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Abstract

Urbanization poses a major threat to biodiversity and food security, as
expanding cities, especially in the Global South, increasingly compete with
natural and agricultural lands. However, the impact of urban expansion on
agricultural biodiversity in tropical regions is overlooked. Here we assess how
urbanization affects the functional response of farmland bees, the most impor-
tant pollinators for crop production. We sampled bees across three seasons in
36 conventional vegetable-producing farms spread along an urbanization gra-
dient in Bengaluru, an Indian megacity. We investigated how landscape and
local environmental drivers affected different functional traits (sociality,
nesting behavior, body size, and specialization) and functional diversity (func-
tional dispersion) of bee communities. We found that the functional responses
to urbanization were trait specific with more positive than negative effects of
gray area (sealed surfaces and buildings) on species richness, functional diver-
sity, and abundance of most functional groups. As expected, larger, solitary,
cavity-nesting, and, surprisingly, specialist bees benefited from urbanization.
In contrast to temperate cities, the abundance of ground nesters increased in
urban areas, presumably because larger patches of bare soil were still available
beside roads and buildings. However, overall bee abundance and the abun-
dance of social bees (85% of all bees) decreased with urbanization, threatening
crop pollination. Crop diversity promotes taxonomic and functional diversity
of bee communities. Locally, flower resources promote the abundance of all
functional groups, and natural vegetation can maintain diverse pollinator com-
munities throughout the year, especially during the noncropping season.
However, exotic plants decrease functional diversity and bee specialization. To
safeguard bees and their pollination services in urban farms, we recommend
(1) preserving seminatural vegetation (hedges) around cropping fields to pro-
vide nesting opportunities for aboveground nesters, (2) promoting farm-level
crop diversification of beneficial crops (e.g., pulses, vegetables, and spices),
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INTRODUCTION

Urbanization poses one of the greatest threats to biodiver-
sity and associated functions and services (Faeth et al.,
2011; Piano et al.,, 2020; Wagner et al.,, 2021). It represents
one of the most severe and persistent forms of land-use
change and is associated with other stressors for biological
communities, such as urban warming, pollution, or
invasive species (Grimm et al., 2008). Already 4.2 billion
people—more than half of the world’s population—are con-
sidered urban dwellers, and current projections predict that
2.5 billion will be added to this number by 2050, with 90%
of this increase taking place in Asia and Africa (United
Nations, 2018). Urban agriculture has recently received a
growing interest and is already playing a major role for food
security (Cabannes & Pasquini, 2008; Orsini et al., 2013;
Thebo et al., 2014; Zezza & Tasciotti, 2010). On the other
hand, expanding cities in the Global South—where most of
the ongoing and projected future urbanization hotspots are
located—increasingly compete for fertile agricultural lands,
threatening food security (Gu et al., 2019; van Vliet et al.,
2017). A major challenge is how to feed the urban popula-
tion in a sustainable manner (Armanda et al., 2019).

One third of global crops depend on animal pollination
(mostly bees; Klein et al., 2007), and this dependency is
increasing (Aizen et al., 2019), especially in countries from
the Global South (e.g., China, India) where pollination ben-
efits are the highest (Potts et al., 2016). In addition, bee pol-
lination improves crop quality and commercial value
(Bartomeus et al., 2014; Klatt et al., 2013), and functional
diversity of bee pollinators increases crop yield (Hoehn
et al., 2008; Martins et al., 2015). However, pollinators are
declining globally, and the causes are multiple, ranging
from land-use change and intensification and loss of
flowering resources and nesting sites to pathogens and inva-
sive plant species (Potts et al., 2010, 2016). It is therefore
essential to understand how urbanization is driving pollina-
tor communities in urban agricultural systems to safeguard
their biodiversity and associated ecosystem services.

(3) maintaining native natural vegetation along field margins, and (4) control-
ling and removing invasive exotic plants that disrupt native plant—pollinator
interactions. Overall, our results suggest that urban agriculture can maintain
functionally diverse bee communities and, if managed in a sustainable man-
ner, be used to develop win-win solutions for biodiversity conservation of pol-
linators and food security in and around cities.

alien species, Bangalore, bee diversity, crop diversity, flowering resources, functional
diversity, impervious area, India, specialization, urban agroecosystems, urban farming,

A recent review showed contrasting responses of polli-
nators to urbanization, depending on the type of urban
transformation (i.e., urban sprawl vs. urban densification)
and the baselines used for comparison (i.e., intensive agri-
culture vs. natural habitats; Wenzel et al., 2020). Some stud-
ies found that urban areas could be hotspots for bees
(Baldock et al., 2015; Theodorou et al., 2020), but others
found that they contributed to their decline (Bates
et al., 2011; Geslin, Le Féon, et al., 2016; Pereira
et al., 2021). Within urban areas, bee communities are
affected by different biotic and abiotic drivers, such as
urban warming and pollution (Hamblin et al., 2018) and
other environmental factors ranging from local to landscape
scales (Birdshire et al., 2020). Within their local habitats,
flower cover and floral richness enhance their diversity
(Bates et al., 2011; Hiilsmann et al.,, 2015; Theodorou
et al., 2017). Exotic plants (e.g., introduced, ornamental, or
invasive) are not necessarily less attractive to pollinators
than native species (Garbuzov et al., 2015). However, they
can disfavor specialized bee species and increase the domi-
nance of generalists (Banaszak-Cibicka & Zmihorski, 2012;
Grass et al., 2013). In addition, exotic plants can also nega-
tively affect the functional diversity of pollinators (Grass
et al.,, 2014). Urban gardens, urban parks, and seminatural
areas promote bees’ richness in the wider landscapes
(Lanner et al., 2020; Marin et al., 2020), whereas their
responses to impervious area (e.g., sealed surface, such as
buildings) are guild specific (Geslin, Le Féon, et al., 2016;
Wilson & Jamieson, 2019) and largely depend on their
functional traits (Buchholz & Egerer, 2020). For instance,
cavity-nesting bees occur in high density in urban areas
where they can nest in buildings and constructions
(Fortel et al., 2014; Pardee & Philpott, 2014). By contrast,
urbanization often reduces the availability of habitats for
ground-nesting bees (Banaszak-Cibicka & Zmihorski, 2012;
Hinners et al.,, 2012). In addition, social and larger bees
may also perform better in cities because they can travel
longer distances between nesting and foraging habitats in
these fragmented landscapes (Crowther et al., 2014). Other
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studies found the opposite and argued that the food
resources provided by the small habitat patches in the
urban matrix are not sufficient to sustain large bees
(Banaszak-Cibicka et al, 2018; Banaszak-Cibicka &
Zmihorski, 2012). Yet, despite the recent growing interest in
studying pollinators in urban ecosystems (Silva et al., 2021),
studies investigating bee functional traits and functional
diversity are still scarce, making conservation recommenda-
tions challenging (Buchholz & Egerer, 2020).

