation.

Forest Fragmentation and Degradation

Equatorial areas, including Borneo, are developing at a rapid pace, with agricultural ecosystems
becoming the dominant landscape in many areas of the tropics (Sodhi et al. 2004; Foster et al.
2011; Meijaard et al. 2018). Large scale deforestation started in the 1800s in Southeast Asia
mostly as a result of agricultural expansion, particularly an increase in local and global demand
for rice (Oryza sativa) as well as perennial export crops including rubber (Hevea brasiliensis),
coconut (Cocos nucifera), and oil palm (Elaeis guineensis) (Flint 1994). Along with mining
operations and commercial logging, these disturbances are still causing massive land cover

changes in Borneo today (World Wildlife Fund 2018).



Palm oil Industry

African oil palm (Elaeis guineensis) is of immense global importance as it is one of the world’s
most rapidly expanding equatorial crops (Koh & Wilcove 2008) and has been a major force in
economic development in the tropics (Basiron 2007; Feintrenie et al. 2010). Oil produced from
the fruits of these trees is used in many products worldwide including popular food items,
detergents, and biofuels (Basiron 2007; Carter et al. 2007; Obidzinski et al. 2012). Oil palm has a
high yield and low production costs, producing about 35% of all vegetable oil on less than 10%
of oil crop land (Meijaard et al. 2018). With human populations as well as per capita
consumption projected to rise, the demand for palm oil is showing no signs of stopping (Corley
2009, Meijaard et al. 2018). As of 2017, oil palm covered over 18.7 million hectares across the

world (Foster et al. 2011; Meijaard et al. 2018).

Indonesia is one of the largest producers of oil palm, accounting for 32% of the total planted area
of oil palm (Sheil et al. 2009; Meijaard et al. 2018). From 1997 to 2002 the central Indonesian
government reclaimed over 20,000km? of former timber concessions in West Kalimantan to
establish oil palm plantations (Curran et al. 2004). As a result, more than 52% of West
Kalimantan’s oil palm plantations were previously timber concessions (Curran et al. 2004), while
many of the other plantations were formerly naturally forested areas (Gibbs et al. 2010; Vijay et
al. 2016). As palm oil plantations are dominated by a monoculture of an exotic plant species,
there are significant ecological effects of such widespread cultivated land. With growing
worldwide demand for palm oil, widespread environmental effects are becoming evident and

gaining more international attention (Meijaard et al. 2018).



With much focus on the environmental effects of oil palm, including widespread anti palm oil
campaigns, companies are under pressure to mitigate the negative environmental effects of the
industry (Meijaard et al. 2016; Yahya et al. 2017). Thus, improving biodiversity in oil palm
landscapes has become a key management policy for oil palm stakeholders and various steps are
being taken to achieve these goals (Meijaard et al. 2016; Yahya et al. 2017). Management actions
such as developing oil palm on already degraded land along with landscape level planning and
management, such as protecting remnant forests, are becoming more common in the industry
(Edwards et al. 2011; Roundtable on Sustainable Palm Oil 2013; Yahya et al. 2017). These
remnant forests increase the heterogeneity of the agricultural landscape and likely have a positive

effect on many forest-dwelling taxa, including pollinators.

Pollinator Importance and Threats

Ecosystem services maintain global biodiversity and the production of ecosystem goods (Daily et
al. 1997). Pollination is one of these essential services as it is largely responsible for the
reproductive success of many native and cultivated plants, with estimates of 94% of all species
being animal-pollinated in the tropics (Ollerton et al. 2011). Many crop species require animal
facilitated pollination to achieve optimum fruit set and quality (Patricio-Roberto & Campos
2014). This has been seen in many common crop plants including watermelon (Bomfim et al.
2015), tomatoes (Neto et al. 2013; Depra et al. 2014) and chillies (Landaverde et al. 2017).

As with other ecosystem services, pollination is threatened worldwide due to many factors
including habitat destruction and fragmentation and climate change (Daily et al. 1997; Jules &

Shahani 2003; Collinge 2009; Patricio-Roberto & Campos 2014).



Food Security

Supporting a diverse community of pollinators and maintaining native species will be beneficial
to the pollination of wild native plants, including edible and ornamental plants, as well as to crop
species many people rely on. There is increasing demand on resources to provide the amount of
food required to sustain a growing human population. Although modern agricultural practices
have increased productivity when compared to the past, there is growing evidence that they are
not reducing world hunger or aiding with maintaining world nutrition (FAO 2013). Rather, these
conventional agricultural practices are having negative and far reaching ecological consequences
(FAO 2013). As a result, global food security has become a topic of increasing interest and

importance for many countries worldwide (Vira et al. 2015).

Pollinators in a Fragmented Landscape

The drastic changes the landscape undergoes as it is converted to modern agricultural land can
disrupt pollination services. This is suggested by the reproductive success of crops having an
inverse relationship with distance to remnant forest (Klein et al. 2003). Although pollinators are
mobile they can be greatly affected by habitat fragmentation since they often require different
habitats for nesting and foraging (Jules & Shahani 2003; Patricio-Roberto & Campos 2014).
Changes in the landscape as well as changes within the remnant fragmented areas may cause loss
of genetic variability and population stability and may even cause the disappearance of a species
in that area altogether (Sodhi et al. 2004; Patricio-Roberto & Campos 2014).

Declines in individual abundances, species richness and population density have been observed
in a wide range of taxa in Southeast Asia due to increasing forest disturbance. For example, the
abundance of pollinators such as bees, butterflies, and moths have been found to be significantly
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higher in large primary forests when compared to smaller, degraded forest fragments and planted
oil palm (Liow et al. 2001; Beck et al. 2002; Koh & Sodhi 2004; Lucey et al. 2014). Larger and
less disturbed habitats are shown to be the most valuable for preserving the native pollinator
species and are often suggested to be given the highest conservation priority (Koh & Sodhi

2004).

As it is not always feasible to protect large tracts of primary forests, smaller fragments may also
provide benefits to the pollinator community. Protecting native forests or incorporating forest
patches into agricultural land provides increased habitats for a variety of pollinators, as well as
other wildlife and beneficial insects, such as predators of possible pests. Gray et al. (2015), for
example, found that strips of riparian reserves supported ant populations and scavenging services
within an oil palm plantation. Also, alteration of the surrounding matrix habitat can affect the
availability of pollinators in the fragments as some habitats are more permeable than others
(Jules & Shahani 2003). This has been observed in particular for butterflies (Roland et al. 2000;
Ricketts 2001) and damselflies (Pither & Taylor 1998) and it is likely that bees and other
pollinators would similarly be affected. Thus, steps may be taken for fragmented agricultural

systems to support more pollinators.

This study was conducted in an oil palm plantation that has protected forests on both peat and
mineral soils within the concession. While there have been studies of pollination ecology in oil
palm plantations, with considerable attention on the African weevils Elaeidobius kamerunicus
that substantially increase the fruit set of oil palm (Tandon et al. 2001; Prasetyo et al. 2014; Teo

2015; Yue et al. 2015), and various taxa such as ants (Bickel et al. 2006; Lucey et al. 2014), birds



and bats (Bickel et al. 2006; Lucey et al. 2014; Denmead et al. 2017), little attention has been
given to bees. In one study, Liow et al. (2001) assessed the abundance and distribution of bees

within an oil palm landscape in Malaysia.

