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Abstract
Watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai) is a highly pollinator-dependent crop in which honey bees play a 
vital  role  in  ensuring  successful  fruit  set  and  yield.  However,  insecticide  applications  during  the  flowering  period  may 
adversely affect  honey bee foraging and pollination efficiency.  The present  study evaluated the pollination efficiency of  
Apis cerana under cyantraniliprole and tolfenpyrad treatments in the watermelon ecosystem.  Pollen and nectar foraging 
activity declined markedly in insecticide-treated plots on the 1st, 3rd and 5th days after spraying, with the greatest reduction 
observed on the first day.  From the 7th day onward, foraging activity showed an increasing trend, while outgoing forager 
activity appeared similar across treatments.  Tolfenpyrad (3.92 ± 0.17 fruits vine-1; 41.65 t ha-1) and cyantraniliprole (3.85 ± 
0.26  fruits  vine-1;  41.44  t  ha-1)  under  bee-colony  conditions  produced  significantly  higher  fruit  set  and  yield  than  their 
corresponding treatments without bee colonies (p < 0.001), whereas the water spray control without bee colony recorded the 
lowest yield (20.37 t  ha-1)  highlighting the critical role of managed bee pollination in enhancing watermelon productivity. 
These findings indicate that,  under the conditions of this study, the integration of managed  A. cerana colonies with the 
judicious use of cyantraniliprole  (90 g a.i. ha-1)  and tolfenpyrad (150 g a.i. ha-1) can sustain pollination services and improve 
watermelon productivity.
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1. Introduction
Watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai) 
is  an  economically  important  cucurbit  cultivated 
throughout  the  world  under  varied  environmental 
conditions (1, 2). The monoecious nature of watermelon, 
characterised by distinct male and female flowers on the 
same plant,  makes effective  pollination  essential.  The 
crop produces relatively large, heavy and sticky pollen 
grains  that  are  not  efficiently  dispersed  by  wind. 
Therefore, successful fertilisation, fruit set and fruit quality 
depend largely on timely insect-mediated pollen transfer 
(3). With a global production of more than 101.62 million 
tonnes,  watermelon  ranks  among  the  most  widely 
cultivated  horticultural  crops.  China  dominates  world 
production, whereas India, Turkey, Algeria and Iran also 
contribute substantially to global output (4).

Despite the expansion in cultivated area and 
production, successful watermelon cultivation is strongly 
dependent  on  effective  pollination,  as  the  crop  is 

predominantly  cross-pollinated.  Pollination  is  a 
fundamental  ecological  process  that  sustains 
ecosystem stability and enables the reproduction of both 
cultivated  and  wild  plant  species,  thereby  supporting 
biodiversity  and  agricultural  productivity  (5).  Animal-
mediated pollination provides immense economic and 
agricultural  benefits,  contributing more than US $800 
billion  annually  to  global  agricultural  production,  with 
over  75  %  of  the  world's  leading  food  crop  types 
benefiting from animal pollination (6, 7).

Among  the  various  insect  pollinators  visiting 
watermelon  flowers,  honey  bees  are  considered  the 
most efficient owing to their abundance, floral constancy 
and  effective  pollen-carrying  ability.  Honey  bees  visit 
watermelon  flowers  for  both  pollen  and  nectar  and 
facilitate  pollen  transfer  from  staminate  to  pistillate 
flowers during foraging (8). Since watermelon flowers 
remain open and receptive for only a few hours during 
the morning, timely bee visitation is critical for achieving 
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maximum pollination efficiency and crop productivity (9). 
Inadequate  pollination  during  this  limited  flowering 
period  can  result  in  poor  fruit  set,  misshapen  fruits, 
reduced fruit size and weight, poor seed development 
and ultimately lower marketable yield (10).

Although thousands of bee species contribute 
to  pollination  services,  honey  bees,  especially  Apis 
mellifera Linnaeus and Apis cerana Fabricius, dominate 
commercial pollination systems worldwide (11). Among 
the  honey  bee  species  involved  in  watermelon 
pollination, A. cerana, the indigenous honey bee of Asia, 
is  one of  the most  important  managed pollinators  of 
agricultural  and  horticultural  crops.  Compared  with 
A. mellifera, A. cerana is better adapted to Asian agro-
climatic  conditions  and  is  widely  managed  for  crop 
pollination  across  the  region.  It  is  characterised  by 
efficient foraging behaviour, rapid colony development 
and  effective  pollination  efficiency.  Its  synchronised 
foraging activity during the flowering period makes it an 
ideal pollinator for watermelon cultivation (12).

