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resource loss, which is the major driver of bat pollination decline. This study aims to
determine how the bat pollination networks in mixed-fruit orchards are affected by

Keywords: flowering seasons and different land-use types. We estimated the abundance of nectar-
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Mixed-fruit orchard from 18 mixed-fruit orchards in Southern Thailand. Pollination networks were then
Network strength created based on network level indices (number of interactions and specialisation) and
Normalised degree species level indices (strength—dependence of plant on each bat, and generalised
degree—the number of interactions per species divided by the number of possible inter-
acting partners) for each bat group at each orchard. We found that specialisation in low
season networks was higher than those from peak season. Nectarivorous bats showed
higher levels of normalised degree, and strength than frugivorous bats. The normalised
degree of frugivorous bats, but not nectarivorous bats increased with the proportion of
urban area within 30 km radius. The strength of bats was positively correlated with the
proportion of plantations within a 2 km radius. Our results show that both bat guilds are
strongly integrated into pollination networks where they occur and provide evidence that
increasing the area of plantation and urban alters the degree of generalization of polli-
nators which can significantly impact pollination success of plants.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pollinators provide a wide range of benefits to society in terms of contributions to food security, farmer livelihoods, social
and cultural values, as well as the maintenance of wider biodiversity and ecosystems (Potts et al., 2016). In the tropics, plant-
animal mutualisms are vital for ecosystem function (Wright, 2002). In addition to insects, some bat and bird species also play
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important roles as pollinators in tropical habitats. Bat pollination occurs in over 528 species in 67 families and 28 orders of
angiosperms worldwide (Kunz et al., 2011). In the Old World tropics, several studies have examined the pollination effec-
tiveness of bat pollinators (Bumrungsri et al., 2008, 2009; Acharya et al., 2015; Nor Zalipah et al., 2016; Aziz et al., 2017,
Stewart and Dudash, 2017); pteropodid bats, for instance, are known to pollinate flowers of about 168 species in 100 genera
and 41 families (Kunz et al., 2011). Bats within the family Pteropodidae are classified into two feeding guilds: obligate nec-
tarivores (nectarivorous) and frugi-nectarivores (frugivorous). These two bat guilds have been demonstrated to have different
foraging times (Stewart et al., 2014), and nectarivorous bats show higher effectiveness as pollinators (Stewart and Dudash,
2017). Most studies on bat pollination interactions have been limited to a single species in a single site, i.e. local in-
teractions of single bats species with local fruits, mostly including data from only one site (Bumrungsri et al., 2008; Nor
Zalipah et al., 2016; Srithongchuay et al., 2008; Wayo et al., 2018). Consequently, little is known about the community
structure of bat pollination interactions, with very few exceptions (Sritongchuay and Bumrungsri, 2016; Stewart and Dudash,
2017).

Many bats face several threats in concert (e.g., habitat loss, bushmeat hunting, and climate change) (Frick et al., 2019;
Tanalgo et al., 2018). Changes in land-use results in species extinctions (Wilson et al., 2016). Moreover, landscape fragmen-
tation, habitat loss and degradation often disrupt mutualistic or other species interactions (Ashworth et al., 2004; Pimm and
Raven, 2000). Many studies have focused on the effects of anthropogenic habitat modification on the diversity of pollinators
and their host plants as well as plant—pollinator community composition (e.g. Angold et al., 2006; McKinney, 2008; Winfree
et al., 2011). Recent advances in the study of pollination networks have improved our ability to describe plant-pollinator
interactions and the underlying structure (Vizentin-Bugoni et al., 2018). Network analysis provides a useful framework for
predicting vulnerability of resource relationships or mutualisms to species loss (Montoya et al., 2006). The structure and
complexity (e.g. linkage density) of these mutualistic networks may be important in promoting community stability and
functioning (Bastolla et al., 2009; (Tylianakis et al., 2010; Kaiser-Bunbury and Bliithgen, 2015). Species activities due to
variations in the environment, related to resource limitation and changes in species interaction (Wright, 2002). The effects of
land-use change and local habitat on plants and pollinators are also likely to influence their mutualistic interactions, thereby
impacting the architecture of their networks (Fortuna and Bascompte, 2006; Ferreira et al., 2013; Weiner et al., 2014). The
degree of generalization of pollinator species is also likely to vary in response to perturbations. Furthermore, variation in diet
breadth has been shown to impact the stability and functioning of food webs (Kondoh, 2003). For instance, urban flower
visitors were found to be more generalistic in their diet. Baldock et al. (2015) suggesting that in urban areas, the same
pollinators may become less effective due to augmented transfer of heterospecific pollen (Kremen et al., 2007; Leong et al.,
2014). Moreover, such climatic seasonality affect plant phenology even in the tropics (Morellato et al., 2016). Not all bat floral
resources are available year round. Previous studies revealed that higher availability of floral resources is associated with a
higher diversity of pollinators, leading them to specialize on specific flower species so that specialization in high flowering
season tend to be higher than low flowering season (Bender et al., 2017; Fontaine et al., 2006; Ghazoul, 2006; Magrach et al.,
2017).

