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Human activities have modified the landscape composition. The changes in the
landscape structure can be evaluated by metrics, which are influenced, among
other factors, by the number of cover classes used for the landscape classification
(thematic resolution). In high thematic resolutions, landscape covers that can influence
biological responses are identified and detailed. In low thematic resolutions, this detail
level is lower because it aggregates different landscape covers in a few classes.
However, how the thematic resolution influences our ability to understand landscape
structure on biodiversity is poorly explored, particularly for pollinators. Here we asked
how thematic resolution affects the explanatory power of landscape composition on
explaining Euglossini bees (richness and abundance) within 15 landscapes composed
mainly of coffee and pasture. To address this issue, we quantified the association
between five attributes of the euglossine bee community and landscape composition:
landscape cover classes (%) and landscape heterogeneity. Moreover, we also evaluated
how the thematic resolution influences bee responses to landscape structure. We
found a strong and positive influence of landscape heterogeneity in low thematic
resolutions (i.e., few cover classes on maps) over the richness and rare species
abundance. We also observed that- in addition to the forest cover in the landscape-
the pasture cover (%) quantified in high thematic resolution positively influenced the
total abundance and abundance of common and intermediate species. Our study
highlights the importance of maintaining compositional heterogeneity for the orchid bee
community in agroecosystems, and forest cover for the biological requirements and
conservation of these pollinators. Moreover, the use of different thematic resolutions
showed how specific types of landscape covers influence the euglossine community
attributes. This can highlight the species preferences for habitats and landscape covers.
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Thus, we call the attention of landscape ecologists to the importance of the definition
of thematic resolution, as our ability to quantify the association between biological
responses and landscape structure may be influenced by the number of classes used
when building thematic maps.

Keywords: Atlantic Forest, Brazil, orchid bees, landscape structure, landscape diversity, mapping, pollinators

INTRODUCTION

The changes in land use may lead to habitat loss and
fragmentation. These processes are the main threat to
biodiversity, ecosystem functions, and several ecosystem
services in the world (Fahrig, 2003; Haddad et al., 2015; Duarte
et al., 2018). Human activities, as urbanization and agriculture,
have modified the landscape structure and habitat quality across
space and time (Fischer and Lindenmayer, 2007; Haddad et al,,
2015). These changes reduce patch size and proximity, scattering
habitats into anthropogenic matrices (Neel et al., 2004; Haddad
et al., 2015). Moreover, forest fragmentation as a process (sensu
Fahrig, 2003) has consequences related to the increase of the edge
effect, with changes in microclimate conditions, thus influencing
habitat quality and species persistence at the landscape level
(Bender and Fahrig, 2005; Prevedello and Vieira, 2010; Martello
etal., 2016).

The landscape changes influence the landscape composition
(i.e., number and area of the patches). The use of landscape
metrics is crucial for quantifying these elements and inferring the
functional landscape heterogeneity, i.e., the diversity of landscape
cover based on the functionality of each cover type for a given
biological group (Fahrig et al., 2011). However, landscape metrics
estimates are influenced by grain size and thematic resolution
(Castilla et al.,, 2009; Liang et al., 2013). Grain size refers to
the level of spatial resolution used to describe a data set (Allen
and Hoekstra, 1991; Turner and Gardner, 2015), while thematic
resolution, the central subject of our study, refers to the number
of cover classes used in mapping for the landscape classification
(Lechner and Rhodes, 2016).

The choice of thematic resolution in a study is based on
the species requirements (e.g., available habitats, nesting) and
on which patches might contain these requirements (Fahrig
et al., 2011). Since the patches number increases with the
number of classes (Castilla et al., 2009; Liang et al., 2013), the
decision to include, exclude or aggregate patches in cover classes
implies several ways of quantifying spatial patterns in the same
landscape (Li and Wu, 2004; Bailey et al., 2007; Castilla et al.,
2009; Marshall et al., 2020). Lower thematic resolutions with
a small number of cover classes have a more straightforward
classification and may aggregate different functional covers,
suppressing the necessary level of details to explain biological
variables from landscape attributes (Lawler et al., 2004; Marshall
et al.,, 2020). Higher thematic resolutions, on the other hand,
result in more detailed mapping of landscape composition
and functional covers (e.g., habitat specialists) (Kendall et al,
2011; Liang et al., 2013), increasing the probability to detect
associations between biological attributes (e.g., species richness)
and landscape structure (Qiu et al., 2019; Marshall et al., 2020).

For these reasons, increasing or decreasing the number of
cover classes can modify landscapes functional heterogeneity
quantification (Li and Wu, 2004; Lechner and Rhodes, 2016).
Thus, our ability of understanding spatio-temporal effects of
landscape structure on biodiversity depends on the choice of
a thematic resolution that represents the landscape elements
that have the most significant explanatory power for ecological
responses (Buyantuyev and Wu, 2007; Kendall et al., 2011; Qiu
etal., 2019).

