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ARTICLE INFO ABSTRACT

Natural areas are important for wild bees in human-dominated landscapes as they provide permanent feeding
and nesting resources. Understanding how bee communities vary with the amount of natural areas is thus key to
guide conservation measures. This information, however, is largely lacking in montane tropical ecosystems. Here
we explore to what extent the amount of forest area or forest edge (as landscape variables) influence the species
richness and abundance of forest-edge associated bees in the Colombian Andes. In addition, we assess the effects
of flower species richness and abundance (as local variables) to better understand the individual and interactive
effects of forest conservation. Bees were surveyed along 20 forest edges differing in forest proportion and forest
edge length within four spatial scales (250, 500, 1000 and 1500 m radii). We conducted trait-specific analyses as
bees with different traits associated to body size, sociality and nesting behavior might differ in their response to
local and landscape variables. We found that overall bee species richness and abundance increased with an
increasing proportion of forest within 1000 m radius, but also with flower abundance. Similarly, the species
richness and abundance of social, large and above-ground nesting bees increased with an increasing proportion
of forest area, mainly within 500 and 1000 m radii. However, only the abundance (not the species richness) of
solitary and small bees were positively related to the proportion of forest within 1000 m. Below-ground nesters
did not respond to the individual effect of forest area at any spatial scale. Interactive effects between local and
landscape variables were mainly found between flower richness and the proportion of forest. Forest edge length
influenced only the abundance of solitary bees. These findings highlight the importance of conserving and/or
restoring forest areas — at meaningful spatial scales — to promote diverse bee communities in montane tropical
regions.
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1. Introduction

The conservation and restoration of natural areas are key strategies
contributing to the maintenance of biodiversity (Gibson et al., 2011;
Phalan et al., 2011; Sodhi et al., 2010) and ecosystem services in
human-dominated landscapes (De Marco and Coelho, 2004; Tscharntke
et al., 2012). Natural areas usually refer to different land-cover types of
native vegetation (e.g. native forests) and semi-natural areas (e.g.
hedgerows and some grasslands), which differ from managed lands in
their lower or non-existent human perturbation (Garibaldi et al., 2011;
Scolozzi and Geneletti, 2012). However, the amount of natural areas in
a given landscape that should be preserved to maintain diverse com-
munities and viable populations remains unknown for most animal
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groups (Sodhi et al., 2010; Swift and Hannon, 2010). Moreover, uni-
versal diversity responses to the loss of natural areas are difficult to
detect due to variation among species (Lindenmayer et al., 2008) and
even within a biological group in different biomes (Brosi et al., 2008;
Winfree et al., 2007). Nonetheless, empirical studies on the relationship
between different biological groups and the availability of natural areas
(e.g. Radford et al., 2005; Rodrigues et al., 2016) can collectively assist
land managers to set meaningful conservation/restoration goals (Swift
and Hannon, 2010) as long as the information is derived from the re-
gion of interest (Viana et al., 2012).

Bees, the main pollinators of wild and cultivated plants (Klein et al.,
2007; Ollerton et al., 2011; Winfree et al., 2011), often rely on natural
areas to obtain permanent feeding and nesting resources in human-
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dominated landscapes (Garibaldi et al., 2011). Therefore, the effects of
available natural areas on bee species richness and abundance have
been increasingly studied from a landscape perspective over the last
two decades (Basu et al.,, 2016; Pisanty and Mandelik, 2015; Viana
et al., 2012). However, knowledge development has been rapid in
temperate regions, while bee diversity responses to the amount of
natural areas in the tropics still require more research (Brosi et al.,
2008; Freitas et al., 2009; Viana et al., 2012). Understanding landscape
features that enhance bee diversity is crucial in the tropics, as pollinator
shortages can threaten not only the remarkable plant biodiversity via
pollen limitation (Vamosi et al., 2006), but also the production of
globally and locally important crops that benefit from bee pollination
(Klein et al., 2007).