Understanding the degree of variation in the generalization of entire community and pollinator groups may thus provide
important new insights into plant-pollinator communities. However, despite the growing number of studies of impact of
landscape changes on visitation networks providing information about resource use by flying insects, little is known to date
about how landscape context influences bat pollination network structure (Sritongchuay and Bumrungsri, 2016). In this
study, we investigated changes in plant-bat pollinator interactions in mixed-fruit orchards between flowering seasons and
along the gradient of increasing land-use intensity by specifically determining whether: 1) flowering seasons influence
pollination network structure, especially specialization: 2) landscape contexts affect bat pollination networks in mixed-fruit
orchards; and 3) surrounding land-use types affects bat pollination networks at the species level. We predicted that higher
floral resource availability in the high flowering season would lead to greater partitioning of a floral niche by pollinators, i.e.
higher specialization. Moreover, the number of interactions in orchards surrounded by more complex landscapes with high
resource abundance (i.e. lowland mosaic, montane mosaic) is higher than in simple structure landscapes with low resource
abundance (i.e. urban). Additionally, when resources are rare, the diet breadth of pollinators tends to increase (MacArthur and
Pianka, 1966; Fontaine et al., 2008). Since frugivorous bats (generalists) are capable of exploiting a wider range of resources,
including fruits and flowers, they are likely to be less sensitive to landscape changes (Hadley and Betts, 2012). Therefore, we
predicted that shifting towards higher generalism in nectarivorous bats is affected by landscape changes in smaller scales
whereas the shifting of generalism degree in frugivorous bats is influenced by broader scales.

2. Materials and methods
2.1. Site selections

This study was conducted in 18 mixed-fruit orchards at various sites in Southern Thailand (Songkhla, Phattalung, Satun,
and Nakhon Si Thammarat provinces, 6°20’ to 8°20" S and 99°40’ to 110°00’ E) between September 2012 to June 2013. The
elevation ranged from 167 to 276 m above sea level. The main landscape types in this region are tropical rainforests, rubber
plantations, oil-palm plantations, mixed-fruit orchards, and urban areas. Mixed-fruit orchards consist of planted fruit crops
and native tree species, as well as, herb and shrub species. The main fruit trees include durian (Durio zibethinus L.), bitter bean
(Parkia speciosa Hassk.), mangosteen (Garcinia mangostana L.), domestic jackfruit (Artocarpus integer (Thunb.) Merr.),
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rambutan (Nephelium lappaceum L.) and mango (Mangifera indica L.). We selected the orchards that were managed without
pesticide use and all orchards were at least 10 km apart (Fig. 1).

