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Abstract

The core objective of this study was to determine suitable pollination meth-
ods among stingless bee pollination, open pollination with stingless bee
colony and self-pollination, along with the foraging activity of bees in rela-
tion to weather influences and their impact on fruit yield and qualities. This
investigation was carried out during the Kharif and Rabi cropping seasons
using 3 different pollination methods. Bee foraging activity in relation to
weather factors was observed at different times of day during the flowering
period until the first harvest of chilli fruits and yield attributes were ascer-
tained from all treatments. Results showed that during the Kharif and Rabi
cropping seasons, the foraging activity in open pollination supplemented
with stingless bee peaked between 1200-1400 h and 1100-1200 h with out-
going bees (28.6 and 25.2 bees/5 min/h), pollen foragers (8.4 and 4.3) and
nectar foragers (27.0 and 21.4) respectively. Furthermore, the peak resin
foragers (3.7) were observed in Kharif between 1600 - 1700 h and in Rabi
(2.3) between 1100-1200 h. In both seasons, all foragers were positively in-
fluenced by temperature and wind, whereas negatively influenced by rain-
fall and relative humidity. Amongst Kharif and Rabi cropping, the yield at-
tributes like the number of flower setting/plant (183.67 + 11.90 and
177.00 + 14.76), number of fruit setting/plant (82.67 + 1.25 and 80.00 + 0.82)
and yield (1099.33 + 69.93 and 984.20 + 108.59 kg/ac) were maximum in the
open pollination with stingless bee, followed by bee and self-pollination.
These findings underscore the significant role of stingless bees in increased
chilli production. Detailed foraging behavior in relation to weather factors
was studied to inform future crop-specific manageable pollination.

Keywords

chilli yield; foraging activity; pollination impact; Tetragonula iridipennis; weather
influences

Introduction

In this study, we explore the interaction between stingless bees and chilli
plants, focusing on their pollination potential. The stingless bee, Tetragonula
iridipennis, is a pollinator species, particularly in tropical ecosystems, while
the chilli plant (Capsicum annum) is one of the most widely cultivated crops,
especially in the Solanaceae family, which is rich in vitamins A and C, folic
acid, vitamin E and potassium (1). The taxonomic classification of T.
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iridipennis and C. annum is presented in Table 1. Chilli pep-
pers, such as the Bullet Ranga variety, are botanically iden-
tified as berries, a type of fleshy fruit that originates from
the ovary of a single flower. It originated from Central and
South America; the chilli was first cultivated in Peru, where
diverse varieties of chilli were grown (2). The major culti-
vable chilli species worldwide include C. annum, C.
chinense, C. baccatum, C. frutescens and C. pubescens (3).
In 2022, the global production of green chilli was estimat-
ed at 36.97 million metric tons (4), highlighting their signif-
icance in agriculture due to their economic value, wide-
spread culinary use and nutritional value, serving as a rich
source of vitamins, capsaicinoids and antioxidants. The
major chilli growing areas in India are Andhra Pradesh,
Tamil Nadu, Maharashtra, Karnataka, Odisha, Madhya Pra-
desh and West Bengal. In India, chilli was grown over a
vast area of 39000 ha in 2022-23, with a significant output
of 601580 metric tons and a productivity rate of 15.40 met-
ric tons per ha (5). Chilli flowers are chasmogamous and
self-pollinating, where cross-fertilization occurs at the
time of petal opening. The peak visitation frequency of
honey bees and other bees on chilli flowers is during
warm, bright days or during dry periods (6, 7). Chilli flow-
ers hang downward from leaf axils, featuring a white corol-
la, up to 7 stamens carrying 1.0 to 1.5 mg of pollen and a
single central style with a rounded sticky stigma at its
apex. The anthers are tubular and they release pollen over
side openings. Flower opening and pollen release both
happen in the morning (8). Due to the absence of periodi-
cal anthers, buzz pollination is not required for chilli flow-
ers. Even though it is a self-pollination crop, arthropod
pollination can enhance crop productivity (9).