The landscape heterogeneity is an essential predictor of
biodiversity and positively influences biological attributes such as
animal richness and abundance, besides ecological interactions
as plant-pollinator (Fahrig et al., 2011; Stein et al., 2014; Moreira
et al, 2015, 2018). There is a higher diversity of landscape
covers in more heterogeneous landscapes, which may be the
niche or complementary habitats for different species (Dunning
et al, 1992; Fahrig et al., 2011; Boscolo et al., 2017). The
positive effect of landscape heterogeneity has been reported for
different biological groups, including bees (Moreira et al., 2015;
Boscolo et al, 2017; Coutinho et al, 2020). The higher bee
diversity in heterogeneous landscapes has been linked to a high
resource diversity essential for feeding, nesting, and maintaining
populations in the landscape (Moreira et al., 2017; Nery et al.,
2018). However, estimating the effects of landscape heterogeneity
on bees depends on choosing a thematic resolution that can
distinguish necessary habitats and meaningful landscape covers
for the different bee species (Kallioniemi et al., 2017; Marshall
etal., 2020).

Bees are essential for the maintaining of the ecosystem’s
functioning and services through pollination. However, they
have been critically affected by landscape degradation and
simplification processes (Garibaldi et al., 2011; Viana et al., 2012).
The neotropical Euglossini bees constitute an important model
for understanding the impact of landscape changes (Brosi, 2009;
Candido et al, 2018). Besides the high dependence on forest
environments (Powell and Powell, 1987; Nemésio and Silveira,
2010), euglossine males are easily sampled with aromatic baits
(Dodson et al., 1969; Roubik and Hanson, 2004). This tribe
comprises about 240 species distributed in five genera (Moure
et al., 2012), with a higher diversity reported for the tropical rain
forests of South America (Roubik and Hanson, 2004; Nemésio,
2009). Previous studies already showed that changes in the
structure of the Euglossini bee community are associated with
changes in the landscape (e.g., Powell and Powell, 1987; Brosi,
2009; Candido et al., 2018; Rocha-Filho et al., 2020). The increase
in isolation between forest patches influenced the decline in the
species richness of these bees (Powell and Powell, 1987), while
the total abundance and richness seem to depend on variables
such as shape, size (ha) and isolation (m) of the patches (Brosi,
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2009; Nemésio and Silveira, 2010). In addition to forest cover,
euglossine bees can be positively influenced by the landscape
compositional heterogeneity (Opedal et al., 2020), including
different anthropogenic surrounding matrix types (i.e., pasture,
agriculture, forestry, or urban areas) (Aguiar et al., 2015; Brito
et al., 2017; Candido et al., 2018). Some species with remarkable
environmental plasticity may use these environments to obtain
floral resources, as nectar and perfumes (Briggs et al., 2013;
Aguiar et al., 2015). Therefore, analyzing non-forest covers is
essential to evaluate the euglossine community’s responses to the
landscape composition and the importance of such environments
for these pollinators.

The Euglossini bee communities are characterized by a few
dominant species and many rare species (Aguiar and Gaglianone,
2008; Candido et al., 2018; Rocha-Filho et al., 2020). The
dominant euglossine species are habitat generalists and have
wide occurrence and tolerance to landscape changes (Aguiar and
Gaglianone, 2008; Silva and Marco, 2014; Aguiar et al., 2015). In
contrast, rare species are generally restricted to more preserved
areas (Tonhasca et al., 2002; Ramalho et al., 2009), resulting in
a high sensitivity of these species to landscape disturbances. It is
important to consider that the responses of species, communities,
or species assemblages to landscape structure at different scales of
effects (i.e., the extent of analysis in which a landscape attribute
has a high influence on the biological response) can be divergent
(Boscolo and Metzger, 2009; Fahrig, 2013; Gestich et al., 2018).
An alternative to measuring the scale of effect of a community
is to focus on which species were sampled because the species
have different life histories, which influence their responses to
landscape changes (Fischer and Lindenmayer, 2007; Fahrig, 2013;
Hanski, 2015). Therefore, defining the proper spatial extents (i.e.,
scales of effect) when assessing ecological processes is challenging
but is an essential step when considering landscape-based effects.