We used 1:133,400 scale photographic imagery from Landsat Thematic Mapper data in Arcmap 10.2 to create a map of
landcover. Eight landcover classes were used, including water, mangrove, lowland evergreen forest (forest at elevation up to
750 m above sea level), lower montane evergreen forest (forest in elevation above 750 m, up to 1500 m asl), upper montane
evergreen forest (forest at elevation above 1500 m asl), lowland mosaic (vegetated areas in elevation up to 750 m asl, typically
consists of tree gardens, agricultural fields, forest, regrowth or plantations), montane mosaic (same as lowland mosaic, but
occurring in elevation above 750 m asl), montane open (Clearings and other open areas in elevation above 750 m asl), urban,
and plantation (closed canopy oil-palm and rubber plantations larger than 1 km?). The landcover classes were established
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Fig. 1. Map of study area. Visitors were observed from 18 orchards at varying distances from 10 forest patches and surrounded by different land-use types in
southern Thailand. Number in the circle represents total of bat visitation frequencies in each study-site.
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following (Miettinen et al., 2016) and we calculated the proportion of each landscape class fraction within 50 m, 500 m, 1 km,
2 km, 10 km, 20 km, and 30 km radius at each site. The organisms' perception of their environment can vary among species,
therefore to study the effect of landscape on biological communities, a multi-level scale is necessary (Moreira et al., 2015). The
landscape structure may affect foraging behaviour and the number of pollinators at the proximal level and the population's
dynamics at a broader landscape level. It is also necessary to select the best scale of estimation for each level. For example,
given that nectarivorous Rousettus bats can forage a mean distance of 1.7—6.9 km for (Bonaccorso et al., 2014), and the mean
foraging range is 6 km for the Cave nectar bat, Eonycteris spelaea (Acharya et al., 2015), the appropriate scale for estimating the
proximal level was between 50 m and 10 km. The landscape at the broad level (from 20 km to 30 km) comprise areas large
enough to hold a sufficient number of individuals to influence their population dynamics and distribution (Fahrig, 2013). At
this level, the landscape could promote concentration or dispersal of populations, as well as relatively high beta diversity,
which can reduce the effect of local factors on the structure of communities. We also collect data on the number of bat-
pollinated plant species trees at a scale of 150 m radius at each site.

2.2. Flowering phenology

In each studied orchard, we marked a 100 x 100 m plot and monitored the flowering phenology of every individual tree of
chiropterophilous plant species every month from January 2012 to June 2013. We chose night-blooming plant taxa reported
to be bats pollinated species: Ceiba pentandra (L.) Gaertn., Durio zibethinus L., Musa acuminata Colla, Oroxylum indicum (L.)
Kurz, Parkia speciosa Hassk., Parkia timoriana (DC.) Merr. (Sritongchuay et al., 2016; Stewart and Dudash, 2017). Mass (Peak)
flowering season of bat-pollinated plant species is between November and April whereas low flowering season is between
May and October (Stewart and Dudash, 2017). We counted the number of floral units (either individual flowers or capitula) for
each bat-pollinated plant species. We determined the mean number of flowers in a capitulum from 20 capitula. We estimated
the number of individuals of each plant species in each orchard by multiplying plant density (determined from the marked
plot) by the total area of the orchard. Additionally, we calculated the total number of flowers by multiplying the number of
individual plants by the mean number of open flowers for each plant.

2.3. Data collection

At each 100 x 100 m plot, we observed nightly visitation rates by placing camera traps (Moultrie game spy d55-IRXT
infrared flash camera) c. 5—10 m from the inflorescence of every flowering trees. Camera traps were set for motion detec-
tor mode to record 15s video and still pictures for 15 min every hour from 1900 h to 0500 h in all twenty plots. In each
flowering tree of Ceiba pentandra (L.) Gaertn., Durio zibethinus L., Parkia speciosa Hassk., Parkia timoriana (DC.) Merr., three
camera traps were placed at the top, middle, and bottom of canopy, and aimed to three inflorescences whereas in Musa
acuminata Colla, and Oroxylum indicum (L.) Kurz, one camera trap was aimed to inflorescence per tree. The number of camera
traps set at each study site was presented in Table S3. Since it is difficult to identify bats to species from camera traps, we also
mist-netted at each site to identify the local species, allowing us to confirm our video identification. The mist nets were placed
close to the flowering trees to avoid capturing the bats that visited other fruit trees in the same orchard. Bats were identified
to species following Francis (2008), mainly from external morphology and size. We categorized fruit bats into two groups,
nectarivorous (Eonycteris spelaea (Dobson), Macroglossus minimus (Geoffroy), M. sobrinus (Andersen)) and frugivorous
(Cynopterus brachyotis (Muller), C. horsfieldi (Gray), C. sphinx (Vahl) and Rousettus leschenaultii (Desmares)), following criteria
in Stewart et al. (2014).