Although  honey  bees  are  highly  efficient 
pollinators of watermelon, their pollination services may 
be  influenced  by  crop  protection  practices  adopted 
during the flowering period.  Watermelon cultivation is 
frequently challenged by economically important insect 
pests,  necessitating  the  application  of  insecticides  to 
minimise yield losses (13). In commercial watermelon 
production  systems,  insecticide  applications  are 
frequently  carried  out  during  the  flowering  period  to 
manage key insect  pests,  often  coinciding  with  peak 
honey bee foraging activity (14). Exposure to insecticide 
residues on flowers may alter the foraging behaviour, 
visitation  frequency  and  pollen  transfer  efficiency  of 
honey bees, thereby affecting fruit set and yield (15). 
However, limited information is available on the field-
level effects of cyantraniliprole and tolfenpyrad on the 
foraging  behaviour  of  A.  cerana and  the  resulting 
pollination efficiency and watermelon productivity under 
managed  pollination  conditions.  This  knowledge  gap 
limits  the  development  of  pollinator-friendly  pest 
management  strategies  that  effectively  balance  crop 
protection  with  pollination  services.  Therefore,  the 
objectives of the present study were:

● To  evaluate  the  effects  of  cyantraniliprole  and 
tolfenpyrad  insecticide treatments on the foraging 
behaviour of A. cerana in watermelon ecosystem

● To assess  the  influence  of  A.  cerana pollination 
under  cyantraniliprole  and  tolfenpyrad insecticide 
treatments  on  fruit  set  and  yield  in  watermelon 
ecosystem

2. Materials and Methods
Experimental design
The  experiment  was  carried  out  during  2025  in  six 
separate one-hectare watermelon fields planted with the 
hybrid NS 295, located in Kurumparam R. F. village in 
the Tindivanam block of Viluppuram district. The fields 

were  selected  based  on  their  uniform  crop  growth, 
similar agronomic management practices and adequate 
isolation distance to  minimise cross-foraging of  honey 
bees and insecticide drift between treatments. Each field 
represented one treatment and the crop was planted at a 
spacing of 200 × 60 cm following standard agronomic 
practices. All intercultural operations, including irrigation, 
fertiliser  application,  weeding and other  recommended 
crop management practices, were carried out uniformly 
across all treatments throughout the experimental period. 
Each  treatment  plot  contained  approximately  8333 
watermelon plants. Each one-hectare treatment field was 
divided  into  seven  equal  plots,  each  containing 
approximately 1190 watermelon plants.  Each treatment 
consisted of seven managed A. cerana colonies (n = 7). 
The one-hectare treatment field was divided into seven 
equal plots, with one managed A. cerana colony placed 
in  each  plot.  Each  bee  colony  was  considered  one 
replication for honey bee foraging observations, whereas 
the corresponding field plot associated with each colony 
was considered one replication for fruit set and fruit yield 
assessments.  The bee hives were placed at  different 
locations within each field to ensure uniform pollination 
activity  throughout  the  experimental  area.  The  study 
included 6 treatments: T₁ - Tolfenpyrad spray (Keefun®) 
+ bee colony, T₂ - Cyantraniliprole spray (Benevia®) + 
bee colony, T₃ - Control (water spray + bee colony), T4 - 
Tolfenpyrad  spray  +  without  bee  colony,  T5  - 
Cyantraniliprole  spray  +  without  bee  colony  and  T6 - 
Control  (water  spray  +  without  bee  colony).  The 
insecticide applications were carried out at approximately 
10  % flowering  during  periods  of  minimal  honey bee 
activity, after daily foraging had ceased, to minimise bee 
exposure while enabling assessment of their effects on 
pollination under field conditions. The insecticides were 
applied using a knapsack sprayer at a spray volume of 
500  L  ha-1.  The  insecticides  were  applied  at  their 
recommended field doses (Table 1). For each treatment, 
the required quantity of the commercial formulation was 
measured  and  diluted  with  clean  water  to  obtain  the 
recommended spray  concentration  immediately  before 
application. The treatment plots were separated by an 
isolation distance of more than 1 km from each other to 
prevent  overlapping  of  foraging  areas  and  to  avoid 
insecticide drift. This distance was selected based on the 
typical  foraging range of  A. cerana,  as most  foraging 
activity occurs within 500–900 m of the hive under normal 
field conditions (16).  Hives were installed 48 hr before 
anthesis and maintained throughout  the flowering and 
fruiting periods. Routine checks ensured colony health 
and  queen  activity.  Foraging  behaviour  observations 
were recorded only in treatments involving bee colonies 
(T₁, T₂ and T₃),  because bee foraging activity can be 
assessed only in the presence of managed pollinators. 
Fruit  set and yield per hectare were recorded in all  6 
treatments, both with and without bee colonies, in order to 
distinguish  the  individual  and  combined  effects  of 
insecticide  application  and  bee  pollination  on  crop 
productivity.
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Table 1. Details of insecticides used in the field study

