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Abstract

Developments in understanding bee responses to habitat loss indicate that body size is a trait with important
consequences for conservation. Stingless bees (Hymenoptera, Apidae, Meliponini) are a diverse group of eusocial
bees providing pollination services in tropical landscapes, exhibiting a large range in body size across species. We
tested the effects of deforestation on the body sizes of stingless bee communities by using museum specimens and
revisiting a previous effort that sampled stingless bee communities across varying levels of deforestation at 183
sites in Rondonia, Brazil, in 1996-1997. Body size measurements (intertegular distance) from 72 species collected
were included as dependent variables in response to forest area, forest edge, and connectivity of forest patches at
several spatial scales. We find that stingless bee body size is negatively related to forest cover: mean community
body size was larger in areas with greater amounts of deforestation, and smaller in areas with less deforestation.
Second, stingless bee species richness was positively associated with forest edge regardless of body size. Lastly, we
find that as forest patch isolation increased, the stingless bee community body size also increased. These findings
support hypotheses that small stingless bee species might be more negatively affected by deforestation, adding
to the growing body of evidence that stingless bees require areas of intact forest in near proximity to other forest

patches to conserve these diverse pollinator communities.
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Habitat loss and decreased connectivity of suitable habitat have
been associated with declines in wild pollinator diversity (Ricketts
et al. 2008, Winfree et al. 2009). In tropical regions, deforestation
has been related to a decrease in species richness of native wild bees
(Brosi et al. 2007, Brown and Oliveira 2013); however, some species
seem less affected by forest loss or disturbance (Klein et al. 2002,
Pioker-Hara et al. 2014, Giannini et al. 20135). In efforts to parse
these responses, studies have included traits such as diet breadth,
nesting requirements, foraging behavior, and intraspecific and inter-
specific variation in body size (Winfree et al. 2007, Bommarco et al.
2010, Williams et al. 2010, Lichtenberg et al. 2017).

Body size is an important trait to consider in understanding wild
bee responses to land use change. Foraging range is positively related
to body size of bees, with larger species capable of foraging greater
distances (Araujo et al. 2004, Greenleaf et al. 2007). Bees are central
place foragers and must collect nest resources within the limitations
of their foraging ranges (Michener 2000), which may present greater
challenges for smaller species as resources become locally scarce or
increasingly disconnected. Including life history traits and body size

of bees in analyses have provided insight regarding patterns of wild
bees across landscapes with varying amounts of habitat loss, with
some indications that smaller-bodied, social species are particularly
sensitive (Jauker et al. 2013); however, these patterns are not always
consistent. Williams et al. (2010) did not find body size to be a relia-
ble predictor of bee responses to land use change, but habitat isola-
tion negatively affected aboveground nesting and social species while
ground nesting species responded more negatively to soil tillage. At
the intraspecific level, Renauld et al. (2016) found that the average
body size of a solitary ground-nesting bee species (Andrena nasonii
Robertson) decreased as the percent of agricultural land increased. In
contrast, Warzecha et al. (2016) found that medium-sized Andrena
spp. increased in body size with fragmentation with no discernable
patterns for larger- and smaller-sized species. Bee body size has impor-
tant implications for dispersal, as well as pollination efficiency (Stout
2000); therefore, additional work is needed to better understand how
bee body size responses may vary in response to land use changes.
Stingless bees (Hymenoptera: Apidae: Meliponini) are a spe-
cies rich group of eusocial bees and are ecologically important as
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pollinators in tropical systems (Vit et al. 2013). In addition, they
make important economic contributions via the pollination of many
tropical crops, including coffee (Ricketts et al. 2004), and they
exhibit a great range of interspecific variation in body size (Aradjo
et al. 2004), colony size (Michener 2000), and foraging behaviors
(Lichtenberg et al. 2017) across several hundred described species
(Michener 2000, Pedro 2014). Studies examining how land use
change driven by human activities affects stingless bee communities
have found complicated responses. In general, forest area is posi-
tively associated with increased species richness (Brosi 2009, Brown
and Oliveira 2013), with changes in the species observed at forest
edges versus open areas (Brosi et al. 2007, 2008; Lichtenberg 2017).
Eltz et al. (2002) found that in northern Borneo stingless bee nest
densities tended to be higher in sites located in close proximity to
mangroves and plantations than in continuous forests, benefitting
from collection of nonforest pollen resources. While many studies
have examined the impact of land use change on stingless bees (Brosi
2009, Frankie et al. 2009 and references therein; Vit et al. 2013), few
have addressed trait-based responses to land use change.