In this study, we aimed to evaluate how thematic resolution
influences our ability to assess the influence of landscape
composition on the euglossine bee species. Moreover, we also
aimed to understand how species sensitivity to landscape
disturbance can be influenced by landscape structure quantified
in different thematic resolutions. For this, species dominance
and occurrence frequency in the community were used as
a proxy of species sensitivity. Specifically, we evaluated the
association between five attributes of the euglossine bee
community (richness, total abundance, abundance of common,
intermediate, and rare species) with compositional metrics
[cover (%) of landscape classes and landscape heterogeneity].
We hypothesized that the landscape composition in high
thematic resolutions result in a higher explanatory power on
bee community attributes (Figure 1). We also hypothesized
that the euglossine community is mainly influenced by forest
cover followed by spatial heterogeneity and non-forest covers
(Figure 1). Given the dependence of Euglossini bees on forest
environments (Roubik and Hanson, 2004), we expected: (a)
the richness, total abundance, and species group abundance
(common, intermediate, and rare) increase with the forest cover
(%) (Figure 1A). Given the positive influence of heterogeneity
on biodiversity, particularly on insects (Fahrigetal., 2011;
Boscolo et al., 2017; Coutinho et al., 2020), we expected: (b) the

richness and rare species abundance increase with heterogeneity
but decreases when heterogeneity is high (Figure 1B), and
(c) total abundance, abundance of common and intermediate
species increases with heterogeneity (Figure 1B). Since non-
forest environments are less permeable to some Euglossini species
and negatively correlated with richness and abundance (Briggs
et al,, 2013; Aguiar et al., 2015), we also expect (d) a negative
effect of non-forest covers on the five attributes of the Euglossini
community (Figure 1C). We used euglossine males as our
ecological model because (a) they have high flight capacity and
respond to landscape degradation (Janzen, 1971; Brosi, 2009;
Candido et al., 2018), (b) they have requirements of nectar and
floral perfumes that can be found in several habitats types and
landscape cover, resulting in plant pollination in fragmented
ecosystems (Roubik and Hanson, 2004; Rocha-Filho et al., 2012;
Aguiar et al., 2015), and (c) they can indirectly indicate the
abundance of Euglossini females (Opedal et al., 2016).

MATERIALS AND METHODS

Study Area

We carried out this study in 15 landscapes (L01-L15) in the
Southeast of Brazil, located in Rio de Janeiro, Espirito Santo,
and Minas Gerais states (Figure 2 and Supplementary Table 1).
The region has a subtropical altitude climate of the Cwa, and
Cwb types, with hot and rainy summer and cold and dry
winter. This area was originally covered by phytophysiognomies
of the semideciduous seasonal forest and dense montane
and submontane forest, characteristics of the Atlantic Forest
(Lumbreras et al., 2004; Garbin et al., 2017). The fragmentation
process in the region occurred mainly during the economic coftee
cycle in the nineteenth century. Coftee crops (Coffea arabica L.,
and Coffea canephora P.) occur mainly in many small farms,
between 1 and 3 ha, which together span large areas (Figure 2).
We selected the landscapes along a gradient of forest cover (10-
66%).

Bee Sampling

We sampled bees on each landscape for 3 days in the rainy
season (November 2019 to March 2020) and 2 days in the dry
season (August to September 2019, July 2020). We chose a greater
sampling effort in the rainy season because the euglossine bee
species show a higher activity during this season (Roubik and
Hanson, 2004). Some species also have been associated with the
rainy season (Roubik and Hanson, 2004).

A sampling point was selected within a forest fragment in each
of the 15 landscapes (Figure 2). The minimum distance from the
fragment edge was 200 m, and the minimum distance between
each sampling point was 2,500 m. We chose forest fragments
from secondary successional stages for sampling bees. We used
five bait traps to attract euglossine males at each sampling point.
These traps were built with polyethylene terephthalate- PET
bottles (Aguiar and Gaglianone, 2008), containing one of the five
baits soaked in cotton (methyl cinnamate, eugenol, eucalyptol,
methyl salicylate, and vanillin). These scents are widely used
to sample Euglossini bees (Aguiar and Gaglianone, 2008, 2012;
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FIGURE 1 | Hypotheses and predictions of the effects of explanatory variables [forest cover (A), heterogeneity (B), and non-forest covers (C)], and thematic
resolution (low, intermediate, and high) on the parameters of the Euglossini bee community (richness, total abundance, common species abundance, intermediate
species abundance, and rare species abundance).
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FIGURE 2 | Geographic location and composition of the 15 landscapes in 14-class thematic resolution used for sampling Euglossini bees in the Southeast of Brazil.
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Aguiar et al., 2015; Rocha-Filho et al., 2020). The traps were
hung in the vegetation, at the height of 1.5 m from the ground,
and a minimum distance of 2.0 m between each other (Aguiar
and Gaglianone, 2008). We distributed the traps randomly in
each landscape on sunny days, early in the morning (06:00-
08:00 h), and removed them in the afternoon (03:00-05:00 h).
This passive sampling method allows standardization and also
sampling in several areas simultaneously. When necessary, the
sampled individuals were killed in a chamber with ethyl acetate
for taxonomic identification. We deposited the specimens dry in
the entomological collection of the Ecologia Experimental sector
of the Laboratério de Ciéncias Ambientais- LCA, Universidade
Estadual do Norte Fluminense Darcy Ribeiro- UENF.

