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Abstract Evidence shows that pollinator abundance has
declined and, consequently, so has their services, which has
possible negative impacts on ecosystem functioning. The
goal of this study was to evaluate the influence of landscape
context at multiple spatial scales on the abundance of bee
pollinators of tomato crops in Brazil. Pollinator abundance
was obtained from tomato crops grown in a conventional
system in the Cerrado region. Around each tomato field
circular buffers of 0.75, 1, 1.5, 2, and 3 km radius were
defined. Inside each buffer the landscapes were manually
classified into native and non-native cover and, the pro-
portion of native vegetation, the relative largest patch size,
and the distance of the nearest native vegetation to each
field were calculated. Pollinator species were categorized
into five groups: Exomalopsis, Centris, Bombus/Eulaema,
Halictidae, and all buzz pollinators combined (Buzzers).
The results showed that the landscape context influenced
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the abundance of the five groups of tomato pollinators.
Bees with a smaller body size, such as Exomalopsis spp.,
responded at smaller scales, while bees with a larger body
size, such as the Centris and Bombus/Eulaema groups,
responded at larger scales. The abundance of all pollinator
groups increased with native vegetation cover. Most groups
showed higher abundances in landscapes with similar-
size fragments. The results reinforce the recommendation
for maintaining natural habitats around crop areas, even if
fragmented, for the conservation of the tomato pollinator
assemblage. These findings are valuable for planning land-
scape management in the studied area to improve bee con-
servation, ecosystem services, and food production.
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Introduction

Pollinator loss, especially bees, has been reported in dif-
ferent parts of the world (Potts et al. 2010, 2015; Goulson
et al. 2015). This is worrying because animals pollinate
78% of the angiosperms in the temperate regions and 94%
in the tropics (Ollerton et al. 2011). Consequently, pollina-
tor loss could cause changes in the diversity and function-
ing of natural ecosystems (Allen-Wardell et al. 1998). Bees
are especially important for many cultivated plants (Klein
et al. 2007; Silva-Neto et al. 2013; IPBES 2016), and sev-
eral studies have shown a relationship between pollinator
loss and reduction in crop productivity (Kevan 1977; Rick-
etts et al. 2004; Potts et al. 2015).

The decline in bee populations is due to a combina-
tion of different causes, such as pesticide use (Whitehorn
et al. 2012), diseases and parasites (Fiirst et al. 2014), and
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habitat loss and fragmentation (Kearns et al. 1998). Habi-
tat loss and fragmentation are probably the most important
factors for insect pollinator communities, including bees,
wasps, flies, beetles, butterflies, and moths (Kruess and
Tscharntke 1994; Steffan-Dewenter et al. 2002; Steffan-
Dewenter 2003; Steffan-Dewenter and Kuhn 2003). The
negative effects of habitat loss on insect pollinators may
include reduction in the availability of food resources and
lack of nesting sites, which lead to reduced landscape car-
rying capacity (Harris and Johnson 2004). Better conserved
landscapes generally have greater richness and abundance
of bee species, and consequently should provide more reli-
able pollination of crop plants (Steffan-Dewenter et al.
2002; Viana et al. 2012). Other features, such as the prox-
imity of native vegetation fragments (Ricketts et al. 2008),
high-quality habitats (Kennedy et al. 2013), and the size of
native fragments (Aizen and Feinsinger 1994) have similar
effects.