This analysis tests the hypothesis that stingless bee communities
respond differently to deforestation depending on body size and
measures of habitat loss and fragmentation. In the present study,
we measured the body size of 72 stingless bee species collected in
Ronddnia, Brazil in 1996-1997 using museum specimens and a data
set which included a major systematic inventory of stingless bees
(Brown and Oliveira 2013). Specifically, we examined how body size
in stingless bee communities is related to forest habitat fragmenta-
tion, as measured by total forest area, the amount of forest edge, and
distance of forest patches to nearest patches (i.e., isolation) at sev-
eral spatial scales surrounding sample points where bees were col-
lected. Because body size is related to foraging distance (Greenleaf
et al. 2007), we predict that smaller species will be more negatively
affected by deforestation and increasing forest patch distance, and
that these relationships will differ by landscape scale (Lichtenberg
2017). Further, because many stingless bee species depend on forests
for nesting but may also forage outside of the forest, we predict a
positive relationship between richness and forest edge regardless of
body size (Eltz et al. 2002).

Methods

Study Area

This study took place in the state of Rondonia, Brazil, which has
undergone heavy deforestation due to agricultural expansion since
the 1970s (Frohn and Hao 2006). Sample points occurred across
varying levels of deforestation, which is positively correlated with
the length of time of modern human settlement (Brown and Albrecht
2001). One hundred eighty-three locations were sampled across the
state from September 1996 to September 1997. To avoid resampling
bees from the same colony, sampling locations were a minimum dis-
tance of 1.5 km apart.

Bee Collections and Identifications

Bees were collected using a standardized method in which three
sublocations (when possible, one forested and two nonforested)
per location were sampled. Within each sublocation, three collec-
tors each located a bush 50 m apart (parallel to the nearest forest
edge located 250-500 m away) and then sprayed 15 pumps of a
1:1 mixture of honey and water on 0.25 m surface area of the bush
and waited 60 m to attract and capture arriving bees (after meth-
ods of Wille 1962). All bee species collected at each sublocation per

location were combined for the purpose of this analysis. Because a
nest’s distance from the sampling areas could influence the number
of foraging nestmates that come to the bait, and because stingless
bee species are eusocial and differ in their recruitment to resources,
we based our analyses on presence rather than abundance of each
species in our samples. Previous work has examined the influence of
sublocations (i.e., forest and nonforest) on bee species richness and
foraging behavior (Brown and Oliveira 2013, Brown et al. 2016).
A full description of the sampling protocol can be found in Brown
and Oliveira (2013).

The species collected by Brown and Oliveira (2013) included
those individuals identified to species level by the late Dr. Jodo
M. E Camargo and Dr. Silvia R. M. Pedro at the University of Sao
Paulo-Ribeirao Preto, with additional representatives from the study
region located in the Snow Entomological Museum at the University
of Kansas, Lawrence, KS.

We assessed body size by measuring the intertegular distance
(ITD) of each species following the method of Cane (1987) by meas-
uring the shortest distance between the tegulae using an Olympus
SZ60 stereo microscope. We chose to use ITD as our body size
measurement due to its correlation with stingless bee wing dimen-
sions (Aratjo et al. 2004) and foraging distance (Greenleaf et al.
2007). To account for possible differences in intraspecific variation,
we measured five individuals of each species (all females) collected
from the study region whenever possible. We divided all samples
bee species into two categories, large and small. We used 1.44 mm,
the median ITD of all species sampled, as the dividing point; ‘Small’
bees had ITDs lower than the median (0.60-1.44 mm) and ‘Large’
bees had ITDs greater than the median (1.45-3.81 mm) (Supp
Table 1 [online only]; Supp Fig. 1 [online only]). At each collec-
tion location, species were scored as ‘present’ or ‘absent’. To make
comparisons with other studies examining bee body size responses
to disturbance, we included both the species richness of size classes
and the mean body size of the community as response variables in
our analyses.