2.4. Constructing flower-visitation networks

For community levels, we calculated a number of interactions as well as network specialisation (Hy' index). Hy' index
shows the degree of specialisation in the entire network whether species restrict their interactions from those randomly
expected based on a partner's availability (Bliithgen et al., 2006). Hy’ ranges between O (no specialisation) and 1 (complete
specialisation). At the species level, to investigate the visitation frequency of each bat guild (nectarivorous vs frugivorous), we
summed all bats captured by camera traps at each plant species. We calculated the normalised degree, and network strength.
Normalised degree is the number of interactions per bat guild divided by the number of possible interacting plant species,
which controls for differences in network size. Normalised degree estimates how generalist/specialist a species is relative to
other species in the same trophic level of the community in which it occurs. For network strength, the index aims at
quantifying the dependence of the plant community on a given pollinator (Jordano, 1987). The strength values represent the
dependence of each plant on each bat guild as the proportion of visits the plant receives from each bat guild. High strength
indicates a high relevance of bat guild for the plants in the system. Formally, if ajj is the number of visit pollinator j pays to
plant i, then the dependence for this combination is given by pjj=ajj/>_ aj. The strength of species j is then: sj=>"pjj
(Bascompte et al., 2006).
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2.5. Statistical analyses

Firstly, a probability distribution that best fits the response variables were identified. We verified that assumptions of
normality and heteroscedasticity were met, and that Poisson models were not overdispersed. To determine the effect of
flowering season and land-use classes on specialization (H,’), we used generalized linear mixed modeling (GLMM) with a
normal distribution and a log link function. Flowering seasons, flower abundance, number of flower species and proportion of
each land-use class surrounding each study sites at 7 different scales (50 m, 500 m, 1 km, 2 km, 10 km, 20 km, and 30 km) were
included as explanatory variables. Study site was included as a random effect as every study site does not show significant
spatial autocorrelation and effect on average of response variables. We used generalized linear mixed models (GLMM) to
investigate the effect of density of bat-pollinated-plant trees in 150 m radius and proportion of each land-use class sur-
rounding each study sites on the number of interactions with a Poisson distribution and a log link function. We also used
generalized linear mixed models (GLMM) to investigate the effect bat guilds and land-use classes on pollination network
structure in species level (normalised degree and network strength) with a gamma error distribution and a log link function.
Bat guilds and proportion of each land-use class surrounding each study sites at 7 different scales were included as
explanatory variables. Study site was included as a random effect. We used sample size corrected Akaike Information Cri-
terion (AICc) to determine the best candidate model and Akaike weights (wAICc) to quantify the probability by which a given
model is the best within the candidate models set (Table S2). GLMMs were analysed using the package Ime4. For visitation
frequency and number of plant species visited by each bat species, we compared differences among all of the bat species and
flowering seasons by estimating bootstrapped 95% confidence intervals (95% Cls). No significant spatial autocorrelation was
found using Moran's I (P > 0.005 in all models). Spatial autocorrelation was checked by using Moran's I (Gittleman and Kot,
1990) with the “ape” package (Paradis et al., 2004). The overall pollination networks were visualized using the bipartite
package. All analyses were conducted in R 3.4.4 (R Core Team, 2018).

3. Results
3.1. Overall characteristics of networks

We observed 4311 interactions between the seven species of flower-visiting bats and the six species plant in all 18 mixed-
fruit orchard sites. The number of interactions was quantified in all networks as visitation rate, ranging from 56 to 630 in-
teractions. Cumulative networks of these interactions are presented in S1. E. spelaea were involved in 71.81% of interactions
(3096 interactions, Mean + SD = 155 + 136); C. sphinx in 12. 36% (533 interactions, 28.1 + 37.0); M. sobrinus in 8.6% (371 in-
teractions, 40.7 +48.9); C. brachyotis in 3.55% (153 interactions, 9.56 +11.2); C. horsfieldii in 1.74% (75 interactions,
8.33 +£10.5); R. leschenaulti in 1.06% (46 interactions, 5.75 + 5.18); M. minimus in 0.85% (37 interactions, 6.17 + 9.33) (Fig. 2).
Eonycteris spelaea and Macroglossus sobrinus had the broadest floral host breadth. The most visited plants were Musa spp.
(Musaceae), with 1344 visits (31.18%); Parkia speciosa (Fabaceae), with 930 visits (21.58%) and Durio zibethinus (Bombaceae),
with 767 visits (17.80%). The studied orchards contained 6 plant species visited by nectar-feeding bats.

