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India. We implemented a Poisson generalized linear 
model to analyze factors that influence bee abundance 
and richness with a particular focus on the present, 
past, and neighboring management decisions of farm-
ers with respect to chemical fertilizers, pesticides, and 
irrigation.
Results Our results suggest that agricultural intensi-
fication is associated with a decrease in the abundance 
and richness of wild bees in our study areas. Both 
time and space play an important role in explaining 
farm-bee interactions. We find statistically significant 
negative spillovers from pesticide use. Smallholders’ 
use of chemical fertilizers and irrigation on their own 
plots significantly decreases the abundance of bees. 
Intensive past management reduces both bee abun-
dance and richness.
Conclusions Our results suggest that cooperative 
behavior among farmers and/or the regulation of 

Abstract 
Context The agricultural landscape in many low- 
and middle-income countries is characterized by 
smallholder management systems, often dependent 
on ecosystem services, such as pollination by wild 
pollinator populations. Increased adoption of modern 
inputs (e.g., agrochemicals) may threaten pollinators 
and smallholder crop production.
Objective We aimed to identify the link between 
the use of agrochemicals and wild bee populations 
in Southern India, while explicitly considering the 
effects of temporal and spatial scaling.
Methods For our empirical analysis, we combined 
data from pan trap samples and a farm management 
survey of 127 agricultural plots around Bangalore, 
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agrochemical use is crucial to moderate spatial spillo-
vers of farm management decisions. Furthermore, a 
rotation of extensive and intensive management could 
mitigate negative effects.

Keywords Bee communities · India · Pesticides · 
Spillovers · Temporal and spatial scales

Introduction

Pollinator communities make important contribu-
tions to agricultural production and food security 
(Tscharntke et  al. 2012; Kleijn et  al. 2015). With 
the fast decline of pollinator populations both glob-
ally (Tylianakis 2013) and regionally, for example, 
in India (Basu et  al. 2011), interest in this topic has 
increased substantially in recent years. While many 
staple crops do not rely on animal pollination, most 
fruit and vegetable crops do (Klein et al. 2007). These 
crops often feature prominently in efforts to improve 
the incomes and living standards of smallholders in 
low-income countries. Commercialization of high-
value fruit and vegetable production systems allows 
participation in national and international agricultural 
value chains and, therefore, can contribute to eco-
nomic development (Maertens et al. 2012). As a con-
sequence, agricultural policy strategies in many low-
income countries focus on improving farmers’ access 
to modern inputs and technologies to encourage more 
commercialized agricultural practices (Minten et  al. 
2013; Jayne et  al. 2018). Furthermore, improved 
infrastructure and better access to urban centers and 
markets are also accelerating the transformation from 
extensive to more intensified agricultural manage-
ment systems in large parts of Africa and Asia (Van-
dercasteelen et al. 2018; Steinhübel and von Cramon-
Taubadel 2021).

Despite the need for intensification to improve 
yields and foster economic development, greater use 
of modern agricultural technologies and agrochemi-
cals such as pesticides can harm pollinator popula-
tions, with negative implications for future economic 
performance (Brittain et  al. 2010; Goulson et  al. 
2015). Evidence on farm-pollinator interactions in 
higher-income countries is vast, but there are only 
a handful of studies on rural–urban landscapes in 
lower-income countries and tropical regions (Wenzel 
et al. 2020). Some notable and recent exceptions are 

the studies by Basu et  al. (2016), Chakraborty et  al. 
(2021), and Tommasi et  al. (2021), who investigate 
farm/landscape-pollinator interactions in India and 
northern Tanzania. Despite these important contri-
butions, more empirical evidence on the interactions 
between landscape structure and pollinator communi-
ties in tropical countries is needed. Farming systems 
can differ greatly between high- and low-income 
countries, and we cannot simply extrapolate from the 
existing literature to fully understand farm-pollinator 
interactions in low-income countries or tropical local-
ities. For example, agricultural plots in low-income 
countries are often much smaller, and climate and 
crop choices differ (Basu et  al. 2016). Also, small-
holders usually depend exclusively on wild pollinator 
populations (Tibesigwa et al. 2019). When wild pop-
ulations cannot provide sufficient pollination services, 
farmers in high-income countries often bring in man-
aged bee populations as a substitute, but this option is 
often not available or affordable for smallholders in 
low- and middle-income countries (Tibesigwa et  al. 
2019). Hence, the first motivation for this study is 
to provide further evidence of farm-pollinator inter-
actions based on a sample of 127 smallholder farms 
located around Bangalore in Southern India. The 
region is dominated by smallholder agriculture, but 
the proximity to the urban center of Bangalore pro-
vides a multitude of marketing options to farmers 
and access to modern technologies and inputs such as 
agrochemicals. Consequently, management systems 
have become increasingly intensified, making the 
region a prime example of the issues outlined above.

The second motivation of our study is to present an 
empirical strategy that combines data from pan trap 
experiments and household surveys to quantify spa-
tial and temporal spillovers in the effects of local farm 
management decisions on pollinator communities.1 
Here, scale dependencies play a critical role. Sev-
eral ecological studies demonstrate the importance of 
landscape scale, structure, composition, and configu-
ration in defining pollination services to account for 
pollinator mobility and foraging ranges (Tscharntke 
et al. 2005; Kremen et al. 2007; Halinski et al. 2020). 