Responses of bee species to anthropogenic changes at
the landscape scale are still poorly understood (Winfree
2013; De Palma et al. 2015). This is due to a considerable
variation in life history traits among bee taxa (Michener
2001), such as the degree of specialization in the use of
floral resources, the degree of sociality, in dispersal ability,
and the type of substrate used for nesting (Goulson et al.
2005; Greenleaf et al. 2007; Morandin et al. 2007; Rick-
etts et al. 2008). In European agriculture landscapes, this is
most strongly influenced by flight season duration and for-
aging range, but also by niche breadth, reproductive strat-
egy and phenology (De Palma at al. 2015). In addition to
differences in dispersal ability (Greenleaf et al. 2007), this
variation leads to different responses of different bee spe-
cies to landscape properties (Greenleaf and Kremen 2006;
Winfree and Kremen 2009). Changes in landscape features
should be assessed at multiple scales in order to detect
these differences (Steffan-Dewenter et al. 2002; Mcken-
zie et al. 2013). Studies developed in tropical areas have
also revealed the importance of native vegetation on the
abundance and diversity of pollinators in cultivated areas
(Boreux et al. 2013; Romero and Quezada-Euan 2013;
Landaverde-Gonzalez et al. 2017). In Mexico, bee species
diversity increases with the proportion of forest cover sur-
rounding chili fields (Landaverde-Gonzélez et al. 2017).
In Brazil, coffee production was higher in crops that were
close to native vegetation compared to others that were
further (De Marco and Coelho 2004). Similar results were
observed in Indonesia (Klein et al. 2003a, b) and in Costa
Rica (Ricketts et al. 2004).

This study analyzes the effects of landscape features at
different scales on the abundance of bee taxa groups, using
tomato (Solanum lycopersicum L.) crops as the study sys-
tem. Tomato is the vegetable with the largest production in
Brazil, with over 4 million tons produced in 2013 (IBGE
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2015). Despite being a self-pollinated species, pollinators
increase the pollen load on the stigma of tomato flowers,
which leads to greater fruit production (Greenleaf and Kre-
men 2006; Silva-Neto et al. 2013). Several bee species pol-
linate tomato flowers by buzz pollination. Moving their
thorax muscles, they vibrate the poricidal anthers remov-
ing the pollen grains (Fontes and Silva 2002). In previous
observations of bees in tomato crops in Brazil (Nunes-Silva
et al. 2010), only native species perform buzz pollination
(Table S1). Until now, no study has shown the effects of
the landscape context on the abundance or richness of a
functional group of pollinators such as buzzing bees, espe-
cially in tropical regions. The objective of this study was to
evaluate the influence of landscape features, such as native
vegetation proportion, on the abundance of buzzing bees
that pollinate tomato flowers. In this study, only bees able
to vibrate tomato flower anthers to expel their pollen grains
(hereafter referred to as buzzers) were analyzed. Because
we preferred not to collect all the buzzers observed visiting
the tomato flowers during the experiment, it was not pos-
sible to identify them during their visits to the flowers. The
buzzers were categorized into five groups based on their
taxonomical and ecological relationships. Here, the main
goal is to answer the following questions: (1) What effects
do the proportion of native vegetation in areas surrounding
tomato plantations have on the abundance of bees at dif-
ferent scales? (2) Do tomato crops located closer to natu-
ral vegetation remnants have greater abundance of buzzer
bees? (3) Do different groups of bee species show differ-
ent responses to the level of fragmentation, proportion, and
proximity to natural vegetation?

Materials and methods
Location and period of collection

This study was conducted in the state of Goids, Brazil, in
10 tomato fields during 2010 (between August 7th and
October 17th) and 14 tomato fields during 2011 (between
May 21st and September 27th) (Fig. 1). The sampled
municipalities have a landscape with forest and Cerrado
fragments embedded in a matrix composed mainly of pas-
ture and arable land, where tomatoes, cucumbers, cabbages,
corn, beans, and oranges are cultivated. The natural areas in
the study system are small irregularly shaped patches that
often form narrow corridors of vegetation next to streams
and water bodies.