Table 1. Taxonomic classification of stingless bee (Tetragonula iridipennis)
and chilli (Capsicum annum).

Taxonomic rank Stingless bee Chilli plant
Kingdom Animalia Plantae

Phylum Arthropoda Magnoliophyta
Class Insecta Magnoliopsida
Order Hymenoptera Solanales

Family Apidae Solanaceae
Genus Tetragonula Capsicum
Species Tetragonula iridipennis Capsicum annum

2

The biotic and abiotic vectors play a major role in
pollination as an ecological service that significantly influ-
ences crop productivity. Mostly 80 % of flora depends on
arthropods for pollination. Out of that, 90 % of pollination
is supported by Apis, non-Apis bee species of hymenopter-
ans, descended by Diptera, Lepidoptera and Coleoptera
(10, 11). In the long run, honey bees show the positive in-
fluence of pollinating events (12, 13) and reported that 80
% of pollination was carried out by bees (14). The most
primitive and smallest eusocial bee species that produces
honey is stingless bees (T. iridipennis Smith), which belong
to the family Apidae and sub-family Meliponinae. This bee
species is most abundant in India, having a high degree of
floral fidelity and diversified flora for foraging (15). The
stingless bees are the most effective and manageable pol-
linators in commercial crops of families like Leguminaceae
and Cruciferae, etc., where other honey bees fail to polli-
nate. The efficacy of arthropod pollinators is contingent
upon 3 primary factors, viz., the contact between the an-
ther stigma of flowers, their capacity for travel and their
abundance within the region. The qualitative and quanti-
tative yield of chilli fruits were improved by the arthropod
pollinators (16). Agrometeorology, as a discipline, delves
into the intricacies of meteorological patterns and leverag-
es weather and climate data to optimize agricultural prac-
tices. By harnessing insights from meteorological infor-
mation, agrometeorology subsidizes the enhancement of
agricultural strategies, ultimately leading to increased
crop production (17).

Universal food production and crop pollination are
at risk due to the declining of pollinator species (18). Cli-
mate change and the escalation of agriculture created
alarming circumstances against insect pollination and
their services (19). Generally, the foraging behavior of hon-
ey bees has a notable effect due to temperature and rain-
fall. Based on findings from previous scientific investiga-
tions regarding weather factors and the foraging activity of
bees, the present study was performed to investigate the
impact of abiotic factors such as temperatures, rainfall,
wind speed and relative humidity on the foraging perfor-
mance of stingless bees and their pollination efficiency in
the respective study area cropped with chilli (Fig. 1).

Stingless bee Pollination (T,)

Open Pollination with stingless bee (T}

Self Pollination (Ts)

Fig. 1. Influence of abiotic factors on stingless bee foraging activity and pollination efficiency in chilli field.
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Materials and Methods

The present investigation with manageable stingless bees’
pollination in chilli variety Bullet Ranga was conducted in
farmers fields during 2 different seasons, viz., Kharif and
Rabi at Periyaelandhaikulam (9.970307°N; 78.204831°E),
Madurai district of Tamil Nadu, where the standard agro-
nomic practices were followed. The chilli seedlings were
transplanted and maintained in an area of one acre from
May to August 2023 (Kharif) and November 2023 to Febru-
ary 2024 (Rabi). The experimental field of one acre was
selected for the following treatments: (i) stingless bee pol-
lination (T1), (i) open pollination supplemented with
stingless bee colonies (T2) and (iii) self-pollination (Ts).

Field experiments were carried out in randomized
block design with 3 replications. For the treatment of
stingless bee pollination, a well-developed colony of
Tetragonula iridipennis, obtained after supplementary
feeding, had a colony strength characterized by brood pot
volume (82.41 + 16.79 pots/cu.in), pollen pots (6.88 + 1.59
pots/cu.in) and honey pots (12.04 + 2.56 pots/cu.in) (20).
This colony was kept in a plot until the first harvest from
initial flowering (40 to 45 days) and was fully roofed with
nylon net (5 x 3 x 3 m) to evade the other pollinators. For
open pollination supplemented with a stingless bee colo-
ny, the chilli crops were fully opened and exposed to all
pollinators along with the stingless bees by placing 3 colo-
nies/acre. To achieve replication for this treatment, each
colony was positioned in the center of a 200 m? radius ar-
ea, considering that the flight range of stingless bee work-
ers is approximately 50 to 500 m (21). This ensured that the
chili plants are fully open and exposed to all pollinators.
For self-pollination, a plot was fully protected with nylon
net (5 x 3 x 3 m) to circumvent the access of pollinators.