Sl. No. Insecticide Chemical group Mode of action Dose mL L-1 Manufacturer

1 Tolfenpyrad 15 % EC Pyrazole insecticide Inhibits mitochondrial 
electron transport 

(Complex I inhibitor)

2 Nichino India Pvt. Ltd.

2 Cyantraniliprole 10.26 % OD Anthranilic diamide Ryanodine receptor 
modulator

1.8 FMC India Pvt. Ltd.

Foraging observation and yield attributes
The foraging behaviour of  A. cerana  was assessed by 
recording the number of bees entering and exiting the 
hive for 5 min every hour during the observation period. 
Foraging activity of A. cerana was recorded at 1st, 3rd, 5th, 
7th,  10th and  15th days  after  insecticide  application  to 
assess  the  immediate  and  longer-term  effects  of  the 
insecticides  on  honey  bee  foraging  behaviour  and  to 
monitor the temporal pattern of foraging recovery. The 
numbers of outgoing foragers, pollen foragers and nectar 
foragers were recorded for 5 min hr-1 at the hive entrance 
from 07:00 to 12:00 hr each day. Fruit set per vine and 
yield per hectare were recorded from each treatment plot 
to evaluate the pollination efficiency of  A. cerana.  Total 
fruit yield (tonnes/hectare) was measured using a digital 
platform weighing scale (SWISSER Instruments Pvt. Ltd., 
India; capacity: 300 kg; precision: 0.01 kg).

Statistical analysis
The  foraging  activity  data  of  pollen  foragers,  nectar 
foragers  and  outgoing  foragers  were  analysed  using 
descriptive statistics. Results were expressed as means 
accompanied  by  standard  error  (SE)  to  represent 
variability  in  observations.  To  compare  differences 
among  treatments,  the  non-parametric  Kruskal-Wallis 
test was applied for fruit set and fruit yield, followed by 
pairwise Dunn’s post-hoc tests for multiple comparisons 
(p < 0.05).

3. Results
Effect of insecticide treatments on hourly foraging 
activity of Apis cerana in watermelon
The assessment of honey bee foraging behaviour was 
conducted  only  for  treatments  containing  managed 
A. cerana colonies (T₁–T₃), as these treatments were 
specifically designed to assess the effects of insecticide 
applications on pollen and nectar foraging activity under 
field conditions. On the first day, during 07:00–08:00 hr, 
the mean number of pollen foragers was recorded as 
(140.78 ± 26.73), followed by cyantraniliprole (115.78 ± 
1.72) and tolfenpyrad  (104.11 ± 0.92) and the similar 
trend was observed at 08:00–09:00 hr, 09:00–10:00 hr, 
10:00–11:00  hr  and  11:00–12:00  hr.  Nectar  foragers 
during 07:00–08:00 hr were 58.41 ± 2.23 in the control 
followed by 48.41 ± 3.55 in cyantraniliprole and 43.08 ± 
0.69 in tolfenpyrad and this treatment-wise pattern was 
maintained at 08:00–09:00 hr,  09:00–10:00 hr,  10:00–
11:00 hr and 11:00–12:00 hr. Maximum nectar foraging 
occurred during 09:00–10:00 hr and 10:00–11:00 hr, with 
higher values in the control (116.92 ± 7.95 and 129.74 ± 
3.52) compared to cyantraniliprole (106.59 ± 2.25 and 
116.74  ±  2.88)  and  tolfenpyrad  (99.92  ±  1.42 and 
109.74 ± 3.52) (Table 2).

Table 2. Effect of insecticide treatments on hourly foraging activity of Apis cerana indica on the first day 

No. of foragers entering / exiting hive / 5 min

Hours

Control (1st day) Tolfenpyrad (1st day) Cyantraniliprole (1st day)
Incoming foragers