1 When we use the term ‘local’, we generally refer to the plot 
level. ‘Landscape’ we use to describe the spatial scale beyond 
the plot level containing several units of land use and natural 
habitats.
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As a consequence, farm management is often consid-
ered in an aggregate fashion and non-crop plants or 
access to natural habitats (e.g., home gardens versus 
natural forests) play a major role when analyzing pol-
linator communities (Tscharntke and Brandl 2004; 
Tscharntke et  al. 2005; Blitzer et  al. 2012; Motzke 
et al. 2016; Tibesigwa et al. 2019; Viswanathan et al. 
2020). However, since pollinators can move between 
agricultural plots and natural habitats, ecological 
and anthropogenic boundaries do not necessarily 
coincide.

Only recently have ecological studies started to 
look into scale-dependencies of farm-pollinator inter-
actions by contrasting the effects of local and land-
scape land-use features on pollinator diversity (Basu 
et al. 2016; Chakraborty et al. 2021; Tommasi et al. 
2021). Nonetheless, despite the explicit considera-
tion of local factors, except for Tommasi et al. (2021), 
these studies still chose their sampling sites based on 
landscape and regional characteristics (e.g., overall 
agricultural input intensities or cultivation patterns) 
rather than human-defined boundaries such as agri-
cultural plots (Basu et al. 2016). Such boundaries are, 
however, relevant from a policy perspective, since 
landscape-level or regional patterns are of limited 
use when trying to understand the effects of farmers’ 
decisions, which are typically made at the household 
or farm level.

Similarly, farm management is often associated 
with short-term seasons or growing cycles (Steinhü-
bel et  al. 2021), while ecological studies emphasize 
that pollinator communities are likely affected by the 
longer-term accumulation of management decisions 
that affect nesting and foraging possibilities or expo-
sure to pollutants and toxicants (Kremen et al. 2007; 
Chakrabarti et al. 2015; Schwarz et al. 2020).

In this context, our aim is to answer three research 
questions by specifically modeling the effect of pre-
sent, past, and neighboring agricultural management 
choices on bee abundance and richness.

(1) What are the effects of different agricultural 
inputs (specifically, chemical fertilizer, pesti-
cides, and irrigation) on bee communities?

(2) How do farm management practices on one farm 
affect bee communities on other farmers’ plots, 
i.e., to what extent do spillover effects of farm 
management extend beyond the boundaries of 
management units (spatial spillover)?

(3) How does past management affect current bee 
communities (temporal spillover)?

By considering different scales and looking at the 
use of different agricultural inputs, our results con-
tribute to a more detailed understanding of farm-
pollinator interactions. This can help to improve the 
targeting of extension and policy measures to regulate 
the use of agricultural inputs that can harm bee com-
munities, and therefore ultimately support sustainable 
agricultural growth in low-income countries.

Methods

Study areas and survey design

Our empirical analysis is based on data from two 
study areas that extend from urban Bangalore roughly 
40  km into the surrounding rural–urban interface, 
one to the north and the other to the south and west 
(Fig.  1). The rural–urban interface is heavily influ-
enced by the rapidly growing city of Bangalore; 
the last official census in 2011 recorded 9.6 mil-
lion inhabitants and average annual growth rates of 
about 8% (Directorate of Census Operations Karna-
taka 2011). The rural–urban interface surrounding 
Bangalore is dominated by smallholder agriculture 
and agricultural land use is small in scale and highly 
fragmented. Bangalore and several satellite towns 
offer a variety of marketing opportunities to farm-
ers and connect them to regional, national, and even 
international markets. Expanding infrastructure also 
improves farmers’ access to input markets, especially 
for chemical fertilizers and pesticides. Consequently, 
agricultural production is becoming increasingly 
commercial, and many farmers are shifting from sub-
sistence production of staple crops to intensive fruit 
and vegetable production. The agricultural produc-
tion systems in the rural–urban interface of Banga-
lore thus exemplify the dilemma that we discuss in 
the introduction: smallholders are shifting to more 
pollinator-dependent production systems and simul-
taneously increasing the use of potentially pollinator-
harming inputs.

To capture the potential spatial heterogeneity 
induced by the urban center of Bangalore, the selec-
tion of farm households and plots for data collection 
followed a two-step approach. Based on the Survey 
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Stratification Index (SSI) introduced by Hoffmann 
et al. (2017), all villages in the two study areas were 
classified into three strata (rural, peri-urban, and 
urban) based on their distance from Bangalore and 
the village built-up area (1  km radius) calculated 
based on satellite images. In the first step, we ran-
domly selected ten villages in each stratum in each 
study area (60 villages in total), and randomly drew 
an average of 20 households per village (weighted 
by village size) from household lists provided by 
preschool teachers in the selected villages. Between 
December 2016 and May 2017, the resulting 1275 
households were subjected to a detailed baseline soci-
oeconomic survey. About half of these households 

(638) were farm households; that is, they managed at 
least one plot in 2016. For these households, the base-
line survey included data on agricultural management 
in the agricultural year 2016/2017 and recall data for 
the years 2012 to 2015.

