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Abstract—Ongoing pollinator declines threaten the production of many
entomophilous crops. Recent reports that yields of animal-pollinated crops in India
are increasing less than pollinator-independent ones suggest the occurrence of
pollen limitation. We experimentally evaluated if production of the common food
crop chilli benefits from insect pollination and if crop production is constrained by
lack of pollinators under field conditions. Experiments were conducted in eleven
chilli fields distributed across a semi-arid agricultural landscape in Andhra Pradesh,
India. The experimental treatments included open controls, open pollensupplemented flowers, and bagged flowers for pollinator exclusion. The fruit set
from the two open treatments (control and pollen supplementation) was about
three times higher than that from the exclusion treatment, suggesting strong
dependence on insect pollination. Control and supplementation treatments did not
differ, which suggests that there normally is sufficient pollination for chilli
production in the area. Bees contributed 98% of flower visits. Flower visitor
abundance correlated with higher fruit set, but only significantly so in the pollen
supplemented treatment. While previous studies that are mostly conducted in
greenhouse settings suggest that chilli reproduction does not depend much on
animal pollination, our field study confirms that presence of animal pollinators
increases fruit set. Future research should establish if this also applies to fruit
quality and total yield. Our study highlights the importance of field-realistic
experiments and warrants research on pollinator dependencies of other crops. The
results have implications for crop production in an area where pollinator levels may
be sufficiently high for crop pollination today but possibly not in the future due to
environmental change.
Keywords—pollination, wild bees, ecosystem services, Apis dorsata, Capsicum
annuum

INTRODUCTION
Ongoing pollinator declines are threatening
both wild plants and crop production (Klein et al.
2007; Ollerton et al. 2011; Burkle et al. 2013; IPBES
2016). The reported declines have to a high degree
been attributed to landscape changes mainly
driven
by
agricultural
expansion
and
intensification leading to e.g. habitat degradation,
fragmentation, and fewer flowers for pollinators to
forage on (Goulson et al. 2015; IPBES 2016). Apart
from contributing to the pollination of almost 90%
of the world’s wild flowering plants (Ollerton et al.
65

2011), pollinators are also crucial for 3-8% of the
worldwide agricultural production (Aizen et al.
2009), contributing to the yield of three quarters of
the world’s most common food crops (Klein et al.
2007). This dependency is relatively higher in the
developing world, where the proportion of
pollinator dependent crops is steadily increasing,
and
a
higher
proportion
of
essential
micronutrients are derived from animal pollinated
crops (Aizen et al. 2008; Chaplin-Kramer et al.
2014).
With one sixth of the world’s population, India
has a high demand for food production, with 60%
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of the total land area of India currently occupied
by agricultural land use (FAOSTAT 2020c) and
almost half of the working population depending
on agriculture for their income (ILOSTAT 2020).
Although India has an ancient history of
agriculture which has largely shaped the
landscapes of today (Gupta 2004), the country has
undergone massive land-use changes since the
time of independence, initially with land
conversions creating more agricultural land, and
more recently with an intensification of agriculture
through practices such as the use of inorganic
fertilizers and synthetic pesticides (Mishra 2002;
Tripathi & Prasad 2010). However, a development
from small to large holdings seen with agricultural
intensification in many other parts of the world
(Lowder et al. 2016), has not happened in India
(Tripathi & Prasad 2010). Instead, an increased
proportion of small holdings has been observed at
the country scale.
In recent years, animal-pollinated crops in
India have increased their yields at a significantly
lower rate than pollinator independent crops (Basu
et al. 2011), indicating a potential pollinator
limitation in the country, which is in contrast to
global patterns of equally increasing pollinator
dependent and independent crops (Aizen et al.
2008). Many of the important food crops in India,
such as tomato, eggplant, okra, coriander, many
pulses, and chilli, are benefitted from insect
pollination (Klein et al. 2007; Chaudhary & Chand
2017), as are many of the agricultural products
with the highest export value, such as cotton,
castor oil, soybean cake, and chillies (Klein et al.
2007; Giannini et al. 2015; FAOSTAT 2020a). A
reduced yield increase rate of these crops may
therefore have consequences for both domestic
food production and the economy (Chaudhary &
Chand 2017).
Chilli, Capsicum annuum, is a key spice in the
Indian cuisine and is widely farmed in the country
(FAOSTAT 2020b). A seminal study on the
pollinator dependency of the world’s most
common food crops states that the yield of chilli
only benefits “little” (> 0 - 10%) from insect
pollination (Klein et al. 2007), based on the hitherto
limited available evidence. Their conclusions are
mainly based on greenhouse studies where it is
shown that self-pollination is impaired indoors (cf.
Jarlan et al. 1997; Cruz et al. 2005). Chilli is
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considered to be mainly self-pollinated (facilitated
by wind) and does not require buzz-pollination, as
do many other crops from the Solanaceae family,
because of their poricidal anthers (De Luca &
Vallejo-Marín 2013). However, based on
greenhouse experiments where higher fruit
quality was seen in cross-pollinated than in selfpollinated chilli flowers (Cruz et al. 2005; Azmi et
al. 2016), as well as outdoor experiments on the
related habanero Capsicum chinense showing
striking positive effects of insect pollination
(Cauich et al. 2006; Landaverde-González et al.
2017), there is reason to believe that chilli yields
benefit from pollinators to a higher degree than
previously thought.
In this study we wanted to assess the impact of
wild pollinators on the yield of chilli under natural
outdoor conditions and evaluate the state of
pollination services in southern India with chilli as
a model crop. We conducted pollination
experiments including pollen supplementation
through hand pollination, pollinator exclusion and
open controls to assess pollen limitation and the
effect of wild pollinators on fruit set of chilli.
Furthermore, we wanted to identify potential
pollinators by observing flower visitors and relate
the abundance of these to chilli fruit set. We also
wanted to confirm that the most common flower
visitors were collecting pollen from chilli, by
visually analysing pollen from their hindlegs. We
hypothesized that the chilli fruit set is lower in the
pollinator exclusion treatment than in the control,
and higher in the extra hand pollination treatment
compared to the control. We further hypothesized
an interaction between flower visitor abundance
and treatment, where the two treatments are not
affected by flower visitor abundance while the
open control is positively affected by flower visitor
abundance. Finally, we hypothesised that the most
common flower visitors collect pollen from chilli.