Outgoing 
foragers

Incoming foragers
Outgoing 
foragers

Incoming foragers
Outgoing 
foragersPollen 

foragers
Nectar 

foragers
Pollen 

foragers
Nectar 

foragers
Pollen 

foragers
Nectar 

foragers

07.00–08.00 140.78 ± 
26.73

58.41 ± 
2.23

235.63 ± 
5.47

104.11 ± 
0.92

43.08 ± 
0.69

228.96 ± 
8.77

115.78 ± 
1.72

48.41 ± 
3.55

229.96 ± 
8.77

08.00–09.00 102.36 ± 
6.23

79.69 ± 
3.47

231.52 ± 
11.65

68.96 ± 
1.85

66.36 ± 
1.01

217.85 ± 
3.74

74.69 ± 
2.39

70.03 ± 
0.37

219.52 ± 
3.63

09.00–10.00 76.31 ± 
2.05

116.92 ± 
7.95

244.80 ± 
6.88

59.64 ± 
4.63

99.92 ± 
1.42

217.47 ± 
3.84

64.97 ± 
1.72

106.59 ± 
2.25

234.80 ± 
2.79

10.00–11.00 65.11 ± 
7.22

129.74 ± 
3.52

168.93 ± 
19.18

48.44 ± 
3.78

109.74 ± 
3.52

142.93 ± 
16.74

55.11 ± 
1.45

116.74  ± 
2.88

152.93 ± 
8.80

11.00–12.00 33.32 ± 
0.41

54.66 ± 
4.80

59.00 ± 
19.36

21.99 ± 
6.31

47.99 ± 
2.29

48.66 ± 
16.04

23.66 ± 
6.20

50.32 ± 
0.83

55.53 ± 
13.33
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On the third day after spraying, the observed 
treatment-wise  pattern  in  pollen  and  nectar  forager 
activity was like that recorded on the first day, with the 
control showing higher mean pollen and nectar forager 
activity  than  the  cyantraniliprole  and  tolfenpyrad 
treatments  throughout  the  observation  period 
(07:00–12:00  hr).  Mean  nectar  foraging  activity  was 
most pronounced during 09:00–11:00 hr (Table 3).  A 
similar temporal pattern was observed on the fifth day 
after spraying (Table 4).

On  the  7th day  after  spray,  during 
07:00–08:00 hr,  the mean number of  pollen foragers 
was 176.75 ± 4.36 in the control, 174.08 ± 0.66 in the 
cyantraniliprole  treatment  and  170.75  ±  0.58  in  the 
tolfenpyrad treatment. The same treatment-wise pattern 
was observed during the remaining observation periods. 
Nectar forager activity during the early- and mid-morning 
observation periods followed the same temporal pattern, 

with the highest mean values recorded between 09:00 
and 11:00 hr (Table 5). A similar temporal pattern was 
observed  on  the  tenth  and  15th days  after  spray 
(Tables 6 and 7). Outgoing forager  activity  remained 
largely uniform among treatments across all observation 
hours (07:00–12:00 hr) on the 1st, 3rd, 5th, 7th, 10th and 
15th days after spray. 

Overall,  from the  1st to  15th day  after  spray, 
pollen  and  nectar  forager  activity  in  the  insecticide-
treated  plots  was  lower  than  the  control,  with  the 
greatest treatment-wise difference observed on the 1st 

day and a less pronounced pattern on the 3rd and 5th 

days. From the 7th to the 15th day after spray, the mean 
pollen  and  nectar  forager  activity  in  the  insecticide-
treated plots showed a treatment-wise pattern similar to 
that  of  the  control,  reflecting  the  observed  temporal 
changes in foraging activity over the study period.

Table 3. Effect of insecticide treatments on hourly foraging activity of Apis cerana on the third day

No. of foragers entering / exiting hive / 5 min

Hours

Control (3rd day) Tolfenpyrad (3rd day) Cyantraniliprole (3rd day)

Incoming foragers
Outgoing 
foragers

Incoming foragers
Outgoing 
foragers

Incoming foragers
Outgoing 
foragersPollen 

foragers
Nectar 

foragers
Pollen 

foragers
Nectar 

foragers
Pollen 

foragers
Nectar 

foragers

07.00–08.00 157.02 ± 
1.24

61.95 ± 
2.87

241.92 ± 
35.1

117.02 ± 
1.24

55.29 ± 
2.06

235.63 ± 
5.47

127.02 ± 
1.24

58.62 ± 
0.68

237.63 ± 
5.10

08.00–09.00 106.13 ± 
4.96

80.65 ± 
3.28

239.17 ± 
9.28

83.80 ± 
4.29

72.32 ± 
1.13

224.52 ± 
3.97

95.46 ± 
1.83

76.99 ± 
1.59

229.52 ± 
1.67

09.00–10.00 77.44 ± 
2.84

119.12 ± 
0.87

242.26 ± 
0.96

70.78 ± 
3.14

105.79 ± 
2.73

231.47 ± 
4.14

74.11 ± 
0.50

112.46 ± 
2.01

231.47 ± 
4.14

10.00–11.00 58.54 ± 
4.62

136.02 ± 
6.73

175.29 ± 
16.32

50.87 ± 
0.56

117.35 ± 
3.90

150.26 ± 
16.41

55.21 ± 
1.31

127.68 ± 
1.68

160.26 ± 
9.66

11.00–12.00 35.08 ± 
3.67

62.23 ± 
2.22

79.06 ± 
2.13

25.08 ± 
2.96

55.57 ± 
2.23

66.00 ± 
2.15

27.42 ± 
0.64

59.90 ± 
0.32

72.66 ± 
5.28

Table 4. Effect of insecticide treatments on hourly foraging activity of Apis cerana on the fifth day 