Forest Parameters
In this study, deforestation is characterized from several aspects,
including forest area and connectivity, patch isolation and increased
fragmentation. The forest parameters—such as forest area, forest
edge, and average distance of a forest patch to its nearest neighboring
forest patch—that characterize deforestation properties were com-
puted based on geo-referenced data with the aid of GIS (Geographic
Information System, ArcGIS, ESRI, Redlands, California). The geo-
graphic coordinates of sample locations were generated using GPS
(see Brown and Oliveira 2013 for full description of field meth-
ods). Vegetation coverage information in 1997 was collected from
PRODES (Amazon Deforestation Calculation Program) from INPE
(National Institute of Space Research) (Camara et al. 2006) with
30-m spatial resolution. The sample locations were imposed on the
vegetation layer depicting forest and nonforest cover in ArcGIS.
Our study aims to investigate how body size reflects the response
of bee communities to deforestation at different spatial levels. The
forest parameters and models were generated and constructed at
three scales (radii of 500, 1,000, and 1,500 m) surrounding each
study site. At each scale the total forest area, total forest edge, and
distance between forest patches were computed using FRAGSTATS
software (McGarigal et al. 2012). We classified areas of human dis-
turbance based on Brown and Olivera (2013) and Fearnside (1989),
where ‘new’ refers to land that was deforested from 1981 to 1996,
‘old’ refers to deforestation that took place prior to 1980, and
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‘protected’ includes those areas that were under preservation during
the time the collections took place.

Statistical Analysis

Before examining whether body size of stingless bee species is related
to the landscape variables of interest, a Mantel test was performed to
check for spatial autocorrelation among sites using the dist function
in R version 3.2.2 (R Development Core Team 2015). Based on these
results, we accept the null hypothesis that the two matrices (Site and
Species) are not related due to geographic location (P = 0.4155).

To investigate associations between forest landscape variables
and stingless bee species richness, we used generalized linear models
with a Poisson distribution at each scale (500, 1,000, 1,500 m) sur-
rounding sample points; landscape variables include forest area (ha),
total edge (m), and average forest patch to nearest forest patch dis-
tance (m) as a measure of forest patch isolation (Tables 1, 3, and 5).
Response variables include total species richness, and species rich-
ness within each bee’s size category (‘Small’, ‘Large’). To examine
the response of the mean community ITD, we used a linear regres-
sion with the Im function in R. Finally, we categorized sample sites
according to of the length of time since settlement to visualize the
average ITD of those areas due to the positive relationship between
settlement and deforestation (Brown and Oliveira 2013). Visual

inspection of residual plots did not reveal obvious deviations from
homoscedasticity or normality. All statistical analyses were carried
out using R version 3.2.2 (R Development Core Team 2015).

Results

In total, we measured the ITD of 72 stingless bee species (range of
individuals per species = 1-5, mean individuals per species = 4.7; Supp
Table 1 [online only]). Total stingless bee species richness was posi-
tively related to forest area at the 500, 1,000, and 1,500 m scales, and
it was not significant when placed into small and large size catego-
ries (Table 1). Mean community ITD was negatively related to forest
area at 500 m (F, ., = 6.171, P = 0.014), 1,000 m (F, ., = 4.741,
P =0.031, Fig. 1) and nearly significant at 1,500 m (Table 2).

Stingless bee species richness was positively related to amount
of forest edge at all scales (Table 3; P < 0.001, Fig. 2), and also for
both categories of body sizes (‘Small’; P < 0.001; ‘Large’; P < 0.001).
Mean community ITD was not significantly related to total forest
edge at any scale surrounding sample points (Table 4).