Landscape Delimitation and Land Cover

Classification

The landscapes were delimited by buffers with a radius of 1,500 m
from the centroid of bee sampling locations. We mapped the land
cover classes of each landscape using high-resolution satellite

images (1-m resolution) available in ArcGis software on a 1:2,500
scale. The mapping was made by generating vector polygons in
ArcGIS, followed by visual classification. We used a thematic
resolution of 14 land cover classes for mapping (Figure 2). The
biological importance of each of the 14 classes for euglossine bees
is shown in Table 1. The vector maps was converted into raster
files (5-m resolution). Because we aimed to quantify the effect of
thematic resolution on our ability to explain bee responses, we
used the R raster package (Hijmans, 2020) and aggregated the
14 land cover classes onto lower thematic resolutions maps: 12,
6, and 3 classes. For the thematic resolution with 3 classes, we
generated two different classifications- see 3 and 3.1 in Table 2.
We downgrade the thematic resolution based on land use
and management similarities, and the class functionality for
the bees. Thus, we aggregated classes that could be perceived
and used similarly by euglossine species. We first aggregated
subtype classes into single classes, as expected to have a similar
effect on the explanatory power. Thus, in the 12-class thematic
resolution, we only aggregated the pasture and highway subtypes
into two unique classes (“Pasture” and “Highway”). In the

TABLE 1 | Description and biological importance of the 14 classes used in landscape mapping.

14-class thematic resolution

Description and biological importance of classes

References

Forest (FO)

Most important habitat for Euglosssini bees. Essential resources for species

Dressler, 1982; Rocha-Filho et al.,

Managed pasture (MP)

Unmanaged pasture (UP)

Wet area (WA)

Coffee (CF)

Forestry (FY)

Other crops (OC)

Paved highway (PH) and Unpaved

highway (UH)

Rural construction (RC)

Urban areas (UA)

Rock (RO)

Water (WT)

Exposed soil (ES)

requirements such as pollen, nectar, resins, nesting sites, and perfumes are found
in this environment.

Grass species (e.g., Brachiaria sp.) are predominant in this environment, with more
hard environmental conditions (e.g., temperature, humidity) and few floral resources
for bees. Euglossine species can disperse between forest patches through these
environments.

There is heterogeneous vegetation (e.g., pioneer plants, shrubs) in these
environments that can support floral resources for euglossine species.

This wet soil environment allows vegetation growth such as unmanaged pasture,
which may provide floral resources for euglossine bees.

Crops of Coffea arabica and Coffea canephora varieties under different
management systems (e.g., organic, traditional). They are permeable to Euglossini
species depending on the management intensity and can provide floral resources
through pioneer plants in the crop.

Crops of Eucalyptus sp. with high management intensity (e.g., pesticides) and low
heterogeneity. In this environment, the euglossine community is composed of few
species, with higher environmental plasticity.

Crops of Saccharum sp., Musa sp., Cocos sp., and Citrus sp. in small areas and
polyculture systems. Agroforestry and polycultures benefit the euglossine
community, because their support a diversity of floral resources.

These environments are impermeable (paved) or compacted (unpaved), with hard
environmental conditions (e.g., high temperatures, noise, low humidity) and
absence of floral resources, negatively affecting bees.

Human constructions, usually with impermeable or compacted soil. They may have
floral resources for euglossine bees through exotic or native plants (e.g.,
Orchidaceae).

This environment negatively influences the euglossine species richness. Euglossini
species with higher environmental plasticity may benefit from floral resources of
native and exotic plants from this environment.

Rocky outcrops that despite conditions such as higher temperatures and wind
intensity may provide resources (e.g., nesting sites) for euglossine bees through
plants adapted to this environment (e.g., Bromeliaceae, Orchidaceae).

Natural (rivers) and artificial (lakes) environments. Water is a fundamental element for
the organisms’ requirements.

This environment is generally a consequence of anthropic activities (e.g., plowing,
erosion). Some species of euglossine nest in the soil.