So far, only a few studies on bee communities have been
conducted in urban or suburban agricultural systems,
despite their major importance for crop pollination (Frankie
et al., 2013; Potter & LeBuhn, 2015; Silva et al., 2021; Wenzel
et al, 2020). In rural agricultural systems, bees are threat-
ened by intensified farming practices, which often employ
detrimental agrochemicals, such as pesticides
(e.g., neonicotinoids), and result in landscape simplification
(e.g., by expanding monocultures), thereby reducing food
availability and nesting opportunities (Potts et al., 2010).
Increasing crop and landscape diversity (i.e., landscape com-
positional  heterogeneity) and reducing field sizes
(i.e., increasing landscape configurational heterogeneity) can
buffer the negative effects of agriculture at the landscape
scale (Hass et al., 2018; Sirami et al., 2019). Such complex
landscapes provide complementary food resources across the
seasons (Grass et al., 2021; Martins et al., 2018; Sutter
et al., 2017). Wild flower strips, field margins, or other semi-
natural habitats, such as hedges, increase flower resources
and nesting sites, which further promote bee communities
at the local and landscape scales (Beyer et al., 2021; Ganser
et al., 2021). The same measures could likely mitigate the
potential negative effects of urbanization, thereby enhancing
vital pollination services for urban farmers.

However, despite the fact that most urbanization
hotspots are located in tropical regions from the Global
South, the vast majority of studies are conducted in tem-
perate countries from the Global North (Silva et al., 2021;
Wenzel et al., 2020). Furthermore, most of these studies
were conducted in urban gardens and urban parks but
without considering urban agriculture along urbaniza-
tion gradients (Wenzel et al., 2020). Finally, urban agri-
culture in cities from the Global South differs from that
of cities located in the Global North. Indeed, though in
the Global North urban agriculture comprises residential
and community gardens (allotments) or rooftop garden-
ing (Lin et al., 2015), urban agriculture in the Global
South often consists of smallholder farms or homestead
gardens whose production is sold in local markets or
used for self-subsistence, thereby contributing to food
security (De Zeeuw et al., 2011; Zezza & Tasciotti, 2010).

In this study, we addressed these research gaps and
investigated how urbanization modifies bee communi-
ties, functional composition, and functional diversity in

agricultural systems across rural-urban landscapes. To do
so, we surveyed bee communities in 36 vegetable-producing
farms spread along a continuous urbanization gradient in
Bengaluru, an Indian tropical megacity. Keeping the focal
habitat constant (i.e., vegetable-producing farms) while
varying the landscape context (i.e., urbanization intensity)
allowed us to disentangle the true effect of urbanization.
Because we expected temporal variations in bee communi-
ties, we repeated our surveys every month for a year, thus
encompassing three seasons (i.e., dry, monsoon, cropping).
We evaluated the following hypotheses. First, bees’
responses to urbanization (i.e., amount of gray/impervious
surface) are guild specific. We predict positive effects on
cavity-nesting, social, and larger bees, whereas ground-
nesting and specialized bees are negatively affected. Second,
flower resources (i.e., flower cover) and farm-level crop
diversity (i.e., crop Shannon diversity) promote wild bee
communities, independently of their functional traits.
Third, exotic plant species favor generalist over specialist
species. Fourth, we hypothesize that urbanization reduces
functional diversity (i.e., functional dispersion), thereby act-
ing as an environmental filter.

METHODS
Study area

This study was conducted in Bengaluru (formerly
Bangalore), a South Indian megacity located in the state
of Karnataka (Figure 1). According to the latest UN
World Urbanization Prospects (United Nations, 2018),
Bengaluru has a population of 12.8 million inhabitants
and is considered the second fastest growing city in India
after New Delhi. The city is embedded in an ancient agricul-
tural landscape composed of small-scale farms interspersed
with seminatural habitats such as forest remnants, bushes
and hedges, tree lines, coconut and eucalyptus plantations,
permanent fallows, and wetlands. However, the rapid urban
expansion, both from the city’s edges and around satellite
towns and rural villages (i.e., polycentricity, see Steinhiibel
& von Cramon-Taubadel, 2020), increasingly competes with
agricultural and seminatural lands.

Bengaluru is situated on the Deccan Plateau at an ele-
vation of 920 m above sea level and with a moderate trop-
ical climate, with temperatures ranging between 12 and
38°C and annual precipitation of about 800 mm. Addi-
tionally, Bengaluru experiences three distinct seasons: a
mild and mostly dry winter (October-January, the
postmonsoon season), a hot and dry summer
(February-May, the dry season), and the monsoon sea-
son (June-September). Most farming activities are con-
centrated during the monsoon (i.e., Kharif crops) and
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FIGURE 1
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Study area. (a) Map of India with Karnataka highlighted in gray and the study region by the red square. (b) Map of study

area with study sites (vegetable-producing farms) indicated by red dots. Gray areas (sealed surfaces such as roads and buildings) are

displayed in black and nongray areas in beige. Examples of cropping fields from two study farms growing (c) lablab and (d) tomatoes

(© Arne Wenzel and Gabriel Marcacci).

the postmonsoon seasons (i.e., Rabi crops). A large pro-
portion of farms are rainfed, partly preventing farming
activities during the dry season (summer), with many
fields lying fallow.

Study design

We selected 36 vegetable-producing smallholder farms as
study sites spread along two transects (18 sites each)

extending from urban Bengaluru toward rural villages,
thereby forming a rural-urban gradient north and south of
the city (Figure 1). We kept a minimum distance of 1 km
between sites to guarantee their independence. All selected
farms were of similar size (mean = 1.03, SD = +0.54 ha)
and had small cropping fields (0.12 4 0.08 ha). They were
all conventionally managed (e.g., using pesticides) and
cultivated vegetables, such as lablab, red gram, tomato, egg-
plant, cucumber, and chili. They also grew other crops,
such as cereals (e.g., ragi or maize), spices (e.g., coriander,
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sesame, jasmine), or fodder (e.g., elephant grass). In addi-
tion, several of them were also engaged in other farming
activities, such as silk (e.g., growing mulberry) or dairy
production.