Objectives

Because of the global importance of pollination and the threats to tropical forests, there is a need
to understand the impact of habitat degradation and fragmentation on pollinator communities.
Understanding this effect can contribute to planning and management of productive landscapes
to maintain local pollinators. Though Liow et al. (2001) studied bees in a similar landscape, my
study, to the best of my knowledge, is the first to assess flower visit frequency within an oil palm

landscape.

This study assesses the ability of a mixed forest and oil palm landscape, with both peat and
mineral soil, to maintain pollinators and their services. | aim to do this by observing pollinator
visits, at gradients from forest edge and planted oil palm, on six plant species within an oil palm
plantation in West Kalimantan, Indonesia. As bees are the dominant pollen vector in tropical

forests (Liow et al. 2001), I focus only on bee visits.



The main objectives of this study are as follows:
1. To assess the variables affecting flower visitation frequency in the study system; in
particular:
a. Distance from forest
b. Distance from oil palm
c. Size of the nearest forest
d. Plant species
e. Environmental conditions

2. To assess the feasibility of using cameras to observe pollinator visits

Methods

Study area
This study was conducted from June to November 2017 within the oil palm concession of PT
Kayung Agro Lestari in Kabupaten Ketapang in the province of West Kalimantan, Borneo,

Indonesia (1°26°S and 110°13’E).

Description of general area

West Kalimantan, Borneo

The study was located in the “Borneo Lowland Rain Forest” ecoregion, which is within the
“Tropical and Subtropical Moist Broadleaf Forests” biome (World Wildlife Fund 2018). Based
on the Koppen climate system, the Borneo Lowland Rain Forest ecoregion falls in the “Tropical
Wet” climate zone (World Wildlife Fund 2018). The study region is naturally biodiverse. There
is a 54,000 ha peat swamp forest (Sungai Putri) to the south and a 90,000 ha National Park

(Gunung Palung) to the North (Meijaard et al. 2016).



Gunung Palung National Park

Gunung Palung National Park (GPNP) is located in and around the Gunung Palung and Gunung
Panti mountains (The Gunung Palung Orangutan Project n.d. ) and supports a diverse flora,
including peat and freshwater swamp forests, along with a range of rare and endangered animals
including ~17% of Borneo’s orangutans (Pongo pygmaeus) (Curran et al. 2004; The Gunung
Palung Orangutan Project n.d. ). GPNP is the only national park in Indonesian Borneo with
relatively intact lowland dipterocarp forest (Curran et al. 1999; Johnson et al. 2004). With
deforestation within GPNP as well as in its surrounding 10km buffer, of which >70% is
comprised of concessions and plantations like PT Kayung Agro Lestari (Curran et al. 2004),

conservation outside of the park is increasingly important.

PT Kayung Agro Lestari

The study area, PT Kayung Agro Lestari (KAL), is owned and managed by PT Austindo
Nusantara Jaya (ANJ), which is a member of the Roundtable on Sustainable Palm Oil (RSPO).
(PT Austindo Nusantara Jaya Thk 2016). KAL was established in 2004 and was acquired by
ANJ in December 2005 (PT Austindo Nusantara Jaya Tbk 2016). KAL has a total of 16,620
hectares of land (PT Austindo Nusantara Jaya Tbk 2016), and is a matrix of planted oil palm,
mills, residential and office areas, roads, and remnant protected forests. From 1990 to 2000 the
area was part of a logging concession (PT Marsela Wana Sekawan) and before being converted
to oil-palm, it was primarily logged-over natural forest (about 8,000 hectares) with the remainder
being degraded land including localized grasslands (Meijaard et al. 2016). Land clearing started

in 2010 with the first seedlings being planted that same year (Meijaard et al. 2016; PT Austindo
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Nusantara Jaya Tbk 2016). As of 2016, a total of 9,871 hectares had been planted (PT Austindo

Nusantara Jaya Tbk 2016).

The majority of the plantation is on peat soil, with a substantial portion of mineral soil and some
small sandy patches. As peat soil, which has major implications with carbon storage (Jaenicke et
al. 2008; Tonks et al. 2017), is saturated with water, and the terrain is flat, drainage ditches are
located along the planted palm to aid with water mitigation. The majority of the oil palm was
planted in 2011 and 2012, with small sections being planted in 2010 and 2013. The landscape is
highly managed with little understory growing among the planted palms (Figure 1). The ground
cover among the palms ranges from bare soil to low grasses and some other small herbaceous

plants. The palms are planted about 9m apart resulting in a mostly closed canopy.

21% (3884 hectares) of the concession has been identified as having High Conservation Value
(HCV) and is protected by the company (Meijaard et al. 2016). In general, designation of HCV
areas are based on a variety of values including if the area provides important ecosystem services
or if it has exceptional value for biodiversity (Edwards et al. 2011). The HCV area in this
concession includes 16 forested areas, ranging from 20-2,3330 hectares. KAL employs a
permanent staff to monitor the HCVs for fires, illegal logging, and poaching (Meijaard et al.
2016). The specific study sites were chosen based on these conservation areas within the

plantation as well as forested areas adjacent to, but outside of, the plantation boundary.
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Figure 1: Representative oil palm, Elaeis guineensis, and understory present
throughout the plantation. Some variation is found in different areas involving
the height of the oil palm, soil type, and % ground cover.

The mean temperature at the nearest meteorological observation station in Ketapang,
approximately 50 km from the study area, was 27.7°C (range: 20.7°C to 35.3°C) from June 1-
November 1 in 2017 (Raspisaniye Pogodi Ltd. 2018). At that site, the mean average temperature
for 2017 was 24.7°C, which was lower than the mean temperature of the ten year period between

January 1 2008 and January 1 2018 (27.6°C) (Raspisaniye Pogodi Ltd. 2018).

Study Species

Six angiosperm species from four different plant families were selected for the study (Table 1).
Four of these (Citrullus lanatus (Thunb.) Matsum. & Nakai (watermelon), Capsicum frutescens
L. (chili), Solanum lycopersicum L. (tomato), and Solanum melongena L.(eggplant)) were
selected because of their use as crops in the study region. The other two species (Melastoma
malabathricum L. and Turnera subulata (Smith)) were chosen because of their wide distribution
within the study area. All are non-native except M. malabathricum, which is a common
colonizing plant often found along degraded forested areas (Australian Tropical Rainforest

Plants 2010) and occurs in cleared, degraded areas near forest edges within the plantation.

12



Turnera subulata is an introduced and potentially invasive plant in Indonesia (Institute of Pacific
Islands Forestry 2006). It was planted within KAL along roadsides to aid with biological pest
control as it serves as a food source and host plant for a carnivorous bug, Sycanus sp., which is
believed to predate on fire caterpillars, the most common pest to oil palm (Sawit Indonesia
2014). The fire caterpillar, including Setora nitens, Darna trima, Ploneta diducta, and
Setothosea asigna, can cause significant damage and reduce production (Sawit Indonesia 2014;
Asian Agri 2017). By increasing T. subulata, the company hopes to increase the Sycanus sp.
population and reduce the pest caterpillar (Sawit Indonesia 2014; Asian Agri 2017). With large

showy yellow flowers, the plants are a common sight within the concession.