2012

Kruess and Tscharntke, 2002;
Tonhasca et al., 2003

Aguiar et al., 2015

Briggs et al., 2013; Carneiro,
personal observation

Aguiar et al., 2015

Briggs et al., 2013; Rosa et al.,
2015

Boscolo et al., 2017

Carneiro, personal observation

Lopez-Uribe et al., 2008; Candido
etal., 2018

Dressler, 1982; Boff and
Alves-dos-Santos, 2018

Roubik and Hanson, 2004;
Augusto and Garofalo, 2007
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6-class thematic resolution, we also considered the different
levels of human activities over the landscape. Four covers
resulted of human activities were aggregated in “Anthropic
constructions”. We aggregated as “Semi-natural environments”
three covers distributed naturally in the landscape but may
be subject to anthropic changes (Table 1). Likewise, the class
“Pasture” aggregated three cover classes, including managed
and unmanaged pasture, and “wet areas” that are spatially
associated (Table 1 and Figure 2). We aggregated “Forestry
and other crops” as a single cover class. However, we kept
“Coffee” as a single cover class in this resolution because of
its high proportion in the landscape and potential influence
on the Euglossini communities (see Table 1). In the 3-class
thematic resolution, we aggregated all covers with arboreal-
shrub vegetation (Table 2) that can provide floral resources
for euglossine bee species in “Non-forest vegetation” (Table 1).
Likewise, we aggregated all covers with open but non-arboreal
vegetations or occupied by humans in “Anthropic and semi-
natural environments” since their abiotic conditions could
be less friendly to euglossine bees (Table 1). Finally, in
the 3.1-class thematic resolution, we aggregated all covers
that could be fundamental or complementary habitats for
Euglossini bees in “Unmanaged land cover” (Tables 1, 2).
We aggregated in “Farming and semi-natural environments”
covers with high management intensity or open environments
that could present less suitable environmental conditions for
euglossine bees (Tables 1, 2). In the last class (“Anthropic
environments”), we aggregated covers including anthropic
constructions or those spatially associated (“Other crops”)
(Tables 1, 2).

Landscape Metrics

We used the Ism function of the R landscapemetrics package
(Hesselbarth et al., 2019) to calculate two landscape metrics
for the five thematic resolutions: (a) cover (%) of classes in
the landscape (PLAND = percentage that each class occupies
regarding the landscape area), and (b) landscape heterogeneity
(SHDI = Shannon diversity index calculates the proportion
and diversity of classes in the landscape) (McGarigal, 2015).
The forest is an essential habitat for the Euglossini species
requirements (e.g., nectar, pollen, resin, floral perfumes, nesting
sites) (Roubik and Hanson, 2004; Rocha-Filho et al., 2012). The
landscape heterogeneity represents the environmental diversity
that Euglossini species can use and also influence the community
composition of Euglossini (Aguiar et al., 2015; Opedal et al,
2020). The cover of classes also allows measuring non-forest
covers in the landscape (e.g., pastures, crops) that may represent
complementary habitats for euglossine bees (Briggs et al., 2013;
Aguiar et al., 2015). Moreover, it is known that cover (%) of
classes and heterogeneity are good predictors of Euglossini bee
communities (Céndido et al., 2018; Opedal et al.,, 2020). We
calculated these landscape metrics at different spatial scales: 500,
750, 1,000, and 1,500 m. As we have an interest in quantifying
the relative contribution of forest cover (%) and heterogeneity on
explaining bee responses, we calculated the Pearson’s correlation
between these metrics for all the spatial scales and all the thematic
resolution to identify which spatial scale presents the lower
correlations. Therefore, we evaluated the low (r < 0.5) and non-
significant (p > 0.05) Pearson’s correlation between the forest
cover and heterogeneity in the five thematic resolutions (14, 12,
6,3, and 3.1 classes). After critical analysis and based on previous

TABLE 2 | Number and arrangement of classes used to classify the landscape in five thematic resolutions.

Thematic resolutions

14 cl 12cl 6cl 3 classes 3.1 classes
FO FO FO FO Unmanaged land cover
(FO 4+ UP + WA + RO)
MP Pasture (MP + UP)  Pasture (MP + UP + WA) Non-forest vegetation (UP + WA + CF + FY + OC) Farming and semi-natural environments
(MP 4+ CF + FY + WT + ES)
uP
WA WA
CF CF CF
FY FY FY + OC
OoC OoC
PH Highway (PH + UH) Anthropic constructions Anthropic and semi-natural environments Anthropic environments
(PH + UH 4+ RC + UA) (MP + PH + UH + RC + UA + RO + WT + ES) (OC + PH + UA + RC + UA)
UH
RC RC
UA UA
RO RO Semi-natural environments
(RO + WT + ES)
WT WT
ES ES

CF, Coffee; ES, Exposed soil; FO, Forest; FY, Forestry; MR, Managed pasture; OC, Other crops; PH, Paved highway; RC, Rural construction; RO, Rock; UA, Urban area;

UH, Unpaved highway, UR, Unmanaged pasture; WA, Wet area; WT, Water.
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studies (Moreira et al., 2017; Candido et al., 2018), we decided to
use only the metrics calculated at the 1000 m spatial scale for all
the thematic resolutions (see Supplementary Table 2).

Euglossini Bee Response Variables

Five aspects of euglossine bee community structure were used
as response variables: richness, total abundance, common
species abundance, intermediate species abundance, and
rare species abundance. We quantified abundances using
occurrence frequency (OF) and dominance (D) of each
species in the community, in which OF = number of
samples with species i/number of total samples * 100, and
D = abundance of species i/total abundance * 100. When
OF > 50%, the species were classified as very frequent
(vf), if OF < 50% and > 5%, the species were frequent
(f), and OF < 25%, the species were low frequent (If)
(Bodenheimer, 1955). If D > 5%, the species were categorized
as dominant (d), D < 5% and > 2.5% the species were
accessory (a), and D < 2.5% the species were occasional (o)
(Bodenheimer, 1955). The OF and D values were combined,
allowing the categorization of the three groups of species:
Ct = vf + d = common species, Ct = If + o = rare species;
Ct = other combinations = intermediate species (Palma, 1975;
Aguiar and Gaglianone, 2012).

