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Abstract
1. Expanding cities increasingly encroach fertile farmlands, questioning the viability of 

maintaining agriculture within and around them. Yet, our knowledge on how urbani-
zation influences pollinator communities and the provision of pollination services to 
crops is limited, especially for the urbanization hotspots of the Global South.

2. Mango Mangifera indica is one of the most important fruit crops in tropical coun-
tries. To analyse the dependency of mango on its main insect pollinators, and the 
direct and indirect effects of urbanization and insecticides on pollinator abun-
dance and mango yield, we conducted a pollinator exclusion experiment and sam-
pled flower visitors on 16 mango farms spread across rural– urban landscapes in 
Bengaluru, a South Indian megacity.

3. We found that allowing flowers access to ants and flying visitors (bees, hoverflies, 
nonsyrphid flies), dramatically increased mango yield by 350%, highlighting the 
importance of wild insects for mango pollination. We detected a trend between 
wild bee abundance and the final fruit set, with an increase of 20% when the 
number of bees increased from 25 to 125.

4. Urbanization did not directly affect pollinator abundance or mango yield. 
However, the amount of insecticide applications had strong negative effects on 
wild bee abundance at low and intermediate levels of urbanization, while it had 
no effect in highly urbanized areas, presumably because of higher availability of 
flowering resources. Moreover, the amount of insecticides decreased the weight 
of harvested mango fruits by almost 30%. This may indicate trade- offs between 
conventional pest control and enhanced crop yields through pollination by wild 
insects in rural areas.
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1  |  INTRODUC TION

Urbanization, one of the most severe forms of land use intensifica-
tion, alters biodiversity and the functioning of natural ecosystems 
(Marcacci et al., 2021; Simkin et al., 2022). At the same time, expand-
ing cities increasingly compete with agricultural landscapes, threat-
ening food security, especially in the Global South (Gu et al., 2019; 
van Vliet et al., 2017). Yet, urban agriculture is becoming increasingly 
popular with already millions of urban farmers producing an import-
ant share of global crops (Orsini et al., 2013; Zezza & Tasciotti, 2010). 
By contrast, the question whether agricultural activities can be 
maintained at a profitable level in urbanized landscapes has so far 
received little attention.

As one third of global crops depend on animals, mostly insects, 
for their pollination (Aizen et al., 2019; Klein et al., 2007), conserving 
insect pollinators is critical. Consequently, it is of great importance 
to foster the provisioning of pollination services to crops across 
rural– urban landscapes. However, pollinators are declining due to 
different factors ranging from land use change, intensification of 
agricultural practices (e.g. widespread use of pesticides), landscape 
homogenization, loss of flowering resources and nesting sites to 
pathogens and invasive plant species (Goulson et al., 2015; Potts 
et al., 2010), and many of these factors are associated with urban-
ization (Wagner et al., 2021). For example, urbanized landscapes are 
highly fragmented and pollinators have to travel long distances to 
find the floral resources they need, while natural habitats are con-
verted into sealed surfaces (Burdine & McCluney, 2019; Marcacci 
et al., 2022; Wenzel et al., 2020).

Nevertheless, an increasing body of studies suggest that cit-
ies can host diverse and abundant pollinator communities, at 
least in comparison to modern intensive agricultural landscapes 
(Baldock et al., 2015; Wenzel et al., 2020). In particular, urban green 
spaces, such as gardens, allotments or parks, can provide enough 
food resources and nesting opportunities for pollinators (Baldock 
et al., 2019; Banaszak- Cibicka & Żmihorski, 2020). However, al-
though our understanding of the effects of urbanization on polli-
nator communities has recently received a lot of research attention, 
less is known on how urbanization drives pollination outcomes of 
different crops. The few pollination studies conducted in urbanized 

landscapes reported mixed outcomes with results ranging from 
negative effects of urbanization on the provision of pollination ser-
vices to crops (Pellissier et al., 2012), no effects (neutral) (Potter 
& Lebuhn, 2015; Theodorou et al., 2020; Wenzel et al., 2022) to 
positive effects (Eckerter et al., 2022). But tropical regions, which 
are hotspots of urbanization, remain largely understudied (Silva 
et al., 2021; Wenzel et al., 2020). Moreover, potential interactions 
between urbanization and agricultural management practices on 
crop yield have rarely been studied.