3.2. Network structure and resource availability across seasons

Specialisation (Hy’) varied across seasons (GLMM; Fq 113 =39.552 P<0.001). Specialisation in low season networks
(mean + SD = 0.550 + 0.205) was higher than those from peak season (0.441 + 0.201) across all communities (Fig. 3 A).
Eonycteris spelaea visited to significantly higher number of plant species in high season than low season (Fig. 3 B). In contrast
to specialization, greater floral resource availability was higher in peak flowering season compared to low flowering season
(flowering plant species richness: low season =3.047 + 0.2133 and peak season =4.634 + 0.540; t=—25.022, P<0.001;
abundance of flowers: low season =249.281+77.793 and peak season=712.747 +347.969; t=-16.674, P<0.001).
Specialization was strongly negatively influenced by flower abundance (GLMM; Fy, 117 =36.74148, P < 0.001) but was not
affected by number of flower species in the network (GLMM; Fy, 117 =3.53067, P=0.063).

3.3. Response of pollination networks to environmental effects at multiple levels

At the network level, the number of interactions was not affected by density of bat pollinate-plant species within 150 m
radius (GLMM: Z = 0.379, P=0.705), proportion of low mosaic (GLMM: Z = 1.535, P=0.874) and proportion of plantation
(Z=0.651, P=0.515) in proximal scale (within 2 km radius) and urban area (Z =0.334, P=0.738) in broader scale (within
30 km radius). However, for specialization, there was significant interaction between seasons and proportion of urban area
(GLMM,; t = - 3.141, P=0.002). The specialization from low season networks was significantly affected by proportion of urban
area within 30 km radius whereas the proportion of urban areas surrounding orchards did not have effect on specialization of
networks from peak season (Fig. 4, Table 2). The bipartite pollination network from orchard surrounded by less than 25%, 25%
- 50%, and more than 50% of urban areas were presented in Fig. S1. In contrast, at the bat guild level, the normalised degree of
nectarivorous bats (0.874 +0.11) was significantly greater higher than frugivorous bats (0.45 +0.19) (GLMM, t= —9.678,
P <0.001, Table 3, Fig. 5). The normalised degree of both bat guilds was not affected by landscape area within a proximal scale.
However, at a broader scale, there was significant interaction between bat guilds and proportion of urban area (GLMM;
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Table 1

Species level pollination network parameters for each bat species of nectarivororous bats ) and frugivorous bats.(").
Bat species # Interactions Degree Normalised degree Strength
Eonycteris spelaea® 154.80 +32.40 48 +1.17 0.86 +0.15 407 +1.24
Macroglossus sobrinus?® 40.67 +46.11 211+1.20 0.37 +£0.22 0.56 +0.31
Macroglossus minimus® 6.17 +8.51 1 0.17 +£0.02 0.25+0.35
Cynopterus brachyotis® 9.56 +10.85 1.25+.56 0.24+0.13 0.48 +£0.50
Cynopterus horsfieldii® 8.33+9.93 1.22+0.42 0.21+0.12 0.30+0.37
Cynopterus sphinx® 28.05 +36.06 1.47 +0.75 0.27 +£0.12 0.60 +0.60
Rousettus leschenaultii® 5.75+4.84 1.25+043 0.20+0.07 0.38 +0.56

Table 2

Results of generalized linear mixed models for specialization of bat pollination network structure in mixed fruit orchards in southern Thailand. The
explanatory variables are seasons (steady and peak flowering seasons), proportion of urban area within 30 km radius.