With slight modifications, the annotations on the
foraging behavior of stingless bees during open pollination
were made over a duration of 12 h, from 0700 to 1900 h.
Four types of bee foragers and their activities were ob-

served in terms of several worker bees going out and com-
ing in with their rewards for 5 min/h from 0700 to 1900 h in
a day at the hive entrance. The key interpretation attrib-
utes were recorded at every 3 days intervals during the
blooming period. The bees going out to collect floral re-
wards were designated as outgoing bees, while the incom-
ing bees with pollen and resin in their corbicula were de-
scribed as pollen and resin foragers respectively. Bees
without pollen in their corbicula were described as either
nectar or water foragers (22).

The chilli yield characteristics, such as the number
of flowers setting/plant, number of fruits setting/plant,
fruit size (length and diameter) and fruit yield (kg/ac) were
documented to determine the impact of the 3 different
methods of pollination treatment (7). We randomly select-
ed 7 plants (n=7) for each treatment. Each of the 7 plants
were considered a replication within individual groups
that differed in their method of pollination. The total fruit
yield and germination rate of harvested chilli seeds under
the 3 different pollination methods were observed. For the
germination test, 100 (4 x 25) seeds were taken from 3
different treatment plots and placed on wet germination
paper (Roll towel method) at 22-24 °C and the % of germi-
nation was recorded (23).

The meteorological data were recorded from the
AgroMet Advisory Bulletin (AAB) jointly released by the
Regional Meteorology Centre, Chennai - India Meteorology
Department, Reddiarchathram Seed Growers Association
and M.S. Swaminathan Research Foundation. Following
recent studies evaluating the performance of NASA POWER
data (24), the requisite hourly weather data for 5 parame-
ters, viz., maximum and minimum temperature (°C), rain-
fall (cm), wind (km/h), relative humidity (%), were ob-
tained from NASA POWER web portal (https://
power.larc.nasa.gov/data-access-viewer/). A mean of 12
days was recorded concerning bee foragers from 0700 to
1900 h of the day (Table 2). These factors were also used to

Table 2. Meteorological data in chilli at Periyaelandhaikulam, Alanganallur and Madurai district: Kharif (August to September 2023) and Rabi (December 2023-

February 2024).
*Weather parameters

Time of h Maximum(io:zr)nperature Minimum(tiecr)nperature Rainfall (cm) Wind (km/h) Relativ?o/l‘:;lmidity
Kharif Rabi Kharif Rabi Kharif Rabi Kharif Rabi Kharif Rabi

0700 to 0800 27.8 23.5 20.8 19.4 0.0 0.4 15.7 10.5 74.0 86.7
0800 to 0900 29.4 24.3 22.3 20.4 0.0 0.3 19.7 12.1 69.6 83.8
0900 to 1000 311 25.5 24.1 21.6 0.0 0.2 19.9 13.2 64.8 79.3
1000 to 1100 31.8 26.2 24.8 22.1 0.0 0.2 20.3 13.6 59.8 73.7
1100 to 1200 33.5 28.5 26.5 24.9 0.0 0 21.2 15.3 54.4 68.8
1200 to 1300 34.3 28.9 27.3 25.7 0.0 0.1 18.3 15.1 51.0 66.3
1300 to 1400 35.2 29.3 28.2 26 0.1 0.1 17.3 14.8 45.7 64.1
1400 to 1500 36.5 30.3 29.5 26.7 0.0 0.1 15.3 15 43.3 59.9
1500 to 1600 34.0 30.2 27.0 26.3 0.0 0.3 14.1 14.6 45.6 60.8
1600 to 1700 33.8 29.3 26.8 258 0.0 0.2 14.8 13.9 48.2 61.5
1700 to 1800 33.8 27.3 26.8 23.6 0.0 0.4 14.8 13.7 50.3 64.4
1800 to 1900 30.9 26.2 239 22.5 0.0 0.4 14.4 12.4 58.2 70.7