No. of foragers entering / exiting hive / 5 min

Hours

Control (5th day)

Outgoing 
foragers

Tolfenpyrad (5th day)

Outgoing 
foragers

Cyantraniliprole (5th day)

Outgoing 
foragers

Incoming foragers Incoming foragers Incoming foragers

Pollen 
foragers

Nectar 
foragers

Pollen 
foragers

Nectar 
foragers

Pollen 
foragers

Nectar 
foragers

07.00–08.00 162.90 ± 
3.96

69.63 ± 
0.83

243.07 ± 
16.73

126.23 ± 
1.07

62.96 ± 
5.87

239.74 ± 
13.62

142.90 ± 
2.26 66.29 ±  2.54 239.74 ± 

13.62

08.00–09.00 113.46 ± 
2.25

86.95 ± 
2.17

231.06 ± 
11.23

93.46 ± 
2.25

76.95 ± 
2.17

234.39 ± 
8.54

105.46 ± 
1.78 81.95 ±  0.53 231.06 ± 

9.80

09.00–10.00 79.30 ± 
1.50

121.63 ± 
4.10

242.06 ± 
30.85

75.30 ± 
1.78

114.96 ± 
1.30

238.72 ± 
31.42

77.63 ± 
0.93 118.29 ± 2.97 238.72 ± 

2 7.82

10.00–11.00 57.06 ± 
1.37

161.92 ± 
2.50

166.17 ± 
16.70

54.39 ± 
1.32

141.92 ± 
3.46

162.83 ± 
15.54

56.39 ± 
2.42 145.26 ± 3.53 164.50 ± 

16.04

11.00–12.00 30.03 ± 
4.90

66.27 ± 
4.67

78.26 ± 
1.05

26.70 ± 
4.84

58.27 ± 
4.27

71.59 ± 
4.33

28.03 ± 
4.58 62.93 ±  1.80 75.26 ± 

3.86
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Table 5. Effect of insecticide treatments on hourly foraging activity of Apis cerana on the seventh day 

No. of foragers entering / exiting hive / 5 min

Hours

Control (7th day)
Outgoing 
foragers

Tolfenpyrad (7th day)
Outgoing 
foragers

Cyantraniliprole (7th day)
Outgoing 
foragers

Incoming foragers Incoming foragers Incoming foragers

Pollen 
foragers

Nectar 
foragers

Pollen 
foragers

Nectar 
foragers

Pollen 
foragers

Nectar 
foragers

07.00–08.00 176.75 ± 
4.36

69.99 ± 
1.74

230.50 ± 
24.17

170.75 ± 
0.58

67.66 ± 
1.11

229.50 ± 
23.77

174.08 ± 
0.66 66.99 ± 1.74 229.50 ± 

23.47

08.00–09.00 119.00 ± 
3.99

89.32 ± 
0.34

247.09 ± 
28.67

115.00 ± 
2.29

86.99 ± 
2.25

245.43 ± 
29.22

117.66 ± 
1.66 88.32 ± 1.28 246.76 ± 

25.49

09.00–10.00 78.33 ± 
2.15

133.95 ± 
3.01

250.78 ± 
32.94

75.33 ± 
1.32

127.95 ± 
2.28

247.78 ± 
31.35

77.00 ± 
1.23 131.95 ± 2.45 248.78 ± 

31.85

10.00–11.00 61.77 ± 
3.78

167.76 ± 
1.07

160.66 ± 
2.47

59.44 ± 
1.13

161.33 ± 
2.01

159.33 ± 
4.37

60.11 ± 
0.87 164.66 ± 2.37 160.33 ± 

2.32

11.00–12.00 31.39 ± 
0.60

65.84 ± 
3.27

84.62 ± 
0.69

30.39 ± 
1.54

63.50 ± 
3.14

79.29 ± 
0.93

31.39 ± 
2.00 65.03 ± 3.06 82.62 ± 

1.75

Table 6. Effect of insecticide treatments on hourly foraging activity of Apis cerana on the tenth day 

No. of foragers entering / exiting hive / 5 min

Hours

Control (10th day)

Outgoing 
foragers

Tolfenpyrad (10th day)

Outgoing 
foragers

Cyantraniliprole (10th day)