Table 1: Description of each of the six observed plant species: plant family; common crop plant: yes
(Y), no (N); monoecious (M) or hermaphroditic (H); petal colour: yellow (Y), white (W), purple (P);
main pollination vector: insect (1), wind (W), insect & wind (IW); reward: nectar (N), pollen (P), nectar
& pollen (NP). C. lanatus, C. frutescens, S. lycopersicum, & S. melongena were grown in individual
poly bags and brought to the study area. M. malabathricum was found growing naturally in the study
area. T. subulata was planted by ANJ.

Species Common Family Crop  Monoecious/ Petal Main Reward
Name Plant Hermaphroditic Colour Pollination (N/P/NP)
(YIN) (YIWIP)  (IIW/IW)

Citrullus Watermelon Cucurbitaceae Y M Y I NP
lanatus
Capsicum Chilli Solanaceae Y H W w NP
frutescens
Solanum Tomato Solanaceae Y H Y W P

lycopersicum

Solanum Eggplant Solanaceae Y H P w P
melongena
Melastoma Malabar Melastomataceae N H P I P

malabathricum melastome

Turnera White Alder Passifloraceae N H Y [ NP
subulata
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Study design

I conducted two studies. The first was a systematic planned grid-based study (Study 1) with
observations conducted at a maximum distance of 208m from natural forest and 144m from oil
palm. The second was a large-scale transect study (Study 2) with observations conducted at a

maximum distance of 2130m from natural forest.

Study 1

In Study 1 observations were conducted on all the study plant species. The plants were organized
as a grid with 12 different plots situated in a cleared area. The three columns go from a forest

(Forest 4) while the four rows follow a gradient from edge of planted oil palm (Figure 2A).

The plants in Study 1 were observed between July 22 and September 5, 2017. A prior agreement
was made with a local village leader Yohanes Terang to plant and raise the crop plants. The
plants were grown in individual poly bags so they could be easily moved. There was a total of
397 plants; 134 C. lanatus, 108 S. melongena, 105 S. lycopersicum, and 50 C. frutescens plants.
The crops were placed throughout the cleared area that already had scattered individuals of
naturally growing M. malabathricum and planted T. subulata. With at least one plant of either
species growing close to each plot, observations were conducted on T. subulata and M.

malabathricum flowers alongside the crop observations.

The crop plants were organized into 12 different plots, each with about six columns of plants and

about six rows. The plants were allocated at random so at least one of each species was placed in
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each plot though the numbers of individuals varied. The exact placing of plants within the plots

was organized randomly.

The methods for Study 1 initially included collecting data on fruit set as well as on mature fruits.
Similar to the methods in other studies (Stanghellini et al. 1998), | planned to isolate a selection
of the flowers (by using mesh to prevent any pollinator visits) to compare the fruit set and quality
of the insect pollinated flowers to the self-pollinated flowers. These methods were not completed
as many of the crop plants had already produced flowers and fruits before being transported to
the study area. Also, periods of extremely dry, hot weather and a lack of an agricultural watering
and shading system in place, the condition of the plants deteriorated which made the fruit data

either impossible or unreliable to collect.

Table 2: Description of the four forested areas in both studies. Approximate size and continuity
determined using Google Earth Pro and information provided from ANJ, forest use provided by ANJ.

Forest Approx. Continuous Hill/Flat Condition/Type
Size (ha) (YIN)
1 381 Y F Secondary, Community Forest outside of
concession
2 4574 Y F Secondary, enclave + HCV Kawasan

Lindung + forest outside of concession

3 203 N H Secondary, enclave Bukit Bujang

4 53.9 N H Secondary, HCV Bukit Kasai

15



Study 2

Observations for Study 2 were conducted between October 15-29, 2017. These transects were
located along roadsides where T. subulata had been planted as close to the forest edge as
possible and continued for at least 300m into the plantation. | established two transects for each

forest area to assess visitation in relation to each forest and among the different forests.

In Study 2 | sampled along six different transects which each started at a forest edge and went
along a gradient into planted oil palm (Figure 2B). The transects were located near three forested
areas, with two transects at each forest, which differ in size and condition (Table 2). Forest 1 is a
large, continuous forest that extends beyond the plantation boundary; Forest 2 is partially a
conserved area within the plantation but extends beyond the boundary; and Forest 3 is an isolated
hill surrounded by oil palm. The transects varied in length and distance from forest because of

the available suitable land (Study 1) and the locations of the observed plants (Study 2) (Table 3).
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Figure 2: Schematics (not to scale) of the two studies. A) Grid layout of the crop plant plots for
Study 1. The observed plants were the crop species (C. lanatus, S. melongena, C. frutescens, S.
lycopersicum), as well as some M. malabathricum and T. subulata. Columns 1-3 represent transects
with gradient from forest while rows 1-4 represent transects with gradient from oil palm. B) Transect
layout for Transects A, B, C, D, E, & F in Study 2. Figure shows one representative transect. T.
subulata was the only observed plant species.
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For each transect | designated plot 1 at “Om” from the forest though there was often some grass
or shrubs growing between the taller trees and this first plot. In some places the plot was up to 50
m away from tall forest but with other natural vegetation in between. | recorded the location on
a Garmin eTrex H handheld GPS unit and then walked along the road away from the forest until
I was 100m from the first plot. | looked for the nearest T. subulata bush and marked that location
on the GPS unit as plot 2 at “100m”. I repeated this process for plot 3 at “200m” and plot 4 at
“300m”. If no suitable bush occurred at the location 100m away from the last, | would continue
walking away from the forest until I located the nearest one. Therefore, plots 1-4 represent a
gradient away from forest but were not exactly spaced. To assess pollinator activity further
within the plantation, I located and selected four control points where T. subulata occurred over

800m from forest (with a range from 824-2130m).

Distance from forest

| selected observation points using the location given by the GPS unit but the “distance from
forest” measure used in the analyses takes into account all surrounding forests and not just the
edge the transect started at. To determine the distance from forest, | used the measuring tool on

Google Earth Pro to measure to nearest forest edge.

18



Table 3: Description of transects and control points: Forest ID = the forest they are closest to (1-4);
the maximum distance from forest (in metres) (measured using Google Earth Pro); number of ten
minute observation periods at that location throughout the study; soil type (P=peat; M=mineral;
S=sandy); planted year of adjacent oil palm (2010, 2011, 2012); plant species observed at each
location (1= Turnera subulata, 2= Citrullus lanatus, 3= Melastoma malabathricum, 4= Solanum
melongena, 5= Solanum lycopersicum, 6= Capsicum frutescens); and study (1 or 2).

Transect Forest Max. # of Obs. Saoll Palm Planted Plant Study
ID Distance Periods Type Year Species
from Forest Observed
(m)
1 4 180 144 M 2011 2,3,4,5,6 1
2 4 169 442 M 2011 1,2,3,4,5,6 1
3 4 208 137 M 2011 2,3,4,5,6 1
A 1 308 37 P/M 2012 1 2
B 1 423 59 M 2012 1 2
C 2 438 62 M 2012 1 2
D 2 210 63 M 2012 1 2
E 3 280 44 P 2012 1 2
F 3 280 36 P/M/S 2010/11/12 1 2
Control 1 1 824 5 P 2012 1 2
Control 2 1 1080 8 P 2012 1 2
Control 3 3 1023 5 P 2011 1 2
Control 4 2 2130 4 P 2010/11 1 2
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Data Collection

Observations

To estimate flower visitation frequencies, | observed visits on the plant species described above.
The sequence and starting point in which the transects were observed was chosen at random. At
the selected location, | chose a number of flowers that could be observed without missing any
visits. The number depended on how many flowers were open on the plant and their location and

ranged from 1-36 with a mean of 4.6.