In the second step, we drew a random subsam-
ple of 24 villages: 12 of the 20 in the peri-urban 
and 12 of the 20 in the rural stratum.2 In these ran-
domly selected villages, all households that had been 

Fig. 1  Two research areas 
to the north and south-west 
of Bangalore displaying the 
location of plots sampled 
along the rural–urban inter-
face of Bangalore, Southern 
India ( N = 127 ). Panels on 
the right show zoomed-in 
representations of the grey-
shaded squares in the large 
map. The village and plot 
coordinates were collected 
during the household sur-
vey in 2018. All other map 
features were downloaded 
from OpenStreetMap and 
visualized with QGIS 

2 Because very few agricultural households are located in the 
urban stratum, we excluded the 20 villages in the urban stratum 
from the subsample.
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identified as farm households in the first step were 
selected for pan trap experiments (described below) 
and a second farm management survey, which was 
carried out in February and March 2018.3 This sec-
ond survey covered information on agricultural man-
agement decisions in the 2017/18 season. The combi-
nation of data from both surveys provided us with a 
continuous record of the management history of each 
of the 127 farm households extending back to 2012. 
(An overview of sample demographic characteris-
tics and knowledge about pollination can be found in 
Online Tables A.1, A2).

We used pan traps to sample pollinators, a stand-
ard rapid sampling method to record pollinator com-
munities (Westphal et  al. 2008; Meyer et  al. 2015). 
We randomly selected one plot from each of the 127 
farm households in the subsample (Fig.  1). We col-
lected information on the direct neighborhood of 
each selected plot, as well as the GPS coordinates of 
its centroid. Four pan traps were placed on each of 
these plots near the field margins. The pan traps were 
500  ml bowls sprayed with yellow UV-bright color 
and filled with unscented soapy water to break the 
surface tension. To ensure that we captured as many 
pollinators as possible, all four pan traps were placed 
near flower-rich patches, with a minimum distance of 
approximately 10 m between traps to minimize inter-
actions between them. The traps were collected after 
48  h of exposure. Unfortunately, some traps failed; 
they spilled or were taken away by passers-by. As a 
consequence, some plots had fewer than four success-
ful pan traps; we introduced dummy variables in our 
later analysis to control for the number of successful 
traps per plot (see Online Table A.3). Pan traps were 
placed in the field on dry, bright, and mostly calm 

days between 10 am and 2  pm. The collection took 
place from January 9 to February 11, 2018.

After collection, all insects caught in the traps 
were treated with 70% ethanol, pinned, and identi-
fied to species or genus level. Most of the captured 
insects were bees along with a few other pollinating 
insect taxa (e.g., beetles, butterflies, flies, and wasps). 
Since pollinator groups differ greatly in their ecologi-
cal characteristics (Gagic et al. 2015), we decided to 
consider only bees in our analysis. In the remainder 
of this article, ’species’ refers to the lowest taxonomic 
rank identified. To our knowledge, beekeeping is not 
common in the study areas. None of our sampled 
households reported keeping bees. Therefore, we 
assume that most of the bees caught in the pan traps 
originate from wild populations.

We used the number of bees caught per plot as a 
proxy for bee abundance and the number of different 
bee species as a proxy for bee richness. We are aware 
that these are only rough indicators of local bee diver-
sity and that pan traps might oversample smaller spe-
cies (see e.g., Baum and Wallen 2011). Nevertheless, 
both indicators are frequently used in the ecologi-
cal literature ( Kremen et al. 2002, 2004; Holzschuh 
et al. 2007) and hence our results can easily be com-
pared with previous studies. Since the abundance and 
richness of bees are highly correlated in our sample 
( � = 0.919 ), we do not use both in the same model 
specification to avoid multicollinearity problems.

Empirical analysis

We implemented a Poisson generalized linear model 
(GLM) with two dependent variables: plot-level 
abundance and richness counts.4 Since our main inter-
est is in investigating how these counts are affected 
by farm management decisions, we define three key 
variables for our analysis, namely the use of chemical 
fertilizers, irrigation, and pesticides. Chemical ferti-
lizers and irrigation are commonly used to quantify 
the intensity of agricultural management in low- and 
middle-income countries (see e.g., Asfaw et al. 2016; 
Vandercasteelen et  al. 2018). For ground-nesting 

3 Robust inference on spatial spillovers among farm plots 
requires enough observations (plots) within a potential interac-
tion radius of one another. We therefore drew a random sub-
sample of villages rather than households, to ensure that the 
individual observations (plots) are spatially clustered. See the 
zoomed-in areas in Fig.  1. However, in four of the villages 
in the peri-urban strata of the southern study area there was 
only one farm household. These households and several other 
households that are remote from the others in their respec-
tive villages were not considered in our empirical analysis. In 
the subsequent analysis we therefore consider 127 of the 144 
households for which we have data on pollinator diversity and 
farm management.