MATERIALS AND METHODS
The study was done in a rural area of Chittoor
district (13.4788° N, 78.8383° E), Andhra Pradesh,
in southern India (Fig. 1), an agricultural mosaic of
partly irrigated small fields often bordered by
semi-natural vegetation, small shrubby outcrops,
and few larger coherent areas of dry deciduous
forests, southern thorn forest, and scrub (Reddy et
al. 2008). The climate is classified as tropical
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savannah-climate, with a mean annual rainfall of
400-750 mm and a daily temperature ranging from
20 to 40°C depending on season (Kottek et al. 2006;
WorldWeatherOnline 2020). The study was
conducted during winter and early summer
between January-March 2018, with the year’s
lowest temperatures experienced in January
slowly
approaching
the
year’s
highest
temperatures commonly experienced in April
(WorldWeatherOnline 2020). During the study
period there was barely any rainfall, as is common
for that season. The crop diversity was high in
most parts of the study area, including chilli,
tomato, a wide variety of pulses, different types of
cucurbits (cucumbers, watermelon, different
gourds), mango, rice, sugar cane, millet and
mulberry, with a few areas being completely
dominated by rice paddies or mulberry fields. Both
the native and the agricultural vegetation in the
area was heavily invaded by alien species, mainly
the bush Lantana camara, but also e.g. Ageratum
conyzoides, Celosia argentea and Chromolaena odorata
(Kohli et al. 2006). There is no tradition of
domesticated honeybee practices in the area.
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STUDY DESIGN
Twelve chilli fields located at least 2.5 km from
each other were selected (Fig. 1). The fields were
selected such that a variation of landscape
complexity was represented, by coarsely
estimating the percentage of coherent seminatural
vegetation (any vegetation or rocky outcrops that
were clearly not cultivated) within 250 m in Google
maps visually. This coarse measurement varied
between 0 and 15% among the selected fields. Due
to a leaf curl virus infection, one field was excluded
during the course of the experiments resulting in
eleven remaining fields. The chillies had been
planted in November-December 2017. The size of
the fields ranged from 0.070 to 0.25 ha (0.14 ± 0.065
[mean ± SD]). Crop phenologies were rather
synchronised, apart from one field being slightly
earlier and two fields being slightly later than the
rest. Farmers were interviewed about pesticide
use, irrigation, and chilli variety. All farmers used
pesticides, but chemical compositions and
quantities applied could not be ascertained; we
were mostly referred to the packages that were
often thrown in the corners of the fields. The
information on the packages revealed a wide
variety of insecticidal and fungicidal compounds
used, e.g. different neonicotinoids and systemic
and contact fungicides containing Tricyclazole and
Mancozeb. Three fields were irrigated through
furrow irrigation, and nine fields through drip
irrigation. We only got information from one of the
farmers about variety of chilli, which was
“Vaishnavi”. The rest either did not inform us, or
they stated they did not know or referred vaguely
to it as hybrid varieties.
POLLINATION EXPERIMENTS

Figure 1. The location of chilli fields (yellow points). The
study was conducted in the Chittoor district in the state
of Andhra Pradesh, India.