Mean of twelve observations of weather data, during chilli flowering period of 2 seasons.
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correlate the functional foraging activity of stingless bee,
including outgoing bees, pollen, nectar and resin foragers.

The statistical analysis was performed using R Stu-
dio with the “agricolae” package for Duncan’s Median
Range Test (DMRT) to determine the peak foraging time of
worker bees. Regression analysis was conducted to predict
foraging behavior in relation to changing weather condi-
tions. The “psych” package was used for the correlation
matrix, while the “stats” package for ANOVA and Tukey’s
HSD test (25).

Results and Discussion
Foraging behavior of stingless bee in chilli ecosystem

Chilli flowers naturally faced downward toward the earth.
When stingless bees land on an individual flower, they
climb to the apex of the anther to gather pollen grains.
During this activity, the stingless bees contact the stigma,
which results in cross-pollination. Conversely, nectar for-
agers travel to the base of the flower, bypassing the stigma
and focusing on gathering nectar. The stingless bee forag-
ers unveiled notable variations in pollen, nectar, resin col-
lection and outgoing bees’ activity on chilli plants across
different days and hours (Table 3).

Stingless bee foraging activity in Kharif and Rabi chilli

0700 to 0800 h. with a mean of 0.9, 0.6 and 0.3 bees/5 min/h
respectively. The significant peak of pollen foraging oc-
curred during the noon hours, which was in line with the
finding that peak pollen foragers were active at 12 noon
(26). However, this finding is inconsistent with other stud-
ies that report peak pollen foraging activity occurring in
the early morning hours (27, 28). This contradiction might
be due to variations in floral rewards availability and mi-
croclimate suitability. The results of the present study are
also contradictory, as the peak activity of Tetragonula sp.
was observed from 1000 to 1100 h (29). This discrepancy
may be attributed to different agroclimatic factors affect-
ing both the crops and the bees. The maximum number of
outgoing bees (88.74 foragers/10 min), pollen (30.55 forag-
ers/10 min), nectar (69.44 foragers/10 min) and resin forag-
ers (5.93 foragers/10 min) were observed during the month
of March (27). In line with the previous findings (30), the
foraging activity initiated at 0700 h with a rate of
0.70 bees/m?/10 min and the peak activity of foragers
(12.90 bees/m?/10 min) was observed from 1100 to 1200 h
during the summer season.

During the Rabi season, the foraging performance
annotations revealed that the maximum number of out-
going bees was recorded in the late morning hours from
1100 to 1200 h, with a mean of 25.2 bees/5 min/h. The least

Table 3. Foraging activity of Tetragonula iridipennis in chilli across Rabi and Kharif seasons.

