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Abstract: Pollination by wild pollinators is a key ecosystem service threatened by anthropogenic-induced
land-use change. The proximity to natural habitat has previously been shown to positively affect pollinator
communities and improve crop yield and quality but empirical evidence is limited from most parts of the
World. Here, across six farms in Southern Thailand, we investigated the significance of landscape-level
effects of natural habitat (proportion of and distance to evergreen forest) on both visitation rate and
richness of pollinators as well as fruit set of guava (Psidium guajava L.), a local economically-important
crop in the tropics. Overall, the most abundant pollinator was the Asian honey bee Apis cerana (39% of all
visits) and different species of stingless bees (37%). We found that pollinator richness was unrelated to
the proportion and distance to evergreen forest, however, the proportion of forest within a 1, 5 and 10 km
radius had a significant positive impact on visitation rate of wild pollinators. Still, neither the various
forest parameters nor pollinator visitation rate showed a significant impact on fruit set of guava, perhaps
because guava self-pollinates. This illustrates that landscape-level degradation of natural habitat may
negatively impact pollinator communities without diminishing the crop yield of the farmers.
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1. Introduction

Flowering plants rely on successful pollination for sexual reproduction. Although many plants
may be able to self-pollinate or use abiotic agents such as wind to transport their pollen, the majority
of plants use animal pollinators as vectors to transport pollen between plant individuals [1,2].
This makes plant-pollinator interactions one of the most important ecological functions for sustaining
our ecosystems [3]. Notably, animal pollination plays a crucial role in warm and humid tropical
ecosystems where an estimated average of 94% of all flowering plant species are thought to be animal
pollinated [1,2,4].

A large variety of crops benefit from being pollinated by animals; thus, pollination is also a
key ecosystem service that benefits us humans [5,6]. Efficient pollination is known to contribute
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significantly to both yield and quality in the production of close to 75% of the most important food
crops worldwide [5,7,8]. As pollinator contribution to yield differs greatly between plant species and
we consume heavily certain crops that are not pollinator-dependent, this corresponds to around 5-8%
of the global crop production [5]. As for wild plants, crop plants grown in tropical areas are more
dependent on animal pollination than crop plants used in temperate regions [8,9].

Globally, there is an increasing concern that the ecosystem services provided by wild pollinators
are threatened by anthropogenic-induced global change [3,8,10]. Pollinator extinctions and declines
have been observed in both Europe and North America [11-13], whereas we are lacking solid
data for wild pollinators in most other parts of the World, such as tropical South America, Africa
and Asia [5,7,11,13]. Some of the most important anthropogenic-induced drivers of change in
pollinator communities are climate and land-use change, including deforestation and conversion to
agriculture [5,10]. Land-use change from natural habitat to agricultural land has increased by 25%
since the 1960s and muost of this expansion has happened in the developing world, such as the tropical
forests of South-east Asia [10,14]. Therefore, it is crucial to better understand how landscape-level
effects impact pollinators and their services [10,15,16].

The proximity to natural habitat has been shown to positively affect pollinator communities and
improve crop yield or quality [8,15,17-22]. In other words, farmers growing pollinator-dependent
crops close to natural habitat have been observed to have a greater crop production than farmers far
from natural habitat. Land-use changes and habitat degradation thus seem to not only harm nature but
also farm productivity. Managed honey bees are utilized worldwide to meet the need of pollination in
large orchards or degraded landscapes. The most frequently-used species are the European honey
bee Apis mellifera L. and the Asian honey bee Apis cerana L. both from the family Apidae [7,23,24].
Although managed honey bees benefit crop yield, wild bee species often pollinate crops more efficiently
and improve cross-pollination more so than by managed honey bees [23]. Thus, we cannot simply
substitute wild pollinators for managed honey bees. Furthermore, land-use changes will most likely
have a negative effect on ecological resilience of pollinator communities underlining the need to better
understand the impact of land-use change on wild pollinators [25].

The guava tree (Psidium guajava L.) belonging to the Myrtaceae family is thought to be native to tropical
Mexico and Central America [26-28] but today it is widespread and locally an economically-important
crop produced in many tropical and subtropical landscapes around the world [26,29]. Guava is considered
part of the so-called “minor tropical fruit” production together with fruits such as mango and mangosteen.
Minor tropical fruits are mostly grown in smaller households and traded regionally and in smaller
volumes [29,30] but the production and trade are gaining more importance globally, as many of the minor
fruits are recognized as a contribution to a healthier diet [29]. In Thailand, for instance, besides being
important for the economy of local households, it has been estimated that minor fruits account for almost
7 per cent of agricultural earnings [29]. The guava is an important minor tropical fruits in the food industry,
especially in the production of juice, fruit bars or other dehydrated food products [31].