Data Analysis

Our data analysis comprised two steps. First, we performed
exploratory analyses using Generalized Linear Models (GLMs) to
find the models in which the landscape attributes best explained
the euglossine community in each thematic resolution. In the
second step, we made a new GLM selection using only the
best models previously selected. In this step, the best models
that had the cover (%) of classes or landscape heterogeneity as
explanatory variables in each thematic resolution were ranked
with each other. Thus, we accessed the landscape attributes
with the higher explanatory power on the euglossine community
and the thematic resolution (i.e., high or low) in which these
attributes were measured. We presented the details of the
two steps below.

Step 1

As altitude is a very influential factor in the Euglossini
communities (Aguiar and Gaglianone, 2012; Pinto et al,, 2019),
we first quantified the influence of altitude on species richness
and total abundance using linear regressions. Before that,
abundance was log-transformed using base 10. The diagnosis
of these models was made by the boxcox function of the R
MASS package (Venables and Ripley, 2002). Given the observed
altitude influence on the euglossine community (Supplementary
Figure 1), we removed the altitude’s effect on the response
variables by analyzing residuals from linear models, in which
the altitude was the explanatory variable (Response Variable
~ Altitude).

We sought to explore through Generalized Linear Models
(GLMs) an association of the residues of the euglossine
community attributes with the cover (%) of forest and non-
forest classes, and landscape heterogeneity in each thematic

resolution. We build models that combined the landscape
heterogeneity, cover (%) of forest, pastures, and coffee as
explanatory variables in resolutions of 14, 12, and 6 classes
(Supplementary Table 3). These three covers represented the
largest proportion of the landscape composition (76-98%) in
these resolutions. In resolutions of 3 and 3.1 classes, the
models combined landscape heterogeneity and the three types
of covers as explanatory variables (Supplementary Table 3).
We used the residuals of the response variables to associate
with the landscape metrics, so the Gaussian distribution was
used in the GLMs. We used Akaike’s Information Criterion
corrected for small sample size (AICc) (Burnham and Anderson,
2002) to rank the models. The model with the lowest AAICc
was considered the most explanatory model. Also, models
in which AAICc < 2.0 and the model weight (wi) > 0.1
were considered equally plausible to explain the patterns.
A null model- that assumes no association between the
response and explanatory variable- was also considered in
the model comparison. We used the Ictab function from
the R bbmle package to select the models (Bolker and R
Development Core Team, 2020). In this step, we analyzed
255 models in the five thematic resolutions (Supplementary
Table 3), of which 59 models were selected for Step 2
(Supplementary Table 4).

Step 2

From the selected models in step 1, we performed another round
of model comparison to identify the thematic resolution that
better explain the response variables to the landscape attributes
(heterogeneity and cover (%) of classes) (Supplementary
Table 4). The null model was also included as a competing
model in the model selection procedure. The best models
were chosen using the same criteria presented above (ie.,
AAICc < 2.0 and wi > 0.1). We accessed the coeflicient
of determination (R?) of the “variance-function-based”
type of the best GLMs to quantify the variation of the
response variable explained by the landscape attributes.
For this, we used the rsq function from the R rsq package
(Zhang, 2020).

RESULTS

Overview

We sampled 1890 male Euglossini bees, distributed in four
genera and 14 species (Supplementary Table 5). Eulaema nigrita
Lepeletier (55.1%) and Euglossa cordata (Linnaeus) (25.5%)
were the most abundant species in the community. The total
abundance in the landscapes ranged from 7 to 391 individuals
(126 £ 111), while the richness varied between 4 and 9 species
(6.4 £ 1.5).

Common species (S = 4) were sampled in all 15 landscapes
(N = 1783 individuals; variation in landscapes 118 £ 110),
intermediate species (S = 4) were recorded in 14 landscapes
(N =96 individuals, variation in landscapes 6.4 & 4.2), while rare
species (S = 6) occurred in eight landscapes (N = 11, 0.73 £ 0.79)
(Supplementary Table 5).
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Best Thematic Resolutions to Explain the
Euglossini Community From Landscape
Composition

The Euglossini community showed different responses to the
landscape attributes in the thematic resolutions. The low
thematic resolution detected significant effects of landscape
composition on the residual richness (AAICc < 2.0 and
wi > 0.1). The 3-class resolution showed a positive effect of
landscape heterogeneity on the residual richness (R* = 0.28)
(Figure 3A and Table 3). The second plausible model in this
resolution combined the positive effect of heterogeneity and
negative effect of forest cover on the residual richness (R? = 0.37)
(Figure 3B and Table 3).