The pollination experiments started in the end
of January in all fields except for the two
phenologically later fields, where experiments
started two weeks later. At the start of the
experiment, the chilli plants had plenty of flower
buds, and few, or no, open flowers. In each field,
nine chilli plants at, or close to, the border of the
field and nine chilli plants in the middle of the field
were assigned to either have flowers excluded
from pollinators with wind-permeable mesh bags
(tailored with soft tulle fabric with ~1 mm mesh
size) placed around flowers, get pollen
supplemented through hand pollination, or to stay
untreated as controls (resulting in 18 experimental
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plants per field, and six plants of each treatment
per field). The plants for the study were located
such that there were at least two untreated plants
between them, and the different treatments
alternated so that two plants of the same
treatments were not close to each other. On each
plant, five flowers stalks were marked with pieces
of plastic straw and subsequently treated (or left
untreated in the case of controls). Hence, not all of
the flowers on the plant were treated. Replication
was thus done on three levels: five flowers per
plant (all with the same treatment), six plants per
treatment per field, and eleven fields. The marking
and the application of mesh bags was done in the
bud stage, and the pollen supplementation was
done at a later visit when the marked flowers were
fully open. Hand pollination was done with small
paint brushes, by stroking the anthers of three
freshly opened flowers from different (nonexperimental) plants and then stroking the stigma
of the flower being pollen supplemented. Pollen
amount and viability from donor flowers was not
assessed. If the marked flowers had already
flowered when visited for hand pollination, new
nearby flowers (preferably on the same plant, but
if not available, on a nearby plant) that were in the
open flowering stage were marked and hand
pollinated instead. The mesh bags over the
pollinator excluded flowers were taken off at the
first revisit when the flower petals had fallen off
(or the whole flower had been aborted). Fruit set
was thereafter assessed for all experimental
flowers that could be assessed, excluding a few
cases where markings or bags went missing. The
final sample size can be seen in Appendix II. Fruit
quality was also assessed, but due to accidental
harvesting of experimental chillies in many of the
fields (resulting in lower sample size and a harvest
bias of nicer-looking fruits) only data on fruit set
was used for statistical analyses. Presence/absence
of aphid infestation and signs of leaf curl virus
infection was noted for each experimental plant,
and the abundance of thrips was sampled at the
field level by counting the ones caught in six white
pan traps that had been placed in the centre of each
field and left for 48 h.
FLOWER VISITOR SURVEYS
Flower visitor surveys were done by hand
netting in the fields for 20 minutes while
continuously walking around in the field,

J Poll Ecol 28(6)

collecting and noting down any flower visitor on
chilli within about 2 m in front of the surveyor. A
stopwatch was used and stopped whenever an
insect was handled. In cases where species
determination could be done directly, the insects
were released at the end of the survey, and if it was
not the case, they were euthanised and
subsequently pinned and identified to lowest
taxonomical level possible, using available
literature (Lieftinck 1962; Pauly 2009; Saini &
Vikram 2012; Rasmussen 2013; Veereshkumar
2015; Prashantha 2017; Ascher & Pickering 2018). If
a flower visitor was seen but not caught, the
taxonomic identity was determined at the lowest
taxonomical level possible in the field. The surveys
were repeated three times in each field and were
conducted on the following dates: Jan 25 – Feb 4,
Feb 12-17, and Feb 26 – March 3. During the first
survey two of the fields were skipped, because the
chilli plants had not yet started to flower. Surveys
were done between 9:00 and 13:00 h, on days when
wind speed was no higher than 5 m/s and the
temperature was between 20 and 40° C. Wind
speed and temperature was measured with a
digital anemometer (AVM-06, HTC Instruments).
During three of the survey days, pollen samples
from the hindlegs of the most abundant chilli
flower visitor, the giant honeybee (Apis dorsata),
were collected and visually analysed for plant
species determination. To this end, a total of 14
bees were sampled from 4 fields, and around 100
pollen grains from each sample were classified
using a microscope with up to 100× magnification.
The pollen clumps were individually dissolved in
75% ethanol and a small amount of the solution
was placed on microscopic slides under a cover
slide. The pollen grains in the samples were
compared with reference samples of chilli pollen
sampled directly from chilli flowers.
DATA ANALYSIS
Fruit set was analysed as a function of
treatment and pest load (aphids, thrips and leaf
curl virus) using a binomial generalised mixed
model that took the nested design (plant/field) into
account as random effects. The random effects
were always possible to estimate. To assess the
influence of flower visitor abundance on fruit set,
a similar model was constructed that included an
interaction between treatment and average flower
visitor abundance (and not the pest covariates due
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to convergence problems). Final models were
obtained with backward elimination based on pvalues, and variables were assessed with LR-tests.
The final models only included variables with pvalues < 0.05. All analyses and graphs were done
in R (version 3.5.2, RCoreTeam 2019). Models were
constructed with the glmer() function from the
package lme4 (Bates et al. 2015). The DHARMa
package (Hartig 2020) was used to visually assess
model residuals and testing the uniformity
(Kolmogorov-Smirnov test), dispersion, and
outliers, and the function check_collinearity() from
the package performance (Lüdecke et al. 2020) was
used to check for collinearity. Model assumptions
were fulfilled, and all VIF-values were < 2 for both
models. To compare the treatments, a Tukey posthoc test was done with glht() from the package
multcomp (Hothorn et al. 2008), and the
interaction between treatment and flower visitor
abundance was analysed with testInteractions()
from phia (Rosario-Martinez 2015). To make the
graphs, the effects were extracted with effect ()
from effects (Fox 2003).