In tropical areas, production of guava fruits can be induced year around by pruning the branches,
making guava trees suitable for continuous fruit production and, thus, an excellent crop to conduct
pollination experiments and to examine land-use impacts on fruit production [26]. Although a few
pollination experiments have been conducted on guava, it still remains uncertain whether guava is
mainly cross-pollinated by insects or self-pollinated [26,27,31,32]. Furthermore, despite its importance,
we know little about how land-use impact the pollination and fruit set of guava.

Therefore, in this study we aim to test the effect of natural forest in the surrounding landscape on
pollinator communities and the pollination of guava in orchards across Southern Thailand. To examine
this, we estimated pollinator richness and visitation rate and performed pollination experiments (open
vs. closed pollination treatment) in six guava orchards surrounded by different amounts of natural
forest. We also measured the morphology of guava flowers and conducted pollination experiments to
describe the overall dependency of guava on pollinators. We then tested the following hypotheses—(1)
pollinator richness and visitation rate increase close to evergreen forest and with a larger proportion of
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evergreen forest in the surrounding landscape and (2) fruit set of guava trees increases on farms with a
higher richness and visitation rate of pollinators and a larger proportion of (and/or closer distance to)
evergreen forest in the surrounding landscape.

2. Materials and Methods

2.1. Study Site and Species (Psidium Guajava)

Guava production is common in Southern Thailand for both private and commercial purposes [33].
Here, we focus on plantations growing guava as a monoculture for commercial sale. All guava trees
studied were of the local variety “Kimju guava” [34]. The study took place in Southern Thailand
from November 2019 until March 2020. Six guava plantations with varying degrees of surrounding
evergreen forest were chosen. The plantations were located in the provinces Phattalung and Songkhla
(6°54’ to 7°52" N and 99°53’ to 100°36’ E; Table 1). In these provinces, it takes between four and five
months from flowering to harvest of a ripe guava.

The reference land-use map was obtained from the Land Development Department of Thailand
(LDD) [35]. The LDD provided the shape file data which has scale of 1:25,000 digitized from satellite
images resolution of 2.5 m. Evergreen forest is defined as “areas dominated by trees generally 5-40 m
tall and 20% of total vegetation cover. More than 75% of the tree species maintain their leaves all year.
Canopy is never without green foliage.” The evergreen forest fraction was calculated within a 1, 5 and
10 km radius for each site using ARCGIS 10.3.

The studied orchards ranged in size from 0.4 ha to 2.8 ha all with guava trees older than two years.
All study sites were chosen based on having similar management practices such as being monocultures,
using pruning to initiate flowering and using limited amount of pesticides. In the Phattalung and
Songkhla provinces, we were unable to locate more than six farms fulfilling these criteria.

Table 1. Study site overview. General information about study sites (location, size, number and age of
guava tress) and forest parameters (Distance to closest evergreen forest patch and % evergreen forest
within a radius of 1, 5 and 10 km from the study site).

Study Sites Information Evergreen Forest Parameters
. . . Size No. Age Trees Distance 1km 5km 10km
Site  Latitude Longitude (ha) Trees (Years) (m) (%) (%) (%)
1 6.989000 100.616611 1.6 1500 4-5 371 15.63 12.96 7.27
2 7.035883  100.280283 2.8 1000 2-4 752 0.00 0.00 0.00
3 7.048433 100.449133 2.3 839 5 5475 0 0 3.30
4 6.908079  100.502339 04 500 2 770 2.33 2.85 5.09
5 7.555000 100.130433 1.6 998 3 8676 3.47 0.16 0.39
6 7.873817 99.885733 0.5 216 35 7070 0 0 2.21