Initial observations showed a diversity of insect visitors, of which bees were the most common to
all the observed plant species. Because of the diversity and challenging taxonomy of bees and
other insect groups found in this landscape, | focus my study only on visits by bees and consider
them as a single group. Each observation period was 10 minutes long and | used a timer to notify
when the observation period ended. During each period | recorded every visit to the preselected
flowers. I defined a visit as a bee coming into contact with the reproductive parts of the flower.
To keep observation periods as similar as possible I selected the most prominent and healthy
flowers. During the observations | stood as far away as possible from the observed flowers,
remained still for a few minutes before starting the observation, and made minimal movements
during the observation period. The observations were performed regardless of weather condition,

except during rain.

Visit observations were repeated at each flowering plant in each plot in Study 1 and at each plot

in each transect in Study 2, as many times as time would allow. The number of observation
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periods per plant species varied depending on flowering period, plant condition, weather

conditions, time constraints, and other unforeseeable circumstances (Table 4).

The mean time of observation was around 9:30 am, with the earliest observation being at 5:30

am and the latest being around 6:00 pm. Observations were focused in morning hours because

this appeared to be when pollinator activity was the highest and because all the flower species

were open at this time.

Table 4: Overview of sampling effort for each plant species. Include total number of ten-minute
observation periods, total number of flowers observed, total number of observation days, and range
of observation days throughout the study.

Species # of Obs. # of # of Obs. Date of First Date of Last  Study
Periods Flowers Days Obs. Obs.

C. lanatus 186 343 25 07/24 09/05 1

C. frutescens 280 748 24 07/28 09/05 1

S. lycopersicum 56 326 21 07/30 09/05 1

S. melongena 94 192 19 07/28 09/05 1

M. malabathricum 32 163 13 07/25 09/05 1

T. subulata 398 3059 20 07/22 10/29 1,2
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Camera Observations
I used Brinno BCC200 Pro cameras (Chen & Chou 2011) to obtain additional data while I did
other observations or was not in the field. I set up the cameras using a T1 Clamp tripod attached
to a wooden pole that would stand vertically when placed into the ground (Figure 3A). The
cameras were housed in a waterproof casing and Al
the focus was adjusted manually during each
setup. Due to the height of the plants, the camera
was sometimes at the same height of the flowers
and recorded perpendicularly but when possible,
the camera was positioned facing downwards to
better view the flower. Care was taken not to
block access to pollinators. A frame rate of 1

picture per second was chosen (resolution 1280 x

v,

720) for all observation periods (Figure 3B). The B
recordings were longer than ten minutes long, but
to keep the observations comparable to the direct

observations, | treated every ten minutes as a

separate observation. The videos were saved to

SD cards which were labelled and stored until

7

\\ g 3

Figure 3: A) Setup of a Brinno BCC200 Pro camera
_ _ _ using a T1 Clamp tripod attached to a wooden pole,

Video Player. Automatic detection could not be  to observe planted T. subulata adjacent to oil palm.

B) Picture of bee visiting T. subulata taken with
used because of too much movement in the camera.

they could be viewed on a computer using Brinno

pictures, so | viewed them frame by frame.
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Environmental variables

For each observation period I recorded the date, time of day, and temperature and relative
humidity (recorded with a Suncare thermo-hydrometer (model 303C)), wind (categorical scale of
how often the observed plant moved during the ten-minute observation; never, some, or often),
wetness of the vegetation (categorical scale of dry, damp, or wet) and direct sun (yes: direct sun

for 100% of the observation, some: direct sun for some of the observation, or no: no direct sun).

I also obtained additional data from other sources to describe the ambient conditions during the
observation periods. ANJ provided rainfall data from a rain-station at the plantation which gives
a value for daily rainfall. A weather logger was used to record the light intensity and temperature
at three-hour intervals at one location on the plantation. | obtained additional data from a weather
station in Ketapang, a city about 50km away from the concession (these weather variables
included temperature and humidity), as well as a weather station in Pontianak, a city about 188
km away (these weather variables included maximum temperature, minimum temperature, daily
rainfall, wind speed, wind direction, gust speed, cloud cover, humidity, air pressure, weather
classification of the day, and the weather classification for the time nearest the observation (3

hour intervals)).

Statistical Analyses

The protocol of Zuur et al. (2010) was followed in the data exploration phase. | checked the
covariates for outliers, trends, and correlations. Data analyses were performed using R (version
3.4.3 with macOS version 10.13.5) (R Core Team 2017) and R Studio Version 1.1.453 (R Studio

Team 2016). All models were generated using the “glmer” function in the R package “Ime4”
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version 1.1-15 (Bates et al. 2015). Figures 3.2 and 3.3 were generated using “ggplot” function in

the R package “ggplot2” version 2.2.1 (Wickham 2009).

Assessment of effects on flower visit frequency

As bee visits are counts | used a generalized mixed model (GLMM) with a Poisson error
distribution. I used number of visits as a response variable and the number of flowers as an offset
variable, following Reitan & Nielsen (2016). Using a GLMM allowed me to evaluate both

random and fixed effects. A description of all potential covariates can be found in Appendix A.

I used an information-theoretic approach to identify the most parsimonious model using the
Bayesian information criterion (BIC). | first developed a series of alternative GLMMs that
included different combinations of the explanatory variables of interest related to bee visits. |
ranked these by their BIC values (a model with a low BIC is more parsimonious than a model
with a high BIC). A summary of some of the alternative models considered can be found in

Appendix B.

Many studies have shown that bee activity is affected by ambient weather. So, along with forest
ID and distance from forest and oil palm, | also included: temperature, humidity, air pressure,
presence of direct sun, amount of rainfall from the day before the observation, time of day. I
included both linear and quadratic relationships due to the potential for non-linear responses to
humidity, temperature, and time of day. I also included several random effects including:
observation ID (a unique ID for each observation period to account for over dispersion); transect
(to account for unsystematic spatial variation); and observation day (to account for temporal

variation). Correlation matrices for a selection of the covariates can be found in Appendix C.
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Results

The fieldwork for Study 1, where visit observations were conducted on six plant species in a grid
layout, included 32 observation days and resulted in a total of 355 bee visits in 723 10-minute
observation periods. The mean temperature during the observations was 28.8°C (range: 23.8°C-
34.0°C) when measured at the nearest weather station and 31.8°C (range: 24°C-45.2°C) when
measured with the handheld recorder. The mean humidity during the observations was 72.4%
(range: 50%-96%) when measured at the nearest weather station and 69.7% (range: 36%-95%)

when measured with the handheld recorder.