The landscapes surrounding the fields were classified
from a Landsat 5-TM satellite image (dated October 10,
2005), with spatial resolution of 3030 m, georeferenced
based on topographic maps of the Brazilian Institute of
Geography and Statistics—IBGE, on a scale of 1: 50,000.
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Fig.1 Location of the 10 tomato crops collected in 2010 and of
the 14 crops sampled in 2011 in the state of Goias, Brazil. Open tri-
angles correspond to 2010 and filled circles correspond to the year
2011. Landscape callouts with examples for the metrics are presented
beside the map. Landscapes / and 2 have no fragmentation (All
native vegetation in the landscape is contiguous) rLPS, with 100%
of the native vegetation concentrated in a single fragment (relative
Larges Patch Size)=1, but differ on the proportion of native veg-

An image from 2005 was used because it was available and
native vegetation loss was very low (less than 1%) within
the municipalities of studied areas from 2002 to 2010
(MMA/IBAMA/PNUD 2009; Rocha et al. 2010; MMA/
IBAMA 2011a, b). The coordinates were obtained in UTM,
Datum SAD 1984, and the spectral bands TM3, TM4, and
TMS5 were used. The native vegetation fragments (Cerrado
and native forests) were delimited by manual classification.
Since it is expected that different bee species may respond
to landscape context at different scales, we used a multi-
scale approach. Buffers (circles) of 0.75, 1, 1.5, 2, and 3
kilometers (km) radius were defined, by taking the center
of each sample point (tomato field) and using the images

49°00"W
0 225 45 9 135 18 A
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etation (Landscape I=4%, Landscape 2=55%). Landscapes 3 and
4 have both similar proportions of native vegetation (Landscape
3=28%, Landscape 4=27%), but differ in the degree of fragmenta-
tion, with Landscape 3 having the most native vegetation found in the
largest patch (blue patch) and high rLPS (0.74) and Landscape 4 with
a smaller largest patch (blue patch) and more fragmented native veg-
etation (rLPS =0.26)

classified by the method described above. Buffers with
radius smaller than 0.5 km often had no native vegetation,
because the tomato fields themselves were very large. So,
the circles are delimited from 0.75 km. Geo referencing
and classification procedures were performed in the remote
sensing image processing system ArcGIS 9.3 (ESRI Inc.).
We assessed landscape context using two measures that
describe both the composition and configuration of native
vegetation in the landscape within the delimited area for
each of the five buffers: (1) proportion of native vegetation
in the landscape (prop); and (2) relative size of the larg-
est fragment (rfLPS) (Bascompte and Sole 1996; Montoya
et al. 2010) (Fig. 1). The rLPS is a measure of vegetation
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continuity, ranging from 0 to 1, where values near 1 indi-
cate landscapes with little fragmentation of the native veg-
etation. Unlike indices such as patch number and mean
patch size, which are highly correlated with the amount
of habitat (Fahrig 2003), the rLPS index provides a more
direct measure of the degree of fragmentation (Bascompte
and Sole 1996). Additionally, we also calculated the dis-
tance between each tomato crop and the closest fragment
of native vegetation. In order to avoid computing distances
to very small fragments, we only considered in this calcula-
tion fragments with at least 1 hectare. The values for the
proportion of native vegetation in the landscape (prop),
relative size of the largest fragment (rLPS) and the dis-
tances between the crops and the closest fragment were cal-
culated using the R software (R Development Core Team
2015), using the packages maptools (Bivand and Lewin-
Koh 2015), rgdal (Bivand et al. 2015), and raster (Hijmans
2015).

Plant description

Tomato plants have small yellow flowers that are hermaph-
rodites and form monochasial cymes with 3—-12 flowers
(Fontes and Silva 2002). The main tomato cultivars stud-
ied here were ‘Italian’ and ‘Dominador’. Although these
commercial varieties of tomato are self-compatible, their
flowers depend on the visit of buzzing bees to improve the
quality and quantity of fruits and seeds (McGregor 1976;
Silva-Neto et al. 2013; Depra et al. 2014).

Abundance of floral pollinators

Bee activity was recorded in each field by two observers to
estimate bee abundance. The two observers walked in four
rows of about 120 tomato plants in 15-min shifts, counting
the number of buzzer visits. A total of 360 min of obser-
vations were done in each field from August to October in
2010 and between 80 and 160 min in each field from May
to September in 2011. Observations were made mainly

between 9:00 and 13:00 h on at least two different days
with clear weather and wind speed below 3 m/s.