4 All pan trap catches from a given plot were combined in the 
field for easier logistics. Therefore, we are unable to control for 
overdispersion in the empirical analysis. Our smallest unit of 
observation is the plot, not the individual pan trap.
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bees, for example, irrigation can also have some more 
direct effects (e.g., Esther Julier and Roulston 2009) 
and thus captures an important additional dimension 
of potential farm-pollinator interactions. Pesticides 
not only signal intensification but can reduce foraging 
resources (e.g., in the case of herbicide applications) 
or be even directly harmful to bees (Brittain et  al. 
2010; Tuell and Isaacs 2010). The three agricultural 
input variables in our analysis were based on reported 
input use by household agricultural decision makers, 
where the chemical fertilizer category comprises all 
inorganic fertilizers and irrigation refers to any irri-
gation source apart from rain (e.g., borewell). The 
pesticide category includes all reported use of insecti-
cides, herbicides, and fungicides.

For the years 2017 and 2018, we have data on the 
reported amounts of fertilizer and pesticide applied 
on the sample plots. Nonetheless, we refrained from 
including input quantities as explanatory variables 
because we also wanted to include information on 
past plot management decisions in our analysis, and 
for earlier years (2012 to 2016) we only have data 
on whether a given input was used, not quantities.5 

Therefore, all three agricultural input variables are 
binary variables, where a value of 1 indicates that 
the farmer applied the respective input in the year in 
question, and 0 otherwise.

To incorporate the different temporal and spatial 
scales discussed before, we estimated the effects of 
current farm practices (chemical fertilizer, irrigation, 
pesticides) on the plot under observation (present 
management) but also allowed for the possible effects 
of past farm practices on the same plot (past manage-
ment) as well as farm practices on plots in the neigh-
borhood (neighboring management). We define past 
management as the number of years in which a farm 
practice was used on the plot under observation since 
2012. Neighboring management is the share of small-
holders in our sample in a radius of 2 or 4 km around 
the plot under observation applying a farm practice 
(Table  1; for a detailed and more technical descrip-
tion of the model and construction of the variables of 
neighboring management, see Online Appendix 1).

Table 1  Descriptive 
statistics for the dependent 
variables and agricultural 
input use ( n = 127)

Variable Mean Std. Dev Min Max

Dependent variables
 Bee abundance (number of bees per plot) 4.68 4.44 0 22
 Bee richness (number of bee species per plot) 2.78 2.35 0 11

Agricultural input use
 Chemical fertilizer—on plot 0.78
 Irrigation—on plot 0.39
 Pesticides—on plot 0.26
 Chemical fertilizer since 2012 (years) 3.87 2.02 0 5
 Irrigation since 2012 (years) 1.63 2.28 0 5
 Pesticide use since 2012 (years) 0.35 1.19 0 5
 Chemical fertilizer—2 km neighborhood (share) 0.78 0.19 0.36 1
 Irrigation—2 km neighborhood (share) 0.38 0.25 0 1
 Pesticides—2 km neighborhood (share) 0.26 0.24 0 0.8
 Chemical fertilizer—4 km neighborhood (share) 0.77 0.13 0.5 1
 Irrigation—4 km neighborhood (share) 0.38 0.18 0 0.71
 Pesticides—4 km neighborhood (share) 0.26 0.13 0 0.57

5 We did not collect data on the quantities of inputs used in 
past years because the surveyed producers rarely keep records 
and their recollection of the quantities of inputs used in past 
cropping seasons would be increasingly unreliable and pos-
sibly biased as the recall period grows. Furthermore, even if 
we had information on input quantities, it is not clear how to 
aggregate these without additional information on application 

concentrations and relative toxicities. Hence, we used binary 
variables for consistency. We also did not differentiate between 
different types of pesticides (e.g., insecticides vs. herbicides vs. 
fungicides) because pesticide use among farmers in our sample 
is still rare (Table 1). Both survey instruments are available in 
the Online Resources 2 and 3.

Footnote 5 (continued)
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To ensure that we capture the actual effect of farm 
management on bee abundance and richness, we con-
sider 25 additional variables at the landscape and 
local scale (for a list and descriptive statistics, see 
Online Table A.3) to control for other potential influ-
ences on bee communities. Since our sample com-
prises only 127 observations, including all 25 vari-
ables would likely lead to overparameterization of the 
model. Therefore, we applied an adaptive selection 
algorithm based on the improved Akaike information 
criterion (iAIC), which evaluates the contribution 
of every variable to the model fit. Variables that do 
not improve the model were dropped (for details, see 
Belitz and Lang 2008; Umlauf et al. 2015).

At the landscape scale, the controls are the dis-
tance from Bangalore city center to control for exoge-
nous spatial heterogeneity induced by the rural–urban 
gradient, a dummy for the southern study area to 
capture any study area-specific effects, and the built-
up area within a 1 km radius of the village center to 
measure localized urbanization (for details, see Hoff-
mann et al. 2017).

At the plot level, we asked all farmers in the sur-
vey whether the plot with the pan traps has a common 
border with another agricultural plot, a fallow plot, a 
forest, a building, a road, or a body of water (e.g., a 
lake or river). We then used this information to create 
dummy variables that capture the adjacent land use 
of each plot. Furthermore, we included several vari-
ables that are related to pan traps and their placement 
and could therefore influence the abundance of bees. 
These variables are the number of successful pan 
traps per plot and meteorological variables such as 
cloud cover, temperature, and wind conditions when 
the pan traps were in place.