In Neotropical montane landscapes, forest cover has been ex-
tensively transformed into pastures for cattle ranching and croplands
(Ayram et al., 2017; Etter et al., 2006). Yet, montane forest remnants
hold a great portion of the world's biodiversity and provide multiple
ecosystem services (Armenteras et al., 2007; Churchill et al., 1995),
including crop pollination. For example, coffee yields, which represent
incomes for many farmers in mountain regions of Latin America, in-
creased in close proximity to forest fragments as an effect of the spil-
lover of pollinating bees from forests into crop fields (Bravo-Monroy
et al., 2015; Olschewski et al., 2006; Ricketts, 2004). Nonetheless, the
response of bee communities to different amounts of montane forests
across landscapes is largely unexplored in the Neotropics. One difficulty
in addressing this knowledge gap is the structural complexity of tropical
forests, which make commonly used bee-sampling methods such as pan
traps, sweep netting, and visual observations rather ineffective and
biased towards certain taxa (Prado et al., 2017). In addition, the steep
slopes can limit bee sampling in montane forest interiors, as many
forests remnants are found in inaccessible areas. Hence, the few studies
assessing the effects of montane forest loss and fragmentation have
been focused on bees associated with forest edges, as these bees can be
sampled more easily than bees inside the forest (Brosi et al., 2008;
Brosi, 2009a).

Species richness and abundance are expected to increase as the
amount of habitat providing their main foraging and nesting resources
increases in the landscape (Fahrig, 2013; Tscharntke et al., 2012). Bees
collected in natural and semi-natural areas, both in temperate and
tropical areas, have been found to benefit from a larger proportion of
such areas in the landscape (Ferreira et al., 2015; Holzschuh et al.,
2008; Steffan-Dewenter, 2003). However, bees collected in forest edges
have not been related to the proportion of forest (Brosi et al., 2008),
except when focusing on particular bee groups (Brosi, 2009a), or have
even responded negatively to the proportion of forest habitat in the
landscape (Winfree et al., 2007). The amount of habitat edges and not
their total areas, conversely, may better explain bee diversity of forest-
edge specialists (Fahrig, 2013). Still, as bees foraging in forest edges
may also come from the forest interior (Brosi et al., 2008; Nemésio and
Silveira, 2006), understanding whether their diversity is influenced by
the amount of edge or by the total forest area is important for man-
agement purposes. Since both variables are usually negatively corre-
lated (Fahrig, 2003), they are rarely assessed simultaneously.

Responses of bee communities to changes in landscape features are
largely shaped by species traits such nest location, sociality, and fora-
ging capability (Benjamin et al., 2014; Williams et al., 2010). Above-
ground nesting bees, for instance, are more sensitive to the loss of
natural areas than below-ground nesting bees, as nest substrates such as
trees, dead wood, and shrub stems are more likely found in such ha-
bitats (Williams et al., 2010). Likewise, small species, which tend to
have limited dispersal capacity, are more adversely affected by habitat
loss than large species (Bommarco et al., 2010; Jauker et al., 2013).
Consequently, communities with a prevalence of species with particular
traits can drive the response to habitat loss of the entire bee community
(Garibaldi et al., 2011). Moreover, the response of a species or groups of
species sharing a particular trait varies across spatial scales (Pisanty and
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Mandelik, 2015; Winfree, 2013), hence a better understanding of the
effects of habitat loss on bee communities can only be achieved when
considering species traits under a multi-scale approach (Ferreira et al.,
2015; Pisanty and Mandelik, 2015).

In this study, we explore to what extent the amount of forest area or
the amount of forest edge (landscape variables) influence the species
richness and abundance of forest-edge bee communities at several
landscape scales in a montane region of the Colombian Andes. For this,
we first test whether bees prefer to use forest edges compared to the
surrounding pastures. We hypothesize that i) bee community diversity
is driven by the amount of habitat (whether forest proportion or forest
edge length) in the landscape, and ii) the response to habitat amount
varies across groups of species sharing specific traits, in conjunction
with the landscape scale. We thus expect overall bee species richness
and abundance to increase with an increasing amount of habitat, and
this response should be stronger for small than for large bees (or vice
versa as small species may require fewer resources than large bees), for
social than for solitary bees, and for above- than for below-ground
nesting bees, particularly at smaller spatial scales. Finally, as floral
resource availability is an important driver of bee diversity (Roulston
and Goodell, 2011), we also test the effect of flower species richness
and abundance (local variables) on bee species richness and abundance,
allowing us to understand the individual and interactive effects of local
and landscape variables on forest-edge associated bee communities.

2. Materials and methods
2.1. Study region

The study region (approximately 81 km?) is located in the Central
Andes of Colombia (4°N, 75°W) in the municipalities of Filandia and
Circasia (Quindio Department), between 1800 and 2100 m.a.s.l. The
vegetation is sub-Andean forest (sensu Cuatrecasas, 1958); mean an-
nual rainfall is 2817 mm and mean monthly temperature ranges be-
tween 16 and 24 °C (Fagua et al., 2013). Dominant land uses in the
study region are pasture for cattle ranching (50%) and forest (35%). As
in some Neotropical montane landscapes, remaining forest areas are
irregularly shaped and interconnected as riparian vegetation along
streams and rivers in deep canyons, likely due to access limitation.
Isolated forest fragments are thus not commonly found in our study
region (Fig. 1).