Bee sampling

In each of the 36 sites, we sampled bees along 100 x 2-m
variable transect walks using sweep nets (Westphal
et al., 2008). The transects were subdivided into 10 sub-
units of 10 x 2 m. Five subunits were located along semi-
natural habitats (e.g., field margins, hedges) and five
within cropping fields. The number of subunits assigned
to each crop or seminatural habitat type was proportional
to its relative area within the study site (Scherber
et al., 2019). To account for temporal variations in bee
communities and cropping patterns, we sampled every
site on a monthly basis. We chose variable over standard-
ized transect walks in order to be more flexible with the
phenology of cropping fields through the seasons, for
example, a flowering field can remain fallow during the
next sampling rounds. Nevertheless, the covered area
(100 x 2 m) and the time spent (20 min) within each
transect were always the same. We pooled bees sampled
in the 10 subunits, and analyses were performed at the
transect level. Bees were recorded within 2 min (exclud-
ing handling time) in each of the 10 subunits, leading to
a total of 20 min per transect (per farm) each month. If
possible, sampled species were directly identified in the
field or were taken to the laboratory for further identifi-
cation. A taxonomic expert (K. B. Tharini) confirmed the
specimens’ identification. Collected specimens are kept
in the collections of the Agricultural Entomology
department (University of Agricultural Sciences, GKVK,
Bangalore, India). The taxonomy of South Indian bees is
still under development, and several species could only
be identified to the morphospecies level. Although Apis
cerana Fabricius is managed in South India, bee keeping
is uncommon in our study region, and a large proportion
of its population is wild (e.g., nesting in termite mounds
and hollow trees; see Jasmi et al., 2021). We thus kept
this species in the analyses. Additionally, we recorded
and identified plant species that were visited by bees. All
transect walks were conducted between February 2020
and January 2021 under good weather conditions
(no rain, no heavy wind, minimum 18°C) between
9 AM and 3 PM. The order of the visited sites was care-
fully planned to avoid temporal autocorrelation. Because
of the COVID-19 pandemic and the lockdown imposed
by the Indian government, fieldwork activities were
suspended in April 2020, resulting in 11 sampling rounds
in total. In addition, a few sites were not accessible

temporarily owing to local lockdown targeting certain
neighborhoods: 18 sites in March 2020 and two sites in
May 2020 (leading to N = 376). However, because these
sites were not spatially aggregated (e.g., only urban sites),
this did not cause bias in our analyses (see Statistical
analyses).

Functional traits

To investigate how urbanization was driving different
functional groups and functional composition of bee
communities, we focused on four traits (nesting behavior,
sociality, specialization, and body size) that are expected
to be affected (filtered) by wurbanization (Wenzel
et al., 2020). To do so, we classified bee species into four
nesting types (ground, cavity, parasitic [all kleptoparasite
species], and others [e.g., open combs]) and two levels of
sociality (social and solitary) based on the literature
(Michener, 2007) and expert knowledge (K. B. Tharini).
We measured the intertegular distance (ITD) as a proxy
for body size (Cariveau et al., 2016; Kendall et al., 2019).
These measures were taken on a minimum of one and a
maximum of five female specimens per species. Because
we did not observe males for several species, we restricted
this measurement to female bees, which are the main
pollinators. To estimate resource specialization, we
followed Ponisio et al. (2016). Specifically, we first built a
plants-by-bees matrix, with the number of visits per plant
species as matrix values, before computing the standard-
ized specialization d’ for each bee species using the bipar-
tite R package (Bluthgen et al., 2006; Dormann, 2011;
Dormann et al., 2008). It measures the degree of interac-
tion specialization and ranges from 0 for generalist
species to 1 for specialist species. Kleptoparasites were
excluded, as well as species that were recorded only once,
because they would mistakenly receive the highest
d’ value of one (i.e., perfect specialist). See Appendix SI:
Table S1 for each species’ functional traits. We then
calculated single-trait (i.e., community-weighted mean
[CWM]) and multitrait (i.e., functional dispersion) diver-
sities. The CWM measures the mean trait values
weighted by species abundances and reflects which trait
value is selected in a given environment. We calculated
the CWM for continuous traits, that is, ITD and speciali-
zation. The functional dispersion (FDis) measures the
mean functional distance of each species from a commu-
nity to the centroid of all species of this community in a
multidimensional functional traits space (Laliberté¢ &
Legendre, 2010). FDis is also abundance-weighted and
was calculated based on three traits (nesting behavior,
sociality, and ITD). We did not include specialization in
the calculation of functional dispersion because we could
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not calculate it for all species (i.e., kleptoparasites and
rare species). Before doing these calculations, we built a
species-by-species Gower distance matrix to estimate the
functional distances between species, accounting for both
categorical (i.e., sociality and nesting behavior) and con-
tinuous (i.e., ITD) variables (Gower, 1971). To do so, we
used the gawdis() function in R, which has the advantage
that it gives equal weight to each trait (de Bello
et al., 2021). These functional diversity indices were then
computed with the FD package in R (Laliberté
et al., 2015).

Environmental predictors

At the local scale, we recorded the total flower cover
(in square centimeters) within each transect. To do so,
we measured the size (diameter) of the flower of the five
dominant flowering plant species and counted, for each
species, the number of opened flowers inside the transect
surface (100 x 2 m), after having completed a transect
walk. We further classified each plant species into
“crop/cultivated,” “native,” and “exotic” and calculated
their respective flower cover (see Inderjit et al., 2018 for
exotic plant species). To record the local crop diversity,
we mapped all cropping fields within a 100-m radius
buffer around the farm centroid every month (Martin
et al., 2020). The relative area covered by each crop spe-
cies at the farm level was used to calculate crop diversity
using the Shannon index (vegan R package; Oksanen
et al., 2020). We also summed the total area covered by
all crop species to estimate the cropping area in square
meters.