The field work for Study 2, where visit observations were conducted on T. subulata along
transects throughout the planted palm, took place during 15 observation days and resulted in a
total of 894 bees visits in 323 observation periods. The mean temperature during the
observations was 28.5°C (25°C-32.4°C) when measured at the nearest weather station or 33.9°C
(26.9°C-41.1°C) when measured with the handheld recorder. The mean humidity during the
observations was 79.4% (60%-94%) when measured at the nearest weather station or 66.2%

(44%-90%) when measured with the handheld recorder.

The maximum bee visits per flower for a ten-minute observation period was seven (to C. lanatus
flowers), while 69% of the observations had no visits. The overall mean was 0.22 visits per
flower per ten-minute observation for all plant species (Table 5). As | recorded no visits to S.
lycopersicum flowers, and thus had found no variation to explain, observations on this species
(n=56) were excluded from further analyses. The two studies were analysed separately. For a

description of the full models, see Appendix D.
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Table 5: Summary of bee visits in both studies during 1046 observation periods between July 22
and October 29 2017. # of visits observed = total number of bee visits in all 10-minute observation
periods combined. Study 1 was a small scale grid based study and Study 2 was a large scale
transect study.

Species # of Visits # of % of Max Mean Study
Observed Observation Observation Visits / Visits /
Periods Periods with Flower/ Flower/
Zero Visits 10 min 10 min
C. lanatus 184 186 64.5 7 0.62 1
T. subulata 89 75 53.3 1.4 0.30 1
M. 30 32 78.1 2.5 0.19 1
malabathricum
S. melongena 42 94 85.1 35 0.18 1
C. frutescens 10 280 98.6 1.5 0.01 1
S. lycopersicum 0O 56 100 0 0 1
T. subulata 894 323 39.0 6.3 0.32 2

Factors explaining variation in visit frequency in Study 1

The best model (Model 1) to explain the variation in visit frequency to flowers in Study 1
included distance from forest, plant species, sun, time of day, and camera as fixed effects (Table
6). Observation ID as a random effect was also included, comprising 34.5% of the variation in

visitation frequency (Table 7).
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Table 6: The output for the GLMM (Model 1) that best explains the variation in bee visit frequency to
flowers in Study 1, based on 667 observation periods. Forest Distance = Distance (m) from nearest
forest, using Google Earth Pro. Camera = Whether observation was observed in field or via camera
(factor, 2 levels: yes, no). Species = Plant species observed (factor, 5 levels: C. lanatus, T.

subulata, M. malabathricum, S. melongena, C. frutescens. Time of day = Minute of the day

observation was conducted. SE = standard error. 95% confidence limits were calculated as estimate
+1.96 * SE. The random effect is “observation ID” (n=667).

95% Confidence Limits

Fixed Effect Estimate SE Lower Upper
Intercept -3.66 0.882 -5.38 -1.93
Forest Distance -0.00617 0.00285 -0.0118 -0.000580
Camera (yes) 0.669 0.300 0.0820 1.26
Species 3.57 0.462 2.67 4.48

(C. lanatus)

Species (M. 2.27 0.647 1.00 3.54
malabathricum)

Species 2.88 0.514 1.87 3.88

(S. melongena)

Species 2.65 0.502 1.67 3.64

(T. subulata)

Time of day -0.00286 0.00124 -0.00528 -0.000435
Sun (some) 0.713 0.288 0.148 1.28

Sun (yes) 1.13 0.360 0.4278 1.84
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Table 7: The relative contribution of explained variation, assuming all variables are independent, in
bee visit frequency to flowers in Study 1, based on Model 1. Forest Distance = Distance (m) from
any forest, measured using Google Earth Pro. Species = Plant species observed (factor, 5 levels: C.
lanatus, T. subulata, M. malabathricum, S. melongena, C. frutescens. Time of day = Minute of the
day observation was conducted. Camera = Whether observation was observed directly or via
camera (factor, 2 levels: yes, no). Unexplained variation = unique ID for each observation period.
Fixed effect variance = var (Model 2 estimate * variable). Random effect variance = Model 2
estimate.

Covariate Variance contribution (%)
Fixed Effects Species 58.2

Sun 2.81

Time of day 2.07

Camera 1.38

Forest distance 1.07
Random Unexplained variation 34.5

Factors explaining variation in visit frequency in Study 2

The best model (Model 2) for visit frequency to flowers in Study 2 included distance from forest,
forest ID, sun, temperature, time of day, and camera as fixed effects (Table 8). Observation ID
was included as a random effect, accounting for 24.8% of the variation in flower visit frequency

(Table 9).
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Table 8: The output for the GLMM (Model 2) that best explains the variation in bee visit frequency on T.
subulata in Study 2 based on 323 observation periods. Forest Distance = Distance (m) from nearest
forest, measured using Google Earth Pro. Forest = The closest forested area (factor, 3 levels: 1,2,3).
Sun = Presence of direct sunlight on observed flowers (factor, 3 levels: yes, some, no). Temperature =
The temperature (°C) obtained from handheld recorder with missing values estimated from a linear
regression. Time of day = Minute of the day observation was started. Camera = Whether observation
was observed in field or via camera (factor, 2 levels: yes, no). SE = Standard error. 95% confidence limits
were calculated as estimate +1.96 * SE. Random effect is “observation ID” (n = 323).

95% Confidence

Limits
Fixed Effect Estimate SE Lower Upper
Intercept -3.53 1.14 -5.76 -1.30
Forest -0.00129 0.000282 -0.00184 -0.000737
Distance
Forest 2 0.157 0.161 -0.159 0.473
Forest 3 -1.10 0.208 -1.51 -0.692
Sun (some) 1.12 0.316 0.501 1.74
Sun (yes) 1.66 0.335 1.00 2.32
Temperature 0.198 0.0677 0.0653 0.331
Time of Day -0.00967 0.00275 -0.0151 -0.00428
Camera (yes) -1.58 0.154 -1.88 -1.28
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Table 9: The relative contribution of explained variation, assuming all variables are independent, in
bee visit frequency on T. subulata in Study 2, based on Model 2. Forest Distance = Distance (m)
from any forest, measured using Google Earth Pro. Forest = The closest forested area (factor, 3
levels: 1,2,3). Sun = Presence of direct sunlight on observed flowers (factor, 3 levels: yes, some, no).
Temperature = The temperature (°C) obtained from handheld recorder. Missing values were
estimated using a linear regression. Time of day = Minute of the day the observation was started.
Camera = Whether observation was observed in field or via camera (factor, 2 levels: yes, no).
Unexplained variation = unique ID for each observation period. Fixed effect variance = var (Model
1 estimate * variable). Random effect variance = Model 1 estimate.

Covariate Variance contribution (%)
Fixed Effects Sun 21.7

Camera 18.9

Time of day 13.4

Temperature 9.30

Forest 7.32

Forest distance 4.48
Random Effects Unexplained variation 24.8

Effect of distance from forest (Objective 1 a)

The best models from both studies found a significant decrease in visitation frequency included
distance from forest. Model 1 distance from forest explained 1.1% of the variation (Table 7) and
in Model 2 distance from forest explained 4.5% of the variation in visit frequency (Table 9).
Both showed a decrease in visitation frequency with greater distance from forest (Figure 4A;5A).
For Study 1, the expected visitation frequency decreases by ~72%" at the maximum distance of
208m from forest, and for Study 2 the expected visitation frequency decreases by ~94%! at the

maximum distance from forest of 2130m.