In this study, we focus on mango Mangifera indica L., one of the 
most important tropical fruit crops (FAO, 2022). India is the centre 
of origin for mangoes and is one of the largest producers worldwide 
(FAO, 2022). Mango flowers are visited by a diverse community of 
crawling (i.e. ants) and flying (i.e. bees, flies) insects and despite the 
fruit's global popularity, it still remains unclear which species groups 
are the most effective pollinators (Ramírez & Davenport, 2016). 
Several insect pests (e.g. leafhoppers, weevils, mealybugs, fruit flies) 
can damage mango flowers and fruits, causing yield loss (Peng & 
Christian, 2005). Consequently, mango trees are sprayed preemp-
tively with copious amounts of pesticides, including neonicotinoid 
insecticides that are known to severely harm bee communities 
(Blacquière et al., 2012; Rundlöf et al., 2015). However, the effects 
of pesticide applications on the delivery of ecosystem services such 
as crop pollination are poorly known. Being a traditional and import-
ant fruit crop, mango cultivation is simultaneously prone to agricul-
tural intensification and urbanization. Yet until now, no studies have 
investigated the combined effects of urbanization and insecticide 
use on pollinators and their pollination services to mango in an urban 
setting.

To fill this knowledge gap, we investigated the direct and indi-
rect effects of urbanization and insecticide use on pollinator com-
munities and pollination of mango across rural– urban landscapes 
in Bengaluru, a South Indian megacity. We conducted a pollinator 
exclusion experiment and sampled flower visitors in mango farms 
spread along an urbanization gradient to answer three main ques-
tions. (1) Are mango yields increasing with flower visitation? (2) 
Which species groups are the most important pollinators of mango? 
(3) How do urbanization and the amounts of insecticides used affect 
the abundance of insect pollinators and their pollination services?

5. Synthesis and applications: Our results indicate that mango production can be 
maintained at a profitable level in urbanized landscapes with insect pollinators 
more than tripling final yield. However, increasing use of insecticides, besides 
raising farmers' expenses, can have negative effects on wild insect pollinators and 
mango yield, especially in rural areas. To safeguard crucial pollination services, it 
is therefore critical to conserve and promote wild insect pollinators by minimizing 
the negative effects of insecticide applications in these areas.

K E Y W O R D S
Bangalore, ecosystem services, India, insecticides, management trade- offs, mango pollinator, 
urban agriculture
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2  |  MATERIAL S AND METHODS

2.1  |  Study area

This study was conducted in Bengaluru (Bangalore), a South Indian 
megacity, capital of the state of Karnataka (Figure 1). Bengaluru 
has a population of 12.8 million inhabitants and is the second fast-
est growing city in India after New Delhi (UN World Urbanization 
Prospects, United Nations, 2018; https://esa.un.org/unpd/wup/). 
Bengaluru is located in an important mango- producing region. 
However, mango farms are increasingly encroached by expanding 
urban areas, resulting in a mosaic of farmlands and urbanized areas 
(Nagendra et al., 2012).

Bengaluru is situated on the Deccan Plateau at an elevation of 
920 m a.s.l. with a moderate tropical climate with temperatures rang-
ing between 12 and 38°C and an annual average precipitation of 
about 800 mm. Mango trees start flowering at the end of the post-
monsoon season (winter) in January and are harvested between 
May and June (end of the dry season) just before the onset of the 
monsoon.