2.2. Study sites, landscape scales and variables

We selected 20 sites that differed in the proportion of forest and
forest edge length within four GIS buffer radii, representing our land-
scape scales: 250 m (11-57%; 0.9-3 km), 500 m (11-57%; 6-12km),
1000 m (14-73%; 13-36km) and 1500 m (19-73%; 34-79 km). In
contrast to most situations in which the amount of habitat area and
edge are correlated, we did not find a correlation between forest pro-
portion and forest edge length (see Section 2.6). Sites were located a
minimum of 1000 m apart. The maximum radius (1500 m) was chosen
according to the typical homing distance (THD), estimated a posteriori
from our samples using the R package BeelT (Cariveau et al., 2016), as
93% of the species showed THD within that distance (THD of the re-
maining 7% of the species ranged between 4.6 and 10 km) (Supple-
mentary Table Al). Despite the fact that land cover area tends to be
positively correlated across scales (Steffan-Dewenter, 2002), we in-
dividually tested all these spatial scales to identify in which of them the
landscape variables had a significant effect on different groups of bees
with particular traits. Land-use information was obtained at www.
sigquindio.com by webmap service and digitalized with the software
ArcGIS® 10.2.1.
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Fig. 1. Map of the study region with sites (red dots) and multiple landscape scales (250-1500 m radii) at which forest proportion and total forest edge length were calculated. Right:
satellite images of two sites showing differences in proportion of forest (A = 16%, B = 31%) within 500 m radius and similar edge-forest length (9 and 9.6 km, respectively) (images
available at www.sigquindio.com). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.3. Bee sampling

Bees were sampled in each site along a 150 X 4 m transect located
in forest edges. We avoided sampling directly in pastures and focused
on edge vegetation, such as trees and shrubs. Additionally, bees were
sampled in adjacent pastures along 11 transects (150 x 4m) located
100 m away from any forest area. This allowed us to compare bee
composition between forest edges and pastures and confirm whether
forest was the land cover predominantly used by forest-edge associated
bees. Bees in forest edges were sampled during four surveys between
March 2014 and January 2015, therefore including variability
throughout the year. In each survey, we sampled every transect three
times combining the following methods: (i) aerial netting for 40 min
between 8:00 and 14:30; (ii) four sets of pan traps of three colors each
(UV-fluorescent yellow, fluorescent blue and white), modified from
Nuttman et al. (2011) by placing a small receptacle in each bowl con-
taining 15 ml of industrial honey (inverted sugar and Carboxymethyl
cellulose) as bait. Bowls were then filled with a soapy water solution
(1 tsp TopTerra® soap per 31 of water). Sets of pan traps were placed
every 50 m, elevated 3-7 m and exposed on average 7 h daily between
8:00 and 17:00; (iii) chemical baited traps for orchid bees (tribe Eu-
glossini) (Vélez and Pulido-Barrios, 2005); two traps were set in each
transect, one with cineole (four drops) and the other with methyl sal-
icylate (two drops), located at the transect extremes. These baits are
commonly used for studying orchid bees (Brosi, 2009b; Nemésio, 2012)
and similar to Brosi (2009b), we used smaller quantities than have been
used in previous studies to avoid deleterious impacts on local orchid
bee populations, and to have a smaller radius of attraction, although
there is no information on the attraction distances of baits (Brosi,
2009b). Baited traps were exposed for the same duration as pan traps.
Bees in pastures were sampled using the same methods and sampling
effort during the last three surveys (between June 2014 and January

2015). Each survey lasted between 20 and 23 days.

Collected bees were pinned for reference collection and voucher
specimens of each species will be deposited in the Humboldt Institute
(Colombia) according to the research permit. Bees were identified to
the lowest possible taxonomic level (species or morphospecies) using
available keys and with the help of taxonomic experts. Still, identifi-
cation to morphospecies (at least genus level) was often necessary be-
cause many bee species in the tropics are not yet described (Michener,
2007).