At the landscape scale, we used remote sensed data to
calculate the share of gray area in the surroundings of
the study sites within various radii. Gray area is often
used as a proxy to estimate the effects of urbanization on
bees and other taxa (Geslin, Le Féon, et al., 2016;
Marcacci et al., 2021; Piano et al., 2020). We produced a
land-cover map with a 10-m spatial resolution from
cloud-free Sentinel-2 L2A imagery that was acquired in
December 2020. A pixel-wise image classification was
performed using a deep learning model, a so-called multi-
layer perceptron network. Six land-cover classes were dis-
tinguished: gray area, trees, grass and shrubs, water
bodies, agricultural lands, and barren lands. For this
study, we focused on two contrasting land-cover classes,
that is, gray area (impervious and sealed surfaces, such as
roads, buildings and constructions in general) and
nongray area, including all other land-use classes. We
calculated the proportional share of gray area (percentage
land cover) at different landscape scales, that is, within

circular buffers with varying radii (100, 250, 500, 750,
1000, 1500, and 2000 m).

Statistical analyses

To assess the representativeness of our samples, we calcu-
lated sampling completeness using the Chaol estimator
of asymptotic richness (Chao, 1987).

To investigate the effects of local and landscape vari-
ables on bee communities, we used generalized linear
mixed models (glmmTMB package; Brooks et al., 2020).
Analyses were performed on data summarized by round
across the entire year, that is, at the individual transect-
walk level (N = 376). The response variables were species
richness, total abundance, abundance of social bees,
abundance of solitary bees, abundance of cavity-nesting
bees, abundance of ground-nesting bees, ITD and special-
ization CWMs, and functional dispersion. To analyze the
response of each of the four social bee species separately,
we ran additional models with their respective abun-
dance as response variables. Explanatory (fixed) variables
were crop diversity (Shannon index), total flower cover
within the transect (cm?), flower cover of exotic plant
species within transect (cm?), cropping area (ha), share of
gray area (%) within varying radii, and season (three
levels: winter, summer, monsoon). Since flower cover
had a few extreme values, we log-transformed this vari-
ables to ensure the normality of the residuals. All explan-
atory continuous variables were standardized (mean = 0,
SD = 1) to improve the convergence of the models. We
also checked for potential collinearity between all our
environmental predictors with Pearson’s correlation tests.
Since the total flower cover and the flower cover of exotic
plant species were correlated (|| > 0.7), we kept total
flower cover in the global model (i.e., model selection)
and ran additional analyses only considering the flower
cover of exotic plant species. Site IDs (i.e., to account for
repetitive rounds of transect walks) were set as random
effects (fixed slopes and random intercepts). To account
for differences in sampling effort (because of COVID-19
in 20 out of 36 sites we have 10 instead of 11 sampling
rounds, see the section Bee sampling), we included the
log(number of rounds per site) as an offset in the models,
but this caused convergence problems and was removed.
However, we repeated the analyses with a balanced sub-
set of the sampling rounds (i.e., 10 sampling rounds),
which did not change the results.

Because not all bees have the same foraging range
(e.g., solitary vs. social species or large vs. small species;
see Gathmann & Tscharntke, 2002; Greenleaf et al., 2007;
Steffan-Dewenter et al., 2002), we selected the Dbest
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landscape scale for every response variable prior to fitting
the global models (Wilson & Jamieson, 2019). We
selected the best landscape scale based on their AIC,
values. When several scales had AAIC, values <2, we
retained the scale that had the largest effect size (Grass
et al., 2018; see Appendix S1: Table S2).

We hence fitted the global models with all our envi-
ronmental predictors (except flower cover of exotic plant
species), including all possible two-way interactions
between them. We first selected the best model structure
and chose the most appropriate distribution for our
response variables based on their diagnostic plots and
their AIC, values. Species richness and functional disper-
sion were normally distributed and fitted with a Gaussian
error distribution. ITD and specialization CWM were first
log-transformed to ensure the normality of residuals and
then fitted with a Gaussian distribution, too. For abun-
dance response variables, we selected either a Poisson
error or a negative binomial distribution when
overdispersion was detected. We also added a zero-
inflation term when needed to account for an excess of
zeros. We then followed a multimodel inference approach
where models with the lowest AIC. (within AAIC, < 2)
score sorted by the dredge() function from the MuMIn
package in R (Barton, 2018) were selected as the most infor-
mative models, that is, considered to have similar empirical
support (Burnham & Anderson, 2002). Models that
contained additional parameters compared with the better-
ranked models but that had a higher AIC. value
were excluded as these additional parameters are likely
to be uninformative (i.e., they cannot overcome the penalty
of two AIC. units for each additional parameter; see
Arnold, 2010; Galipaud et al., 2017). We restricted the num-
ber of parameters in the model comparison procedure to a
maximum of five variables. We calculated the sum of
Akaike weights (Zw;) of each predictor over the whole set
of candidate models in which it appeared. This value
informs on the relative (not the absolute) importance of the
explanatory variables (Galipaud et al., 2017): The larger the
value, the more important is the variable (max = 1 when
the variable appears in all candidate models). We only
reported Xw; values for the predictors selected in the models
with substantial empirical support within AAIC. < 2. We
computed the appropriate (i.e., Nakagawa’s R* for mixed
models and zero-inflated R? for models with a zero inflation
term) marginal (R,,>) and conditional (R.%) R* with the per-
formance package in R to assess the goodness of the
models’ fit (Liidecke et al., 2021; Nakagawa et al., 2017). To
further interpret the results (e.g., positive or negative effects
of the most important variables), we averaged (conditional
average) the models’ coefficients (estimates, SE, z-value)
over the sets of best-fitting models (within AAIC, < 2) with

the modelavg() function (MuMIn package in R;
Barton, 2018).

We used the packages emmeans (Lenth et al., 2021)
and effects in R (Fox et al., 2019) to obtain models’ pre-
dictions, which were plotted with the ggplot2 package
in R (Wickham et al., 2021). All plots were based on the
best models’ predictions, unless otherwise specified. All
models’ assumptions were checked and validated with
the performance (Liidecke et al., 2021) and DHARMa
R packages (Hartig, 2021). All analyzes were conducted
in R version 4.0.1 (R Core Team, 2020).