2.2  |  Study design

We selected 16 mango farms (mean size = 3.35 ha ± 6.34 SD) spread 
along a transect extending from urban Bengaluru towards rural vil-
lages, thus representing a rural– urban gradient (Figure 1). We kept 
a minimum distance of 1000 m between two mango farms to en-
sure their independence. We quantified urbanization intensity as the 
amount of grey area (also called impervious or built- up area; i.e. all 
sealed surfaces, such as roads, buildings, etc.), a typical proxy of the 
degree of urbanization (e.g. Geslin et al., 2016; Wenzel et al., 2022). 
We extracted information on grey area by applying remote sensing 
techniques on a 10 m spatial resolution cloud- free satellite image 
(Sentinel- 2 L2A) acquired in December 2020. A pixel- wise image 
classification was done using a deep learning model, that is, a multi-
layer perceptron network (Marcacci et al., 2021). We then calculated 
the proportion of grey area within a 2000 m radius around the cen-
troid of each mango farm. A radius of 2000 m was found to be the 
best spatial scale to explain the abundance of pollinators in our study 
region (Marcacci et al., 2022).

Although all mango farms were conventionally managed, they 
were also selected along a gradient of insecticide use (range = 0– 
300 L of insecticides per tree, see Section 2.5). Because not all 
mango varieties have the same dependency on insect pollina-
tion (Huda et al., 2015; Ramírez & Davenport, 2016), we only se-
lected farms cultivating the variety Badami (also called Karnataka 
Alphonso), which is the most widespread variety in our study 
region. Nevertheless, other varieties such as Totapuri, Mallika or 
Neelam were often also cultivated within the same farm. Fieldwork 
was conducted between December 2020 and June 2021. All 
mango farmers and owners granted us the permission to work on 
their farm.

2.3  |  Pollinator exclusion experiment

In each farm, we selected eight mango trees (four at the edge of 
the farm, four in the middle to account for potential differences in 
pollinator abundance and the delivery of pollination services be-
tween the edge and the centre of the farm) with one inflorescence 
per treatment tree, on which we carried out the pollinator exclusion 
experiment with three treatments (i.e. three inflorescences per tree), 
following Carvalheiro et al. (2010). Specifically, we excluded (1) all 
flying (i.e. bees, flies, hoverflies) and crawling (i.e. ants) flower visi-
tors by bagging the inflorescences with a fine mesh bag using a wire 
structure to avoid any contact between the mesh and the flowers, 
thus preventing any damage. Additionally, we placed a sticky trap at 
the base of each inflorescence to prevent the visit of any potential 
crawling flower visitors. We took special care to remove branches, 
twigs and leaves that could serve as bridges to access the inflores-
cence. As second treatment, we excluded (2) only crawling flower 
visitors by placing the sticky trap, but not the mesh bag, therefore 
allowing flying flower visitors to visit the inflorescence. Finally, as 
third treatment, (3) the inflorescence was left ‘open’ to make it ac-
cessible to both crawling and flying flower visitors. All inflorescences 
were checked twice every month to renew the sticky trap and make 
sure that the mesh bag was not damaging the flowers. We recorded 
the initial fruit set (number of developed but still immature fruits per 
inflorescence treatment) 3 months after the start of the flowering 
period, and the final fruit set (number of mature fruits) at the time 
of the harvest. We also weighed the harvested fruits and calculated 
the mean fruit weight per inflorescence. Since mango is a mass- 
flowering tree with each inflorescence comprising several hundreds 
of tiny flowers (males, females and hermaphrodites) that bloom over 
an extended period, we could not conduct a hand pollination treat-
ment or measure the fruit set as the proportion of flower setting 
fruits.