Explanatory fixed variable Estimate SE DF t-value P-value
Specialization (AIC = —146.834) Intercept 0.497 0.070 117 7.057 <0.001***
Season (high) 0.181 0.027 117 6.732 <0.001***
Urban (30 km) —0.096 0.124 14 -0.777 0.450
Season (high) * —-0.146 0.046 117 -3.141 0.0021**

Urban (30 km)
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Table 3

Results of generalized linear mixed models for degree, normalised degree, and interaction strength of bat pollination network structure in mixed fruit
orchards in southern Thailand. The explanatory variables are bat guilds, proportion of plantation, and proportion of lowland mosaic within a 2 km radius and
proportion of urban area within 30 km radius.

Indice Explanatory fixed variable Estimate SE t-value P-value
Normalised degree (AIC = —43.106) Intercept 0.129 0.089 1.442 0.015
Bat group (frugivorous) -1.139 0.117 -9.678 <0.001***
Urban (30 km) —0.001 0.002 —0.072 0.942
Bat group * Urban (30 km) 0.011 0.002 4.877 <0.001 ***
Strength (AIC = 104.99) Intercept 1.307 0.221 5.904 <0.001***
Bat group (frugivorous) -1.532 0.200 —7.664 0.001***
Plantation (2 km) 0.038 0.008 3.912 <0.001 ***
Urban (30 km) 0.001 0.003 0.232 0.817
Bat group * Urban (30 km) 0.010 0.004 2.397 0.0165 *
1004 @ o O a O

2=0.0017, P=0.959
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) o o A @
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L 0754
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5 Bat group
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©
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Fig. 5. The normalised degree of nectarivorous bats (red circles) and frugivorous bats (green triangles) plotted against the proportion of urban area within 30 km
radius around each site. Each point represents a single fruit orchard in southern Thailand. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

t=4.877, P<0.001, Table 3). The normalised degree of frugivorous bat, but not nectarivorous bats increased with the pro-
portion of urban area within 30 km radius (P = 0.0003, Fig. 5).

The network strength was strongly influenced by bat guilds (nectarivorous bat: 4.36 + 1.30; frugivorous bats: 1.30 + 0.80,
GLMM, t = —7.664, P <0.001, Table 3) and proportion of plantation in proximal landscape scale (GLMM, t=3.912, P <0.001,
Table 3). Since there is no significant effect of bat guilds and proportion of plantation interaction, we analysed all bats
together. The network strength of bats was positively correlated with proportion of plantation within a 2 km radius (Fig. 6A).
The network strength was also affected by the interaction of bat guild and the proportion of urban area within 30 km (GLMM,
t=0.010, P=0.016, Table 3). The network strength of frugivorous bats was positively impacted by the proportion of urban
(P=0.25, Fig. 6B) but the network strength of nectarivorous bats was not significantly affected by proportion of urban area
(P =0.844, Fig. 6B).
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Fig. 6. A) The strength of bats plotted against proportion of plantation area within 2 km radius B) The interaction strength of nectarivorous bats (red circles) and
frugivorous bats (green triangles) plotted against proportion of urban area within 30 km radius. Each point represents a single fruit orchard in southern Thailand.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4. Discussion

To our knowledge, this is the first study to investigate the impact of flowering season and landscape context on plants and
bats pollinators with a particular focus on their interactions and the resulting structure of pollination networks. We inves-
tigated pollination network structure between low and maximum flowering season. We also explored the impact of bats
guilds (nectarivorous and frugivorous bats) and the quality of surrounding habitats on bats communities and pollination
network structure. There are two important results; firstly bat guilds (nectarivorous and frugivorous bats) differ in their
impact on bat-pollination networks across seasons. Second, the network parameters at the species level of these two groups
are differentially affected by the proportion of plantation and urban areas. We will discuss these two findings in turn, ending
with some thoughts on the implications for pollination conservation and agriculture.

