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Foraging Activity Characteristics and Evaluation of Mixed Stocking
Densities of Insect Pollinators According to Greenhouse Microclimate
in Pepper (Capsicum annuum L.)
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Strawberry Research Division, Gyeongsangnam-do Agricultural Research and Extension Services, Jinju 52733,
Republic of Korea
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m Insect pollinators are widely used in greenhouse pepper (Capsicum annuum L.) cultivation
in Korea, where the honeybee (Apis mellifera L.) has traditionally been preferred. However,
climate-driven instability in the honeybee supply and species-specific responses to the green-
house microclimate have made a single-species strategy unreliable through the long cropping
period. Because foraging depends strongly on greenhouse temperature and light, the species
mainly contributing to pollination may shift with season and weather. Over two consecutive crop-
ping seasons, we first selected a suitable pollinator by comparing the honeybee, the bumblebee
(Bombus terrestris L.) and their mixture, and then evaluated the mixed stocking density in
relation to foraging activity and microclimate. Plant growth and fruit characteristics did not differ
among treatments. Marketable yield was highest in the bumblebee (8,275 kg 10a”') and mixture
(8,255 kg 10a™") treatments and lowest with the honeybee alone, because honeybee foraging fell
sharply under low temperature and low light on cloudy days whereas bumblebees stayed active;
the mixture matched the bumblebee yield with fewer colonies. Foraging was dominated by the
bumblebee in winter and by the honeybee as temperature and light rose toward spring, so the
two species were complementary and buffered pollination against weather variability. Com-
bining the standard honeybee density with a doubled bumblebee density gave the highest
marketable yield (8,286 kg 10a™!, +10%), whereas excessive bumblebee density was associated
with reduced honeybee foraging and tended to lower fruit set. Thus, the most favourable
stocking density reflects the balance between the two species rather than stocking number,
providing practical guidelines for pollinator use in greenhouse pepper.
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climate, Stocking density
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Low-light Rainfall Rainy days
days (d)* (mm)® @*
249 5
159.2 11
822 5
116.9 10
101.7 10

Max. illum
271y,

(Lux)

Table 1. Monthly greenhouse microclimate and outdoor weather (2021)
PPF’
(pumol m2s™")
. 17,577
27,535

N 9 W 9 W

RH
325.5+2234
31,714
25,283

23,625

(%)
509.9+369.4

587.3+437.8
Max. illum

(Lux)

Temp.
. 853+£99
437.5+380.2
Note. Temperature, RH, PPF and illuminance are greenhouse (indoor) monthly means (mean+ SD). 'PPF, photosynthetic photon flux (umol m
Mean PPF
12,885

468214074

§®)
80.2%17.1

Feb.
Mar.
Apr. 244160
May 248172
Jun. 26.6+8.2

Month
21.0+£32
228+54
76.7+£19.5
78.6+18.0
illuminance = 54 X PPF (Thimijan and Heins, 1983). *Low-light days, number of overcast days inside the greenhouse with a daily light integral (DLI)< 16
mol m™ d”' (about half the clear-day level), computed from hourly greenhouse PPF (2021). *Outdoor rainfall and rainy days from a nearby weather station
Table 2. Monthly microclimate inside the greenhouse (2021~2022)
Mean RH
(%) (wmol m™s™)
238.6+304
267.7+£37.5 14,456
361.2+489 19,507
446.0£73.6 24,085
4824+175.5

759+18.8
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814%115
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24232

4 5EAE
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448.7+£359.8

-1
Heating period Nov. 2020~early Apr. 2021
, e A
k.
Dec.
Sk Jan.
Feb. 220+42
Mar.  233%5.6
Apr. 24668 779+19.0
255+£6.8 759%20.6
Note. Heating period inside the greenhouse: Nov. 2021~Mar. 2022. Values are
monthly means £ SD. Illuminance = 54 (conversion factor) X PPF (Thimijan
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Table 3. Growth characteristics of pepper by insect pollinator species

Pollinator Plant height Stem length Leaf length Leaf width No. of nodes Stem diam.

(cm) (cm) (cm) (cm) (mm)
Honeybee 1739+129 21.7+24 10.8+0.7 43+03 229+18 135+14
Bumblebee 1682+11.3 206+39 10.7+1.0 45+05 193+35 134+0.8
Honeybee + Bumblebee 166.6+12.6 212+1.7 11609 43+03 21.1£1.8 13015

Note. Pollinator introduction: Jan. 20, 2021; growth survey: Feb. 23, 2021. Values are means +SD (n=3, 10 plants per replicate). No significant difference among

treatments by one-way ANOVA and DMRT (P <0.05).