RESULTS

We recorded 26,627 bees belonging to three families
(Apidae, Megachilidae, and Halictidae) that were identi-
fied to 40 species or morphospecies (Appendix S1:
Table S1). This number of species is similar to that of
other studies conducted in Asian tropical cities
(e.g., Stewart et al., 2018; Tangtorwongsakul et al., 2018).
The five most abundant species were Apis florea
Fabricius (13 941), Apis cerana (5462), Amegilla
(Zonamegilla) spp. (2097), Apis dorsata Fabricius (1725),
and Tetragonula spp. (1431). Social bees (A. florea,
A. cerana, A. dorsata, and Tetragonula spp.) were largely
dominant and made up 84.7% of all sampled individuals.
On average, we recorded 70.6 4+ 64.7 (mean 4 SD) bees
of 4.6 £ 2 species per individual transect-walk. Chaol
species estimation (Chao, 1987) indicated that we sam-
pled 78.4% of the regional bee richness.

Effects of urbanization on species richness
and overall abundance

Gray area positively influenced bee richness (model-
averaged coefficients: estimate = 0.33, SE = 0.14, z = 2.44;
Figure 2b) and had a relatively high importance
(Zw; = 0.78; only one best-fitting model; see Table 1). The
share of gray area within a 250-m radius provided the best
model fit (lowest AIC.; Appendix S1: Table S2) and was
considered the best landscape scale on which to examine
the effects of urbanization on species richness. Conversely,
overall bee abundance slightly decreased with urbanization
(estimate = —0.04, SE = 0.05, z = 0.81; Figure 2e), with
gray area being moderately important (Zw; = 0.49) and
included in two out of the four best-fitting models (Table 1).
The best landscape scale to which overall bee abundance
responded was 1000 m, highlighting the fact that urbaniza-
tion affected bee communities up to large spatial scales
(Appendix S1: Table S2).
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reasons.

Functional responses to urbanization

The abundance of solitary (estimate = 0.17, SE = 0.08,
z = 2.12), cavity-nesting (estimate = 0.31, SE = 0.11,
z = 2.86) and, surprisingly, ground-nesting (esti-
mate = 0.10, SE = 0.08, z = 1.27) bees was positively
affected by urbanization (Figure 3). For these three func-
tional groups, gray area was found in all best-fitting
models (except for ground-nesting bees, where it was
included in four out of five best-fitting models; Table 1)
and had a high importance (Zw; = 0.95; Zw; = 0.90;
2w; = 0.77, respectively). However, gray area had an
unexpected negative influence on social bees’ abundance
(estimate = —0.17, SE = 0.04, z = 3.98; Figure 3a) and
was included in all models (Zw; = 1.00). Solitary and
ground-nesting bees best responded to urbanization at
500 m and cavity-nesting bees at 750 m, whereas social
bees were affected at larger spatial scales up to 2000 m
(Appendix S1: Table S2). Among the four social bee spe-
cies (which represented 85% of all bees in our study),

A. florea (estimate = —0.28, SE = 0.06, z = —4.05) and
A. cerana (estimate = —0.19, SE = 0.05, z = —3.63)
declined with urbanization, A. dorsata was not affected
(estimate = 0.08, SE = 0.11, z = 0.71), and stingless bees
(Tetragonula spp.) were positively affected (esti-
mate = 0.25, SE = 0.16, z = 1.57; Appendix S1:
Figure S7). A. florea was the most abundant of all bees
and largely drove the observed decline of social bees and
total bee abundance along the urbanization gradient.
Against our expectations, gray area also had positive
effects on functional dispersion (estimate = 0.03,
SE = 0.01, z = 2.42; Figure 3e) and interaction specializa-
tion of bees (d') (estimate = 0.05, SE = 0.02, z = 247,
Figure 3c), it was included in all best-fitting models
(Table 1) and had a high importance (Zw; = 0.98 and
>w; = 1.00, respectively). The best landscape scale for
both these variables was 750 m (Appendix S1: Table S2).
For ITD CWM (proxy for body size, best model fit at
2000 m; Appendix S1: Table S2), the model selection
revealed an important interaction (Ew; = 0.83) between



ECOLOGICAL APPLICATIONS

9 0f 18

TABLE 1
goodness of the model fit.

Response variable Model df AIC,
Species richness R1 11 1428.70
Abundance Al 10 3488.19
A2 11  3488.30
A3 9 3489.43
A4 10  3489.47
Abundance of social bees S1 11 3367.48
S2 9 3367.72
Abundance of solitary bees Syl 9 235451
Sy2 10 2354.58
Sy3 10 2354.61
Sy4 11 2355.10
Sy5 10 2356.43
Abundance of cavity-nesting bees C1 11 1494.25
Abundance of ground-nesting bees Gl 7 211211
G2 9 2112.44
G3 6 2112.81
G4 9 211347
G5 8 2113.95
CWM ITD ITD1 8 —252.94
ITD2 6 —253.50
CWM specialization speciall 7 —105.18
special2 8 —105.17
special3 9 —103.99
special4 10 —103.19
Functional dispersion FDisl 10 —597.24
FDis2 8 —596.24
FDis3 10 —595.34
FDis4 9 —617.57

Best-fitting models (within AAIC, < 2) for all response variables. Marginal (R,,>) and conditional (R.*) R* measure the

AAIC. Akaike weight Explanatory variables RJZ Ry’
0.00 0.61 CD + G + FC:S 040 0.31
0.00 0.22 CD:S + G + FC 0.72  0.67
0.12 0.20 CD:S + FC:S 0.72  0.67
1.24 0.11 CD:S + FC 0.72  0.66
1.28 0.11 CD + G + FC:S 0.72  0.67
0.00 0.30 CD:S + G + FC 0.70  0.67
0.24 0.26 CD+G+FC+S 0.70  0.66
0.00 0.18 G:S + FC:S 0.52 0.34
0.07 0.17 CD + G + FC:S 0.55 0.39
0.11 0.17 CD + G:S + FC 0.53 0.37
0.59 0.13 G:S + FC:S 0.53 0.34
1.93 0.07 G:S + G:FC 0.53 0.36
0.00 0.53 CD + G + FC:S 0.34 0.19
0.00 0.22 G+ FC+S 0.83 0.56
0.33 0.19 G:S + FC 0.83 0.56
0.71 0.15 FC + S 0.83 0.55
1.36 0.11 G + FC:S 0.83 0.55
1.84 0.08 G:FC + S 0.83 0.56
0.00 0.31 CD:G + G:FC 0.14 0.10
0.44 0.25 CD:G 0.13  0.08
0.00 0.29 G+ FC+S 0.23 0.14
0.01 0.29 G:FC + S 0.24 0.15
1.20 0.16 G:S + FC 0.24 0.15
2.00 0.11 G:FC + G:S 0.24 0.15
0.00 0.29 CD + G:S + FC 0.30 0.18
1.00 0.18 CD+G+FC+S 0.29 0.17
1.91 0.11 CD + G + FC:S 0.29 0.17
1.12 0.11 CD:G+ FC+S 0.28 0.17