Outgoing 
foragers

Incoming foragers Incoming foragers Incoming foragers

Pollen 
foragers

Nectar 
foragers

Pollen 
foragers

Nectar 
foragers

Pollen 
foragers

Nectar 
foragers

07.00–08.00 179.36 ± 
1.48

72.06 ± 
2.06

220.57 ± 
14.78

174.69 ± 
0.13

70.73 ± 
1.04

217.91 ± 
17.10

177.03 ± 
3.03 71.06 ± 1.24 218.91 ± 

13.33

08.00–09.00 120.60 ± 
2.61

104.25 ± 
3.63

236.66 ± 
12.89

117.26 ± 
1.18

101.58 ± 
1.70

233.32 ± 
12.41

119.26 ± 
0.30 103.92 ± 3.67 233.99 ± 

15.49

09.00–10.00 85.89 ± 
1.96

143.81 ± 
2.39

259.99 ± 
30.70

82.55 ± 
0.59

139.48 ± 
4.68

254.99 ± 
33.32

84.89 ± 
2.50

142.15 ± 
0.97

258.32 ± 
30.01

10.00–11.00 56.26 ± 
0.65

169.96 ± 
4.59

180.69 ± 
2.31

54.26 ± 
1.36

165.29 ± 
3.17

179.02 ± 
3.83

55.59 ± 
0.10 168.63 ± 3.92 180.02 ± 

2.43

11.00–12.00 30.81 ± 
0.91

72.71 ± 
3.83

89.37 ± 
2.02

30.14 ± 
0.89 70.38 ± 2.89 84.70 ± 

3.17
30.14 ± 

4.25 72.38 ±  3.78 87.37 ± 
1.14

Table 7. Effect of insecticide treatments on hourly foraging activity of Apis cerana on the fifteenth day 

No. of foragers entering / exiting hive / 5 min

Hours

Control (15th day)

Outgoing 
foragers

Tolfenpyrad (15th day)

Outgoing 
foragers

Cyantraniliprole (15th day)

Outgoing 
foragers

Incoming foragers Incoming foragers Incoming foragers

Pollen 
foragers

Nectar 
foragers

Pollen 
foragers

Nectar 
foragers Pollen foragers Nectar 

foragers

07.00–08.00 182.69 ± 
5.47

73.40 ± 
1.23

213.91 ± 
9.88 180.69 ±  1.97 71.40 ± 

1.49
212.91 ± 

10.11 181.23 ± 5.26 72.06 ±  2.06 213.91 ± 
9.88

08.00–09.00 125.60 ± 
2.31

105.58 ± 
2.64

233.32 ± 
12.41 122.60 ±  1.56 103.58 ± 

3.60
232.32 ± 

12.14 124.60 ± 1.56 104.25 ± 
3.63

233.32 ± 
12.41

09.00–10.00 103.89 ± 
5.32

147.15 ± 
7.51

236.66 ± 
4.56 102.89 ±  4.33 144.15 ± 

5.64
234.99 ± 

4.86 102.22 ± 3.26 147.15 ± 
7.51

235.66 ± 
4.67

10.00–11.00 62.93 ± 
3.78

189.96 ± 
2.32

180.69 ± 
2.31

60.59 ± 
2.70

187.63 ± 
3.54

179.02 ± 
1.46 61.26 ±  3.93 188.63 ± 

3.61
179.02 ± 

3.18

11.00–12.00 31.48 ± 
4.33

69.38 ± 
4.55

91.70 ± 
2.03

30.48 ± 
0.61

67.38 ± 
4.54

90.03 ± 
3.90 30.48 ±  1.56 68.34 ±  0.91 91.03 ± 

2.45
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Influence  of  insecticide  application  on  fruit  set 
and yield in watermelon
Fruit set and yield were evaluated across all 6 treatments 
(T₁–T₆), including treatments with and without managed 
bee colonies,  to  assess the contribution of  A. cerana 
pollination under different insecticide treatments. Fruit set 
and fruit yield of watermelon differed significantly among 
treatments (fruit set: χ² = 26.35, df = 5,  p < 0.001; fruit 
yield:  χ²  =  30.591,  df  =  5,  p <  0.001).  Bee-included 
treatments recorded higher mean fruit set than treatments 
without bee colonies. The tolfenpyrad spray + bee colony 
treatment (3.92 ± 0.17 fruits vine-1)  had a significantly 
higher fruit set than the tolfenpyrad spray + without bee 
colony  treatment  (2.57  ±  0.20;  adjusted  p =  0.008). 
Similarly,  the  cyantraniliprole  spray  +  bee  colony 
treatment (3.85 ± 0.26) had a significantly higher fruit set 
than  the  cyantraniliprole  spray  +  without  bee  colony 
treatment (2.71 ± 0.18; adjusted  p = 0.017). The water 
spray + bee colony treatment (3.71 ± 0.18) recorded a 
significantly higher fruit set than the water spray + without 
bee colony treatment (2.50 ± 0.18; adjusted  p = 0.01). 
Tolfenpyrad spray with bee colony (41.65 t ha-1) recorded 
significantly higher fruit yield than the water spray control 
with  bee  colony  (29.40  t  ha-1;  adjusted  p =  0.0363), 
cyantraniliprole spray without bee colony (29.96 t ha-1; 
adjusted p = 0.0468) and the water spray control without 
bee colony (20.37 t ha-1; adjusted p = 0.00007). Similarly, 
cyantraniliprole  spray  with  bee  colony  (41.44  t  ha-1) 
recorded  significantly  higher  fruit  yield  than  the  water 
spray  control  with  bee colony  (adjusted  p =  0.0274), 
cyantraniliprole spray without bee colony (adjusted  p = 
0.0319) and the water spray control without bee colony 
(adjusted p = 0.00004). The water spray control without 
bee colony recorded the lowest fruit yield (Table 8).
Table  8.  Fruit  set  and  yield  of  watermelon  under  different 
insecticide treatments