Number of bees’/5 min

Timeofh Outgoing Pollen carrying Nectar carrying Resin carrying
Kharif Rabi Kharif Rabi Kharif Rabi Kharif Rabi
0700 to 0800 1.8(1.34)2 1.1(0.89)¢ 0.6 (0.77)¢ 0.1(0.0) 0.9 (0.95)¢ 0.4 (0.63)¢ 0.5 (0.71)f 0.3 (0.63)¢
0800 to 0900 3.4 (1.84)f 2.3(145)  0.9(0.95)¢ 0.6 (0.63)¢ 2.3 (1.52)f 1.2(0.95 0.8 (0.89)% 0.8 (0.84)<
0900 to 1000 7.3(2.70)¢ 6.3(2.41)°  4.4(2.09)% 3.0 (1.67) 8.1 (2.85)¢ 7.2(2.59)% 1.6 (1.26)> 1.5 (1.18)%c
1000 to 1100 11.3 (3.36)¢ 13.1(3.55) 4.8 (2.19) 3.2 (1.70)" 11.8 (3.44)° 10.0 (3.03)°¢ 1.3 (1.14)ce 1.1 (1.00)b<d
1100 to 1200 14.6 (3.82)° 25.2(4.86)°  6.7(2.58)° 4.3(2.07) 23.2 (4.82)° 21.4(4.40)> 2.1 (1.45) 2.3(1.38)
1200 to 1300 28.6 (5.34)? 14.6 (3.65)°  5.2(2.28)< 4.5 (1.84) 15.3 (3.91) 10.8f (3.02)bc 1.3 (1.14)ce 1.5 (1.14)b¢
1300 to 1400 22.7 (4.76)° 11.9(3.35)°  8.4(2.89) 3.8 (1.90) 27.0 (5.19) 8.8 (2.77)¢ 0.8 (0.89) 0.7 (0.77)<
1400 to 1500 25.3 (5.03)° 15.3(3.81)® 5.8 (2.41) 3.0 (1.64)  17.0 (4.12)¢ 10.3(3.15)° 1.7 (1.30)b< 1.8 (1.30)%
1500 to 1600 10.9 (3.30)¢ 83(2.92)¢  4.0(2.00)% 2.8 (1.64)° 7.7 2.77)¢ 5.5(2.26)¢ 1.2 (1.09)%" 0.9 (1.05)<d
1600 to 1700 8.2 (2.86)° 5.8(2.43)°  3.4(1.84) 2.3 (L.52)¢ 5.5 (2.35)¢ 3.8 (1.87) 3.7(1.92)° 1.9 (1.34)%
1700 to 1800 13.2 (3.63) 12.2 (3.49)¢ 3.1(1.76)f 3.2 (1.84)5 5.0 (2.24)¢ 11.9 (3.46)° 2.5 (1.58)° 1.5 (1.41)%b
1800 to 1900 0.7 (0.84)" 0.4(0.63)¢  0.8(0.89)8 0.4 (0.63)% 2.1 (1.45)f% 4.1(2.10)  0.8(0.89)% 0.7 (0.84)<

No. of bees going out and coming in with rewards for 5 min in an hr. Each value is a mean of twelve observations. Figures in parentheses are square root trans-

formed values; Means followed by same alphabet(s) are on par by DMRT (p=0.05).
cultivation

The observation of foraging activity of stingless bees dur-
ing the Kharif season revealed that the peak activity of
outgoing bees was observed in the time interval from 1200
to 1300 h, with a mean of 28.6 bees/5 min/h and least ac-
tivity was recorded between 1800 to 1900 h, with a mean
of 0.7 bees/5 min/h. The peak foraging activity of pollen
and nectar foragers was recorded between 1300 to 1400 h,
with a mean of 8.4 and 27.0 bees/5 min/h and the peak
resin foragers was observed between 1600 to 1700 h, with
a mean of 3.7 bees/5 min/h. The least activity of bees with
nectar, pollen and resin rewards was observed between

number was observed from 1800 to 1900 h, with a mean of
0.4 bees/5 min/h. Pollen, nectar and resin foragers were
found to be enhanced during the late morning hours
between 1100 and 1200 h. with means of 4.3, 21.4 and
2.3 bees/5 min/h respectively. In contrast, the least activity
of pollen and nectar foragers was noted from 0700 to 0800 h,
with means of 0.1 and 0.4 bees/5 min/h respectively. The
least foraging performance of resin foragers was also rec-
orded during 0700 to 0800 h, with a mean of 0.3 bees/
5 min/h. The fallouts of the present investigation are anal-
ogous to this result, that the highest outgoing bee activity
was observed between 1200 to 1300 h, while peak nectar
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and pollen foragers were noted during 1300 to 1400 h, co-
inciding with monsoon weather (31).However, these find-
ings are inconsistent with previous studies that reported
peak nectar and pollen foraging activity from 1600 to 1700 h
and from 0800 to 0900 h respectively (22). The peak pollen
(44.32 bees) and nectar (54.65 bees) foragers were found
between 1000 to 1200 h during the months of October to
December (32), which were also inconsistent with the pre-
sent investigation. These inconsistencies may be attribut-
ed to changes in weather factors of specific locality. The
findings of the current investigation are quite dissimilar to
those reported in the previous study (33), where the peak
in the number of incoming forager bees (T. pagdeni) with
and without pollen in the protected cultivation of tomato
occurred at 1000 h. The number of bees carrying pollen
was 19 + 2.43; while those without pollen load numbered
44 + 3.49. These differences may be attributed to green-
house conditions, where the controlled cropping system
has higher temperatures and humidity earlier compared to
open field cropping.