2.4  |  Flower visitor sampling

We sampled all flower visitors along two 50 × 2 × 2 m transect walks 
per farm. One transect was located at the edge and one at the 
centre of the farm. Since we did not find differences in pollinator 
abundance (p > 0.1), both transects were pooled for the analyses. 
All transect walks were conducted between 9:00 AM and 2:00 PM 
(preliminary surveys revealed that there were fewer insects after 
2:00 PM) under good weather conditions (no rain, no cloud, low 
wind, 20– 30°C). All insects visiting mango flowers (i.e. potential pol-
linators) within 20 min (per transect) were sampled with sweep nets 
(two survey rounds in each farm). Pollinators were identified in the 
field whenever possible or otherwise taken to the laboratory where 
a taxonomic expert (Tharini K. B. from Department of Agricultural 
Entomology of the University of Agricultural Sciences, GKVK, 
Bangalore) identified the specimens. Some specimens were only 
identified to the genus or family level and morphospecies were used 
for analyses. All collected specimens are kept in the Department of 
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F I G U R E  1  Map of India (a) with the 
state of Karnataka highlighted in grey and 
the study area with the red rectangle. 
Study area (b) with grey areas (sealed 
surfaced such as roads and buildings) in 
black and nongrey areas in beige. The 
red dots depict the 16 study sites (mango 
farms). The yellow diamond depicts the 
city centre.
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Agricultural Entomology of the University of Agricultural Sciences, 
GKVK, Bangalore. To the best of our knowledge, there were no 
managed honeybees in our study farms, nor in the immediate sur-
roundings and we assume to have only recorded wild bees. We also 
estimated the total number of open mango flowers within the tran-
sect. As mango is a mass- flowering tree, we counted the number of 
open flowers of three randomly selected inflorescences and multi-
plied their average by the total number of inflorescences recorded 
within the transect (Carvalheiro et al., 2010).

2.5  |  Insecticides

We conducted targeted interviews to investigate the intensity of 
management practices in terms of pesticide use. For this analysis, 
we only considered insecticides, such as chlorpyrifos, clothianidin, 
cyhalothrin, fenpropathrin, imidacloprid and profenofos. All these 
insecticides are known to be harmful for pollinators (Blacquière 
et al., 2012). We asked the mango farmers for the amount (number 
of litres) of each insecticide they were spraying per mango tree for 
each application. Since all farmers were using the same insecticides, 
we summed up the total amount of insecticides sprayed in litre per 
tree as a proxy for insecticide use. Note that here the number of 
litres is estimated after dilution of the active substance (usually at a 
concentration of 1– 1.5 mL/L water).

The presented work is based on a collaborative project of DFL 
(FOR2432: Social- Ecological Systems in the Indian Rural– Urban 
Interface: Functions, Scales, and Dynamics of Transition) with the 
University of Agricultural Sciences, Bangalore and Ashoka Trust for 
Research in Ecology and Environment, Bangalore. Fieldwork was 
conducted in private property with permission from of the land 
holders. All respondents gave their consent verbally before starting 
the interviews.

2.6  |  Statistical analyses

We first tested the effect of the exclusion treatments on mango 
yield (n = 128). We ran generalized linear mixed- effects models (R- 
package glmmTmB; Brooks et al., 2021) with initial fruit set (number 
of developed but still immature fruits per inflorescence treatment), 
final fruit set (number of mature fruits at harvest) and mean weight 
of mature fruits at harvest as response variable, the pollinator exclu-
sion treatment as fixed effect and ‘tree- ID’ nested within ‘site- ID’ as 
random intercepts. We selected the best error distribution for each 
model based on model diagnostics and AICc values (Akaike informa-
tion criterion corrected for small sample size). The initial fruit set 
was modelled with a Poisson error distribution and the weight with 
a Gaussian error distribution. There were very few inflorescences 
that produced more than one mature mango fruit, causing model 
convergence problems. We therefore modelled the final fruit set as 
a binomial response, which reflects the probability of an inflores-
cence to produce at least one mature mango fruit. We added the 

position of the tree (edge or centre) as covariate to account for po-
tential edge effects. We further performed post- hoc Tukey tests for 
pairwise comparisons of predictions between each treatment with 
the emmeans R- packages (Lenth et al., 2021). We calculated marginal 
and conditional R2 for mixed models with the Performance R- package 
(Lüdecke et al., 2021).