Table 4. Monthly and total marketable yield by insect pollinator species

Marketable yield (kg 10a™)

Pollinator
Feb. Mar. Apr. May Jun. Total
Honeybee 403 2,073 1410 2,253 1,111 7250 b
Bumblebee 498 1,321 2,306 2,153 1,997 8275a
Honeybee + Bumblebee 394 1,220 2,637 1,583 2421 8,255a

Note. Yield survey: Feb. 25~Jun. 30, 2021. Means followed by different letters within a column are significantly different by one-way ANOVA and DMRT

(P<0.05).

A7 7P woko 2% ARSee 208 HY
9 Elut [ gl o5 AeltollA A v 2t
7}l AAZELeEo & o]o] 2] 2= kgt
9 TFE TG AH2FelA 8,275kg
10272 7P =okow By fgE &5 A2+ 8,255
G227 ¢lAth (Table 4). ¥HA &
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5ol 7Y R 49 3Y) 9] 28) ool AL, R A
T 79dsrt 39 119, 5€] 1092 th2 gHt
Ok(Table 1) ©] Al7]o] &3 o] Zotd Ay} T Hc)
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59 Zate} ek FAFAIZITHE A (Shipp et al., 1994;

loh &%

Table 5. Number of introduced colonies by pollinator treatment

Number of colonies (colonies 10a™")

Pollinator
Honeybee Bumblebee Total
Honeybee 40 - 4.0
Bumblebee - 120 12.0
Honeybee + Bumblebee 23 4.6 6.9

Note. Introduction period: Jan. 20~May 20, 2021. Colony size: honeybee ca.
8,000 bees colony™!, bumblebee ca. 100 bees colony ™.

Ercan and Onus, 2003; Rolddn Serrano and Guerra-Sanz,
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Table 6. Stocking densities of insect pollinators by treatment
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7| &g 59 2vlied A 271 8,286 kg 10a7' = 7HY
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Table 7. Fruit set according to pollinator stocking density treatment

Fruit set (%)

Treatment . .
2nd introduction

(Jan. 18, 2022)

1st introduction
(Dec. 5,2021)

Treatment 1 794153 ns 63.7+6.6 ns
Treatment 2 710x7.1 ns 61.5+6.6ns
Treatment 3 79.6+3.5ns 51.6+8.6ns
Treatment 4 69.1+6.4 ns 702+79ns

Note. Treatment 1, Honeybee standard + Bumblebee standard; Treatment 2,
Honeybee 2 X standard + Bumblebee standard; Treatment 3, Honeybee
standard + Bumblebee 0.5 X standard (1st) and 3 X standard (2nd); Treatment
4, Honeybee standard + Bumblebee 2 X standard. Fruit set was surveyed after
each introduction. Values are means £ SD (n=3, 20 plants per replicate). ns,
not significant difference among treatments by one-way ANOVA (1st: F=
2.77,P=0.111; 2nd: F=3.19,P=0.084) and DMRT (P <0.05).

Table 8. Marketable yield and colony introduction by pollinator
stocking density

Stocking density of pollinator (bees plant™) Marketable yield No. of colonies

-1 . -1

Treatment Treatment (kg 10a7) (colonies 10a™)

Honevbee Bumblebee Bumblebee
y (1st) (2nd) 1st 2nd Total Honeybee Bumblebee

Treatment 1 3.0 0.04 0.04 Treatment 1 1,324a 6218b 7,542b 2 4
Treatment 2 6.0 0.04 0.04 Treatment2 1,179a 6,682a 7,861 ab 4 4
Treatment 3 30 0.02 0.12 Treatment3 851b 6,123b 6974 c 2 14
Treatment 4 3.0 0.08 0.08 Treatment4 1412a 6874a 8286a 2 8

Note. Treatment 1, Honeybee standard + Bumblebee standard; Treatment
2, Honeybee 2 X standard + Bumblebee standard; Treatment 3, Honeybee
standard +Bumblebee 0.5 X standard (1st) and 3 X standard (2nd); Treatment
4, Honeybee standard + Bumblebee 2 X standard. Standard: honeybee 3 bees
plant™" (8,000 bees 10a™"), bumblebee 0.04 bees plant™' (100 bees 10a™"). 1st
introduction: Dec. 5, 2021; 2nd introduction: Jan. 18, 2022.