Stingless bee species richness was positively related to average for-
est patch distance at 500 and 1,000 m, but not at 1,500 m (Table 5).
Species richness of ‘Small’ bees was positively related to patch distance

Table 1. Results from generalized linear models of total stingless bee species richness and the species richness of two body size (ITD) cat-
egories (small = <1.44 mm, large = >1.44 mm) against forest cover at 500, 1,000, and 1,500 m radii of sample points

Group Distance (m) Coefficient SE z-value df P-value
Species richness (all) 500 0.0020 0.0008 2.381 1,180 0.017
1,000 0.0005 0.0002 2.192 1, 180 0.028
1,500 1.961e-04 8.578e-05 1.982 1,180 0.047
Species richness (small) 500 0.0014 0.0011 1.217 1,174 0.224
1,000 0.0004 0.0003 1.404 1,174 0.160
1,500 0.0001 0.0001 1.268 1,174 0.205
Species richness (large) 500 -0.0001 0.0012 -0.055 1,174 0.956
1,000 -3.038e-05 3.054e-04 -0.143 1,174 0.887
1,500 -2.157e-06 1.375e-04 -0.076 1,174 0.939

Table 2. Results from linear models of mean community body size (ITD) against forest cover at 500, 1,000, and 1,500 m radii of sam-

ple points

Group Distance (m) Coefficient SE F-statistic df P-value

Mean body size of community (mean ITD) 500 -0.0021 0.0008 6.171 1,164 0.014
1,000 -0.0004 0.0002 4.741 1,179 0.031
1,500 -1.673e-04 9.165e-05 3.384 1,179 0.069

Table 3. Results from generalized linear models of stingless bee species richness and the species richness of two body size (ITD) categories
(small = <1.44 mm, large = >1.44 mm) against total forest edge at 500, 1,000, and 1,500 m radii of sample points

Group Distance (m) Coefficient SE z-value df P-value
Species richness (all) 500 1.685e-04 1.712e-05 9.244 1,162 <0.001
1,000 5.674e-05 5.947e-06 10.75 1,176 <0.001
1,500 2.884e-05 3.056e-06 10.31 1,177 <0.001
Species richness (small) 500 0.0002 2.640e-04 6.540 1,159 <0.001
1,000 6.143e-05 9.187e-06 6.853 1,174 <0.001
1,500 3.197e-05 4.719e-06 6.775 1,174 <0.001
Species richness (large) 500 1.297e-04 2.906e-05 4.463 1,159 <0.001
1,000 5.338e-05 9.596¢-06 5.801 1,174 <0.001
1,500 2.590e-05 4.930e-06 5.253 1,174 <0.001
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Table 4. Results from linear models of mean community body size (ITD) against total forest edge at 500, 1,000, and 1,500 m radii of sam-

ple points

Group Distance (m) Coefficient F-statistic df P-value

Mean body size of community (mean ITD) 500 1.163e-05 1.845¢-05 0.0253 1,164 0.873
1,000 3.156¢-06 6.818¢-06 0.3879 1,179 0.534
1,500 5.179e-07 3.421e-06 0.0138 1,179 0.906

Table 5. Results from generalized linear models of stingless bee species richness and the species richness of two body size (ITD) catego-
ries (small = <1.44 mm, large = >1.44 mm) against average forest patch to nearest forest patch distance at 500, 1,000, and 1,500 m radii of

sample points

Group Distance (m) Coefficient SE z-value df P-value
Species richness (all) 500 0.0006 0.0002 3.24 1,162 0.001
1,000 -0.0004 0.0001 -2.707 1,77 0.006
1,500 -0.0003 0.0001 -0.607 1,177 0.544
Species richness (small) 500 0.0007 0.0003 2.181 1,159 0.029
1,000 -0.0005 0.0002 -2.567 1,75 0.010
1,500 -0.0001 0.0001 -0.971 1,174 0.331
Species richness (large) 500 0.0009 0.0003 291 1,159 0.003
1,000 -8.553e-05 1.734e-04 -0.493 1,75 0.622
1,500 4.224e-05 1.162¢-04 0.364 1,174 0.716
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Fig. 1. Single regression of mean community ITD against total forest area at
1,000 m radius (R? = 0.02, df = 1, 179, P=0.031).

at 500 and 1,000 m (P < 0.029), but not 1,500 m (Table 5). Species
richness of the ‘Large’ bee category was positively related to patch
distance at 500 m (P < 0.004), but not for the other distances. Mean
community ITD was positively related to patch distance at 500 and
1,000 m but not at 1,500 m (Table 6; Fig. 3). We found no significant
differences in the mean community ITD when grouped by time since
settlement (‘old’, ‘new’, and ‘protected’) (Fig. 4).