RESULTS
The fruit set was 73% (CI 56-85%) and 84% (CI
70-92%) in the control and pollen supplemented
treatments respectively, and 30% (CI 17-48%) in
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the pollinator excluded treatment (Fig. 2). The
experimental treatments had clear effects (Fig. 2, χ2
= 66.2; df = 2; P < 0.001), with higher fruit set from
the two open treatments (control and pollen
supplementation) than from the exclusion
treatment (z = -5.8; P < 0.001 and z = -7.3; P < 0.001
for respective comparison). There was, however,
no significant difference between the control and
the pollen supplementation treatment (z = 2.0; P =
0.11). None of the surveyed pests related to the
fruit set.
Nearly all (98%) of the flower visitors were
bees, and the most common species were Apis
dorsata (Giant honeybee), A. florea (Dwarf
honeybee), and Tetragonula iridipennis (Indian
stingless bee) (Fig. 3). All observed bee species are
listed in Appendix I. The effect of flower visitor
abundance on fruit set varied with treatment (χ2 =
6.06; df = 2; P = 0.048), with all slopes being positive
but were of different magnitude (control: 0.58; χ2 =
2.9; df = 1; P = 0.27, pollen supplementation: 1.2; χ2
= 10.7; df = 1; P = 0.004, pollinator exclusion: 0.44;
χ2 = 1.8; df = 1; P = 0.53). The pollen sampled from
the 14 A. dorsata individuals consisted of only
pollen of the chilli type, apart from one grain (1%)
in one sample.

Figure 2. Fitted mean ±
95% CI of fruit set in the
three treatments
control, pollen
supplementation (hand
pollination), and
pollinator exclusion.
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Figure 3. The three most
common flower visitors A)
Apis dorsata B) A. florea
and C) Tetragonula
irridipennis coll. (predated
by a crab spider in the
photo).

DISCUSSION
Chilli fruit set clearly benefits from insect
pollination, most likely performed by wild bees,
which were the dominant flower visitors. It has
been shown in numerous greenhouse studies on
chilli/bell pepper (both are C. annuum) that crosspollination or open pollination with added
pollinators lead to higher yields than non-assisted
self-pollination (Jarlan et al. 1997; Dag & Kammer
2001; Ercan & Onus 2003; Cruz et al. 2005; Azmi et
al. 2016), and for the first time we show that
pollinators are very important for chilli fruit set
also under field conditions, where wind may also
increase pollination (see also Carr & Davidar 2015,
although that study lacked replication). The results
are further supported by evidence from studies of
the closely related habanero, showing that insect
pollination leads to higher habanero fruit set under
outdoor conditions (Cauich et al. 2006;
Landaverde-González et al. 2017). A lower fruit set
may be compensated by larger fruits or increased
flower numbers, but experimental evidence on
greenhouse bell pepper suggest that the yield
increase caused by pollinators derives from the
number of fruits and not the size of fruits (Dag &
Kammer 2001). A. dorsata is likely to be the most
important pollinator of chilli in the study area, as
it is by far the most common flower visitor
(Appendix I) and it collects pollen from chilli