2.2. Floral Traits and Pollination Experiments

To characterize guava flowers, we observed—number of flowers in an inflorescence, number
of petals and color of stigma. We also measured the floral corolla width and the length of anthers
using a digital caliper. To characterize the floral reward, we counted the number of anthers per flower
and used micropipettes to investigate whether the guava flower produced nectar (observed from
7.00 to 11.00 AM). To gain knowledge of the reproductive system of guava, we conducted a series of
pollination experiments—(1) open pollination (OP); flowers were left open allowing unhindered animal
visitation (control treatment), (2) wind-pollination (WP); mature buds were bagged before opening with
a coarse-meshed gauze (0.8 mm), allowing wind carried pollen through but otherwise left untouched,
(3) cross-pollination (CP); mature buds with cracked calyx were bagged before opening with a spunbond
nonwoven bag (which is a highly effective barrier to pollen grains) and were hand-pollinated the
following morning with pollen from flowers from a different tree, (4) self-pollination within the same
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tree (SP); mature buds with cracked calyx were bagged before opening with a spunbond nonwoven bag
and were hand-pollinated the following morning with pollen from a different flower on the same tree,
(5) self-pollination within the same flower (SF); mature buds with cracked calyx were bagged before
opening with a spunbond nonwoven bag and the following morning each flower were hand-pollinated
with pollen from its own anthers (i.e., within the same flower). Hand-pollination was done by using a
cotton bud to transfer pollen grains to the stigma and using anthers dapped directly onto the stigma to
ensure sufficient pollen deposit. This was done between 7 and 9 AM. After applying one of the four
treatments, excluding the control treatment (OP), flowers were bagged again and bags were left on for
a week to ensure the stigma was no longer receptive when bags were removed. The initial fruit set was
counted three weeks after flowering, when fruits were approximately 2 cm in diameter. Fruit set was
calculated as the proportion of flowers developing into an initial fruit for each treatment and each tree.
All pollination experiments were conducted at only one study site (Site 6, Table 1). Each treatment
included five mature buds per tree in ten healthy trees located approximately ten meters from the
edge (i.e., 50 flowers per treatment). Although some trees were used for more than one treatment, due
to a lack of suitable trees with a sufficient amount of mature buds at the study site, we were unable
to conduct all treatments at the same trees as it ideally should have been [18,36]. This resulted in
some treatments being paired on the same trees, while other treatments were conducted on other trees.
We thus did not perform any statistical analysis to examine whether pollinations experiments differed
in fruit set but use the treatments to qualitatively assess the ability of guava to produce fruits under
different pollination scenarios.

2.3. Pollinator Visitation and Richness

On each study site, we estimated pollinator visitation rate and species richness shortly after
anthesis from 7.30 to 9.00 AM. For all sites, visitation rate and richness measurements were conducted
within one day. At each site, we chose ten healthy trees located approximately ten meters from the
edge of the orchards and with a minimum of one flower. Pollinator visitation was monitored for
15 min per tree (resulting in 150 min of visitation per study site) followed by a 5 min observation
period on the same tree to estimate pollinator richness (resulting in 50 min of richness per study site).
In both visitation and richness observations, the number of individuals visiting the flowers were noted
together with the number of visits.

For the visitation rate, we did not catch the visiting animals but registered the visiting species.
When it was not possible to identify the visiting animal to species-level, we instead registered the
taxonomic group, that is, whether it was a bee, stingless bee, carpenter bee, wasp, fly, beetle or ant.
One or two flowers were observed at each tree and a registration of visits was made every time a
visiting animal touched the reproductive parts of an observed flower. Additionally, we recorded every
time a new individual touch the reproductive parts of the flowers, thus we estimated both the total
number of pollinator individuals and total number of pollinator visits observed within 15 min.

Average visitation rate of all pollinators on each study site was calculated as average number
of visits per flower per tree, then averaged across all ten trees yielding one number per site
(visits/flower/15 min). Average visitation rate was also calculated for different sub-groups for each
study site—Wild pollinators (all pollinators without the domesticated honey bee A. cerana); All bee
species; Wild bee species (all bee species without A. cerana). Many farmers set up empty boxes within
or close by the study fields as nesting spot for A. cerana. Thus, A. cerana is often semi-managed and not
dependent on forest as nesting area, which is why we exclude A. cerana from the ‘wild pollinator” and
‘wild bee’ subgroups.

For the species richness estimation, species were either identified in the field or collected and
identified by a taxonomist to the lowest possible taxonomic level. The calculations on estimated
richness were based on the number of individuals observed during visitation (15 min) and individuals
caught or observed during the 5 min of richness estimation. Individuals were caught in the field
using an insect net or using a clear plastic bag gently placed over the insect. The insects were quickly
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transferred to a microtube containing 99% ethanol and pinned shortly after returning from the field.
A list of all species is found in Table A1, Appendix A.