In this study, only bees capable of buzz pollination were
analyzed. In the studied areas, the species unable to per-
form buzz pollination (no-buzzer) were small bees that visit
tomato flowers inserting their mandibles within the anthers
and apparently only rob pollen (Silva-Neto et al. 2016,
Table S1). Therefore, careful observations were made to
recognize buzzer bees and distinguish them from ‘“non-
buzzer” flower visitors. However, all unidentified species
of bee were collected for identification using sweep nets.
All bees were pinned and identified to the lowest possible
taxonomic level. Bee identifications were carefully carried
out in the laboratory of Plant Reproductive Biology at the
Federal University of Goias. All bee identifications were
confirmed by Dr. Fernando A. Silveira (Federal University
of Minas Gerais) and Dr. Favizia Freitas Oliveira (Federal
University of Bahia). The buzzer bees were categorized
into five groups based on their taxonomical and ecological
relationships due to the uncertainty of field-based identifi-
cations (Table 1).

Statistical analysis

A model selection approach was used to assess whether
bee abundance was greater in more preserved landscapes
(i.e., landscapes with a greater proportion of native veg-
etation and greater rLPS index values). By using a model
selection approach we were able to test simultaneously
the effects of both variables and the scale at which there
was the best fit. For each bee species group and landscape
scale (buffer radius), Poisson GLMs (Generalized Lin-
ear Models) were adjusted with the abundance of bees as
the response variable and the proportion of native vegeta-
tion, the rLPS, or both variables simultaneously as predic-
tors. In addition to these three models, a model containing
only the intercept was adjusted. Therefore, we adjusted
16 different models in each case, being three models for
the combinations of predictors in each of the five scales,
plus the model with only the intercept. Data from the two

Table 1 Criteria used to group the bee species observed in tomato fields, based on ecological and morphological similarities to reduce field-

based identifications

Group Description

1. Buzzers

2. Exomalopsis

All bees of the studied areas able to perform buzz pollination
Bees of the genus Exomalopsis that have similar behavior and morphology and cannot be accurately identified in the field

at species level, but probably play similar roles in tomato pollination

3. Halictidae

Bees of the family Halictidae (with the exception of the genus Dialictus, which is too small to perform buzz pollination in

tomato flowers) that are very similar and hard to differentiate in the field

4. Centris
(Michener 2001)

Bees of the genus Centris, which are morphologically different from other tomato flower visitors and are oil collectors

5. Bombus/Eulaema Bees of the genera Bombus and Eulaema, which have similar body sizes and are the largest visitors to tomato flowers
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Table 2 Average, minimum and maximum proportion of native veg-
etation (Prop) and the relative size of the larger fragment (rLPS) for
five buffers around 10 tomato crops in 2010 and 14 crops in 2011 in

the state of Goids

Radius (km) Variable Mean (min—max) Mean (min—max)
2010 2011
0.75 Proportion  0.25 (0.12-0.55) 0.18 (0.04-0.38)
1 Proportion  0.24 (0.13-0.41) 0.19 (0.03-0.34)
1.5 Proportion  0.22 (0.14-0.38) 0.20 (0.08-0.35)
2 Proportion  0.22 (0.17-0.34) 0.21 (0.10-0.36)
3 Proportion  0.24 (0.18-0.32) 0.24 (0.13-0.32)
0.75 rLPS 0.61 (0.30-1.00) 0.68 (0.41-1.00)
1 rLPS 0.54 (0.22-0.98) 0.61 (0.37-0.91)
1.5 rLPS 0.41 (0.22-0.70) 0.47 (0.15-0.84)
2 rLPS 0.32 (0.16-0.50) 0.41 (0.22-0.69)
3 rLPS 0.30 (0.11-0.64) 0.38 (0.13-0.74)