2.4. Bee life-history traits

To each species, we assigned information on three traits that have
been extensively used in previous studies, as they are related to re-
sponse to disturbance and extinction sensitivity: body size, nesting lo-
cation and sociality (Bommarco et al., 2010; Jauker et al., 2013;
Williams et al., 2010). First, body size was measured as the distance
between the two insertion points of the wings (i.e. inter-tegular distance
(ITD)). ITD is an indicator of the flight musculature (Cane, 1987) and it
is a strong predictor of foraging ranges (Greenleaf et al., 2007). Bee
species were categorized as large (ITD = 2.25mm) or small (ITD <
2.25 mm), following Benjamin et al. (2014). ITD was measured from
pinned specimens and averaged by species with measurements from 10
individuals or the maximum number available. Second, each bee spe-
cies was classified as below or above-ground nester, the latter group
including species that nest in pre-existing cavities in trees and those
that burrow tunnels into wood. Finally, species were classified as social
or solitary bees. Only the honeybee Apis mellifera (in our sites they are
feral) and stingless bees (tribe Meliponini) were considered ‘social’ in
order to group species with a behavior that improves foraging efficiency
(Nieh, 2004); all other species were categorized as solitary. Information
on nesting location and sociality was obtained from the primary
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literature, but for some morphospecies, information at the genus level
was not consistent across all species (e.g. nest location for Augochlora
spp. or sociality for Chlerogella sp.), therefore these morphospecies were
excluded from our trait analyses. We estimated the correlation between
traits as a rough measure of the extent to which these species traits can
be interpreted independently. Species richness of social and above-
ground nesting bees were correlated (Supplementary Table A2), as all
social bees collected at our sites were above-ground nesters (11 spe-
cies). However, since not all above-ground nesting bees collected at our
sites were social (19 out of 30 species were solitary bees), responses of
groups are interpreted individually. Large bees tended to be above-
ground nesters, and solitary bees tended to be small bees as well as
below-ground nesters.

2.5. Diversity of flowers

We estimated flower species richness and abundance by counting
individual flowers along 150 x 2m transects, both in forest edges and
pastures. This was carried out once per survey and always by the same
person to avoid differences in biases between researchers. For flowers
occurring in inflorescences in the family Melastomataceae (e.g. Miconia
spp. and Graffenrieda sp.), we counted individual functional (open)
flowers because we noticed differences in the number of functional
flowers among inflorescences between sites and surveys, likely due to
the time of the flowering period (beginning/ending vs. peak). For this,
and given the large amount of inflorescences in some surveys, we
averaged the number of flowers from six inflorescences and multiplied
it by the number of total observed inflorescences (to obtain total
functional flowers). Similarly, we counted individual capitula in
Asteraceae, even for those species in which they occur in a panicle (e.g.
Verbesina nudipens).

2.6. Statistical analyses

2.6.1. Bee community differences between forest edges and pastures

All analyses were performed in R 3.2.4 (http://www.r-project.org).
We analyzed the changes in bee community composition between forest
edge and pasture using Non-metric Multidimensional Scaling (NMDS)
with the Morisita-Horn index, as it is recommended for different sample
sizes (pasture n = 11, forest edges n = 20). We used a three-axis solu-
tion (k = 3) to lower final stress below 0.2. A one-way Analysis of
Similarity (ANOSIM) was used to test for significant differences (Clarke
and Gorley, 2006), and the percentage contribution of each taxon to the
average dissimilarity between habitat types was assessed with a simi-
larity percentage analysis (SIMPER) (Bennett and Isaacs, 2014; Clarke,
1993). All multivariate statistics were performed using the R-package
vegan (Oksanen et al., 2013).

2.6.2. Landscape and local effects on bee abundance and richness

All bees captured by the three methods in a single survey were
pooled to provide a survey-level count of species richness and abun-
dance per site (79 samples in total: four samples in each of the 20 sites,
except in one site with three samples). Sample completeness was cal-
culated for each site to make a fair comparison through the concept of
sample coverage (Chao and Jost, 2012), estimated in the R-package
iNEXT (Hsieh et al., 2016). Sample coverage was above 0.92 for all
sites, thus we used observed rather than extrapolated bee species
richness and abundance. We then fit generalized linear mixed models
(GLMM) with Poisson distribution with species richness and abundance
of overall, social, solitary, small, large, above-ground and below-ground
nesting bees as the response variable (in individual models). As fixed
factors, we included landscape (forest proportion, forest edge length)
and local variables (flower species richness and flower abundance) both
individually and in two-way interactions (only between landscape and
local variables). Survey and site were included as random effects, as we
were not interested in their parameter values but rather the explained
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variance. We fit models with and without the most common species in
pasture, Lasioglossum sp4 (which explained most of the difference be-
tween communities, see Results section). Explanatory variables were
not highly correlated (|rs] < 0.5) at any of the spatial scales, according
to the Spearman rank test (Supplementary Tables A3), and therefore all
variables were included in the models. Given its wide range
(186-57,649), flower abundance was the only variable transformed by
natural logarithm in order to avoid leverage effect on our analyses.
Explanatory variables were centered and scaled allowing effect sizes to
be more easily compared (Zuur et al., 2009). We found models to be
either under- or over-dispersed, hence we fit GLMM with a penalized
quasi-likelihood method of parameter estimation (Harrison, 2014) with
log link and Poisson errors, using the glmmPQL function in the R
package “MASS” (Breslow and Clayton, 1993; Nelson and Leroux,
2006). There was no spatial autocorrelation according to Moran's I
correlograms using model residuals, except for the species richness of
small bees within 1500 m radius, but spatial autocorrelation was not
detected at smaller scales 250-1000 m thus was not accounted for in
further analyses (Supplementary Fig. Al).