2.4. Pollinator Exclusion Experiment

At each study site, ten healthy trees approximately ten meters from the edge of the orchard were
chosen in the same area as trees used for monitoring visitation rate and pollinator richness. On each
tree we chose ten mature flower buds randomly and subjected to one of two treatments—pollinator
exclusion (covered in a 0.8 mm coarse-meshed gauze allowing the flower to be pollinated by wind but
not by pollinators) and open pollination (control treatment), allowing us to investigate the difference
in fruit set with and without pollinators. Bags were left on for 5-10 days to ensure the stigma was
no longer receptive. The initial fruit set was counted three weeks after flowering when initial fruits
were approximately 2 cm in diameter. Fruit set of each treatment was calculated as the proportion of
flowers developing into an initial fruit for each tree. The additional fruit set with pollinators access
was calculated as the difference in fruit set between the two treatments (bagged and open) for each
tree. This method controls for variations between plants (which could be caused by difference in water
supply, microclimate, management history and soil chemistry) presenting only the difference of fruit
set with and without pollinators [17]. For each study site, an average of the additional fruit set with
pollinators was calculated across the ten trees and used for later analyses. We note that the experiments
without pollinators in a few cases resulted in higher fruit set than when pollinators had access to the
flowers. We in these cases converted the differences in fruit set to zero (and not negative values), as we
doubt pollinators have a negative influence on fruit set but that these negative values were caused
by stochasticity. However, in the below regression analyses we also conducted the analyses using
negative values, qualitatively obtaining the same results (not shown).

2.5. Statistical Analyses

For each pollination experiment (OP, WP, CP, SP and SF), we calculated the mean fruit set. Since some
treatments were paired and others were not (see Section 2.3), no formal statistical test were performed to
examine whether the treatments differed in mean fruit set.

To test the effect of the different forest parameters on pollinator visitation rate, linear regressions
were made between all forest parameters (proportion of evergreen forest within 1, 5 and 10 km radius
as well as distance to nearest forest patch) and the different visitation rates (all pollinators, wild
pollinators, all bee species, wild bee species). The estimated pollinator richness at each study site
was calculated using the vegan package version 2.5-6 in R [37] and also regressed against all forest
parameters. Finally, we regressed the average additional fruit set with pollinators against the forest
parameters. Since data is an average of proportions, we may assume the six averages follow a normal
distribution following the central limit theorem (CLT) [38]. To test if the residuals were normally
distributed, a QQ plot for the residuals were performed for each regression using the stats package in
R [39]. For all regressions, we report the R? values and the significance level of the regressions (Table 2).
Regressions between different visitation rates and the proportion of evergreen forest within the three
radiuses were plotted with the corresponding confidence interval using ggplot2 in R [40]. All analyses
were conducted using R 3.6.3 [39].
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Table 2. Linear regression models of pollinator visitation rates (VR) (visits/flower/15 min), richness

and additional fruit set with pollinators as a function of four measures of evergreen forest effect: % of

evergreen forest in the surrounding landscape within different distances to the study site (1, 5 and

10 km) and the distance to nearest forest patch from each study site (in meter). For each model,

we also report the coefficient of determination (R?) and the regression coefficients with standard error.

NS 5 > 0.05,* p < 0.05, ** p < 0.01.

Dependent Independent R? Regression Coefficients
Visitation rate Forest
1000 m (%) 0.51 0.42 (0.21) NS
All 5000 m (%) 0.68 0.57 (0.20) *
10,000 m (%) 0.47 0.88 (0.47) NS
Distance (m) 0.48 -6.7-107% (3.5-107%) NS
1000 m (%) 0.79 0.69 (0.18) *
‘ . 5000 m (%) 0.91 0.87 (0.14) **
Wild pollinat
1 potiinators 10,000 m (%) 0.72 1.43 (0.45) *
Distance (m) 0.53 -9.4107% (4.4107%) NS
1000 m (%) 0.52 0.44 (0.21) NS
5000 m (%) 0.67 0.59 (0.21) *
All bees 10,000 m (%) 0.45 0.90 (0.50) NS
Distance (m) 0.34 —-6.0-107% (421074 NS
1000 m (%) 0.86 0.71 (0.14) **
. 5000 m (%) 0.97 0.90 (0.08) **
Wild bees 10,000 m (%) 0.74 1.45 (0.42) *
Distance (m) 0.45 —-8.6107% (4.7-1074) NS
1000 m (%) 0.27 0.35 (0.29) NS
. . 5000 m (%) 0.31 0.44 (0.33) NS
Estimated richness 10,000 m (%) 0.37 0.88 (0.58) NS
Distance (m) 0.34 —-6.5107% (4.5-107%) NS
1000 m (%) 0.39 —0.005 (0.003) NS
Additional initial 5000 m (%) 0.24 —0.004 (0.004) NS
fruit set 10,000 m (%) 0.20 —0.007 (0.007) N8
Distance (m) 0.35 -4.4107° (5.7-1076) NS
VR and Richness
VR All 0.0001 —0.0001 (0.006) NS
Additional initial VR Wild pollinators 0.1141 —0.0032 (0.004) NS
fruit set VR All bees 0.0069 —0.0010 (0.006) N8
VR Wild bees 0.1589 —0.0038 (0.004) NS
Richness 0.0765 -0.0031 (0.005) Ns