different years were analyzed separately due to difficulties
in model convergence when including the random effect
of the years. Since we only make qualitative evaluations of
differences between years this does not impair our results
or interpretations. Observation times differed between the
fields only in 2011, and were thus included in the 2011
models. All adjusted models were then ranked based on
their Akaike Information Criterion with correction for
finite sample sizes—AICc (Burnham and Anderson 2002),
and the model with the smaller AICc value was selected.
In this way, each variable was considered in all the differ-
ent buffers in turn. The scale that provided the better fit,
and consequently, the smaller AICc was selected, allow-
ing for a simultaneous test of the effects of the variables
and the scale at which they have the greater effect. When
the difference between the AICc value of the two models
was smaller than 2, an average model for the selected mod-
els was computed. Inference was then made by assessing
the confidence intervals for the fully averaged coefficients
of the selected model(s). A pseudo-R? measure, following
Heinzl and Mittlbock (2003), was computed to assess the
fit of the model, along with a chi-squared likelihood-ratio
test.

The effects of distance of native vegetation fragments on
bee abundance were evaluated using GLMMs (Generalized
Linear Mixed Models) with abundance of each bee species
group as response variables and distance as predictor. This
analysis was done separately because the distance vari-
able is scaled differently from other landscape variables.
Visitation rate in bee abundance models was calculated
as the number of bees observed per minute, and year was
included as a random effect. Random slopes for the effect
of distance on response variables were used to estimate
the variation between years in observed effects (Zuur et al.
2009). All analyses were performed in R environment (R

Development Core Team 2015) using the packages MuMIn
(Bartén 2015) and Ime4 (Bates et al. 2015).

Results

Landscape analysis around sampled tomato fields revealed
a wide variation in the proportion of native vegetation
(0.03-0.55) and rLLPS values (0.11-1.00) across the dif-
ferent buffer scales, providing a suitable contrast for the
proposed modeling framework. These values characterize
the region as highly disturbed by farming and fragmented
native vegetation, and low rLPS values occur mainly at
larger scales (Table 2).

A total of 656 visits of bees (buzzers) to tomato flow-
ers were observed, averaging 0.46+0.43 (mean + SD) vis-
its per minute for 3600 min of observation in ten fields in
2010. In 2011, there were 698 visits, with an average of
0.67+0.32 (mean =+ SD) visits per minute for 1660 min in
14 fields. Exomalopsis species were the most frequent in
both years studied (Table 3).

According to AICc-based model selection procedure,
only one of the models relating to bee visitation rate and
landscape variables was selected in each year for buzzers,
Exomalopsis, and Centris groups (Table 4). For Halictidae
group, two models were selected each year, and for Bom-
bus/Eulaema group, two models in 2010 and one model in
2011 were selected (Table 4).

Abundance was positively associated with the landscape
variables for all groups in the two years studied, with the
only exception being the Bombus/Eulaema group in 2010
(Figs. 2, 3, 4). The abundance of the buzzer groups Exom-
alopsis and Centris was positively associated with the pro-
portion of native vegetation (Fig. 2a, c¢), although the scale
at which the effect of native vegetation was observed varied
between 2010 and 2011 (Table 4). Landscape continuity
(rLPS) exerted a negative effect on abundance only in 2010
for the buzzer and Exomalopsis groups (Fig. 2b, d). Land-
scapes more fragmented presented higher bee abundance.
Additional information is available about the best model
coefficient estimates in Online Appendices S2—-S7.

Table 3 Relative frequency of visits of different bee groups to
tomato flowers in 10 tomato crops in 2010 and 14 crops in 2011 in
the state of Goids