Since the cropping systems in the Bangalore area 
are diverse, we also controlled for different crops. In 
the 127 pan trap plots, 40 different crops were grown. 
This diversity of crops presents two main challenges. 
First, different crops serve bee communities in differ-
ent ways and certain management practices might be 
strongly correlated with certain crops. Second, dif-
ferent crops have different growing schedules. As a 
consequence, some plots had already been harvested 
when the pan traps were placed, while others were in 
various earlier stages of development. Cropping sea-
sons have become even more fluid with the increas-
ing availability of irrigation, and there is no time of 
year when all agricultural plots are in a comparable 

state. We used different variables to test and control 
for these potential confounding effects. We intro-
duced a categorical variable that indicates whether 
the plot was already harvested or had been fallow for 
the season. In addition, we controlled for functional 
groups of crops, namely flowers, fruits, staples, tree 
crops, and vegetables on the plots (see Online Table 
A.5 for detailed information). We refrained from add-
ing crop-specific dummies because given 40 different 
crops this would have severely reduced the degrees 
of freedom for estimation. We also created a dummy 
variable indicating whether a crop is classified as a 
bee forage crop (i.e., pollen or nectar source); this 
variable represents the forage quality of the plot in 
the current season. Furthermore, we used the recall 
data from the baseline survey to measure the number 
of years since 2012 in which a plot had been planted 
with bee forage crops. Finally, we estimated the floral 
abundance in the focal crop on the plot when the pan 
traps were in place and the number of flowering plant 
(crop and non-crop) species within a 2 m radius of the 
pan traps.

Results

Overall, we caught 613 individual bees and identi-
fied 31 species belonging to three different families 
(Apidaea, Halictidae and Megachilidae, Online Table 
A.6). The most abundant species were Apis florea, 
Lasioglossum sp. 1, and Apis cerana (160, 83, and 79 
individuals, respectively). The Chao 1 species rich-
ness estimators (Chao 1984) indicate that we sampled 
88% of the regional bee species pool, and the species 
accumulation curve in Online Fig. 2 confirms that our 
sampling effort was sufficient to detect most bee spe-
cies in the study areas.

Table 2 presents the results including all variables 
identified by the selection algorithm. To facilitate 
interpretation, we report marginal effects calculated at 
the mean rate of bee abundance and richness (instead 
of reporting coefficient estimates).

Effects of agricultural input use on bee communities

Our results provide evidence of a negative asso-
ciation between agricultural intensification and bee 
communities in the rural–urban interface of Ban-
galore. If a farmer applies chemical fertilizers or 
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irrigation on a plot, this decreases bee abundance 
by about 20%. In terms of neighbor management, 
we found that the use of pesticides by other small-
holders within 2 km of a plot reduces the abundance 
of bees in that plot. With every additional percent 
of pesticide use in the neighborhood of a plot, the 
number of bees on that plot decreases by one per-
cent. Considering that on average 25% (maximum 
of 80%) of neighboring farmers apply pesticides 

(Table  1), the use of pesticides by neighboring 
smallholders can affect the abundance of bees on a 
plot as strongly as the use of intensive inputs on the 
plot itself. Regarding past management, we find that 
each additional year of irrigation, is associated with 
a decrease of the abundance of bees on a plot by 
8.1%. Originally, the selection algorithm suggested 
including both past irrigation and pesticide use. 

Table 2  Estimation results ( n = 127)

Standard errors in parentheses, 95% confidence intervals in brackets, *p < 0.1, **p < 0.05, ***p < 0.01
a Not chosen by the selection algorithm in the Richness model

Variables Effects of explanatory variable as change in mean rate of…
(i.e. e�̂ − 1)

Abundance Richness

Agricultural input use
 Chemical fertilizer—on plot (dummy)a  − 0.205** (0.089) [− 0.361, − 0.011]  − 0.072 (0.127) [− 0.290, 0.213]
 Irrigation—on plot (dummy)a  − 0.235** (0.097) [− 0.402, − 0.020]  − 0.106 (0.133) [− 0.333, 0.197]
 Irrigation since 2012 (years)  − 0.081*** (0.023) [− 0.126, − 0.034]  − 0.067** (0.028) [− 0.121, − 0.010]
 Pesticides—neighborhood (percentage)  − 0.010*** (0.002) [− 0.015, − 0.005]  − 0.004 (0.003) [− 0.010, 0.001]

Landscape scale
 Distance to Bangalore (km) 0.018*** (0.007) [0.005, 0.032]
 Southern transect (dummy)  − 0.338*** (0.074) [− 0.469, − 0.176]
 Village built-up area (percentage)  − 0.054*** (0.011) [− 0.076, − 0.032]

Local/Plot scale
 Forest in direct neighborhood (dummy) 0.297* (0.185) [− 0.020, 0.716]
 Water body in direct neighborhood (dummy) 0.393** (0.202) [0.047, 0.852]
 Road in direct neighborhood (dummy)  − 0.173** (0.074) [− 0.306, − 0.015]

Successful pan traps (number)—reference cat-
egory is 4

 1  − 0.080 (0.323) [− 0.538, 0.831]
 2 0.354** (0.205) [0.006, 0.822]
 3 0.601*** (0.162) [0.313, 0.954]

State of plot—reference category is “crop still 
on plot”