3. Results

3.1. Floral Morphology

Guava trees have 1-3 flowers in each inflorescence (Figure 1). Floral corolla width was measured
to be 47.63 £+ 4.17 mm (mean + SD; n = 10) and consist of 5-6 white and scentless petals. Flowers are
hermaphrodite and contain one light-green stigma and an estimated 621.50 + 62.06 (mean + SD; n = 10)
anthers with an average max length of 15.33 + 1.56 mm (mean + SD; n = 7). Flowers have little or no
nectar (no nectar was detected in the field in this study) but we observed large amounts of pollen on

each anther.



Diversity 2020, 12, 259 7 of 13

Figure 1. Illustration of guava flowers at different stages (bud, cracked bud and open flower) and the most
important pollinators: (A) Three species of stingless bee, from left; Heterogona itama, Tetragonula laeviceps and
Geniotrigona thoracica. (B) Asian honey bee Apis cerana. (C) Carpenter bee Xylocopa (Koptortosoma) aestuans.

3.2. Pollination Experiments

P. guajava set fruit in all pollinator experiments. Initial fruit set ranged from 69% in open
pollination (OP), 70% in pollination by wind alone (WP), 76% in cross pollination (CP) to 78% and 96%
in self-pollination within same flower (SF) and same tree (SP), respectably (Figure 2).

Pollination experiment

8 96
8
3 - 76 7
69 7
7 / //
= /
3,) /)
"5 / Y,
w
{ 7/
8 1 7
] /
oP WP cP SP SF

Figure 2. Initial fruit set (% fruit set 3 weeks after blooming) of Psidium guajava L. of five pollination
treatments. The treatments were conducted on ten trees on one farm (Farm 6, see Table 1), showing
the average fruit set of five flower buds pr. tree (a total of 50 flower buds pr. treatment). OP, Open
pollination (n = 20 trees); WP, Wind pollination (n = 10); CP, Cross pollination between plants (n = 10);
SP, Self-pollination within same tree (n = 10); SE, Self-pollination within same flower (n = 10).
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3.3. Pollinator Visitation Rate and Richness in Relation to Forest

In total, 26 pollinating species and 498 individuals were observed visiting guava flowers within
the total observation time of 1200 min for all sites (pooling visitation and richness periods). Bees were
the dominant taxonomic group representing 89% of the observed individuals, 39% being A. cerana and
37% various species of stingless bees. Carpenter bees constituted 4%, other bee species 5%, flies 8%,
beetles 2% and ants 1% of all observed individuals. One wasp was observed touching a flower during
the entire time period. A complete species list can be viewed in Table A1, Appendix A. The average
visitation rate of pollinators was closely related to the proportion of evergreen forest in the surrounding
landscape within a 1, 5 and 10 km radius (Table 2, Figure 3). The visitation rate of wild pollinators
and wild bees had the strongest association to forest (72% < R? < 97%), whereas all pollinators and
all bees including managed honey bees were less strongly associated to forest (34% < R? < 68%).
Pollinator richness was not associated to the proportion of evergreen forest (Table 2). Distance to forest
showed no significant impact on either visitation rate or richness of pollinators (Table 2).