3. Results
3.1. Bee and plant communities in forest edges and pastures

In forest edges, we collected 2248 bees belonging to four families,
31 genera and 57 species, which included 29 morphospecies. From the
total abundance, social bees were more abundant (60%) than solitary
bees (40%), but their species richness (ten species of stingless bees plus
the honeybee) represented only 19% of all specimens. Small bees were
both more abundant (77%) and diverse (60%) than large bees. The
majority of the sampled species and individuals nest above ground
(53% and 71%, respectively), while for five species we found no nesting
information. In pastures, we collected 880 bees belonging to 24 genera
and 30 species (14 morphospecies). Solitary bees were more abundant
(62%) and diverse (70%) than social bees, and small bees were both
more abundant (70%) and diverse (77%) than large bees. Most in-
dividuals nest below ground (58%), although species richness of below-
ground nesters was slightly lower (40%) than above-ground nesters
(50%); three species had no available nesting information (see species
list in Supplementary Table Al). Bee composition in forest edges was
significantly different from that in pasture (R =0.69, p < 0.01)
(Supplementary Fig. A2), driven by Lasioglossum sp4, which was
dominant in pasture (18% of all records, and 48% of the total abun-
dance), and Partamona cf. peckolti (8%), dominant in forest edges
(Supplementary Table A4).

We counted 152 flowering species in forest edges in 87 genera and
46 families. The most species rich families were Melastomataceae (17),
Asteraceae (16), Orchidaceae (12), and Solanaceae (12). Highest flower
abundances were found in the families Melastomataceae and
Asteraceae. In pasture, we found 42 morphospecies in 15 plant families,
from which 79% were not found in forest edges. Asteraceae was the
most species rich family (9 species). Flower abundance was sig-
nificantly higher in forest edges than in pastures (t = 4.87, df = 19.12,
p-value < 0.01).

3.2. Landscape and local effects on overall bee abundance and richness

Overall bee abundance increased with an increasing forest propor-
tion in a 500 m radius, while overall species richness increased only at
1000 m (Fig. 2a, b; Table 1). This effect on the richness of the overall
bee-community was detected even when including the typical pasture
species Lasioglossum sp4, since its abundance represented only 4% of
the forest-edge bee community. Species richness and abundance of the
overall bee community was not significantly related to forest edge
length (Table 1). The overall bee abundance was related to the in-
creasing flower abundance at all spatial scales, and to the overall bee
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Fig. 2. Relationships between local and landscape variables on the overall bee community: individual effect of forest proportion on (a) the overall bee abundance and (b) species richness
across landscape scales (500, 1000 and 1500 m radii), and interactive effect of forest proportion and flower species richness on (c) the overall bee abundance and (d) species richness
(only showing effect within 1000 m radius as slope was larger compared to 500 m); values below (black dots) and above (white dots) the model prediction are shown. All relationships are

significant at P < 0.05 (see Table 1).

species richness at 500 and 1000 m, but only when including the most
abundant species found in pastures (Lasioglossum sp4) (Table 1). In-
teractive effects of local and landscape variables were also found; in
sites with high richness of flowering species, overall bee abundance
increased with an increasing proportion of forest within 500 m
(Fig. 2¢), and bee species richness increased with the increasing pro-
portion of forest within 500-1000 m (Fig. 2d, Table 1).

3.3. Landscape and local effects on functional bee groups

Groups of bees with different life-history traits responded differently
to landscape and local variables at different spatial scales. In terms of
landscape variables, species richness and abundance of social, large,
and above-ground nesting bees had individual and positive responses to
the proportion of forest within a 500 and 1000 m radius (Fig. 3a—c;
Table 1). Additionally, within the 1000 m radius, the abundance of
small and solitary bees increased with the proportion of forest (Fig. 3d).
Species richness of above-ground nesting bees (Fig. 3e) and the abun-
dance of large bees (Fig. 3f) increased with an increasing proportion of
forest within a 1500 m radius and the abundance of solitary bees in-
creased with the individual effect of forest edge length. Considering

local habitat variables, species richness and abundance of social, large,
and above-ground nesting bees increased with increasing flower
abundance across all spatial scales (Table 1). The abundance of small
bees increased with the abundance of flowers across all spatial scales,
while the abundance of below-ground nesting bees was only related to
the abundance of flowers within 250 m.