 Fallow  − 0.171 (0.123) [− 0.380, 0.107] 0.000 (0.184) [− 0.303, 0.434]
 Already harvested 0.383*** (0.157) [0.107, 0.728] 0.376** (0.181) [0.063, 0.780]
 Tree crop (dummy)  − 0.446*** (0.122) [− 0.641, − 0.146]
 Vegetable crop (dummy)  − 0.232*** (0.074) [− 0.365, − 0.071]
 Number of flowering plant species (crop & 

non-crop) in 2 m proximity of bowls (number, 
average all bowls per plot, logarithmic scale)

0.229*** (0.036) [0.161, 0.302] 0.218*** (0.043) [0.136, 0.304]

 Pollinator forage crops since 2012 (years)  − 0.036* (0.018) [− 0.070, 0.000]
 Plot size (hectare)a 0.204** (0.092) [0.037, 0.399] 0.146 (0.102) [− 0.039, 0.365]
 Intercept 8.239*** (2.369) [4.589, 14.272]  − 0.042 (0.260) [− 0.438, 0.631]
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However, since past irrigation and past pesticide use 
are significantly correlated ( � = 0.405 ( p < 0.001)), 
we decided to drop one of them to avoid multicol-
linearity.6 Consequently, the effect of past irriga-
tion should be interpreted as a general effect of past 
intensive agricultural management. The results for 
the relationship between agricultural management 
and bee richness are similar to those for bee abun-
dance (Table  2). However, neither the present use 
of chemical fertilizers and irrigation, nor the neigh-
boring use of pesticides, have statistically signifi-
cant effects on bee richness. Past agricultural man-
agement, however, does have a significant negative 
effect on bee richness that is of roughly the same 
magnitude as its effect on bee abundance.

Other factors influencing bee communities

The selection algorithm only indicates two control 
variables that are positively associated with both bee 
abundance and richness. These are the categorical 
variable ’state of the plot’ that controls for whether 
a plot was fallow or already harvested at the time of 
the pan trap experiment, and the number of flower-
ing plant species around the pan traps. Both show 
relatively large effect sizes and high statistical sig-
nificance. This finding is particularly important in 
light of the potential problem caused by the high crop 
diversity discussed in Sect.  Empirical analysis. For 
example, the dummy variable ’plot already harvested’ 
is negatively correlated with the irrigation dummy 
[ � = −0.24 ( p = 0.008)]. Therefore, one might sus-
pect that what appears to be an effect of irrigation on 
bee diversity might actually be due to which crop was 
grown and when it was harvested. However, note that 
when indicators of agricultural input use and control 
variables for crop choice are included in the same 
model, they produce relatively small standard errors 
and thus statistically significant estimates (Table 2).7 
Hence, we conclude that multicollinearity does not 

present a problem and we observe the actual effects 
of agricultural input use on bee diversity. This is fur-
ther supported by variance inflation factors, which are 
smaller than 2.2 for all variables in Table 2.

Furthermore, the results in Table  2 show that a 
larger number of explanatory variables have sta-
tistically significant effects on bee abundance than 
on richness. This includes a statistically significant 
effect of the number of successful pan traps per plot, 
implying that this is an important control variable in 
the model for bee abundance. In addition, the use of 
the adjacent plot (i.e., roads, forest, water) appears 
to have a large influence on the abundance of bees. 
A road reduces bee abundance by 17.3%, whereas a 
neighboring forest or water body is associated with an 
increase of 30 and 39%, respectively.

On the landscape scale, the distance to the urban 
center of Bangalore appears to be an important fac-
tor in determining the number of bee species present. 
With every additional kilometer distance from the 
city, the bee richness increases by 2.4%. In contrast, 
the abundance of bees is negatively associated with 
the village built-up area, which is also an indicator of 
urbanization.

Discussion

The abundance and richness of bees or pollinators 
if often associated with pollination services (Cohen 
et  al. 2021). Since we find that fertilizer, irrigation 
and pesticide use have negative effects on bee com-
munities, it is reasonable to expect that they will also 
have negative effects on biodiversity and the ecosys-
tem services such as pollination that are provided 
by bees. This negative relationship has been high-
lighted in the literature (Matson et  al. 1997; Tilman 
et al. 2002; Winfree et al. 2009) and is confirmed in a 
recent study by Wenzel et al. (2022) for the crop Lab-
lab (Lablab purpureus) in our study areas. However, 
since we did not measure direct pollination outcomes 
such as fruit or seed set, we cannot draw any conclu-
sions about the effects of farm management practices 
on such outcomes; we can only conjecture based on 
other studies.

We do find that the abundance of bees in our study 
areas is negatively affected by spatial spillovers from 
neighboring smallholder management decisions, 
and especially by pesticide use. Several studies have 

7 In the Richness model (Table  2), the significance levels of 
the present use of chemical fertilizer and irrigation variables 
do not depend on whether the variable ‘plot already harvested’ 
is included.

6 When both variables are included in the model, both coef-
ficients are statistically insignificant. This is a clear indication 
for multicollinearity. The results for the other variables in the 
model are robust to either specification.