Abbreviations: CD, farm-level crop diversity (Shannon index); CWM, community-weighted mean; FC, log local flower cover (cm?); FD, functional dispersion;
G, gray area (%); ITD, intertegular distance (proxy for body size); S, season (monsoon, summer, winter).

gray area and crop diversity (estimate = 0.2, SE = 0.01,
z = 2.58), meaning that larger bees were found in farms
with higher crop diversity, especially when the amount
of gray area was high (Figure 3d).

Effects of crop diversity and flower cover
on bee communities

As expected, crop diversity positively influenced bee richness
(estimate = 0.49, SE = 0.11, z = 4.63; Figure 2c), the abun-
dance of solitary (estimate = 0.08, SE = 0.05, z = 1.65;
Appendix S1: Figure S2c) and cavity-nesting bees (esti-
mate = 0.25, SE = 0.09, z = 2.86; Appendix S1: Figure S3c),
and functional dispersion (estimate = 0.02, SE = 0.01,

z = 3.17; Appendix S1: Figure S6c). However, it had a nega-
tive effect on social bees’ abundance (estimate = —0.06,
SE = 0.07, z = 0.86; Appendix S1: Figure S1c). In fact, crop
diversity was included in most of the best-fitting models and
usually had a high importance (Tables 1 and 2). The model
selection further revealed an interaction of moderate impor-
tance (Xw; = 0.59) between crop diversity and season for
total bee abundance: Crop diversity had no effect on total
bee abundance in the monsoon season and summer,
whereas it had a negative effect in winter (Figure 2e).

As expected, flower cover had positive effects on total
bee richness and total bee abundance (Appendix S1:
Table S3; Figure 2), as well as on the abundance of all func-
tional groups and functional dispersion (Appendix SI:
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Table S3 and Figures S1-S6). It appeared in almost all best-
fitting models and had a high importance for all response
variables (Tables 1 and 2). The model selection revealed
important interactions between season and flower cover for
total bee richness (Zw; = 0.81; Figure 2a) and cavity-nesting
bees’ abundance (Xw; = 0.67; Appendix S1: Figure S3a): the
positive effects of flower cover were more pronounced dur-
ing the cropping seasons (i.e., winter, followed by monsoon)
than during the dry season (i.e., summer).

However, the flower cover of exotic plant species had
negative effects on cavity-nesting bees’ abundance
(estimate = —0.11, SE = 0.08, z = —1.38), CWM of speciali-
zation of bees (estimate —0.04, SE = 0.01, z —3.12;
Figure 4a), and functional dispersion (estimate = —0.02,
SE = 0.01, z = —2.74; Figure 4b), suggesting that exotic
plants promoted generalist species and reduced functional
diversity.

Seasonal variations

Season was found in the best-fitting models for all
response variables (except ITD CWM; Table 1) and
always had the highest importance value of 1.00, that
is, it was included in all candidate models. Bee rich-
ness, total bee abundance, and the abundance of all
functional groups were higher in the cropping seasons
(i.e., winter, followed by monsoon) than in the dry sea-
son (i.e., summer). The CWM of interaction specializa-
tion of bees was higher in summer, followed by
monsoon and winter (Appendix S1: Figure S5), and
functional dispersion was higher in the monsoon sea-
son, followed by summer and winter (Appendix S1:
Figure S6). These seasonal differences may reflect fluc-
tuations in the availability of floral resources related to
climate (i.e., monsoon) and cropping patterns.
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TABLE 2

Relative importance Zwi (sum of Akaike weights) of explanatory variables across all candidate models. Only variables and

their two-way interactions that were included in the best-fitting models (within AAIC, < 2) are shown.

Response variable CD G FC FS
Species richness 1.00 0.78 1.00
Total abundance 094 049 1.00
Social bee abundance 1.00 1.00 1.00
Solitary bee abundance 0.5 095 1.00
Cavity-nesting bees abundance 0.89 0.9 1.00
Ground-nesting bees abundance 0.77  1.00
CWM ITD 1.00 096 0.59
CWM specialization 1.00 0.94
Functional dispersion 098 098 095

S
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00

CDSS CD:G CD:FS FCS GS CD:FC GFFC
0.81
0.59 0.45
0.3

0.42 0.55 0.11
0.67

0.29 0.32 0.19

0.83 0.37

0.31 0.43

0.11 0.17 0.12 0.33 0.14

Abbreviations: CD, farm-level crop diversity (Shannon index); CWM, community-weighted mean; FC, log local flower cover (cm?); FD, functional dispersion;
G, gray area (%); ITD, intertegular distance; S, seasons (monsoon, summer, winter).
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FIGURE 4 Effects of flower cover of exotic plants on (a) community-weighted mean (CWM) interaction specialization d’ and

(b) functional dispersion. The lines depict the predicted mean values, the belts the 95% confidence intervals, and the dots the raw data.

DISCUSSION

We studied the functional responses of farmland bees to
urbanization across rural-urban agricultural landscapes
in Bengaluru, a rapidly growing megacity in South India.
We found that bees’ functional responses to urbanization
were trait specific. Most functional groups (i.e., cavity
nesters, ground nesters, solitary bees, larger bees, special-
ists) benefited from an increase in gray area at the land-
scape scale, whereas social bees (85% of all bees)
exhibited a negative response, threatening crop pollina-
tion. Farm-level crop diversity enhanced the taxonomic
and functional diversity of bee communities and the
abundance of cavity-nesting, solitary, and larger bees.
This enhancement was presumably due to increasing flo-
ral resource complementarity and diversity, especially in
highly urbanized areas, where the distances between

foraging patches are expected to be higher. Increasing
flower cover of both cultivated plants and native weeds
promoted bees at the local scale and could, thus, help to
maintain pollinator communities across the seasons, that
is, native weeds filling food gaps during the noncropping
season. However, the flower cover of exotic plants had
strong negative effects on certain functional groups
(e.g., cavity nesters), functional diversity (function disper-
sion), and interaction specialization.