4.1. Network structure and resource availability across seasons

As resource availability varies across a year, contrary to our expectations, we found bat pollination networks were more
specialised during low flowering season, when floral resource was less available. Similar findings have been reported for
greater specialization in dry periods with lower related to lower floral availability and richness of plant species flowering
(Souza et al., 2018). Other studies showed that higher levels of tree may be expected when resource availability is higher
(Fontaine et al., 2006; Ghazoul, 2006). Nevertheless, the higher specialization in the low flowering season recorded here is
associated with lower floral availability of plants. It is possible that resource availability can lead to changes in specialization
of species by effecting competition among species. Increase in competitive interactions may have caused the increase in
specialization when floral resources are low (Tinoco et al., 2017).

4.2. Roles of bat guilds in pollination networks

Our results clearly show that both bat guilds are strongly integrated in pollination network where they occur. These groups
are dominated by E. spelaea for nectarivorous bats and C. sphinx for frugivorous bats. However the number of interactions
performed by nectarivorous bats was higher than frugivorous bats, leading to higher network strength in nectarivorous bats.
Results also show that nectarivorous bats visited flowers on more species of plants than frugivorous bats. From the roles
estimated here, high network strength define the core of network (i.e. those generalists that interact with both specialists and
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generalists) and enhance network robustness (Sole and Montoya, 2001; Dunne et al., 2002). This pattern may result from
foraging strategies; nectar bats only forage on floral resources, while frugivorous bats predominantly forage on fruit resources
(Stewart et al., 2014). Additionally, species-specific morphological traits may constrain the opportunity for interactions be-
tween bats and flowers. Nectar-specialist Eonycteris and Macroglossus species have elongated rostrums and tongues. In
contrast, the other (frugivorous) bats species have relatively robust rostrums and short tongues (Marshall, 1983, 1985;
Hodgkison et al., 2004; Francis, 2008; Bumrungsri et al., 2008, 2013). Consequently, tubular flowers (e.g. Musa, Oroxylum) are
more likely to be visited by nectar-specialist bats (Srithongchuay et al., 2008; Fleming et al., 2009; Stewart et al., 2014), while
frugivorous bats may be more likely to visit flowers with “shaving brush” morphologies (e.g. Parkia) because tubular shaped
corollas limit frugivorous bats access to nectar given broader muzzles and shorter tongues.

4.3. Response of bat guilds to environmental effects

Along the landscape gradient, we recorded the specialization decreased with proportion of urban areas within 30 km
radius in low flowering period when floral resource was low. However, we did not detect any impact of the landscape context
on the number of interactions. This indicates that analyzing solely the number of interactions in network did not enable us to
detect any changes in network structure along our landscape gradient. Our results also shows that the degree of generalism in
nectarivorous bats diets changed positively with the proportion of plantation area at a proximal scale (within 2 km radius),
suggesting that in location with high plantation area, the same nectarivorous bats visit to more plant species and may become
less effective as pollinators. Typically, plantations consist of contiguous closed canopy oil-palm and rubber plantations larger
than 1 km? where local plant richness and density are low. Although (Acharya et al., 2015) demonstrated that the nectar-
specialist E. spelaea generally has strong fidelity to its’ particular foraging plant and visit to the same area each night,
however, pollinator dietary breadth is often context dependent; pollinators have been shown to switch from floral specialist
to generalist strategies, when local floral resources decrease (Chittka and Schiirkens, 2001; Fontaine et al., 2011). Pollinator
foraging strategy is a critical for pollination success since floral-specialist pollinators typically deliver higher quality
conspecific pollen loads (Ashman et al., 2004), whereas floral-generalist pollinators typically transport mixed pollen from
several species and deliver larger amounts of incompatible pollen. This might block stamens and limit seed set in bats
pollinated plants.