 Landsc Ecol

1 3
Vol:. (1234567890)

analyzed the effect of pesticides on bee communi-
ties, but the results are not consistent. Whereas Tuell 
and Isaacs (2010), Park et al. (2015), and Basu et al. 
(2016) find significant negative effects of insecti-
cides and pesticides, Kremen et al. (2004) and Shuler 
et  al. (2005) do not find any effects of insecticide 
and overall pesticide use on wild pollinator popula-
tions, respectively. However, these studies (except for 
Basu et al. (2016)) do not consider spatial scaling and 
landscape-wide spillovers, which seems important in 
light of our estimation results. Studies that analyze 
effects at the landscape level typically only consider 
the effects of aggregated farming systems and land 
use in the landscape in question (for example meas-
ured in percentage shares of different types of land 
use), or the influence of distance to natural habitats 
(Holzschuh et al. 2007; Motzke et al. 2016; Nicholson 
et al. 2017; Tibesigwa et al. 2019; Viswanathan et al. 
2020). A key advantage of our modeling approach is 
that it can identify spatial spillovers of specific plot-
level farming practices, such as agricultural input use. 
This enables us to quantify the link between a farm-
er’s decision to use pesticides on a plot and the result-
ing externalities on other plots embedded within the 
same landscape.

Even if individual farmers were to reduce their 
use of pesticides locally to protect pollinator popu-
lations and services, they might still face decreased 
provision of pollination services due to continued 
use of pesticides by neighbors in the surrounding 
landscape. Regardless of which effect is more dam-
aging—reduced yields and/or quality due to pests, or 
reduced yields due to a lack of pollinators (Catarino 
et  al. 2019)—these farmers may find themselves in 
a prisoners’ dilemma situation. That is, due to a lack 
of coordination, each individual farmer loses more 
than if all farmers had cooperated in protecting pol-
linator populations on a larger spatial scale. At the 
other extreme, a free-riding problem might arise. If 
only one farmer applies pesticides while all others 
refrain to protect pollinators, then this farmer will 
likely benefit from lower pest rates, and from largely 
intact pollination services that would spill in from the 
surrounding landscape. Therefore, our results sug-
gest that cooperative behavior among smallholders or 
other approaches, such as pesticide regulations that 
target a wider landscape scale, may be necessary to 
guarantee pollination services for all farmers. This is 
in line with other ecological studies (Goldman et al. 

2007; Stallman 2011; Basu et  al. 2016) that refer to 
the prisoners’ dilemma affecting pollinator mainte-
nance (Rapoport 1989).

While in the global north intensified agriculture 
often takes place on large fields, in the global south 
agriculture is dominated by smallholders. Hence, 
issues arising from management spillovers might be 
even more relevant in the global south. In our study, 
the average plot size is about 0.54 hectares (Online 
Table A.3). This means that bee populations in Ban-
galore are more likely to be affected by neighbor-
ing management decisions than bee populations 
in Europe or North America. Often fragmented or 
diverse agricultural landscapes are associated with 
positive effects on pollinator populations (Krishnan 
et  al. 2012; Chakraborty et  al. 2021). In such land-
scapes pollinators benefit from forest patches, field 
margins, and other natural habitats between agri-
cultural plots (Priess et  al. 2007; Tibesigwa et  al. 
2019; Halinski et al. 2020; Viswanathan et al. 2020). 
We also find evidence of such a positive associa-
tion. However, in landscapes dominated by small-
scale agriculture, the local presence of pollinators 
also depends to a greater extent on the management 
decisions of neighbors. The question is then how to 
promote (cooperative) smallholder behavior towards 
more sustainable agricultural intensification. Elisante 
et  al. (2019), for example, show in a case study in 
Tanzania that knowledge gaps play an important role 
and training can significantly increase sustainable 
management practices. Since many farmers in our 
study areas appear to be uncertain about the relation-
ship between pollination and crop production (see 
Online Table A.2), such training might be helpful in 
this setting as well. Participatory programs, which 
involve farmers in monitoring activities, might be 
another option to achieve more sustainable and coop-
erative management strategies (Smith et al. 2017).

Unlike our results for pesticides, the negative 
effects of chemical fertilizers and irrigation on bee 
populations are limited to the plot level and do not 
appear to spill over between neighboring plots. 
Intensively managed plots likely offer fewer for-
age and nesting opportunities for bee populations 
than extensively managed plots, since they offer 
less natural vegetation. Furthermore, an increase in 
soil nitrogen due to intensive fertilization has been 
shown to significantly alter the composition of plant 
communities, as well as the phenology, morphology 
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and production of nectar and pollen from plants 
(Ramos et al. 2018; David et al. 2019), all of which 
are critical factors in the determination of wild bee 
populations. This explains the local negative effect 
of chemical fertilizer and past intensive plot man-
agement on bee populations. Furthermore, several 
authors have emphasized the importance of time 
in determining pollinator access to species-specific 
forage and nesting resources (Kremen et  al. 2007; 
Tuell and Isaacs 2010). However, note that farm-
ers applied chemical fertilizers on 78% of the plots 
in our sample. Therefore, agriculture in our study 
areas is already quite intensive and, consequently 
there might be insufficient spatial variation of 
chemical fertilizer use in our sample to detect spa-
tial spillovers.