260

Note. Treatment 1, Honeybee standard + Bumblebee standard; Treatment
2, Honeybee 2 X standard + Bumblebee standard; Treatment 3, Honeybee
standard + Bumblebee 0.5 X standard (1st) and 3 X standard (2nd); Treatment
4, Honeybee standard + Bumblebee 2 X standard. Harvest period: 1st, Dec.
23, 2021~Jan. 24, 2022; 2nd, Feb. 3~Jun. 7, 2022. Means followed by
different letters within a column are significantly different (DMRT, P <0.05).
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Fig. 1. Mean hive-entrance activity (in + out per survey) of honeybees and bumblebees by stocking-density treatment. Error bars are standard
errors. Hive-entrance activity increased with the stocking density of each species. HB, honeybee; BB, bumblebee. Survey period: 1st Dec. 10,

2021~Jan. 12,2022; 2nd Jan. 20~May 19, 2022.
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Fig. 2. Seasonal changes in flower-visiting (foraging) activity of honeybees and bumblebees by stocking-density treatment (survey area 300
m?). Values are the mean of the daily survey rounds. Bumblebees dominated during the low-temperature, low-light period of winter, whereas
honeybee activity peaked as temperature and light rose toward spring; in the excessive-bumblebee treatment (T3), honeybee activity remained
low. Dashed line indicates the 2nd colony introduction (Jan. 18, 2022). Survey period: Dec. 13,2021~May 19, 2022.
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Table 9. Correlation between greenhouse microclimate, foraging
activity and hive-entrance traffic of honeybees and bumblebees,
pooled across the four treatments and all survey times

Pollinator Factor Correlation P
coeft. (r)
Foraging activity
Temperature (°C) +0.202 <0.001
Honeybee 1 5ot (PPR) +0323 <0001
Temperature (°C) +0.092 0.115 (ns)
Bumblebee )
Light (PPF) +0.159 0.006
Hive-entrance traffic
Temperature (°C) +0.233 <0.001
Honeybee 1 1ot (PPF) +0330  <0.001
Temperature (°C) +0.033 0.578 (ns)
Bumblebee .
Light (PPF) +0.093 0.114 (ns)

Note. Greenhouse temperature (°C) and light intensity (PPF, umol m2s™)
recorded at each survey. Foraging activity, flower visits per 300 m?; hive-
entrance traffic, number of bees entering plus leaving the hive per survey.
n=292~294.r, Pearson correlation coefficient; ns, not significant.
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Table 10. Estimated economic returns by pollinator treatment in the pollinator selection and stocking density trials

Economic analysis (thousand won 10a™h

Treatment Yield_1 No. of colonies
(kg 10a7) (HB/BB) Gross income Colony cost Net income

Pollinator selection trial (2020~2021)

Treatment 1-1 7,250 40/- 22,482 520 18,661

Treatment 1-2 8,275 =/12.0 25,661 720 21,172

Treatment 1-3 8,255 2.3/4.6 25,599 575 21,265
Stocking density trial (2021~2022)

Treatment 2-1 7,542 2.0/4.0 23,387 500 19,453

Treatment 2-2 7,861 4.0/4.0 24376 760 20,037

Treatment 2-3 6,974 2.0/14.0 21,626 1,100 17,350

Treatment 2-4 8,286 2.0/8.0 25,695 740 21,182

Note. Treatment 1-1, Honeybee; Treatment 1-2, Bumblebee; Treatment 1-3, Honeybee + Bumblebee (selection trial); Treatment 2-1, Honeybee standard +
Bumblebee standard; Treatment 2-2, Honeybee 2 X standard + Bumblebee standard; Treatment 2-3, Honeybee standard + Bumblebee 0.5 X standard (1st) and 3 X
standard (2nd); Treatment 2-4, Honeybee standard + Bumblebee 2 X standard (density trial); HB, honeybee; BB, bumblebee; Gross income =yield X normal-year
price (ca. 3,101 won kg™"); colony cost from honeybee 130 and bumblebee 60 thousand won-colony™'; net income = gross income —(colony cost + labor cost (1,300
thousand won 10a™") + packaging cost (2,000 won box")). Values are estimates calculated from the treatment mean marketable yield (Tables 4 and 8) and colony

numbers (Tables 5 and 8); no statistical test was applied.
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