Functional bee groups were also significantly affected by the in-
teraction between local and landscape variables. In sites with a higher
richness of flowering plant species, species richness of small and below-
ground nesting bees increased with an increasing proportion of forest
within a 500 m radius (Fig. 4a). The species richness of small bees also
increased with an increasing forest proportion within a 1000 m radius
(Fig. 4b), as well as the abundance of social (Fig. 4c) and below-ground
nesting bees (Fig. 4d) when richness of flowering plants was high
(Table 1). The abundance of social bees increased with an increasing
forest edge length within 1000 m, but only at higher levels of flower
richness (Fig. 4e). Finally, the abundance of large bees increased with
an increasing proportion of forest, and flower abundance had a negative
interaction effect in a 500 m radius, indicating a positive relationship
between large bee abundance and flower abundance, but only at low
levels of forest proportion (Fig. 4f; Table 1).
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Fig. 3. Relationships between species richness and abundance of functional bee groups and forest proportion within 500 m radius (a, b), 1000 m radius (c, d) and 1500 m radius (e, f).
Lines are model-predicted values. All relationships are significant at P < 0.05 (see Table 1).

4. Discussion

Our study shows that bee communities at montane-forest edges
were significantly influenced by the amount of forest in the landscape

as well as by local floral resources. The total forest amount and not just
forest edge length seem to represent the habitat for bees collected in
forest edges, given their significant response to forest proportion
(mainly within 500-1000 m radii) and the lack of relationships with
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bee abundance

Fig. 4. Interactive effects of landscape and local variables on functional bee groups: forest proportion and flower species richness on the species richness of (a) below-ground nesting bees
and (b) small bees (only showing effect within 1000 m radius as slope was larger compared to 500 m), as well on the abundance of (c) social and (d) below-ground nesting bees; (e) Forest
edge length and flower species richness on the abundance of social bees, and (f) forest proportion and flower abundance on large bee abundance (only showing effect within 500 m radius
as slope was larger compared to 1000 and 1500 m). Values below (black dots) and above (white dots) the model prediction are shown. All relationships are significant at P < 0.05 (see

Table 1).

total forest edge length. The strength of the landscape effects and
whether they occur individually or in interaction with local variables
varied according to the target group of the analysis (i.e. entire bee
community versus functional groups), the spatial scale at which habitat

was measured, and the bee-community metric (bee species richness
versus abundance). Our findings illustrate how forest conservation and/
or restoration could benefit bee communities in montane tropical re-
gions.
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Bee-community composition significantly changed from forest
edges to pastures (distance 100 m), mainly due to the loss of social bees
as well as above-ground nesters. Although we did not measure the
availability of nesting substrates, we observed few standing trees within
pastures, characteristic of conventionally managed pasturelands in
Colombia (Murgueitio et al., 2011). This may partially explain the
lower abundance of most social bees, for example stingless bees, which
often rely on trees for nest building (Brosi, 2009a) and have a typical
homing distance shorter than 100 m for most species in the study region
(Supplementary Table Al). In addition, pastures had a lower abundance
of floral resources compared to forests, suggesting they were less at-
tractive even for above-ground nesting bees with greater flying cap-
abilities than stingless bees. In contrast, the wide availability of bare
soils in pastures enhanced the below-ground nesting bees (all of them
solitary), particularly in the genus Lasioglossum, which have previously
been associated with intensive-production sites in other tropical land-
scapes (Basu et al., 2016; Ngo et al., 2013).