" exp(0-0061N * 208 = 02768, 1-0.276874=0.723 * 100 = 72.3%
T exp(0:00129)* 2130 = 0, 06387, 1-0.0639*100=93.6%
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Effect of distance from oil palm (Objective 1 b)

Visitation data from Study 1 was used to assess differences in visit frequency in relation to
distance from nearest planted oil palm. The distance from oil palm did not appear in the best
model and there does not appear to be a significant effect of this distance. The best model

including distance from oil palm was 7 BIC units larger than the best model without.

Differences in visit frequency among forests (Objective 1 c)

The best model for Study 2 included forest ID, accounting for 7.3% of the variation in visit
frequency (Table 9). The larger forests (Forest 1 and 2) had similar and higher visitation
frequencies compared to the smaller forest (Forest 3) (Figure 5B). Based on the model estimates,

the expected visit frequency for Forest 3 at any distance is 66.7%* lower than for Forest 1.

Differences in visit frequency between plant species (Objective 1 d)

Data from Study 1 was used to assess the difference in bee visit frequency between the six
observed plant species. There was a difference among plant species, though they were not all
significantly different from each other. Species identity explained the most variation in Study 1
(58.16%) (Table 7). C. lanatus had the highest visit frequency, followed by T. subulata, S.

melongena, M. malabathricum, and C. frutescens (Figure 4B). C. frutescens was the only species

£ exp(119) = 0,3325, (1-0.3325)*100 = 66.7%
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with a significantly lower visitation frequency, with the other plant species having from 9-35%3

increased expected visitation frequency.

Environmental variables affecting visit frequency (Objective 1 e)

Several environmental variables were associated with bee visitation frequency. Direct sunlight
was positively associated with visit frequency in both datasets (Figure 4D; 5D). Sunlight
explained 2.8% of the variation in Model 1 (Table 7) and 21.7% of the variation in Model 2
(Table 9). In direct sunlight, based on the model estimates, expected visit frequency is ~3%""
higher in Study 1 and ~5%'" higher in Study 2 when compared to visits to flowers with no direct

sunlight during the observation.

Temperature was included in Model 2, explaining 9.3% of the variation in visitation frequency
(Table 9). The temperature that explained the variation the best was that measured with a
handheld recorder (ABIC =-9.4 when compared to the temperature values recorded at the nearest
weather station) with missing values estimated using a linear regression based on the observation
day, time of day, and other weather sources (Appendix E). Model 2 shows an increase in visit

frequency with temperature (Figure 5E). Temperature was not included in Model 1.

Time of day was present in both of the models, explaining 2.1% and 13.4% of the variation in
Models 1 and 2 respectively (Table 7;9). The model with the lowest BIC (ABIC =-0.9 units less

than Model 2) for Study 2 included a quadratic relationship with time. | selected Model 2 as the

§ example for comparison with C. lanatus, exp®%)=35%
" expt19=3.1%
tt exp(l-ﬁe):5.30A)
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final model because it was the most parsimonious, and the small change (<2 units) in BIC values
suggest a negligible difference in the abilities of the models to explain the variation of the study.
Model 1 and 2 both show a negative linear relationship between visit frequency and time of day

(Figure 4C; 5C).

Effect of cameras (Objective 2)

420 of the 1046 observation periods were recorded using cameras, with a total of 70 recorded
hours. The best model for Study 2 included camera as a fixed effect (explaining 18.9% of the
variation) (Table 9). When the camera is used, the expected visitation frequency is lower than if
the observation was done directly (Figure 5F). Camera was not initially in the best model for
Study 2 as removing it gave a slight improvement of ABIC =-0.5. But, because the change in
BIC was <2 units, | included it to better address Objective 2 (effect of camera use). Camera
accounted for only 1.4% of the variation for Study 1 (Table 7). In Model 1 the observations with
camera gave a slightly higher expected visit frequency (Figure 4E), which was opposite of the

relationship shown in Model 2.
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Figure 4: The relationship of expected visit frequency per flower per 10-minute observation period to
flowers in Study 1 with each of the most significant variables (with all other variables remaining constant):
A) Distance from forest (m), B) Plant species, C) Time of day, D) Sun presence, and E) Camera method.
Graphs based on estimates from Model 1, error bars represent upper and lower estimates.
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Figure 5: The relationship of expected visit frequency per flower per 10-minute observation period to
flowers in Study 2 with each of the most significant factors (with all other variables remaining constant): A)
Distance from forest (m), B) Forest ID, C) Time of day, D) Sun presence, E) Temperature, and F) Camera
method. Graphs based on estimates from Model 2, error bars represent upper and lower estimates.
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Discussion

Bees were the most common flower visitor which is typical in Southeast Asia (Corlett 1990;
Nagamitsu & Inoue 1997; Momose et al. 1998; Liow et al. 2001). Visitation frequency varied
among plant species, the nature of the nearest forest, distance to forest, as well as time of day,
camera method, and weather variables (temperature and direct sunlight). Similar patterns were
observed in visit frequencies in Study 1, the small scale grid based study and in Study 2, the

large-scale transect study, despite having different layout and focal plant species.

Distance from forest

In both studies bee visit frequency decreased with increasing distance from forest. Similar
patterns have been found elsewhere, for example, with flowers having higher visitation
frequency near native forests on a coffee plantation in Costa Rica (Ricketts 2004); an increase in
bees near natural grasslands (Steffan-Dewenter & Tscharntke 1999), and better pollination
service near natural habitats on watermelon farms (Kremen et al. 2002). The relationship
between flower visitation and distance from forest suggests the forests act as a source of
pollinators which may forage among the oil palms but do not reside among the oil palm itself.
This implies the natural forests possess more foraging and nesting resources for bees than the oil

palm.

Observations were conducted at a maximum distance from forest of 208m in Study 1 and 2130m
in Study 2. The small amount of variation explained by distance from forest in Study 1 (1.07%)
could possibly be explained by the short distance sampled. The distances sampled in Study 2,

however, are similar to those used elsewhere: Ricketts (2001) observed bee visits up to a
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maximum of 1600m from forest, with sites “far from forest” being at least 800m away and
Steffen-Dewenter and Tsharntke (1999) observed bee visits up to 1000m from natural
grasslands. Although flight distances of 2km have been recorded in bees, few species exceed
400m during usual foraging (Richards 2001) and flight distances are correlated with body size
(Steffan-Dewenter & Tscharntke 1999). So, while the distance may be too far for many bees to
fly, large bees which were common in the plantation, could fly the distance from the nearest

forest to the control points furthest into the plantation.

Distance from Oil Palm

Distance from oil palm was assessed in Study 1 as the four rows of plots go along a gradient
from oil palm edge with a maximum distance of 144m. | did not observe an effect on visitation
with distance from oil palm which implies that palm oil does not support bees as the natural
forests do. Although oil palm is a closed canopy forest, it is highly managed with very little

incorporated biodiversity.