Bees’ responses to urbanization were largely trait spe-
cific, as already demonstrated (Banaszak-Cibicka &
Zmihorski, 2012; Buchholz & Egerer, 2020; Wenzel
et al., 2020; Wilson & Jamieson, 2019), and not all func-
tional groups were affected at the same landscape scale
(Steffan-Dewenter et al., 2002; Wilson & Jamieson, 2019).
Gray area had a positive effect on species richness, pre-
sumably driven by solitary cavity-nesting bees such as
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Megachile spp. or Xylocopa spp., which benefited from
buildings and constructions providing nesting habitats
(Banaszak-Cibicka & Zmihorski, 2012; Cohen et al., 2022;
Fortel et al., 2014; see Figures 2b and 3). Carpenter bees
(Xylocopa spp.) were particularly abundant in urban areas
and have already been identified as one of the main pollina-
tors of lablab (Lablab purpureus), a very popular pulse crop
in South India (Wenzel et al, 2022). These large bees,
which have greater foraging range (Greenleaf et al., 2007),
could travel longer distances between foraging patches
scattered within the urban matrix (Crowther et al., 2014;
Kremen et al., 2007). They can therefore benefit from
urbanization provided enough floral resources are
supplemented (Fortel et al., 2014). Indeed, Hamblin et al.
(2018) demonstrated that abundant floral resources pro-
moted large bees (more than small bees) in dense urban
environments as they can fly longer distances in fragmented
landscapes and concentrate in highly rewarding flowering
patches, such as mass-flowering crops (e.g., lablab) (Beyer
et al., 2021; Zaninotto et al., 2021).

Against our expectations, ground-nesting bees were
slightly positively affected by an increase in gray area
(Figure 3b), which contrasts with most studies assessing
the effects of urbanization on ground nesters
(e.g., Banaszak-Cibicka & Zmihorski, 2012; Hinners et al.,
2012). However, these studies usually come from temperate
regions, where bare soil is often replaced by sealed surfaces
and intensively managed lawns, offering less suitable habi-
tats for ground nesters in urban areas. By contrast, cities
from the Global South have proportionally less impervious
surfaces, and small areas of bare soil are still widely avail-
able due to unsealed surfaces besides the roads and around
buildings and constructions, mostly in less developed neigh-
borhoods (Guenat et al., 2019; Wenzel et al., 2022).

Our results indicate that urban areas in Bengaluru
offered sufficient nesting habitats (i.e., bare soil and cavi-
ties) for different functional groups. Furthermore, urban
areas generally have high availability and diversity of flo-
ral resources in gardens and parks (e.g., including horti-
cultural flowering plants; Banaszak-Cibicka et al., 2018;
Geslin, Oddie, et al., 2016). This could increase niche
space availability (e.g., types of flowering resources, phe-
nological diversity of flowering plants; see Prendergast
et al., 2022; Tew et al., 2022) and, contrary to our expecta-
tions, result in higher functional diversity in these land-
scapes (Figure 3e).

However, unlike most studies conducted in temperate
cities, social bees were negatively affected by urbaniza-
tion (Figure 3a; but see Wilson & Jamieson, 2019, who
also found a decline of social bees with urbanization in
three cities of the US state of Michigan). Social bees are
usually considered to be “winners” of urbanization as
they perform better in cities due to their greater behavioral

and ecological flexibility (Banaszak-Cibicka & Zmihorski,
2012; Bennett & Lovell, 2019). In our study area, we
recorded four social bee species: the Indian honey bee
(A. cerana), the red dwarf honey bee (A. florea), the giant
honey bee (A. dorsata), and stingless bees (Tetragonula
spp.). Among these four species, A. florea (and, to a lesser
extent, A. cerana) strongly declined with increasing gray
area (Appendix S1: Figure S7), thereby explaining the overall
negative response of social bees. A. florea typically builds its
open comb in small trees or bushy vegetation (e.g., hedges),
which may be lacking in urban areas, where most of the
remaining vegetation consist in large old trees or tree galler-
ies (e.g, in parks or along streets) offering fewer nesting
opportunities. Conversely, stingless bees (Tetragonula spp.)
nest in human infrastructures (e.g., crevices in a wall) and,
thus, benefited from urbanization (Appendix S1: Figure S7;
see Rahman et al., 2015).

These four social species were largely dominant and
made up for 85% of all bees recorded. Other studies
conducted in Asian tropical cities (e.g., in Thailand)
also reported a strong dominance of social bees in their
study area (Stewart et al., 2018; Tangtorwongsakul et al.,
2018: 90% and 93% respectively, with A. florea alone
representing 80% of all individuals for the latter).
Consequently, social bees drove the observed patterns
regarding interaction specialization and total bee abun-
dance in our study. Contrary to our predictions, social
and polylectic bee species, which exploit many different
floral resources (i.e., generalists), declined in urban areas
while the proportion of specialized bee species in the
communities (e.g., solitary bees that were promoted by
urbanization) increased with gray area (Figure 3a). In
addition, the decline of social bees with urbanization
reduced overall bee abundance (Figure 2e). This result is
particularly worrying since gray area affected social bees
at large spatial scales (up to 2000 m). In the tropics, social
bees, such as wild honey bees (Apis spp.) and stingless
bees (Tetragonula spp.), form large colonies (compared to
bumblebees, which are characterized by much smaller
colonies in temperate regions) and are essential for crop
pollination (Mukherjee et al., 2019). The rapid urban expan-
sion of Bengaluru (e.g., built-up area increases of 176%
between 1991 and 2018 in our north transect; Nautiyal
et al,, 2020) poses a major threat to crop pollination in
urban agricultural systems because it is swallowing up the
surrounding agricultural landscapes, with negative conse-
quences on bee abundance. The promotion of beneficial
seminatural habitats that provide nesting opportunities for
social bee species (e.g., A. florea), such as structurally rich
hedges around cropping fields, should be fostered to con-
serve pollinator communities and safeguard crop pollina-
tion in urban farms at the landscape scale (Beyer
et al., 2020; Ganser et al., 2021; Klein et al., 2012).
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Furthermore, it is critical to devise management prac-
tices that enhance pollinators also at the local scale. We
found that farm-level crop diversity had positive effects
on the taxonomic and functional diversity of bee commu-
nities (Figure 2c and Appendix S1: Figure S6c). Increas-
ing crop diversity in urban farms, just as in rural
agricultural landscapes, may, hence, offer more diverse
floral resources within a foraging patch that are required
by species-rich and diverse bee assemblages (Raderschall
et al., 2021). It has already been shown that diversified
farms diminished bees’ reliance on the surrounding land-
scapes (Kennedy et al., 2013). In addition, higher crop
diversity enhances complementarity in key floral
resources, which can foster both rare and common wild
bee species (Sutter et al., 2017) and prevent gaps in food
resource across seasons (Mallinger et al., 2016; Martins
et al., 2018). However, crop diversity can also reduce bee
abundance when intensively managed crops are favored
over crops that provide more food (e.g., pulse crops, vegeta-
bles, aromatic crops and spices; see Hass et al., 2018). In
our study region, many farmers give up vegetable farming
for cash crops that yield higher income, such as mulberry
for silk production or turf grass dedicated to large estates’
lawns (personal observations). These practices may threaten
regional pollinator communities in the future.