Second, we averaged the initial fruit set and the fruit weight per 
farm (over the eight trees used in the exclusion experiment, only 
from open pollinator treatment) and calculated the probability of 
each inflorescence to produce at least one mature fruit (final fruit 
set). We also retained the maximum number of individuals of each 
group of flower visitors across the two sampling rounds as a conser-
vative measure of flower visitor abundance. Next, we built structural 
equation models (SEMs) to investigate the direct and indirect effects 
of urbanization and insecticides use on mango flower visitors, and 
their subsequent effects on mango yield. We used a method called 
generalized multilevel path analysis, or piecewise SEM, which al-
lows to test causal relationships with a relatively low sample size 
and to use a large variety of response distributions (Lefcheck, 2016; 
Shipley, 2009). We first built one hypothetical SEM for each ‘yield 
variable’, which were initial fruit set, final fruit set and weight. We 
combined four GLMs for each hypothetical SEM. In the first three 
GLMs, we tested the effects of urbanization (proportion of grey area 
within 2000 m) and insecticide use (number of litres per tree), as 
well as their interaction on the respective abundances of wild bees, 
hoverflies and nonsyrphid flies (group containing flies from various 
families), with one model per flower visitor group. We could not run 
models with ant abundance because their numbers were too low. 
We added the number of open mango flowers as covariate to cor-
rect for local variation in flowering resources. In the fourth GLM, we 
tested the subsequent effects of the abundance of each of the three 
flower visitor groups, as well as the direct effects of urbanization 
and insecticide use on mango yield (initial fruit set, final fruit set, 
weight). We added the age of the mango trees as covariate to control 
for potential variations in terms of yield between younger and older 
mango trees. As we expected correlations between wild bee, hover-
fly and nonsyrphid fly abundances, we specified a correlated errors 
between these variables. Flower visitor abundances were modelled 
with a negative binomial distribution (mass R- package; Venables & 
Ripley, 2002). The initial fruit set was modelled with a Gamma (log 
link) distribution, the final fruit set with a binomial distribution, and 
the weight with a Gaussian distribution. The best error distribu-
tions and model structure were selected prior to building the SEMs. 
Second, we used Shipley's d- separation test to detect missing paths 
and to assess the goodness- of- fit of the three hypothetical SEMs 
with Fisher's C statistics. We then manually added significant miss-
ing paths and stepwise deleted nonsignificant paths until AIC was no 
longer reduced. The diagnostics of each individual model within the 
final SEMs were verified with the DHarma R- package (Hartig, 2021) 
and we used the variance inflation factor (VIF) to check for collin-
earity (car R- package; Fox & Weisberg, 2019). All variables had a VIF 
value <5. Finally, as the more urban farms were spatially clumped, 
we checked for spatial autocorrelation the residuals of all individual 
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GLMs using Moran's I tests (DHarma R- package), and we did not de-
tect any evidence of spatial autocorrelation (all p > 0.05). All statisti-
cal analyses were conducted in R version 4.0.2 (R Core Team, 2021).

3  |  RESULTS

Overall, we recorded 3859 mango flower visitors belonging to 16 
species or morphospecies. Species were represented by the fol-
lowing orders and families (number of individuals per family is 
given in brackets): Diptera: Syrphidae (638), other Diptera (includ-
ing Muscidae, Calliphoridae and Bombyliidae) (883), Hymenoptera: 
Apidae (2323), Hymenoptera: Formicidae (15). The three most 
abundant species were (number of individuals in brackets) Apis flo-
rea Fabricius (1809), Eristalinus sp (539), Chrysomya sp1 (534). On 
average, we recorded 80.50 ± 39.9 (mean ± SD throughout) flower 
visitors and 4.3 ± 1.6 species per transect walk. See Table S1 in 
Supporting Information for the list of all species recorded.