flowers, which means that the foragers are visiting
many chilli flowers, potentially benefitting
pollination. A. dorsata cannot be domesticated in
hive boxes unlike some other honeybee species
(Tan et al. 1997), and there is no general practice of
beekeeping with other honeybee species (Apis
spp.) in the area, which makes it likely that the
local chilli is solely pollinated by wild bees and to
some degree by wind. The mesh bags used in the
experiment
were
wind
permeable,
and
temperatures measured inside and outside the
bags did not differ, indicating a similar
microclimate in the pollinator exclusion treatment.
However, in some cases it was observed that
aphids multiplied more inside than outside the
bags, possibly due to exclusion of natural enemies.
This, together with the slight chance that bags
possibly impeded wind pollination, suggests that
wind pollination might contribute to slightly more
than the 30% fruit set observed in this study.
We found no evidence for pollen limitation of
chilli crops in the study area. The surrounding area
supports a diversity of pollinating insects. This
may compensate for any potential negative effects
from e.g. pesticide loads (Rundlöf et al. 2015).
Seven of the twelve participating farmers said that
after applying pesticides they did not see many
bees in the fields for a couple of days, but that they
later returned. The most common flower visitors,
A. dorsata, have very large colonies and commonly
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forage over several kilometres (Dyer & Seeley
1991; Corlett 2011). This makes it more likely that
any given chilli field will be visited by them,
especially if it is an attractive resource to them (cf.
Steffan-Dewenter et al. 2002). We found a positive
relation between flower visitor abundance and
fruit set, but it was only significant in the pollen
supplemented treatment. We hypothesised that a
higher flower visitor abundance would result in
higher fruit set from the open pollinated plants,
but not from the plants of the other two treatments.
The significant positive effect from flower visitors
seen in the pollen supplemented treatment but not
in the open control is puzzling, because even if the
hand pollination treatment did not result in perfect
pollination, we should still see a significant effect
on the open control plants as well. A likely
explanation is that there is one or several unknown
factors correlated with flower visitor abundance
influencing all treatments, but that this by chance
was significant only for the supplemented
treatment. Because we did not observe any general
pollinator limitation in the pollination experiment,
the effect of flower visitor abundance is expected
to be weak, or even absent if the abundance of
pollinators is high enough for maximum
pollination in all fields. The high fruit set from the
open treatments (73 and 84%) and the lack of
evidence of pollen limitation in chilli crops should,
however, not be seen as indicative for other insect
pollinated crops grown in the area. For example,
tomatoes and eggplant (with poricidal anthers),
and many monoecious cucurbits may require
higher abundances and more specialized
pollinators than chilli for maximum fruit set and
fruit quality (De Luca & Vallejo-Marín 2013;
Bomfim et al. 2016).
Because there are already indications of
pollination service loss in India (Basu et al. 2011),
it is of very high importance to do more research
on crop pollination, both from a landscape
ecological perspective, but also from a social
perspective. From interviews with the twelve
participating farmers, we found that only two
thought that bees had a positive effect on chilli
yields, while six of them thought that bees were
negatively affecting the chilli yields, and four were
neutral. Some thought that bees sucked out the
essence from flowers that would otherwise have
produced the fruits; they would remove bee nests
close to their fields, or intentionally spray pesticide
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mixes at foraging bees. With the high proportion
of small holdings in Indian agriculture (Tripathi &
Prasad 2010), raising awareness about the
importance of pollinators is likely to be key for
sustainable agriculture in India. The current
economic value of crop pollination in India has
been calculated as 22.5 billion USD annually, but
the real number may be much higher, as
pollination dependency data is lacking for many
crops (Chaudhary & Chand 2017). Additionally,
because our results on chilli deviate from earlier
conclusions mainly based on greenhouse studies,
perhaps pollinator dependence has been
underestimated in other crops as well. The
increase in fruit set that we found may not
necessarily lead to a proportional yield increase,
but it is reasonable to believe that the yield effect
from pollinators is considerably higher than the 010% stated in an often-cited review (Klein et al.
2007). Future research should establish to what
degree the effect on fruit set also affects the fruit
quality and total crop yield. Moreover, our results
and bee observations underline the importance of
wild pollinators in crop production (Garibaldi et
al. 2013), providing an important ecosystem
service that may be reduced or lost with
agricultural intensification (IPBES 2016).
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APPENDICES
Additional supporting information may be found in the
online version of this article:
Appendix I.

Bee species and numbers.

Appendix II.

Fruit set data per field.
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