Similarly, at a species level, we also showed that the degree of generalism in frugivorous bat diets increased with pro-
portion of urban areas within 30 km radius. At broad level, the positive effect of proportion of urban area is most likely
associated with the food and roost availability. The dominant frugivorous bats are Cynopterus spp are tolerant of high levels of
human disturbance (Campbell et al., 2006; Lim et al., 2018). These species use a wide variety of roost plant in habitats ranging
from mature secondary forest to suburban gardens, and also exploit the eaves of buildings (Campbell et al., 2006), and roost
under leaves of palm trees (Livistona sp., S. Bumrungsri pers. obs.). Frugivorous bats species have robust rostrums, short
tongues, and consume both floral and fruit resources (Hodgkison et al., 2004; Bumrungsri et al., 2008, 2013; Francis, 2008;
Stewart et al., 2014). Since the alimentary canals of frugivorous bats are short, the digestion is rapid, passage taking about
20—40 min which is short time to digest pollen (Marshall, 1983). In areas with a low proportion of urban area there are greater
areas of lowland evergreen forest and lowland mosaic which typically consists of tree gardens, fruit orchards, agricultural
fields, and forest, providing more fruit resources (Miettinen et al., 2016), consequently, frugivorous bats may rely on fruit
resources as they are easier to digest. When there are fewer fruit resources in urban areas, frugivorous bats often shift to
consume more nectar from more plant species in backyard gardens leading to higher generalism of frugivorous bats in the
areas with higher proportions of urban landcover (Bumrungsri et al., 2007; Parry-Jones and Augee, 2001; Williams et al.,
2006). The generalism and strength of frugivorous bats was not affected by landscape structure at smaller scales may be
the consequence of wide range of feeding capabilities. Frugivorous bats can feed on both fruits and flowers, thus this bat guild
are likely to perceive landscape as having larger amount of habitat (Hadley and Betts, 2012).

4.4. Limitations to research

There are three main limitations with our study. First, bat pollination networks were constructed using visitation rates
alone and not pollination effectiveness. To improve measurements of pollinator performance underlying such predictions, we
suggest surveying visitation frequency, pollinator effectiveness (pollen deposition ability) and pollinator importance (a
measure combines of both visitation frequency and pollen deposition ability) of flower visitors in each study site. Second, we
did not collect data on reproductive success (seed set and fruit set) of our plant species. As not all pollen grains deposited on a
stigma are compatible or conspecific, seed and fruit production is not always directly related to pollen deposition. Mature fruit
set is a very important proxy of pollinator effectiveness for studying in ecosystem services and conservation. Third, our study
only examined bat pollination networks in study areas involving the smaller pteropodids, and have not accounted for the role
of larger pteropodids i.e. flying foxes which are important in ensuring the reproductive success of economic crops such as
durian (Aziz et al., 2017).
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4.5. Agricultural and conservation implications

Bats provide essential ecosystem services, however, their populations are threatened by both anthropogenic and land-use
changes (O'Shea et al., 2016; Sherwin et al., 2013), thus it is important to understand their role to the ecosystem in order to
develop effective land-use management and thus maintain service provision. Our findings emphasise how plant-bat in-
teractions within mixed-fruit orchards may undergo significant changes due to landscape context. Moreover, our study
provides solid evidence that increasing the area of plantation and urban areas changes the role of pollinators. The dietary
shifts of bats pollinators such as the increase in generalism of nectarivorous and frugivorous bats with proportion of plan-
tation and urban respectively can result in changes in visitation rates, all of which can significantly impact pollination success
in plants (Ghazoul, 2005). Because bat visitors are crucial for the pollination of many crops, the patterns found in this study
have important implications for the conservation of pollination services and can contribute to landscape design and man-
agement, which may directly affect the productivity of agricultural crops. For instance, previous studies in this habitat found
that the visitation rate of bats and reproductive success of durian was enhanced substantially enhanced by the proximity to
the caves (Sritongchuay et al., 2016; Sritongchuay and Bumrungsri, 2016).

In quantifying the impact of landscape on pollination networks, our results can provide potential conservation recom-
mendations concerning both plants and animals. Conservation practices aiming to preserve plant-pollinator interactions
should promote the maintenance of both groups of bats and specialist plant species (e.g., Oroxylum indicum). Moreover, to
maintain pollinators in orchards, we recommend including plant species that flower year-round, such as Musa. An approach
which integrates agricultural areas, semi-natural habitats and planned urban ecosystems may improve pollination services
efficiency. The maintenance of natural habitats surrounding agricultural areas may improve pollination services in the crops.
Disseminating information about the ecological and economic significance of pollination services to farmers can help raise
awareness about landscape management and the important roles of nectarivorous bats.
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