Influence of weather factors on stingless bee foragers on
chilli

The association between weather factors and foraging
activity of T. iridipennis during the Kharif season, the tem-
peratures (maximum and minimum), and rainfall showed a

high and moderate positive correlation with outgoing bees
and incoming foragers with floral rewards. In contrast,
wind speed exhibited a low positive correlation with out-
going bees, as well as pollen and nectar foragers; however,
it was negatively correlated with resin foragers. Relative
humidity demonstrated a moderate negative correlation
with bee foragers. The results of Rabi season, revealed that
the temperatures and wind speed showed a moderate
positive correlation to the outgoing and incoming foragers
with rewards. However, the relative humidity and rainfall
exhibited a moderate negative correlation with the forag-
ers going out and coming in (Table 4) (Fig. 2). These results
are inconsistent with the findings, which observed that
stingless bees had weak negative and weak positive corre-
lation with maximum temperature as r = -0.24 and r = +0.01
respectively. They also showed a moderate negative corre-
lation with minimum temperature (r = -0.69) and had a
weak negative correlation with wind speed (r = -0.07) (34).
Nevertheless, relative humidity and rainfall showed nega-
tive correlations of r = -0.35 and r = -0.40 respectively,
which are analogous to our investigation. These incompa-
rable results might be due to seasonal variations between
the study locations. Bee foragers in the cucumber field
showed a significant positive correlation with temperature
(r=+0.78) and a negative correlation with relative humidi-

Table 4. Correlation between weather factors and foraging activity of Tetragonula iridipennis in chilli.

Kharif season Rabi season
Weather parameters Outgoing Pollen Nectar Resin Outgoing Pollen Nectar Resin
bees foragers foragers foragers bees foragers foragers foragers
Maximum temperature +0.83 +0.77 +0.68 +0.43 +0.57 +0.67 +0.46 +0.52
Minimum temperature +0.83 +0.77 +0.44 +0.44 +0.57 +0.68 +0.47 +0.52
Wind +0.10 +0.32 +0.14 -0.14 +0.81 +0.90 +0.74 +0.67
Relative humidity -0.71 -0.65 -0.44 -0.44 -0.48 -0.60 -0.42 -0.49
Rainfall +0.36 +0.57 +0.25 -0.25 -0.78 -0.76 -0.67 -0.64
Stingless bee foragers
Kharif (Aug —Sep 2023) Rabi (Dec— Feb 2024)
QOutgoing Pollen Nectar Resin QOutgoing Pollen Nectar Resin
1 1
0.8 0.8
06 0.6
0.4 0.4
0.2
0.2
0
0
-0.2
-0.4 0.2
_O. 6 _0.4
-0.8 / -0.6
-1 -0.8

m Maximum temperature mmmm Minimum temperature s Rainfall

s \/ind velocity s Re|ative Humidity

Fig. 2. Correlation matrix between weather parameters and foraging activity of Tetragonula iridipennis in chilli.
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ty (r = -0.68) (35), which is in line with the present investi-
gation. The fallouts of the present investigation were tan-
gential to the previous findings (33), that the number of
outgoing and incoming foragers in tomato cropping de-
clined at noon (1100 to 1200 h), while the humidity and
temperature were 73.84 % and 32.0 °C inside the green-
house. The differences in peak foraging hours might be
due to the influence of weather factors in open and con-
trolled field conditions. As the greenhouse attains high
temperature and humidity earlier than the natural crop-
ping environments, this could affect foraging behavior.