4.1. Landscape variables: individual effect of habitat (forest) amount

As expected, we found overall bee species richness and abundance
to increase with an increasing amount of forest cover in the landscape.
However, both community metrics were only simultaneously associated
with forest when it was measured within a 1000 m radius. Interestingly,
this radius distance is close to the average typical homing distance
(THD) of our group of species (895 m), in which the response of species
richness (and likely abundance) to the amount of habitat is expected to
be stronger (Fahrig, 2013). This further suggests that conserving forest
within small landscape scales might not be sufficient to effectively
conserve diverse bee communities in tropical landscapes. In contrast to
our results, the few studies assessing the effect of forest area on overall
bee communities have found no relationship (Brosi et al., 2008; Kleijn
and Van Langevelde, 2006; Schiiepp et al., 2011; Williams and Winfree,
2013) or even a negative response (e.g. Winfree et al., 2007). On the
one hand, forests may not represent habitat for most of the sampled
species, either because they were collected in a different land cover
type thus including non-forest related species (e.g. Brosi et al., 2008), or
because other open habitats, such as agricultural fields, can offer more
resources than forests (Williams and Winfree, 2013; Winfree et al.,
2007). On the other hand, remaining forest at regional scales can drive
the response of bee communities at smaller scales (Ferreira et al., 2015;
Winfree et al., 2009). In a highly deforested region in Mexico (< 14%
of forest), Jha and Vandermeer (2010) found no relationship between
forest proportion and bee diversity, which was dominated by sweat
bees (Halictidae, 72%) with many species adapted to open habitats. In
contrast, the bee community in our region (with 35% of forest) was
dominated by Apidae (56%), which includes tribes with many forest-
associated species such as Euglossini and Meliponini. Thus, in highly
deforested regions, forest-associated bees may already be lost, and
current communities are mostly composed of species well adapted to
disturbed areas (Ferreira et al., 2015), meaning that an increase in
forest area may not affect bees at any spatial scale.

We also found a positive and stronger response of social and above-
ground nesting bees to the proportion of forest compared to solitary and
below-ground nesting bees, consistent with previous findings (Brosi,
2009a; Brown and Albrecht, 2001; Ferreira et al., 2015; Winfree et al.,
2009). The responses of these two functional groups are usually inter-
related in the tropics, as social bees, mainly feral honeybees and
stingless bees, often require trees as nesting sites, while in temperate
regions, social bees frequently include Bombus and sweat bees with
many species nesting in the ground (Ricketts et al., 2008; Winfree et al.,
2009). In addition to nesting resource limitations, the higher demands
of food resources in relation to the large number of individuals per nest
make social bees highly sensitive to forest loss (Brosi, 2009b; Ferreira
et al., 2015; Ricketts et al., 2008; Winfree et al., 2009). We observed the
strongest effect of forest proportion within a 1000 m radius, in which
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richness and abundance of social and above-ground nesting bees in-
creased at least twofold with increasing forest proportion (14-73%).
This larger scale, as compared to previous reports for stingless bees
(250 and 400 m, Brosi, 2009b; Lichtenberg et al., 2017), could be
driven to some extent by A. mellifera, as the foraging distance of hon-
eybees vary greatly but is usually over 1000 m (Abou-Shaara, 2014).
The identity of dominant species might also contribute to these con-
trasting results, as the most abundant species in our samples, T. amal-
thea, was estimated to cover three times the foraging distance of T.
fulviventris, the dominant species reported by Brosi (2009a). These
findings illustrate the variability of landscape effects on bee commu-
nities even in similar systems, and highlight the importance of ac-
counting for species traits to understand such variation.

As central-place foragers, bees with a small foraging range require a
greater density of resources per unit area than animals with similar
needs, but greater range (Cresswell et al., 2000). Therefore, we ex-
pected that small bees would have responded more strongly than large
bees to the increasing proportion of forest (as a source of resources),
particularly within smaller radii. However, small bee abundance in-
creased with an increasing proportion of forest only at 1000 m. In turn,
large bee abundance increased with an increasing proportion of forest
within 500-1500 m radii. This confirms that large bees, despite being
able to cover long foraging distances, can be sensitive to land use
changes even at small spatial scales (Benjamin et al., 2014). These re-
sults may be partially explained by the large number of species and
individuals belonging to orchid bees, which are more abundant and
diverse in larger forest fragments (Nemésio and Silveira, 2007, 2010).
Nevertheless, as some studies did not find a relationship between spe-
cies richness of orchid bees and forest fragment size (Botsch et al.,
2017; Brosi, 2009b), further research is needed to test whether the
amount of habitat within circular landscapes of appropriate radius is a
better predictor than patch size, as posited by the habitat amount
theory (Fahrig, 2013).

4.2. Local variables: individual effect of floral richness and abundance

The abundance of most functional groups and the overall bee
community increased with increasing flower abundance, regardless of
the forest proportion, which is in line with previous investigations in
natural and agricultural systems both in temperate and tropical areas
(Classen et al., 2015; Pywell et al., 2005, but see Brosi, 2009a; Grundel
et al., 2010). In addition, we found a positive relationship between the
overall bee species richness as well as the species richness of some
functional groups (social, large, and above-ground nesting species) with
flower abundance. Although the relationship between bee species
richness and floral abundance has not been extensively assessed, similar
results were reported by Pardee and Philpott (2014) in urban gardens.
Our findings support the idea that habitats with abundant flowers have
greater possibilities for partitioning available resources (Potts et al.,
2003), hence promoting not only abundance of individuals but also
greater species richness (Heithaus, 1979).