Differences among forests

There was a significant difference in visit frequency in Study 2 with transects near Forests 1 and
2 having high and similar visit frequencies while transects closest to Forest 3 had significantly
lower visitation frequencies. Similar results have been found in other studies, i.e. higher
visitation frequencies observed on plants near larger forests compared to smaller forests (Ricketts
2004; Benedick S. et al. 2006 ). My results suggest larger forests are more effective for

conserving bees and their implied pollination services, but even small patches have a more

37



positive effect than the planted oil palm. Although Edwards et al. (2011) suggested high
conservation value areas should be at least 1,000 hectares, my results indicate that even forests as

small as 54 hectares within an agricultural monoculture can boost bee visit frequency.

Weather variables

During data exploration | found temperature, humidity, and time of day were highly correlated
(with correlations between 0.709-0.905) (Appendix F). These high correlations make the size of
the variance contributions for each individual variable highly uncertain and thus it makes sense
to combine their variance contributions. Combined temperature, time of day, and humidity
contribute 2.1% of variation in Model 1 and 22.7% of the variation of visit frequency in Model 2.
While visitation frequency has a positive relationship with temperature, it has a negative

relationship with both time of day and humidity.

With global temperatures expected to increase, it is essential to understand the effects of rising
temperatures on pollinators. In my study, flower visit frequency increased within the temperature
range during the observation periods. My results suggest these bees can tolerate some increase in
temperatures. However, this is not a reliable assumption as | do not know the expected response
beyond the observed range. It is also important to note that potential climate change effects
include changes in weather patterns which may have unexpected and cascading ecological

effects.

As honeybees have been shown to have a unimodal relationship with temperature in regards to

maximum visit frequency (Nielsen et al. 2017), my observations likely did not illustrate the
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complete temperature relationship. As one of the alternative models (with a quadratic
temperature term) in my model selection process had a slightly lower BIC than the final model, it
suggests the unimodal relationship is present in the study system but the pattern is not clear in

my data.

When the observed flowers were in direct sunlight for the entire observation the visit frequency
was highest and was lowest when observed flowers were not in direct sunlight during any of the
observation. This effect is highly relevant when using different shading techniques which is

common in the region. Although shading may help protect plants from drying out, | have shown

that flowers in shade receive lower visitation frequencies that might negatively affect yields.

Differences with camera use

I used cameras in 40.2% of all the observation periods. In Study 2, where only T. subulata
flowers were observed, the expected visit frequency was much lower for the flowers observed
with the camera. The effect of the cameras was opposite for Study 1, as higher visitation
frequencies are expected with the camera compared to without. The negative effect of camera in
Study 2 is likely due to the selection of observed flowers. During direct observations | chose the
most open and healthy flowers located at the top of the T. subulata bushes, but this was not
always possible when using the cameras. The differences in results between the two studies
suggest it is feasible to use cameras to record visitation frequency but the results are highly

dependent on how the cameras are set up and how the observed flowers are selected.
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Differences Among Plant Species

C. lanatus had the highest expected visit frequency, followed by S. melongena, T. subulata, M.
malabathricum, with the lowest, and only significantly different species being C. frutescens,
followed by S. lycopersicum with no observed visits. The difference in visit frequency among
plant species is likely due to the observed plants having very different floristic characteristics and
thus different potential pollinators. The low visitation frequencies for some species could
therefore suggest a lack of some essential pollinators in this system. This conclusion is supported
by findings in other studies which found bee species having varying responses to forest

fragmentation, likely because of their nesting requirements (Brosi et al. 2008).

Is the system pollinator limited?

Many crop plants, including C. lanatus, have been shown to depend on animal pollination for
optimum yields (Stanghellini et al. 1998). C. lanatus flowers have been estimated to require at
least 6-8 honey bee visits, or just one bumble bee visit, in order to achieve optimum fruit set
(Adlerz 1966; Bomfim et al. 2016). This suggests a visit frequency of at least 0.11 visits per
flower per 10 minutes would be required during the one day the flower is open, which is lower
than the average visit frequency to C. lanatus in this study (0.62). Based on this comparison, it
would seem the pollinator system in this study area is adequate for optimum fruit set and quality
for C. lanatus and possibly S. melongena. C. frutesens and S. lycopersicim, on the other hand,
likely did not receive enough visits to have optimum yields. These are highly speculative
estimates since pollinators have different pollinating abilities and the species of the visiting bees

in this study have not been recorded.
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Can a mixed forest and oil palm landscape maintain pollinators and pollination services?

Palm oil stakeholders are under pressure now more than ever to improve their environmental
performance and this study adds to the ongoing discussion. Oil palm expansion changes land
cover, which often results in reduced abundance of biodiversity including bees and the
pollination services they provide. However, my results show maintaining native forests within
the agricultural landscape can increase pollinator availability which would likely support the

reproduction in both wild plants and entomophilous crops.

More pollinators could be supported within the planted oil palm if the agricultural field was more
similar to natural forests in providing nesting locations and foraging resources. Based on my
results and results from other studies (Liow et al. 2001), oil palm plantations support fewer
pollinators than natural forests. However, as Meijaard et al. (2016) discusses, the effect of oil
palm needs to be considered in context of what the area could have been if it had not been
converted to oil palm. Surely oil palm, as a forest, albeit of a monoculture of managed, exotic
trees, has potential to support more biodiversity than, for example, a deforested or mined area.
Liow et al., for instance, found that an oil palm plantation in Johor had more bee individuals than
a nature reserve in Singapore (Liow et al. 2001). The significant effect of all study forests,
including Forest 4 which was only 54 hectares, implies bees show some resilience to land use but
are still dependent on natural forests. Similar findings of small forest fragments positively
affecting pollinators has been observed in other highly fragmented systems (Brosi et al. 2008). It

is important to note the remnant forests in my study system were not pristine primary forests and
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all have some degree of human disturbance. This implies, though large primary forests are

important to conserve, protecting other forests is also beneficial to bees and likely other taxa.

Management practices such as maintaining a mixed understory, including natural flowers,
grasses, and shrubs, while still allowing easy access for harvesting, along with polyculture
farming, can increase many taxa within various agricultural landscapes (Ricketts 2001, 2004;
Kremen 2015; Ghazali et al. 2016; Yahya et al. 2017). My results suggest the same can be said
for oil palm landscapes. | conclude that creating a more heterogenous agricultural matrix can
help sustain bees in an oil palm plantation. Results from this study can be used to aid palm oil
stakeholders, policy makers and certification bodies (such as the Roundtable on Sustainable

Palm Qil) to promote oil palm landscapes which improve local and regional biodiversity.

Recommendations for future work

In this study I quantified flower visits, which only partially explains the pollination system as
visits does not necessarily equal successful pollination of flowers. To better understand the plant-
pollinator system it would be ideal to take into account fruit set as well as quality of mature

fruits.

Visitation in my study was dominated by bees, which | treated as one functional pollinator
group. However, there are many types of bees of a wide range of sizes, behaviours, and
pollinating abilities. It has been shown in other studies that bee species are affected
disproportionately by distance to native vegetation (Kremen et al. 2002). It has also been

observed that species richness may increase with disturbed areas while individuals decrease

42



(Liow et al. 2001). Because of these known differences between bee species, identification to

species or morpho species of the visitors would be recommended in future studies.