Predicting foraging activity based on weather

Multiple regression analysis illustrated how each weather
parameter contributed to the foraging activity of stingless
bees. The relationship between foraging activity and
weather factors during the Kharif season indicated that
maximum temperature had a negative regression coeffi-

cient for outgoing foragers (a = -6.87), pollen collectors
(a=-20.89), nectar foragers (a = -52.73) and resin foragers

(@ = =2.43). In contrast minimum temperature depicted
positive regression coefficient for outgoing bees
(b= +15.40), pollen foragers (b = +21.55), nectar foragers
(b =+55.07) and resin foragers (b = +2.42) during August to
September 2023. Manageable stingless bee pollination
during the Kharif season illustrated that a 10 °C increase in
maximum temperature would lead to a decrease of 6.87
outgoing bees, 20.89 pollen foragers, 52.73 nectar foragers
and 2.43 resin collectors.

During the Rabi season, the maximum temperature
depicted positive regression coefficient for outgoing bees
(@ = +2.97) and resin foragers (a = +0.01), while it showed
negative regression coefficient for pollen foragers

(a =-0.52) and nectar collectors (a = -1.12). The minimum
temperature displayed negative regression coefficient for

outgoing bees (b = -6.35), nectar collectors (b = -3.55) and

resin foragers (b = -0.43), but a positive regression coeffi-
cient for pollen foragers (b= +0.08) during December to
February (Table 5). Pollination during the Rabi season by
stingless bees clearly depicted that a 1°C increase in maxi-
mum temperature would lead to an increase of 2.97 in out-
going bees, an increase of 0.01 in pollen foragers and de-
creases of 0.52 and 1.12 in pollen and nectar collectors
respectively. This pattern is similarly observed with other

weather parameters as well. This prediction was in line
with findings that the number of bees going out for forage
was negatively influenced by maximum temperature

(r=-0.72) (36). It is also analogous to the finding that both
maximum and minimum temperatures had a positive in-
fluence on the outgoing and pollen foragers of stingless
bees (34). Furthermore, this prophecy was comparable
with the finding that the activity of stingless bee foraging
was lower in winter months, as the flight activity reduced
when compared to warmer days (37, 38).

Yield attributes of chilli fruits

In the chilli field during the Kharif and Rabi seasons, open
pollination with the presence of stingless bee colonies
showed significant yield qualities among different pollinat-
ing methods, such as number of flowers setting/plant
(183.67 + 11.90 and 177.00 + 14.76), number of fruits set-
ting/plant (82.67 + 1.25 and 80.00 + 0.82), fruit length
(6.76 £ 1.47 and 6.33 + 0.86) and diameter (1.81 + 0.10 and
1.70 + 0.20) respectively and followed by the treatment
with caged bee pollination and self-pollination. This find-
ing aligns with previous research indicating that yield at-
tributes and chilli yield were significantly higher in natural
pollination, followed by bee pollination (7).

A plot with the existence of a stingless bee colony
during the Kharif and Rabi seasons yielded a fruit harvest
of 1099.33 + 69.93 and 984.20 + 108.59 kg/ac respectively.
In contrast, the plot under the exclusion of pollinator yield-
ed about 958.00 + 108.59 and 888.00 + 96.61 kg/ac respec-
tively (Table 6). This indicates a 14.71 % and 10.81 % in-
crease in seed yield due to stingless bee manageable polli-
nation in the Kharif and Rabi seasons respectively. The
results are incomparable with the outcome that in onion
crop, pollination by bees (93.24 + 2.48) showed a higher
percentage of fruit set in crops than open pollination
(92.14 + 2.43), hand pollination (70.60 + 3.36) and self-
pollination (5.44 + 1.23) (22). Additionally, it aligns with
finding that showed a 31% increase in seed production of
coriander in stingless bee manageable pollination (39).
There was a 25.74 % increase in bee pollination yield com-
pared to mechanical pollination (40), which aligns with this
finding. The germination rate (mean value of 100 seeds) of
chilli seeds harvested from Kharif and Rabi cropping shows
the highest rates in open pollination with a stingless bee at
87 and 85 % respectively (Table 6). This finding is
consistent with the outcome that there has been a signifi-

Table 5. Multiple linear regression equations for foraging performance of stingless bees with weather parameters during Kharif and Rabi season, 2023-2024.