Not only the diversity but also the abundance of floral
resources is essential to support bee communities. Over-
all bee abundance increased locally with increasing
flower cover (Figure 2d), emphasizing the importance of
floral resources both within cropping fields and in sur-
rounding seminatural habitats (e.g., field margins,
hedges) in urban environments. This has already been
demonstrated in urban green areas, such as parks and
gardens, both in temperate and tropical cities (Pardee &
Philpott, 2014; Stewart et al, 2018; Wilson &
Jamieson, 2019). However, in the tropics, unlike temper-
ate regions, bees remain active year round (Stewart &
Waitayachart, 2020), although we recorded some extent
of seasonal variability due to fluctuations in food
resources related to climatic events (e.g., monsoon, dry
season) and cropping patterns. Thus, a constant provision
of food resources is necessary. During the cropping sea-
sons, some species (e.g., Megachile spp., Xylocopa spp.)
relied more on flowering crops, such as pulses
(e.g., lablab or red gram; see Wenzel et al., 2022), than on
natural vegetation. Nevertheless, natural weeds within
and around cropping fields are essential to maintain bee
communities throughout the year and to fill the food gap
during the noncropping season (i.e., dry summer). Both
native and nonnative flowering plants (e.g., ornamental
plants and weeds) can promote pollinators in cities
(Frankie et al.,, 2013; Larson et al., 2014; Lowenstein
et al., 2019). In the context of urban agriculture, planting

or promoting attractive flowering plants around cropping
fields (e.g., field margins, wildflower strips) may benefit
both pollinator communities and crop yield, just as in
rural agricultural landscapes (Albrecht et al., 2020; Beyer
et al., 2020; Ganser et al., 2021).

Urban areas are known to harbor more exotic plants
than natural habitats, which either have an ornamental
use or were introduced and dispersed better in highly
disturbed anthropogenic environments (Skultety &
Matthews, 2017). Exotic plants can be highly attractive to
urban pollinators (Garbuzov et al., 2015) and allow them
to extend their flight period later in the year in temperate
cities (Staab et al., 2020; Stelzer et al., 2010). However,
they may have effects that are more negative in tropical
cities where plant-pollinator networks are more stable
through the year (Stewart & Waitayachart, 2020). In our
study, we found that functional dispersion and interac-
tion specialization (d’) decreased with increasing exotic
plant cover (Figure 4). This indicates that exotic plants
favor mainly generalist bees, filtering out specialists and,
thus, leading to a loss of functional diversity (Grass
et al., 2013, 2014). Moreover, the two most common and
dominant species among the exotic plants we recorded
were Lantana camara and Parthenium hysterophorus,
both listed in the top 100 of the worst invasive species of
IUCN and are a serious threat to ecosystem integrity
in India (Kohli et al., 2006; Usharani & Raju, 2018).
Lantana camara was mostly visited by Amegilla spp. and
P. hysterophorus by A. florea. As these two invasive plant
species expand rapidly across rural-urban landscapes
competing with native and cultivated plants, they repre-
sent a major threat to bees and pollinators by disrupting
native plant-pollinator interactions (Ojija et al., 2019),
also in crops.

CONCLUSION

Pollinators showed contrasting and inconsistent responses
to urbanization across studies in temperate regions, and our
work provides important and novel insights in an
understudied part of the world. Consistent with temperate
regions, bees’ responses to urbanization were trait specific
in our study, highlighting the importance of considering
functional traits in urban ecology. However, in the tropics,
urban areas seem to offer sufficient nesting opportunities
for different functional groups (e.g., bare soil and cavities)
and can promote taxonomic and functional diversity of bee
communities. Nevertheless, we did not quantify other dis-
turbances associated with urban areas (e.g., removal of
seminatural vegetation) that may cause the decline of
certain social bees (e.g., A. florea) and therewith could
threaten crop pollination services.
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Thus, to conserve diverse bee communities and enhance
crop pollination services in urban agricultural systems, we
recommend preserving seminatural vegetation (e.g., hedges)
around cropping fields to provide nesting opportunities for
aboveground nesters such as wild honey bees. In addition,
farm-level crop diversification, such as the cultivation of
beneficial crops, including pulses (e.g., lablab, red gram),
vegetables (e.g., cucurbitaceous, tomatoes), and spices
(e.g., coriander, jasmine), should be encouraged and cash
crop monocultures (e.g., mulberry, turf grass) avoided. We
further suggest maintaining native natural vegetation along
field margins and hedges, especially during the noncrop-
ping season (i.e., dry season in summer) to support diverse
pollinator communities throughout the year. However,
actions need to be taken to systematically control and
remove invasive plant species, which reduced interaction
specialization and functional diversity, to conserve ecosys-
tem integrity and safeguard crucial ecosystem services upon
which smallholders depend.

In conclusion, our study suggests that urban agricul-
ture in tropical regions can support functionally diverse
bee communities across the entire year even in a rapidly
growing megacity and, if managed in a sustainable man-
ner, be used to develop win-win solutions for biodiversity
conservation of pollinators and food security in and
around cities.
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