Discussion

The total species richness of stingless bees was positively related to
forest area at all scales, which agrees with earlier findings examin-
ing this relationship (Brown and Oliveira 2013). When divided into
two body size categories (i.e., ‘Small” and ‘Large’), the relationship
of species richness to forest area was nonsignificant. Interestingly,
however, when examining the mean ITD of the stingless bee com-
munity, there was a significant negative relationship between body
size and forest area. Bee body size responses to disturbance or habi-
tat loss have been analyzed using the species richness or abundance
individuals within a specified size class (Cane et al. 2006, Bommarco
etal. 2010, Hopfenmiiller et al. 2014), or by taking the average body

I I I I I T I

0 2000 6000 10000

Total forest edge at 1000 m radius (m)

14000

Fig. 2. Single regression of total species richness against forest edge at 1,000
m radius (R? = 0.14, df = 1, 176, P < 0.001).

size of individuals or species in a community (Steffan-Dewenter and
Tscharntke 1999, Jauker et al. 2013). We include both approaches
to make comparisons to other findings. The distribution in body
sizes across all species included in our study was unimodal; thus,
no clear division of body size classes separated smaller-sized from
larger-sized species (Supp Table 1 [online only]; Supp Fig. 1 [online
only]). Focusing on mean ITD community response to deforestation
supports observations that smaller-sized bees may be more suscepti-
ble to the effects of deforestation (Araujo et al. 2004, Kambach et al.
2012, Lichtenberg 2017).

In our study, forest edge was significantly related to total species
richness, and species richness of both small- and large-sized sting-
less bee species. The direction of the relationship was positive for
all groups, indicating that increased amounts of forest edge support
a greater richness of stingless bees regardless of body size. Others
have found the presence of edge to be beneficial for bees (Eltz et al.
2002), with some observations that bees respond differently in rela-
tion to forest edges (Brosi et al. 2008) and disturbance (Kambach
et al. 2012).
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Table 6. Results from linear models of mean community body size (ITD) against average forest patch to nearest forest patch distance at

500, 1,000, and 1,500 m radii of sample points

Group Distance (m)

Coefficient SE

F-statistic df P-value

Mean body size of community (mean ITD) 500
1,000

0.0005
0.0003
1,500 -4.285¢-06

0.0002 6.661 1,163 0.011
0.0001 5.669 1,79 0.019
8.097e-05 0.0101 1,179 0.958

Mean community ITD (mm)
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Forest patch to nearest forest patch distance at 1000 m radius (m)

Fig. 3. Single regression of mean community ITD against forest patch to
nearest forest patch distance at 1,000 m radius (R? = 0.05, df =1, 79, P=0.019).
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Fig. 4. Box plot of mean community ITD by settlement type (AP = preservation
area; new = deforested from 1981 to 1997; old = areas deforested prior to
1980).

The severity of fragmentation and amount of natural habitat
remaining differently affects wild bees (Winfree et al. 2009). The
site history and landscape composition may influence stingless
bee responses to disturbance events. Kambuch et al. (2012) found
increased species richness in areas that were fire degraded when
compared to intact forest interiors. Areas that have been deforested
may provide some added foraging opportunities for those species
able to access the resources (Eltz et al. 2002). However, the beneficial
aspects of disturbance to stingless bees should be considered with a
clear understanding of the species needs for survival including avail-
ability of suitable nesting and foraging resources.