Cropping seasons  Type of foragers Multiple regression equation R?values
Outgoing bees Y=-236.98 - 6.87 X1 + 15.40 X - 0.18 X4 + 1.47 Xs 0.83
Pollen Y =125.61 - 20.89 Xy + 21.55 X, + 0.53 X4 - 0.02 Xs 0.88
Kharif
Nectar Y =288.69 - 52.73 X1+ 55.07 X, + 1.92 X4 - 0.03 Xs 0.77
Resin Y =20.46 - 2.43 X+ 2.42 X, + 0.02 Xq — 0.04 Xs 0.20
Outgoing bees Y =51.55+2.97 X, - 6.35 X,~ 22.03 X3 +5.08 X4 — 0.54 X5 0.81
cab Pollen Y=-6.01-0.52 X;+0.08 X,+0.02 X5 +1.53 X, — 0.01 Xs 0.88
> Nectar Y =102.46 - 1.12 X; - 3.55 X, -16.56 X3 + 5.29 X4 — 0.69 Xs 0.78
Resin Y=18.12+0.01 X; - 0.43 X,— 3.82 X3 +0.09 X4 - 0.11 Xs 0.59

X1 - Maximum temperature; X2 - Minimum temperature; X3 - Rainfall; X4 - Wind velocity; X5 - Relative humidity.
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Table 6. Yield attributing characters and yield of chilli.

Season Treatment Number of flow- Numb.er of fruits Length of fruit Fruit diameter Fruit yield (kg/ac) Germination
ers setting/plant setting/plant (cm) (cm) (%)
T. 176.00 + 15.12° 81.33+1.70° 7.63+1.47% 2.11+0.11* 1099.33 +69.93% 85
Kharif T 183.67 +11.90* 82.67 £1.25% 6.76 + 1.47% 1.81+0.10° 1216.67 + 84.98* 87
Ts 148.33 £ 14.70¢ 74.67 +4.03° 5.45+1.71° 1.57 £0.08¢ 958.00 + 108.59° 81
T, 165.67 +13.42° 78.67 +£0.47° 7.10+£1.17% 2.02+0.107 984.20 + 108.59% 83
Rabi T 177.00 + 14.76* 80.00 +0.82? 6.33+0.86% 1.70+0.20° 1115.00 + 87.272 85
Ts 150.33 +12.04¢ 71.67 +2.49° 5.19+0.77° 1.35£0.09¢ 888.00 + 96.61° 80

T: - Stingless bee pollination; T2 - open pollination supplemented with stingless bee colony; Ts - self-pollination, ‘values are mean of three replications given as
average + standard deviation. Means in the column followed by the same letter(s) do not differ significantly at 5 % level by Tukey’s HSD test.

cant increase in the germination rate of uncaged inflores-
cences (23). Inadequate pollen deposition leads to low-
quality fruit. Even in self-pollinating crops, a lack of suffi-
cient pollen on the stigma can cause pollination deficien-
cy. Bee pollination enhances pollen transfer more effec-
tively than self-pollination (41).

Conclusion

This study highlights the significant role that climatic fac-
tors play in the foraging behaviour of stingless bees on
chilli plants. While weather conditions such as rainfall and
high humidity were found to reduce foraging activity, the
strategic hiving of stingless bee colonies in chilli fields
greatly enhanced pollination efficiency. As a result, this
approach not only improved the yield of chilli fruits but
also positively impacted their quality. These findings sug-
gest that integrating stingless bees into chilli cultivation
can be an effective strategy for boosting both productivity
and crop quality, even under varying climatic conditions.
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