Groups Frequency of visits Frequency of
2010 (%) N=656 visits 2011 (%)
N=698
Exomalopsis 74.2 73.8
Halictidae 10.5 16.6
Centris 11.9 73
Bombus! Eulaema 34 23
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Table 4 Descriptors of the Groups Models k AICc Delta Weight 12 L.ratioy> p
models selected to portray
the relationship between bee 2010
abundance and the predictor Buzzers Prop2km+rLps2km 3 2204 000 1000 021 9417  <0.001
percent cover of native )
vegetation (prop) and relative Exomalopsis Prop2km+rLps2km 3 2009 0.00 1.000 0.32  120.49 <0.001
largest patch size (rlps), for Halictidae Prop3 km+rLps3Km 3  86.60 0.00 0.457 0.19  25.16 <0.001
groups of bee species from 10 Prop 3 km 2 8730 071 0321 021 20.16 <0.001
tomato crops in the year 2010 Centris Prop 3 km 2 6930 000 0830 039 2610  <0.001
and in 14 tomato crops in the
year 2011 (state of Goids— Bombus/Eulaema  Prop 3 km 2 4650 0.00 0359 0.06 7.54 0.006
Brazil) Prop 1.5 km 2 46770 024 0.193  0.04 6.30 0.012
2011
Buzzers Prop 1 km+Obsv. time 3 1553 0.00 0.766  0.24  38.02 <0.001
Exomalopsis Prop 1 km+Obsv. time 3 1362 0.00 0.863  0.20 25.52 <0.001
Halictidae rLps 3km+Obsv. time 3 125.8 0.00 0.707 0.34 5257 <0.001
Prop 3 km+rLps 4 1275 176 0293  0.29 54.86 <0.001
3 km + Obsyv. time
Centris Prop 2 km+Obsv. time 3 9580 0.00 0.770 023 1586 <0.001
Bombus/Eulaema  rLps 3 km+Obsv. time 3 37.70 0.00 0.524 045 23.83 <0.001

Delta values are relative difference between the AICc of each model and the AICc of the best model. AIC
weights are normalized estimates of the relative likelihood of each model and are used in the model aver-
aging process so better models have a greater contribution in the estimation of the averaged coefficients.
Pseudo R-squared values were computed using the equation from Heinzl & Mittlbock 2003. Likelihood-
ratio chi-squared tests were used to test if the difference between the deviation of the adjusted model and
the deviation of the null model is significant

k number of model parameters, Obsv. time observation time

We found conflicting results between the two years for
the Halictidae group (Table 4; Fig. 4c). There was a nega-
tive relationship between abundance and the proportion of
native vegetation in 2010 and a negative effect of continu-
ity of the landscape on abundance in 2011, with more frag-
mented landscapes having a greater abundance of Halicti-
dae. Finally, landscape continuity exerted a negative effect
on abundance of the Bombus/Eulaema group (Table 4;
Fig. 4e) in 2011. The distances from native vegetation
were often small (mean= 196 m, range = 10-539 m, Online
Appendix S7), and there was no relationship between the
distance and any of the response variables (Table 5). This
lack of effect was consistent between years, with little vari-
ance explained by the year random effect (Table 5).

Discussion

Landscape context influenced the abundance of the five
groups of tomato pollinators. The pattern of abundance
presented by the group buzzer, which includes all buzz
pollinators, is quite similar to the pattern of Exomalopsis
species. This may have been recorded because Exomalop-
sis species are the most frequent bees that visited tomato
flowers in the studied fields, and comprise the most impor-
tant pollinator group. A recent review of 90 studies that
encompassed 785 bee species showed that few common

@ Springer

bee species are able to provide most of the pollination ser-
vices to the studied fields, which supports the importance
of identifying these species groups (Kleijn et al. 2015), as
proposed in our study.

The fragmentation of native vegetation had a positive
effect on the abundance of all pollinator groups, except
for the Centris group, in at least one of the study years.
These data show that areas with small fragments of simi-
lar size have higher bee abundance than areas with a
larger fragment. The largest fragments in the study area
are mainly gallery forest with a long, straight shape. Gal-
lery forest fragments are commonly crossed by cattle to
drink water from streams, mainly during the dry season.
In this period, because local farmers usually do not pro-
duce or buy cattle forage, cattle may eat leaves of the
edge forest (E. V. Franceschinelli, pers. obs.), increasing
the edge effect and the forest disturbance especially of
long shaped fragments. Other studies carried out in Bra-
zil showed that the abundance and richness of Euglossini
bees were not correlated with fragment size but with the
size of core areas of the fragments, suggesting that orchid
bee conservation requires the preservation of the frag-
ments with the largest possible core pristine areas (Nemé-
sio and Silveira 2010). The long shaped gallery forest
present in the study areas may have smaller core pristine
areas than the smaller fragments. However, the hetero-
geneity of the surrounding landscape could mitigate the
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Fig. 2 Some of the relationships observed in the year 2010. We
show between parentheses the pseudo-R? and the p value of the cor-
responding model. a Buzzer visits and proportion of native vegeta-
tion at 2 km radius (R?2 = 0.21, p<0.001). b Buzzer visits and rLPS