Regarding other factors that influence bee abun-
dance and richness, our results suggest that the dis-
tance to the urban center of Bangalore affects the 
number of bee species present, whereas abundance of 
bees is influenced by village built-up area. Urbaniza-
tion does not follow a monotonic rural–urban gradi-
ent surrounding Bangalore; several smaller satellite 
towns influence urbanization patterns as well (Stein-
hübel and von Cramon-Taubadel 2021). In the vicin-
ity of such towns, the built-up area and its negative 
effects can increase, even as one moves away from the 
Bangalore center. These findings match previous lit-
erature on the link between urbanization and pollina-
tor decline (Wenzel et al. 2020; Tommasi et al. 2021). 
Physical infrastructure can impede biodiversity and 
ecosystem services due to changes in physical param-
eters (e.g., temperature), reduction of habitat size and 
connectivity (Faeth et  al. 2011; Pickett et  al. 2011; 
Turrini and Knop 2015), or light pollution (Altermatt 
and Ebert 2016). Furthermore, Banaszak-Cibicka and 
Zmihorski (2012) and Wenzel et al. (2022), for exam-
ple, show that ground-nesting pollinators have bigger 
problems with urbanization than cavity-nesting spe-
cies. This could be a sign that bee richness is more 
affected by landscape configuration on large scale, 
whereas bee abundance is influenced by more local 
factors. Further evidence of such a local influence on 
bee abundance is provided by the statistically signifi-
cant effects of neighboring roads, bodies of water, and 
forests. Hence, our results provide evidence for the 
Bangalore area of the positive relationship between 
pollinator communities and forests or agroforestry 
systems that is emphasized in the literature (Motzke 

et al. 2016; Staton et al. 2019; Tibesigwa et al. 2019; 
Viswanathan et al. 2020).

Finally, the other statistically significant control 
variables show that the abundance of bees, and to a 
lesser extent the richness of bees, is subject to many 
influences. Among these, we find that the number of 
flowering crop and non-crop plant species and the 
number of successful pan traps have relatively large 
and statistically significant effect sizes. It is not sur-
prising that we find evidence of significant effects 
of flowering crop and non-crop species, as bees feed 
on flowers and these effects are well established in 
the literature (e.g., Motzke et  al. 2016; Laha et  al. 
2020; Tommasi et al. 2021). Furthermore, it is to be 
expected that measured bee abundance on a plot will 
depend on the number of successful traps. Our results 
confirm that a dummy variable for the number of suc-
cessful traps should always be included in studies that 
face similar constraints.

Policy implications

Our results suggest that strategies to protect wild bee 
communities could include the regulation of pes-
ticide use, but also the provision of incentives for 
cooperative behavior among farmers to coordinate 
their plot-level decisions and foster landscape-level 
improvements in pollinator habitats. This is particu-
larly important in smallholder land-use systems, 
where plot sizes are relatively small and pollinator 
populations are affected by a multitude of interact-
ing individual management decisions. Participatory 
approaches involving indigenous and local knowledge 
can contribute to such efforts. Extension services that 
increase farmers’ understanding of the importance of 
pollinators and how to protect them could also con-
tribute. Trade-offs between pesticide use and pollina-
tion requirements have to be specifically addressed 
in such programs, as farmers will be more likely to 
support pollinator conservation if it leads to yield 
improvements.

Our results also show that a reduction in intensive 
input use on plots is associated with increased bee 
abundance. Since past plot management decisions 
affect current bee abundance and richness, rotating 
intensive and extensive management practices over 
time could help maintain sufficient forage and nest-
ing opportunities to support healthy and diverse bee 
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communities. Additionally, protecting forest patches 
or agroforestry plots also has the potential to promote 
bee populations.

Conclusions

The objective of this study is to evaluate the effects of 
agricultural management practices on bee communi-
ties and to add to the still scarce literature on farm-
pollinator interactions in low-income countries based 
on primary data from the rural–urban interface of 
Bangalore. Studies are lacking particularly for coun-
tries with smallholder management systems. In our 
empirical analysis, we considered ecological factors 
on both the landscape and the plot scale, as well as 
farmers’ decisions to use different agricultural inputs 
on the plot scale. To account for spatial and tempo-
ral scaling, we applied a model that allows for spatial 
spillovers and the effects of past plot management.

Overall, we find statistically significant negative 
effects of agricultural intensification on the bee popu-
lation in the Bangalore area. However, there are some 
differences between abundance and richness. While 
bee abundance is negatively affected by present, past, 
and neighboring farm management, bee richness only 
shows significant interactions with past farm manage-
ment. We also find a statistically significant effect of 
the rural–urban gradient on bee richness, suggesting 
that landscape-level patterns also play an important 
role. In contrast, we find that the built-up area in the 
vicinity of a plot is negatively associated with bee 
abundance. These findings highlight the importance 
of considering spatial and temporal dimensions when 
analyzing farm-pollinator interactions.

To increase the statistical validity and precision 
of these results as a basis for policy recommenda-
tions, we need more and larger samples from differ-
ent countries in the global south, ideally with sev-
eral sampling periods of pollinator diversity. Data 
from other regions with fewer cultivated crops might 
reduce the correlation among variables and allow for 
more specific conclusions on the effects of different 
agricultural practices. Finally, to improve our under-
standing of economic implications and inform the 
design of effective policies, we also require research 
on the relationships between bee abundance and rich-
ness on the one hand, and pollination outcomes such 
as fruit set on the other.
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