Treatments Fruit set 
(vine-1)

Fruit yield 
(t ha-1)

Tolfenpyrad spray + bee 
colony (T1)

3.92 ± 0.17a 41.65a

Cyantraniliprole spray + bee 
colony (T2)

3.85 ± 0.26a 41.44a

Control  (water spray + bee 
colony) (T3)

3.71 ± 0.18a 29.40bc

Tolfenpyrad spray + without 
bee colony 2.57 ± 0.20b 30.94b

Cyantraniliprole spray + 
without bee colony 2.71 ± 0.18b 29.96bc

Control  (water spray + 
without bee colony) 2.50 ± 0.18b 20.37c

p value 0.001 0.001

Means  of  seven  replications.  Means  followed  by  different 
letters  differ  significantly  according  to  Dunn's  post  hoc  test 
(p < 0.05).

4. Discussion
Honey bee foraging in agricultural fields is essential for 
colony survival and effective pollination, as bees depend 
on  nectar  and  pollen  collected  from flowering  plants. 
Proper  foraging  supports  food  storage,  brood 
development  and  colony  strength  (8).  Beekeepers 
usually  place  hives  in  areas  assumed  to  have  low 
pesticide exposure to protect hive health and productivity 
(17). However, the present findings show that even these 
areas are contaminated with insecticides, indicating the 
widespread  presence  of  pesticides  in  agricultural 
landscapes. Such contamination disrupts normal foraging 
behaviour and negatively affects colony performance (18).

The  temporal  pattern  of  pollen  and  nectar 
foraging activity observed in the present study suggests 
that  insecticide  application  influenced  the  foraging 
behaviour  of  A.  cerana during  the  initial  period  after 
spraying. The lower pollen and nectar foraging activity 
observed  during  the  first  5  days  after  insecticide 
application  may  be  associated  with the  reported 
behavioural  effects  of  insecticide  exposure,  including 
temporary repellency, impaired orientation and reduced 
foraging motivation in honey bees (19, 20). From the 7th 

day onwards, pollen and nectar foraging activity in the 
insecticide-treated  plots  gradually  increased.  This 
temporal pattern coincided with the reported dissipation of 
cyantraniliprole  and  tolfenpyrad  residues  under  field 
conditions (21, 22). As insecticide residues decline over 
time through environmental processes such as sunlight 
exposure, temperature, rainfall and plant growth dilution, 
the toxicity and repellency of treated plant surfaces are 
expected to decrease (23, 24). Therefore, the temporal 
increase in foraging activity observed in the present study 
may  reflect  reduced  exposure  of  foraging  bees  as 
insecticide residues dissipated over time.

Cyantraniliprole  and  tolfenpyrad  caused  a 
temporary reduction in pollen and nectar foraging during 
the first five days after application, with the lowest activity 
observed on the first day after spraying, followed by a 
gradual  temporal  increase  throughout  the  observation 
period. In contrast, neonicotinoids caused more severe 
and  prolonged  impairment  of  foraging  efficiency  in 
A.  cerana  indica,  with  clothianidin  and  thiamethoxam 
markedly reducing nectar foraging and outgoing forager 
activity  for  up  to  15  days  after  application  (25).  The 
contrasting  temporal  patterns  may be associated  with 
differences in the modes of action of these insecticides. 
Neonicotinoids act as agonists of nicotinic acetylcholine 
receptors,  whereas  cyantraniliprole  (an  anthranilic 
diamide)  targets  ryanodine  receptors  and  tolfenpyrad 
(a pyrazole insecticide) inhibits mitochondrial complex I 
(25). These differences in target sites may contribute to 
the  comparatively  less  persistent  effects  of 
cyantraniliprole and tolfenpyrad on honey bee foraging 
activity  observed in  the present  study.  The temporary 
reduction in foraging activity is unlikely to have impaired 
pollination  services  under  the  recommended  field 
conditions;  however,  repeated  or  prolonged  exposure 
during  flowering  may  adversely  affect  colony 
performance and pollination efficiency (26, 27).
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Cyantraniliprole posed a low risk to pollinators, 
with  negligible  acute  oral  and  contact  toxicity  to 
honeybees  and  minimal  risk  from  pollen  and  nectar 
residues.  Furthermore,  semi-field  and  field  studies 
further  demonstrated  the  safety  of  cyantraniliprole  to 
honeybees  and  its  compatibility  with  pollination  by 
Bombus terrestris under practical agricultural conditions 
(28). In contrast, the present study revealed a significant 
reduction in pollen and nectar foraging activity during 
the  1st,  3rd and  5th days  following  the  application  of 
cyantraniliprole and tolfenpyrad. However, this adverse 
effect  was  temporary,  as  foraging  activity  gradually 
recovered  from  the  7th day  onwards  and  became 
comparable to the untreated control.