negative effect of the small size of the pristine core areas
of the native fragments favoring the diversity of polli-
nators as proposed by Rosch et al. (2013) that the more
complex landscape tends to show a greater diversity of
insects disregarding the size of the fragment. In addi-
tion, several fragments of native vegetation distributed
in the landscape may offer availability of different types
of native habitat (Tscharntke et al. 2002; Landaverde-
Gonzalez 2017), which suggests that the higher abun-
dance of buzzer pollinators in areas with high number of
small fragments may be a consequence of habitat hetero-
geneity. Those results show the importance of conserv-
ing pristine areas of every native fragment even if small,
because such fragments may be responsible for increas-
ing habitat diversity and may provide critical resources
for the maintenance of some species, especially those

o
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rLPS at 2Km radius
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at 2 km radius (R?2 = 0.21, p<0.001). ¢ Exomalopsis visits and pro-
portion of native vegetation at 2 km radius (R? = 0.32, p<0.001). d
Exomalopsis visits and rLPS at 2 km radius (R? = 0.32, p<0.001)

with high mobility (Tscharntke et al. 2002; Rueda et al.
2013).

Some bees of the Cerrado biome may be naturally
adapted to live in open environment, because the Cerrado
biome comprises a mosaic of different vegetation physiog-
nomies ranging from forest areas to open fields with her-
baceous formation (Oliveira-Filho and Ratter 2002). The
vegetation of the studied area became fragmented in the
1940s (Waibel 1948), and the existing bee species of the
local community may be those more able to forage or nest
in disturbed environments. For example, Eulaema nigrita
occurs naturally in pasture and open fields (Tonhasca Jr.
et al. 2003; Brosi 2009; Pinto et al. 2015), and their abun-
dance may be higher in fragmented areas (Powell and Pow-
ell 1987; Tonhasca Jr. et al. 2003). This and other native
species may necessarily feed on flowers of ruderal plant
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Fig. 3 Some of the relationships observed in the year 2011. We
show between parentheses the pseudo-R? and the p value of the cor-
responding model. a Buzzer visits and proportion of native vegetation

species or in species that naturally occur in open fields of
Cerrado and pastures. In addition, phenological studies of
Cerrado vegetation have shown that it is possible to find
species blooming throughout the year (Oliveira and Gibbs
2002), which indicate the availability of resources for pol-
linators in remnant fragments of the native vegetation. This
suggests that many pollinator species may be highly vagile,
because they must be able to use different resources distrib-
uted among different landscape components.

The Exomalopsis group responded at a scale smaller
than the Centris and Halictidae groups. The last groups
showed greater response variability in both years. A likely
explanation for the difference in the scale of response
between the Exomalopsis and Centris groups would be
the different foraging range among the species, which is
influenced by body size (Gathmann and Tscharntke 2002;
Greenleaf et al. 2007). Exomalopsis species have close to
9 mm length and Centris around 17 mm (Michener 2001).
Small bees forage at smaller spatial scales, while larger
bees fly at larger spatial scales (up to five km) (Osborne
et al. 1999; Walther-Hellwig and Frankl 2000; Knight
et al. 2005; Lepais et al. 2010). Besides, Exomalopsis spp.
may have more independent dispersal ability, given that
they nest underground. Pastures are abundant in the area
and may provide good nesting substrates for Exomalopsis
spp. This difference in response among species can lead
to important functional variation (Benjamin et al. 2014);
which is an important mechanism for promoting the stabil-
ity of ecosystem services, such as pollination (Winfree and
Kremen 2009).