In a high thematic resolution (14-class), the residual total
abundance and residual common species abundance presented
significant responses to landscape composition. The best models
combined positive effects of managed pasture and negative effects
of forest cover on both residual total abundance (R?> = 0.57)
(Figure 3C) and residual common species abundance (R? = 0.56)
(Figure 3D and Table 3).

The landscape composition in both high and low thematic
resolutions explained the residual abundance of intermediate and

rare species. The 14-class resolution presented a positive effect
of forest + managed pasture covers on the residual intermediate
species abundance (R?> = 0.26) (Figure 4A and Table 3). These
species abundance was also negatively related to the non-forest
vegetation cover in the 3-class resolution (R? =0.19) (Figure 4B
and Table 3). However, the null model was in the set of plausible
models (AAICc < 2.0) (Table 3). Finally, the residual rare species
abundance was best explained by a positive correlation with the
landscape heterogeneity of the 3.1-class (R* = 0.34) and 14-class
resolution (R? = 0.27) (Figures 4C,D and Table 3).

DISCUSSION

This study showed that our ability to explain attributes of the
Euglossini community (richness, total abundance, abundance of
common, intermediate, and rare species) from the landscape
composition depends on the thematic resolution level. We
refuted our hypothesis that the euglossine community are mainly
influenced by forest cover since the landscape heterogeneity, and
non-forest covers had a higher explanatory power on euglossine
bees. We supported the hypothesis that high thematic resolution
has a higher explanatory power through the relationship of the
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TABLE 3 | Best models (AAICc < 2.0 and wi > 0.1) to explain the attributes of
the Euglossini community from the landscape composition in different
thematic resolutions.

Response variable Models AAICc wi
Residual species richness Heterogeneity (3 classes) 0.0 0.15
Forest cover + Heterogeneity 0.73 0.10
(3 classes)
Residual total abundance Forest cover + Managed 0.0 0.20
(log10) Pasture cover (14 classes)
Residual common species Forest cover + Managed 0.0 0.18
abundance (log10) Pasture cover (14 classes)
Residual intermediate species Forest cover + Managed 0.0 0.21
abundance (log10) Pasture cover (14 classes)
Non-forest vegetation cover (3 1.27 011
classes)
Null 1.43 0.10
Residual rare species Heterogeneity (3.1 classes) 0.0 0.43
abundance
Heterogeneity (14 classes) 162 0.20

The wi represents the model weight.

total abundance, abundance of common and intermediate species
with the landscape composition in high thematic resolution
(i.e., 14 classes). However, this hypothesis was refuted for the
richness and rare species abundance explained by the landscape

compositional heterogeneity in low thematic resolutions (3
and 3.1 classes).

Influence of Compositional

Heterogeneity and Thematic Resolution

In fragmented landscapes, biodiversity is influenced by spatial
heterogeneity (Fahrig et al., 2011). The positive relationship
between the richness of different bee groups and landscape
heterogeneity has been reported (Boscolo et al., 2017; Moreira
et al, 2017; Coutinho et al., 2020; Opedal et al., 2020),
indicating the importance of landscape diversity for the
biological requirements of these pollinators. It is expected
that the landscape structure in fine thematic resolutions better
explains species richness (Lawler et al., 2004; Qiu et al., 2019).
The association found between richness and heterogeneity
at low resolution may indicate that several Euglossini bee
species can perceive the landscape on a coarser scale, where
different types of landscape cover have been aggregated into
the same class. This may have occurred because, in addition
to the forest, these bees use different types of cover for
foraging (Aguiar et al, 2015; Brito et al., 2017), which may
present a supply of resources, such as nectar and floral
scents (Aguiar et al,, 2015; Opedal et al., 2020). Despite the
landscape heterogeneity in low thematic resolution reflects
the aggregation of many landscape covers, the forest cover
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combined with heterogeneity in the model increased the
explanatory power on species richness. This indicates the
importance of this landscape composition attribute to explain
the euglossine community (Brosi, 2009; Céandido et al., 2018).
Although we expected a unimodal response of species richness
to heterogeneity, we observed a linear relationship between
these two attributes. These landscapes seem to support a
level of compositional heterogeneity that results in a high
euglossine richness. Unimodal relationships occur at high
levels of spatial and environmental heterogeneity because it is
when the negative effects of heterogeneity act on population
dynamics (e.g., extinction, colonization) (Fahrig et al., 2011;
Ben-Hur and Kadmon, 2020).

The highest total abundance and common species abundance
were observed in landscapes with low forest cover and a high
pasture cover. The association between total abundance and
landscape cover was very similar to the association observed for
common species abundance (Eulaema nigrita, Euglossa cordata,
Euglossa fimbriata Rebélo & Moure, and Euglossa securigera
Dressler). If we consider the relative abundance of these
four common species, they represented 94.3% of the sampled
individuals. This calls attention to studies that consider only
total abundance as a response variable to assess the effects of
landscape changes on communities. These dominant species
have higher phenotypic plasticity and tolerance to changes in
the landscape (Silva and Marco, 2014; Aguiar et al, 2015;
Carneiro et al., 2019). Therefore, this may underestimate the
effects of these processes on groups of less abundant species
in the community.