To better understand the plant- pollinator system it would be beneficial to study the relationships
within the remnant forest. | did not find any focal plant within the forested areas, likely due to
scattered distribution, the majority of the flowers located in the canopy, and general flowering
expected in lowland dipterocarp forests (Sakai et al. 1999). It would also be useful to better
describe the forests, for example, tree size, spacing, height, and species, to further understand the
differences between the forests and their effects on visit frequency. In future studies, 1 would
suggest increasing the distance from palm oil to better assess its effect on bees. | also would take

into account ground cover in the observations and analyses.

Finally, this study was based in one plantation in a limited number of locations over several
weeks, thus my results only explain the variation in bee frequency within this system. To better
understand the plant-pollinator system on a larger landscape scale would involve sampling over

broader spatial and temporal scales.
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C. Correlation plots of a selection of variables Correlations between temperature,
humidity, and time
D. Final models
Imputation of missing temperature values
F. Correlations between Temperature, Humidity, and Time

m

48


http://people.bu.edu/orang/about.html
https://www.worldwildlife.org/ecoregions/im0102

Appendix A: Potential covariates

Covariate

Description

Weather variables

Weather

Factor variable, 9 levels,
describing weather from
Pontianak weather station at
time closest to observation:
cloudy, light drizzle, light rain
showers, moderate to heavy
rain showers, partly cloudy,
patchy light rain with thunder,
patchy rain, sunny, torrential
rain shower

Temperature

Max: Maximum temperature as
measured at Pontianak weather
station (29-38 degrees Celsius)

Min: Minimum temperature as
measured at Pontianak weather
station (24-29 degrees Celsius)

Pontianak temperature:
Temperature as measured at
Pontianak weather station (24-
37 degrees Celsius)

Ketapang temperature:
Temperature as measured at
Ketapang weather station (25-
32.4 degrees Celsius)

Logger temperature:
Temperature on plantation in
shade (18.9-37.8 degrees
Celsius)

Temperature measured with
thermohydrometer: 24-45.2
degrees Celsius

Rain

Pontianak rain: Daily rainfall as
measured by Pontianak weather
station (0-35.5mm)

Rain: Dally rainfall on plantation
(0-127mm)

Yesterdayrain: Amount of
rainfall on plantation the day
before observation (0-127mm)
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Last rain: Days since last rainfall
(0-17)

Wind

Wind direction: factor variable,
11 levels, measured at
Pontianak weather station (E,
ENE, ESE, NNE, S, SE, SSE,
SSW, SW, W, WSW)

Pontianak wind, factor variable,
6 levels: Wind speed measured
at Pontianak weather station (1-
6)

Gust, factor variable, 7 levels:
Gust speed measured at
Pontianak weather station (1-7)

Wind, factor variable, 3 levels,
describing how often the
observed flower(s) moved
during the observation period:
often, some, never

Cloud

% Cloud cover measured at
Pontianak weather station (0-
100%)

Light: Measured by logger in
shaded area (0-23422Iux)

Sun, factor variable, 3 levels,
describing time observed
flower(s) were in direct sun for
the observation period: yes,
some, no

Humidity

% Humidity measured at
Pontianak weather station: 41-
98%

% Humidity measured at
Ketapang weather station: 50-
96%

% Humidity measured by
thermohydrometer at
observation location: 36-95%

Pressure

Air pressure measured at
Pontianak weather station
(1006-1013)

Temporal variables

Day

Observation day, factor variable,
47 levels: 1-100

Day of year (203-302)
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Month (7-10)

Time Minute of the day (330-1067)
Spatial variables Forest Forest patch, factor variable, 4
levels: 1-4
Size Size of forest patch: 53.9, 203,

381, 4574m2

Continuous Forest

Factor variable, 2 levels: yes, no

Soil

Factor variable, 3 levels:
mineral, peat, sand

Planted year

Factor variable 3 levels, year
the adjacent oil palm was
planted: 2010, 2011, 2012

Distance to forest

Distance to nearest forest edge:
42-2130m

Distance to oil palm

Distance to nearest oil palm
edge:39-144m

Transect

Factor variable, 9 levels: A, B,
C,D, E, F, G, H,I Control

Plant variables

Species

Factor variable, 6 levels: C.
lanatus, T. subulata, M.
malabathricum, S. melongena,
C. frutescens, S. lycopersicum

Flowers

Number of flowers observed per
observation: 1-36

Wetness

Factor variable, 3 levels,
describing how wet vegetation
was during observation period:
wet, moist, dry

Method

Camera

Factor variable, 2 levels: yes, no
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Appendix B: A sample of alternate GLMMs considered in model selection

Study 1
Fixed Random
9 89 § 8§ § |83 ¢ ¢ @ 82 g9
3 g 3g 3 3 @ S Py S 3 @ <2
=5 o5 e © = o) @ @
S 5 =9 @ e =} = o P < <
o @ 3 @ 2 =4 o o3 2 2
- 3 % % £ % g g
BIC ABIC from Model 1
X X X X X X 992 -0.9
X X X X X 992.4 -0.5
X X X X X X 992.9 0
X X X X X X 996.5 3.6
X X X X X X 996.9 4
X X X X X X 997.2 4.3
X X X X X X 1000.5 7.6
X X X X X X 1002.3 9.4
X X X X X 1203.8 210.9

52




Study 2

ABIC from Model 2

3.6
3.6

4.9

54
7.5

9.1

10.1

10.8

114

12.2

14.9
101.5

252.2

BIC

1272.3

1275.9

1275.9

1277.2

1277.7

1279.8

1281.4

1282.4

1283.1

1283.7

1288.1

1290.8

1377.4

1528.1

Random

Observation
Day

Observation
ID

Fixed

Palm
Planted year

Soil

Cam

Sun

Forest ID

Time of day
n2

Time of day

Humidity ~2

Humidity

Temperature
N2

Temperature

Distance
from forest
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Appendix C: Correlation plots of a selection of variables

Correlation plots created using “ggpairs” extension in the package “GGally” (Schloerke et al. 2018).
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Appendix D: Final models

Model 1:

Generalized linear mixed model fit by maximum likelihood (Laplace Approximation) ['glmerMod']
Family: poisson ( log )
Formula: bee ~ timeday + cam + sun + forestdist + species + (1 | id)
Data: GHIfinal
Offset: log(flowers)

AIC BIC loglLik deviance df.resid
943.4 992.29 -460.7 921.4 656
Model 2:

Generalized linear mixed model fit by maximum likelihood (Laplace Approximation) ['glmerMod']
Family: poisson ( log )

Formula: bee ~ forestdist + forest + sun + temp.imp.2 + timeday + cam + alid
Data: AFketa

Offset: log(flowers)

AIC BIC loglLik deviance df.resid
1234.6 1272.3 -607.3 1214.6 313
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Appendix E: Imputation of missing temperature values

#linear regression using other temp. sources, sun, humidity, and observation day
1m.imp.2<-1m(temp~pontitemp+timeday+observationday+
logtemp+sun+ketapangtemp+ketapanghumidity, data=AFketa)

pred.2<-predict(lm.imp.2,AFketa)

summary(pred.2)

impute<-function(a,a.impute){ifelse(is.na(a),a.impute,a)}

AFketaStemp.imp.2<-impute(AFketa%temp,pred.2) #fill in NA's in temperature with predictions from linear regression
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Appendix F: Correlations between Temperature, Humidity, and Time

Correlation plots created using “ggpairs” extension in the package “GGally” (Schloerke et al. 2018).
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