The Exomalopsis and Centris groups showed consist-
ent responses in the 2 years studied, while the other groups
showed different responses in the 2 years. Two factors can
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at 1 km radius (R? = 0.24, p<0.001). b Exomalopsis visits and pro-
portion of native vegetation at 1 km radius (R2=0.20, p<0.001)

explain this variation. The first is the presence of tempo-
ral fluctuations in environmental conditions or resources
that affect the size of Halictidae and Bombus/Eulaema bee
populations, because insect populations, especially bees,
have pronounced seasonal and spatial fluctuations year to
year (e.g., Roubik 2001; Williams et al. 2001). The sec-
ond factor could be spatial/temporal changes in bee species
composition throughout the years. For example, although
species of the Halictidae family have great morphologi-
cal similarity, which hinder field identification at species
level, life history attributes have a high variation among
species of this family (Danforth et al. 2002). Thus, the
inconsistent results for the Halictidae and Bombus/Eulaema
groups may be related to a change in species composition
from one year to another. The low number of individuals
observed from these groups compared to the other groups
may also have impaired the statistical power of the analy-
ses. The low abundance observed for the Halictidae and
Bombus/Eulaema groups may also be related to the gen-
erally fragmented landscape we sampled. Therefore, it
becomes important to conduct future studies for these
groups, especially if it is possible to establish the relation-
ship between group identity and their ecological attributes
more precisely.

There was no relationship between abundance of bee
groups and the distance from the fragment in the two
studied years. A likely explanation for the absence of
relationship could be that the distances between native
vegetation and tomato fields were small in this study.
This is because the fields are located near streams (due
to the need for irrigation) that are surrounded by native
vegetation. A meta-analysis, involving 16 fields on five
continents, showed that the rate of native pollinator visits
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halved at a distance of 0.6 km (Ricketts et al. 2008). In
this study, the average distance of natural areas to tomato
fields was less than 0.2 km. Another explanation is that
the species present in this study are unresponsive to the
distance from the native vegetation at such small scales.
Studies show that certain combinations of species traits,
such as body size, degree of sociability, and type of nest-
ing substrate can influence the response regarding the

Standardized coefficient

distance between fragments (Klein et al. 2003a, b; Rick-
etts et al. 2008; Jauker et al. 2013).

The influence of landscape context on the abundance
and diversity of native bees in an agroecosystem has not
been well investigated in the tropical regions. However,
this subject is extremely important for planning landscape
management to improve bee conservation, ecosystem ser-
vices, and food production. The results of the present work
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Table 5 Effect of the distance of the closest remaining native vegeta-
tion to the tomato crops on the abundance of each bee group from
tomato flowers in 10 crops in 2010 and in 14 crops in 2011 in the
state of Goids. Small variance values of the year random effect indi-
cate that the responses were similar for both years

Groups Distance p Year random effect
t value

Buzzers 1.394 0.370 <0.001

Exomalopsis 1.290 0.410 <0.001

Halictidae 0.173 0.865 <0.001

Centris 0.924 0.464 <0.001

Bombus/Eulaema 1.690 0.255 <0.001

reinforce the need for maintaining natural habitats, even
if fragmented, around field areas for the maintenance of
tomato pollinator assemblage. Tomato fields provide only
pollen as a food resource for their pollinators, which is
restricted to a few months of the year. Therefore, bees nec-
essarily depend on additional resources for their diet and
nesting sites, which must be obtained from other sources
that may occur in native areas. This study shows the impor-
tance of considering the effects that landscape context has
on pollinator abundance for an important crop in Brazil and
highlights the requirement of multiple scale analysis for
detecting these effects on the assemblage of local pollina-
tors (Steffan-Dewenter et al. 2002; Taki et al. 2010).
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