3.1  |  Pollinator exclusion experiment

The pollinator exclusion experiment revealed that both crawling 
(ants) and flying insect visitors (wild bees, hoverflies and nonsyrphid 
flies) significantly contributed to mango pollination, increasing pol-
lination outcomes, that is, initial and final fruit sets and fruit weights 
(Table S2, Figure 2). When both crawling and flying visitors were 

excluded, almost no fruit were produced: initial fruit set (0.36 ± 0.8 
fruit), final fruit set (0.2 ± 0.4 fruit) and their weight at harvest was 
lighter (281.12 ± 54.86 g). Allowing flying visitors to pollinate mango 
flowers significantly increased the initial fruit set (0.9 ± 1.1) and 
the final fruit set (0.5 ± 0.5) by 150% and the fruit weight by 11% 
(311.45 ± 48.04) compared to the pollination exclusion treatment. 
When both crawling and flying visitors could visit mango flowers, the 
initial fruit set further increased by 167% (2.4 ± 1.6), the final fruit set 
by 80% (0.9 ± 0.3) and the fruit weight by 8% (337.63 ± 48.04).

3.2  |  Direct and indirect effects of urbanization, 
pesticide use and flower visitors on mango yield

All SEMs fitted the data well (initial fruit set: C = 18.994, p = 0.522; 
final fruit set: C = 19.086, p = 0.387; weight: C = 20.629, p = 0.299), 
and no important paths were missing (no independence claims re-
mained significant; see Table S3 for best- fitting SEMs). The SEM 
analysis revealed a significant interaction effect of urbanization and 
insecticide on wild bee abundance: the amount of insecticide use 
had a strong negative effect on wild bee abundance only at low and 
intermediate levels of urbanization, while it had no effect in highly 
urbanized area (Figures 3 and 4). Moreover, the age of mango trees 
also had a negative effect on wild bee abundance, but it had a posi-
tive effect on the initial fruit set. Subsequently, wild bee abundance 
had a marginally significant positive effect on the final fruit set, with 
mango inflorescences having a 20% higher probability to produce 

F I G U R E  2  Effect of the pollinator exclusion treatment on (a) the initial fruit set (number of immature fruits 3 months after the start of 
the flowering period), (b) the final fruit set at harvest (probability that an inflorescence produces at least one mature fruit) and (c) the mean 
weight (g) of mature fruits at harvest. The pollinator exclusion treatments from left to right: both flying and crawling flower visitors were 
excluded, only crawling flower visitors were excluded, the inflorescence was accessible to both flying and crawling flower visitors. The dots 
depict the predicted means from generalized linear mixed- effects models and the error bars the 95% confidence intervals. Different letters 
represent significant differences between the treatments calculated via post- hoc Tuckey tests.
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at least one mango fruit when the number of bees in the transect 
increased from 25 to 125. The amount of insecticide use had a 
direct negative effect on the mean fruit weight at harvest, which 
decreased by 29.7% from 0 to 300 litres of insecticide applied per 
tree (Figures 3 and 4). Regarding the other flower visitors, only the 
number of open mango flowers had a positive effect on hoverfly 
abundance, and we did not find any relationship with nonsyrphid fly 
abundance.