In addition to the forest, pasture cover (%) had a high
influence on the abundance of most euglossine species. These
bees have high flight capacity (Janzen, 1971), and several
species have already been sampled on the forest edges or
within the pasture matrix (Aguiar et al, 2015). Despite
presenting different characteristics of forest environments (e.g.,
high temperatures, low humidity, high wind speed), this
matrix may offer floral resources through pioneer plants for
euglossine species with higher environmental plasticity (Aguiar
et al, 2015). These relationships between total abundance,
abundance of common and intermediate species with forest
environments, and pasture matrices were best explained
by mapping in high thematic resolution (i.e., 14 classes).
In higher thematic resolutions, many areas that may be
used as habitats are identified (Liang et al, 2013; Marshall
et al., 2020). Thus, for these evaluated abundance variables,
the 14-class thematic resolution can better indicate the
“landscape complementation” (Dunning et al., 1992), as it
would represent more realistically the environment mosaic
that euglossine males use to obtain resources. Despite a
lower explanatory power, the intermediate species abundance
was negatively affected by the non-forest vegetation in the
lowest thematic resolution. This landscape cover was mainly
composed by crops (e.g., coffee, forestry). Some intermediate
species (e.g., Euglossa clausii Nemésio & Engel, Euglossa
truncata Rebélo & Moure) have been known as restricted
to forest (Ramalho et al, 2009; Aguiar et al, 2015). This
may indicate that crop areas can negatively affect these

species and the euglossine communities (Briggs et al., 2013;
Aguiar et al., 2015).

The landscape heterogeneity was the most important variable
to explain the rare species abundance. Among the response
variables that we analyzed, the abundance of this group of
species was the only one that showed a strong association
with the thematic resolution of 3.1 classes. The responses to
compositional heterogeneity for each group of species are distinct
and driven by the relationship that organisms have with each
landscape cover class (Lawler et al., 2004; Kendall et al., 2011;
Garcia-Alvarez et al, 2019). In the resolution of 3.1 classes,
we considered ‘Unmanaged land cover as a heterogeneous
environment, composed of classes with natural (i.e., forest)
and semi-natural vegetation, which can provide resources and
conditions for the euglossine species. However, the study area
comprises an old forest cover loss, with most of the forest
patches composed of secondary vegetation. Thus, many of the
bee species categorized as rare may show adaptations to open
environments. Some of these species (e.g., Eulaema atleticana
Nemésio, Euglossa pleosticta Dressler) are medium and large
size bees, which can forage in matrices neighboring the forest
fragments (Aguiar et al., 2015; Rosa et al., 2015). Therefore, the
conservation of these environments in the landscape is essential
to keep the diversity of these species. The loss of compositional
heterogeneity can negatively affect rare and specialist species,
resulting in biological homogenization (Gdmez-Virués et al,
2015; Martello et al., 2018).

CONCLUSION

This study showed that compositional heterogeneity influences
the Euglossini bee community, both positively and negatively,
and these responses depend on the thematic resolution used
to characterize the landscape. The decision to aggregate class
covers in low thematic resolutions showed that different types
of patches in the landscape could be functionally similar for
euglossine species. On the other hand, high thematic resolutions
revealed that non-forest cover (i.e., managed pasture) has a
high explanatory power on the most common species in the
community. However, it is important to be cautious about the
thematic resolution’s influence on explaining some euglossine
community attributes. This because the abundance of rare
and intermediate species were correlated with the landscape
composition in both high and low thematic resolutions.
Furthermore, we showed that species dominance could be
an important proxy for understanding species sensitivity to
landscape disturbances. Because in these areas of the Southeast
of Brazil, forest cover is threatened by agricultural activities such
as coffee crops, we call attention to conserving forest remnants.
At the same time, these landscapes still have a high diversity
of environments linked to the many types of land use that
small farmers maintain on their properties (e.g., agroforestry,
unmanaged pastures). These friendly landscapes favored, for
example, the species richness and rare species abundance.
Agricultural intensification is a growing phenomenon, especially
in tropical regions. If these practices are associated with
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landscape homogenization, pollinators such as bees can be
critically affected.

We also call attention to consider the influence of the
thematic resolution on the association of biological parameters
with landscape metrics in future studies. With the advent of
new technologies and spatial data sets, including landscape
mapping in large regions (e.g., MapBiomas in Brazil), the use of
different thematic resolutions becomes more accessible. As we
showed, the choice of thematic resolution is a critical step that
influences our ability to explain biological parameters from the
landscape structure.
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