A B
204 204
n §
2 3
c £
= 3
8 10+ 2 10+
= b}
< 2
2 2
c i 2
o c
% 01 2 01
= S
% =
= (7]
> S

0 5 10 15 0 5 10 15
% Evergreen forest % Evergreen forest

201 201

=}
f

o
f

o
1

Visitation rate (bees)
o

Visitation rate (wild bees)

0 5 10 15 0 5 10 15
% Evergreen forest % Evergreen forest

Figure 3. Visitation rate (visits/flower/15 min) in relation to the percentage of evergreen forest withina 1,
5and 10 km radius from each study site: red circle = 1 km, green triangle = 5 km and blue square = 10 km
and for four measures of visitation rate: (A) Visitation rate of all pollinators, (B) Visitation rate of wild
pollinators, (C) Visitation rate of bees and (D) Visitation rate of wild bees. All regressions are printed
with 95% corresponding confidence intervals. Solid lines indicate significant associations (p < 0.05),
whereas dashed lines indicated non-significant relationships (p > 0.05). For statistics, see Table 2.

3.4. Fruit Set in Relation to Pollinators and Forest

An average of the additional fruit set of guava with pollinators were calculated for each study site.
This additional fruit set with pollinators ranged from 0% to 12% and had a mean + SD of 4.67 + 4.50%.
Landscape effects had no significant impact on additional fruit set with pollinators (p > 0.05). Likewise,
pollinator visitation rates and richness were not associated to fruit set (p > 0.05; Table 2).
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4. Discussion

In guava orchards in Southern Thailand, we found a significant correlation between the proportion
of evergreen forest in the surrounding landscape and the visitation rate of insect pollinators on
guava flowers (Table 2; Figure 3). On the other hand and contrary to similar studies on other crops,
the proximity of forest showed no significant relationship with visitation rate within the guava
orchards [8,17,18,22]. Moreover, neither pollinator richness nor fruit set were associated to the distance
to forest nor the amount of forest in the surrounding landscape. These results indicate that although
deforestation negatively impact pollinator communities, this does not necessarily cause a lower fruit
set of crops on farmland embedded within degraded landscapes.

The reason for this lack of effect of deforestation on guava fruit set is underscored by the finding
that additional fruit set of guava due to pollinators (i.e., open vs. closed pollination) showed no
relationship with either visitation rate or with richness of pollinators. Results also showed that
wind pollination and self-pollination of guava flowers seem to have a greater influence on fruit set
than originally anticipated (Figure 2). It has been unclear from previous studies if guava is mainly
pollinated by insects or self-pollinating but self-pollination within the same flower was believed to be
uncommon due to the stigma being higher than the central anthers [26,32,34,41]. Our results show
that self-pollination may be the most common pollination strategy in guava, more so than previously
thought, which may be the reason fruit set was not related to landscape-level amount of forest and
insect visitation. Moreover, fruit set is not only dependent on pollinators, other factors such as local
management and seasonality (wet or dry season) might also have a large impact on fruit set [42].
Some local farmers were reporting that insufficient or excess water supply may cause fruit abortion of
guava [43], which may have obscured any potential effect of the amount of forest in the surrounding
landscape on pollination of guava.

The landscape-level effects of forest had stronger associations with visitation rates of wild
pollinators and wild bees (both without A. cerana) than visitation rates including A. cerana (Table 2).
This could be due to the fact that many farms provided nesting-boxes in or close by the orchard to
attract A. cerana, diminishing the relevance of forest fragments as nesting areas. Pollination of wild bee
species has proved to increase both yield and quality in different crops, making wild bees just as or
even more important, than managed bees such as A. cerana [23]. Moreover, dependence on a single
species for pollination can prove to be risky, if this species is declining due to parasites, pathogens
or other factors [23,44]. For instance, large fluctuations in the abundance of the managed honey bee
A. mellifera has been observed on coffee farms in Costa Rica [18] and in America a major threat is the
colony collapse disorder (CCD), a still unsolved mystery of empty beehives [45]. Thus, pollination
solely depending on pollinators from managed beehives might be less resilient to external factors
such as disease [44]. Therefore, long-term it would be preferable to rely on a diverse fauna of wild
pollinators with high redundancy of pollination services, making it important to sustain the forest left
in southern Thailand.