4  |  DISCUSSION

4.1  |  Wild insect pollinators increased mango yield

Wild bees (honeybees such as A. florea and stingless bees 
Tetragonula spp.), hoverflies (e.g. Eristalinus spp.), nonsyrphid flies 
(e.g. Muscidae, Calliphoridae) and ants were the main flower visi-
tors and potential pollinators. Excluding flying visitors significantly 
reduced mango yield, which demonstrates that they are effective 
pollinators of mango, as already reported in other studies (e.g. 
Carvalheiro et al., 2010). The results of our study, conducted in the 
country of origin of mango, indicate that this also seems to be the 
case within an urban and peri- urban setting. The importance of both 
managed and wild bees for mango pollination is well established. For 
instance, managed honeybees are used in South Africa (Carvalheiro 
et al., 2010), and stingless bees in Australia (Anderson et al., 1982) to 
enhance pollination outcomes. But we did not record any managed 
bees (managed stingless bee colonies are not yet used by farmers 
in our study region), highlighting the dependency of mango on wild 
insects for its pollination. Flies (Diptera), and in particular hover-
flies (Syrphidae) and blowflies (Calliphoridae) were already identi-
fied as important mango pollinators in other regions (e.g. Australia, 
Israel, India, see Anderson et al., 1982; Dag & Gazit, 2000; Kumar 
et al., 2021), and our study confirms their importance. In addition, 
we found that excluding ants (the only crawling flower visitor in our 
study) further reduced mango yields, highlighting that they too play 
a role in the pollination of mango. Carvalheiro et al. (2010) even 
attribute ants a predominant role for mango pollination. Although 
we observed ants in high numbers during some of our visits, sur-
prisingly, very few ants were recorded during our transect walks. 
Nevertheless, we often found dead ants on the sticky traps from the 
pollinator exclusion experiment that prevented them from visiting 
the mango flowers. Perhaps, the social behaviours of the ants, tem-
poral staggering of their activity with flying insects and their patchy 
distribution within the farm could have led to low encounters rates 
during the transect walks. Moreover, our exclusion experiment did 
not allow us to quantify the contribution of ants alone since we did 
not exclude flying visitors and allow ants to visit mango flowers. We 
contend that this is a limitation of our study and the role and contri-
bution of ants to mango pollination need to be further investigated.

Although a diverse community of flower visitors visited mango 
flowers, we only found a positive, marginally significant effect 
of the abundance of wild bees on the final fruit set. This finding 

suggests that they are the most effective flying pollinators of 
mango in the context of Bengaluru. This result contrasts with other 
studies that found that flies were the most important insect group 
for mango pollination (see Rader et al., 2016), which highlights the 
importance to consider regional specificities as pollinator commu-
nities can greatly vary between geographic regions. Furthermore, 
Rajan and Reddy (2019) conducted a controlled pollination study 
in Bengaluru and found that blowflies (genus Chrysomya) were 
as efficient as A. florea for mango pollination and enhancing fruit 
set. However, as A. florea was the most abundant pollinator across 
rural– urban landscapes, they may play a predominant role for 
mango pollination in urban areas. However, results from the exclu-
sion experiment suggest that ants also contribute significantly to 
mango yield. As we did not analyse the effects of ant abundance 
on mango yield because we did not encounter many ants in our 
transects, we cannot conclude which is the most important insect 
group for mango pollination.

4.2  |  Direct and indirect effects of 
urbanization and insecticides on mango yield

Insecticide use had a strong negative effect on wild bee abundance 
and mean fruit weight at harvest (Figures 3 and 4). This result sug-
gests that with increasing insecticide applications, mango flowers 
received less visits, impacting pollination effectiveness and, in 
turn, yield. The negative effect of insecticides on insect pollinators 
is well established (Blacquière et al., 2012; Goulson et al., 2015; 
Rundlöf et al., 2015), even in our study region (Steinhübel 
et al., 2022; Wenzel et al., 2022). However, these negative effects 
were only present at mid and low levels of urbanization (i.e. peri- 
urban and rural areas), and absent in highly urbanized areas. There 
could be several hypotheses explaining this finding. First, although 
it is expected that urbanization is associated with more intensive 
agricultural management, this is the contrary in our study area, 
notably due to high opportunity cost in urban areas through im-
proved access to off- farm activities (Steinhübel & von Cramon- 
Taubadel, 2020). Second, many studies demonstrated positive 
effects of urbanization on bees and other flower- visiting insects 
(Baldock et al., 2019; Theodorou et al., 2020; Wenzel et al., 2020). 
Urban green spaces such as parks, gardens, allotments and vacant 
lots often have a higher availability and diversity of both native 
and exotic flowering plants (Banaszak- Cibicka & Żmihorski, 2020; 
Turo et al., 2021), sometimes even exceeding that of natural areas 
(Baldock et al., 2019). Consequently, flower- visiting insects can 
concentrate in urbanized areas, which may compensate for the 
negative effects of pesticides. It is also noteworthy that urbaniza-
tion did not affect any of the pollination outcomes we tested. This 
result is in line with other studies from both temperate and tropical 
regions suggesting that urbanization does not necessarily induce 
pollination limitation and that it is possible to maintain agricultural 
activities at a profitable level (e.g. Eckerter et al., 2022; Potter & 
Lebuhn, 2015; Theodorou et al., 2020; Wenzel et al., 2022).
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4.3  |  Management recommendations