4.3. Interactive effects of landscape and local variables

The relationship between species richness of all, small, and below-
ground nesting bees, as well as of a higher abundance of social and
below-ground nesting bees with flower species richness was stronger at
higher levels of forest proportion. Although this interactive effect may
suggest a sampling artifact, as the effect of forest amount may only
become significant at higher levels of flower richness (which attract
many forest-interior bees), the individual positive relationships be-
tween overall species richness and abundance and forest proportion
suggests that this is not the case. On the contrary, dominant species in
pastures, such as below-ground nesting bees, were positively related to
higher levels of both forest cover and flowers. However, the relation-
ship with forest cover is not straightforward to explain, as below-
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ground nesters benefit from open habitats with more bare and sunny
soil available (Williams et al., 2010). One plausible explanation is that
given the lack of information on the ecology of many tropical species,
coupled with the identification up to the genus level, some morphos-
pecies classified as below-ground nesters may actually be using sub-
strates provided by forests such as hollow stems or dead wood, for
example in the genera Neocorynura and Augochlora (Michener, 2007).
Therefore, to better understand the effect of land-use change on native
tropical bee fauna, further studies on taxonomy and ecology are needed
(Gonzalez et al., 2013).

The positive relationship between bees and flower diversity has
been widely described (Friind et al., 2010; Potts et al., 2003; Ebeling
et al., 2008; Rubene et al., 2015) and attributed to the availability of a
wide range of foraging niches for different functional groups of bees
(Murray et al., 2009). However, whether the effect of flower diversity
depends on the amounts of natural habitats has not been frequently
studied and results are mixed (Kleijn and Van Langevelde, 2006;
Rubene et al., 2015). Despite the fact that pollinators (mostly bees)
seem to track floral resources regardless of how they vary with land-use
change (Winfree et al., 2011), our results suggest this is not always the
case, as the loss of tropical montane forest may limit the positive effect
of a high floral offer, which is likely related to the reduction of nesting
sites. This suggests that increased forest habitat is associated with
higher habitat quality, but this relationship requires further research.

The increase of large bee abundance with increasing flower abun-
dance, which was found only at low levels of forest proportion, was
somewhat surprising given the general positive effect of forest pro-
portion on bees with different traits. A similar response was displayed
by bumblebees in the Netherlands, which tended to be concentrated in
small resource-rich patches (Kleijn and Van Langevelde, 2006). We
attribute this pattern to the dominance of A. mellifera (comprising 47%
of the total number of large bee individuals), which has been reported
to decrease with increasing forest area (Brosi et al., 2008), likely due to
its preference for foraging in open habitats (Ramalho et al., 1990).
Nevertheless, it is important to note that the minimum forest proportion
in our study area was 11%, which is higher than what is considered
extreme habitat loss (< 5%, Winfree et al., 2009). Feral A. mellifera, an
important pollinator of many tropical crops (Klein et al., 2007), benefit
from forest cover especially in agricultural fields that exhibit poor
nesting conditions (Chacoff and Aizen, 2006). We echo the call for more
research on the effects of forest loss and isolation on this species
(Garibaldi et al., 2011; Winfree et al., 2009), which would require a
wider range of habitat amounts than studied here.

5. Conclusion

Our study demonstrates that higher proportions of forest area en-
hance the species richness and abundance of forest-edge associated
bees, especially within 500-1000 m radii distances. Although species
that rely on wood-related nesting substrates such as the stingless bees
(important pollinators of wild and cultivated tropical plants) benefit
particularly from more forest area in the landscape, other species with
diverse traits are also positively influenced. Hence, conserving diverse
functional bee communities in montane tropical regions will require the
conservation and/or restoration of forest areas before extreme forest
loss occurs. This can be realistically achieved, for instance, by in-
corporating information on the relationship between bee diversity and
forest areas into programs and policies that promote forest conservation
in Neotropical countries (e.g. Hall, 2012), expanding their scope to
include pollination services. Future studies could attempt to relate our
findings to the responses of bees in more diverse regions in terms of
land-use and management practices, as the positive effect of increased
habitat amount can be modified by the quality of adjacent habitats
(Tscharntke et al., 2012).
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