Few studies have examined the effects of connectivity on wild bees
across fragmented habitats in tropical forest systems. In a Costa Rican
landscape largely converted for agricultural production, Brosi et al.
(2008) did not find forest fragment isolation to significantly affect
bee richness or abundance; however, there were marked differences
in the community composition based on landscape attributes with
stingless bees comprising the majority (75%) of bees sampled in forest
interiors and less frequent (50%) in adjacent pasture areas. Similarly,
Calvillo et al. (2010) did not find forest fragment connectivity to be

significantly related to bee richness or diversity; however, they found
overall increased species richness and diversity in relation to frag-
ment size. In our study, stingless bees had mixed responses to forest
patch connectivity. The total species richness was positively related to
forest inter-patch distance at 500 m, but negatively related at 1,000
m. A similar trend was found for the small bee category, and large bee
species responded positively at 500 m, but there were no other dis-
tances with a significant relationship. Because smaller-sized bees have
shorter foraging distances (Greenleaf et al. 2007), it is likely that the
smaller stingless bee species are negatively affected by increasing forest
patch distances in fragmented landscapes. For example, Aratjo et al.
(2004) estimated that larger stingless bee species are capable of forag-
ing over distances up to 2 km, while smaller species foraged at a range
of 621-951 m. Larger-bodied stingless bees have been found more fre-
quently in pasture areas in Costa Rica (Lichtenberg et al. 2017), which
may be due to the ability of larger bees to forage greater distances in
search of resources. Our study found the mean community body size
increased with increasing forest patch distances, supporting findings
that larger species are present more in areas with greater forest patch
distances compared to fewer smaller-sized species.

These results support our prediction that smaller bee species may
rely on large forested areas and forest patches that are closely con-
nected. Body size influences foraging range in many bee species; in
addition, stingless bees initiate new colonies by moving resources
from the maternal nest site to a newly established nest (Roubik
2006, Vit et al. 2013) which may place additional limits on smaller
species. However, it must be noted that some larger stingless bee
species in the genus Melipona have also been found to be sensitive
to deforestation or disturbance (Brown and Albrecht 2001, Pioker-
Hara et al. 2014).

Adult bee body size is related to the quantity of resources con-
sumed during the larval growth period (Johnson 1988) and tem-
perature (Radmacher and Strohm 2009). Some work examining
the effects of larval food intake on Melipona adult worker body
sizes have found that less food results in weaker colonies with
smaller workers, but that smaller individuals had higher pollen
load carrying capacities (Ramalho et al. 1998). Additionally, Kuhn-
Neto et al. (2009) found that larger Melipona workers foraged and
recruited at significantly greater distances than smaller workers.
Our study did not examine intraspecific differences in stingless
bee body sizes across the range of deforestation; rather, we used
an average ITD measurement to represent each species within the
communities sampled. We observed a range of ITD across species
(min = 0.66 mm, max = 3.81 mm) with some variation within
species (Supp Table 1 [online only]). Stingless bees are capable of
adjusting their body size and corbiculae during periods of resource
scarcity (Veiga et al. 2013) which may provide some flexibility to
disturbance events.

Stingless bees are central place foragers (Stephens and Krebs
1986) and must collect their resources within a foraging distance
that is related to their body size (Roubik and Aluja 1983, Aragjo
et al. 2004, Kuhn-Neto et al. 2009). While our models suggest that
body size is an important trait to include when aiming to understand


http://academic.oup.com/jinsectscience/article-lookup/doi/10.1093/jisesa/iez032#supplementary-data

Journal of Insect Science, 2019, Vol. 19, No. 2

the effects of deforestation, there are many other factors to con-
sider. For example, foraging strategies may also influence stingless
bee community responses, with generalist species being more sen-
sitive to forest loss (Lichtenberg et al. 2017). Literature examining
bee body size generally supports the conclusion that heritability of
body size within bee species is low (Tepedino et al. 1984, Pignata
and Diniz-Filho 1996), emphasizing the need for resources to be
available within the foraging ranges of bees to ensure their persis-
tence in modified landscapes.

Our study provides important insights into the body size
responses of a highly diverse and important community of bees
native to the Brazilian Amazon forest. While we find stingless bees
respond positively to increased forest edge, we highlight that smaller
bees favor larger areas of forest located in close proximity to other
forest patches; therefore, the ability of these bees to tolerate increas-
ing levels of deforestation may be limited.

Supplementary Data

Supplementary data are available at Journal of Insect Science online.
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