Our results suggest that above a certain level of applications, 
the harm caused by insecticides to pollinator communities may 

reduce mango yield and offset the positive effects of control-
ling insect pests, especially in rural areas. Pesticide overuse is a 
known problematic in India, also in mango cultivation, responsi-
ble for rising production cost (up to 35,000₹ = 424$ in our study 

F I G U R E  3  Results of the best 
piecewise structural equation models 
(SEMs) investigating the direct and 
indirect effects of urbanization, pesticides 
and pollinator abundance on initial fruit 
set (a), final fruit set (b), and fruit weight 
(c). Only statistically significant paths have 
been retained in the final SEMs, except 
for the lower order effect of urbanization 
on bee abundance (in light grey) resulting 
from the significant interaction between 
urbanization and pesticide. Standardized 
models' coefficients are displayed next to 
the arrows and R2 of individual model in 
the box of response variables.
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farms), environmental pollution and impacting farmers' health 
(Paruchuri et al., 2022; Selvarajah & Thiruchelvam, 2007). To 
avoid management trade- offs and to increase sustainability in 
mango production, there is a need to develop environmentally 
friendly methods for pest control, which do not negatively affect 
flower- visiting insect communities and associated pollination ser-
vices (Knapp et al., 2022; Samnegård et al., 2019). In this context, 
new concepts such as Integrated Pest and Pollinator Management 
could be a promising strategy to maximize the synergies between 
pest control and crop pollination (Egan et al., 2020). For example, 
farmers could avoid spraying insecticides during the peak flower-
ing period or to not use them preemptively to prevent harming 
pollinators. Alternatively, creating patches of native wild flow-
ers within mango farms can compensate for the loss of natural 
habitats (e.g. driven by urbanization) and for the use of pesticides, 
promoting the abundance of flower visitors and their associated 
pollination services (Carvalheiro et al., 2012; Kleiman et al., 2021). 
Indeed, providing diverse floral resources may offset the negative 
effects of pesticides and sustain pollinator communities (Klaus 
et al., 2021; Knapp et al., 2022). Additionally, pollinators require 
diverse nesting habitats, which can be scarce in urbanized land-
scapes. For instance, Marcacci et al., (2022) found that A. florea, 
the main mango pollinator in our study, declined with urbanization 
because of the lack of suitable nesting sites such as hedges and 
bushy vegetation. We thus encourage the creation of patches of 
native wild flowering plants as well as the preservation of seminat-
ural vegetation within mango farms to provide floral resources and 
nesting sites, which will eventually benefit pollinators and mango 
pollination. Furthermore, the orchard design could be improved by 
planting different varieties and facilitating pollinator movement, 
as recently shown for macadamia plantations (Anders et al., 2023). 
These sustainable practices and their multiple benefits should be 
better communicated to mango farmers (Paruchuri et al., 2022; 
Selvarajah & Thiruchelvam, 2007).

5  |  CONCLUSIONS

Our study is one of the few that demonstrated interactive effects 
between urbanization and agricultural management on wild insect 
pollinators and yield of a tropical crop. More specifically, we high-
lighted the importance of wild insect pollinators for mango pollina-
tion across rural– urban landscapes. Moreover, urbanization did not 
affect pollination services for mango trees, suggesting that com-
mercial mango production is viable within urbanized environments. 
However, high amounts of insecticides may pose a threat to wild 
bees and associated pollination services, which creates a manage-
ment trade- off between pest control and pollination, especially in 
rural areas. Environmentally friendly management practices (e.g. 
integrated pest and pollinator management, reducing the amount 
of insecticides applied) and conservation measures (e.g. creat-
ing patches of native wild flowering plants to promote pollinators) 
need to be developed for sustainable mango production within and 
around cities.
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