The gradual recovery of foraging activity from 
the 7th day onwards may be attributed to the progressive 
dissipation of insecticide residues from floral resources, 
resulting  in  reduced  exposure  of  foraging  bees  over 
time. In addition, the reversible nature of the behavioural 
effects  at  the  recommended  field  doses  may  have 
enabled honey bees to resume normal foraging activity 
as residue levels declined (18). This recovery pattern 
suggests that the observed reductions in foraging were 
primarily  transient  behavioural  responses  rather  than 
persistent impairments under field conditions.

Similarly, the foraging activity of A. cerana and 
A. mellifera remained unaffected after the application of 
acetamiprid and endosulfan, indicating the absence of 
any repellent effect (29). The discrepancy between the 
findings  of  previous  and  present  studies may  be 
explained by differences in the insecticides evaluated, 
their  physicochemical  properties and mode of  action, 
persistence and residue dynamics on floral resources 
(29).  While  previous  researchers primarily  assessed 
acute toxicity and overall pollinator safety, the present 
study focused on behavioural responses, which may be 
more  sensitive  indicators  of  sublethal  effects (28). 
Therefore, although cyantraniliprole appears to pose a 
low risk in terms of  pollinator survival,  the temporary 
reduction  in  foraging  activity  observed  in  the  current 
study suggests that short-term behavioural disturbances 
can occur following application. 

Tolfenpyrad  and  cyantraniliprole  treatments 
with managed A. cerana colonies recorded higher fruit 
yields  (41.65  and  41.44  t  ha-1,  respectively), 
demonstrating  enhanced  productivity  under  the 
combined  influence  of  effective  pollination  and  pest 
management.  In contrast,  another  study reported the 
highest fruit yield of 35.63 t  ha-1 in plots treated with 
cyantraniliprole 10.26 OD at 90 g a.i. ha-1 (4). The higher 
fruit  yield  observed  in  the  present  study  may  be 
attributed  to  the  combined  effect  of  effective  pest 
management and enhanced pollination by  A. cerana. 
However, differences between the present and previous 
studies  may  also  be  influenced  by  variations  in 
experimental conditions, including the use of managed 
bee colonies in the present study, as well as differences 
in watermelon cultivar, soil characteristics, regional agro 
climatic conditions and crop management practices, all of 
which can affect fruit yield (30).

5. Conclusion
Cyantraniliprole and tolfenpyrad were associated with a 
temporary reduction in  the pollen and nectar  foraging 
activity  of  Apis  cerana during  the  initial  period  after 
application, followed by a gradual temporal increase in 
foraging  activity  from  the  seventh  day  onwards.  The 
integration of managed A. cerana colonies with effective 
insecticide-based  pest  management  significantly 
enhanced fruit set and yield compared with treatments 
without  bee colonies.  These findings indicate  that  the 
judicious  application  of  cyantraniliprole 
(90 g a.i. ha-1) and tolfenpyrad (150 g a.i. ha-1) at the 
recommended  field  doses,  applied  at  approximately 
10  % flowering  during  periods  of  minimal  honey bee 
activity after daily foraging has ceased, can effectively 
balance crop protection and pollination services, thereby 
improving  watermelon  productivity  while  minimising 
adverse  effects  on  pollinator  activity.  Furthermore, 
behavioural responses should be considered alongside 
conventional acute toxicity endpoints to provide a more 
comprehensive  assessment  of  pesticide  risks  to 
pollinators.  From  a  practical  perspective,  insecticide 
applications  should  be  scheduled  during  periods  of 
minimal bee activity, preferably after daily foraging has 
ceased. Effective communication between growers and 
beekeepers  should  also  be  encouraged  to  minimise 
pollinator exposure while maintaining pest management 
and  pollination  services.  Future  research  should 
investigate the long-term effects of repeated insecticide 
applications  on  honey  bee  colony  health,  brood 
development  and  pollination  services  under  diverse 
agroecosystems.
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