The proportion of evergreen forest sites was, in general, relatively low for all study sites (<16%).
Instead the sites were surrounded by high proportions of other agricultural areas or, mostly, rubber
plantations that accounted for 37 to 95% of the surrounding landscape. Natural habitat such as forest
is known to have a positive impact on pollination visitation rate, mainly because many bee species
make nests in forest areas [17,18,20-22]. Most frequent pollinating species in this study were bees
(89%) and, specifically, 37% of all visiting pollinators were stingless bees (Figure 1). Tropical forest
can act as a reservoir for stingless bees for pollinating crops, given that the orchard is within the bee’s
forage range [21]. The forage range of stingless bees are believed to be closely related to their body size,
ranging between 500 and 2000 m [21]. Only three out of six study sites were this close to evergreen
forest and stingless bees were observed in all of them (Table 1, Table A1 Appendix A). In the three
study sites further away from evergreen forest (5475 to 8675 m), no stingless bees were observed,
only visits from A. cerana and two species of large carpenter bees—Xylocopa (Mesotrichia) latipes cf.
(Drury, 1773) and Xylocopa (Koptortosoma) aestuans (Latreille, 1802) both member of the family Apidae.
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Members of the Xylocopa genus have been known to forage over greater distances allowing them
to search for resources far away from their nesting area [46]. At the guava orchards, Xylocopa bees
were observed to forage by making short visits to individual flowers and visiting numerous flowers in
one feeding bout, whereas stingless bees often visited only one or few flowers within the same guava
plants. It is therefore likely that Xylocopa bees are more effective pollinators of guava flowers than are
stingless bees, which may also partly explain why overall pollinator visitation rates and landscape
characteristics do not predict fruit set in our study [43].

We note that the proportion of forest and visitation rate showed a significant positive relationship
not only at short distance but even at a 5 and 10 km radius from the study site, that is, much further
distances than most bees and other insect pollinators are travelling to forage. This may indicate that
larger patches of forest fragments even beyond the forage range of pollinators is indirectly beneficial for
sustaining pollinator abundances. It is well established that habitat loss and fragmentation are some of
the main drivers of the ongoing global pollinator decline, having a negative effect on species richness
and abundance, with larger suitable habitat being important for sustaining pollinator robustness [15,47].
Areas with intermediate levels of disturbance, such as tree gardens, plantations, smaller forest fragments
and undeveloped urban areas in the tropics might be able to function as micro-habitats and support
pollinating species [15,47,48]. A theory might be that larger forest fragments work as a ‘source” and
support the abundance of a species in areas closer to the guava fields.

Taken together, the findings in this study underlines the importance of natural habitat to sustain
pollinator communities but illustrates that crop fruit set does not necessarily diminish on farmland
surrounded by little natural habitat. We note that all our study sites were in fairly degraded landscapes
(<16% forest cover). As for biodiversity in general [49,50], it is possible that native pollinator
richness and their services would have been higher in landscapes with higher cover of natural
habitat. Future studies should thus aim at including farms embedded within more pristine landscapes.
Landscape degradation continues to occur at an alarming rate, especially in many tropical regions,
making it crucial that we invest in understating its impact on plants, pollinators and their interactions.
Thus, more research is needed to better understand pollinator-crop relationships and the importance
of natural habitat to sustain pollinator services and crop production in the future.
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Appendix A

Table A1. Complete list of all species observed in the six guava orchards. Identified down to lowest
possible taxonomic level.

. Individuals .
Species Observed (Total) Study Sites
Bees (Anthophila) Anthophila sp. 1 3 4
Nomia (Acunomia) strigataQ 5 4
Braunsapis cupulifera cf. 7 4
Ceratina (ceratinidia) nigrolateralisQ@ 10 4
Apis Apis cerana 196 1,2,3,5,6

Apis dorcata 1 1
Apis florana 2 1

Carpenter beess Xylocopa (Koptortosoma) aestuans® 14 2,3,4
(Xylocopa) Xylocopa (Mesotrichia) latipes cf. 4 3
Geniotrigona thoracica 14 1

Heterotrigona itama 145 1,4

Stingless Tetragonula (luevicep.s gr.) 32 1,2,4
bees(Meliponines) Tetragonula (pagdeni gr.) 1 1
Tetragonula sp. 6 4
Meliponines sp. 1 1
Wasps (Vespidae) Vespa Affinis 1 1
Beetles (Coleoptera) Coleoptera sp. 1 2 5
Coleoptera sp. 2 7 5
Coleoptera sp. 3 1 5
Flies (Diptera) Diptera sp. 1 19 4
Diptera sp. 2 2 4
Diptera sp. 3 3 4
Diptera sp. 4 15 2
Ants (Formicidae) Formicidae sp. 1 4 5
Formicidae sp. 2 2 4
Formicidae sp. 3 1 5
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