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Effect of Planting Density and Environmental Factors on Pollination
Activity of Apis mellifera and Fruit Set in Greenhouse-cultivated
Mango (Mangifera indica L. cv. Irwin)
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m This study compared the effects of environmental factors and planting density on the foraging
activity of the honeybee (Apis mellifera) in greenhouse-cultivated mango (Mangifera indica L.
cv. Irwin). The experiment was conducted in three plastic greenhouses planted with 175, 232,
and 206 trees, respectively. Four colonies of A. mellifera (approximately 7,500 bees per colony,
equivalent to three combs of bees) were introduced into each greenhouse. Generalized Additive
Mixed Model (GAMM) analysis showed that internal greenhouse temperature (p <0.001), hive
internal temperature (p<0.001), illuminance (p=0.0002), and ultraviolet intensity (p=0.0005]
were significantly and positively correlated with bee activity. Hourly foraging counts started with
an average of 8.2+18.1 bees at 07:00, peaked at 12:00 (250+126 bees) and 13:00 (270£109 bees),
and declined sharply thereafter, with no activity observed after 18:00. Among planting density
treatments, the 40-tree treatment showed the highest pollination activity (3.02+3.01 visits per
branch) and fruit set rate (75.0+27.7%], which were significantly greater (p<0.05) than those
of the 50-tree (57.8£26.0%) and 60-tree treatments (58.0£26.7%]. These results indicate that
honeybee activity and pollination efficiency in greenhouse mango are strongly influenced by the
interaction between environmental conditions and planting density, and that under the same
colony input, lower planting density enhances pollination efficiency.
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A, ISAE Fhol 7H & 9 = (Kim er

A AAAR]D 712 Aol A5 B9, 7159t Al ar,2019). FWolAE B Ab dkels, dE 5 SR
2|2 (RCP 5)°] W= et thi 292 ofddf a0 FAA7E A FAdetel wet WAL, v, ot
7%= Aghd Ao 2 APHT (Kim, 2021; Bang, 2022).  H} 53} 22 thefgt FF0] otde] A Ajulrt 753
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Z1HA 20000 ZH5E of o] 1L o] Ajuf HA o] &
5| S7FoFtH(Lee, 2014).

WA (Mangifera indica L) §EOMA ot 1k 5 &4
o % o Ao F2 Al E = tHEAQ] R =,
Tyt A= AEA o] Hil, Y7t 2 fEYL
(Mangifera indica L. cv. Irwin)7} 52 AAFE T (Jung et
al., 2016; Ku et al., 2023). SHFAA]ZH ] 2tz 0 o}
29, = Fa Aul w42 2018'F 52.72 haollA] 2024
A 138.07 haZ F535] S7F5FATHMAFRA, 2025). %71
ofl= ATl A Far Azt HFE Lo, WA Ho|
A g AeiE o] 2018 13.05 ha (24.75%)°11A4 2024
| 64.3 ha (46.57%)2 SH=AA WEAF] F1 A
vl v]Fo] Hx} F7tstal 9l FAIth(Jeong and Kim,
2021). =Hf ofELL A= 7Rt 2 42 A7)0 w2t
2717123 (108 7h2 A2 49 5+8h, BE 73 (129
7h2 AZE 6d 7=, 71712 29 o] 72 AlA 8
A o]F $Eh O] A 7IA = FEEH, ZF 22 TH Al
719} 7170, W 9 g2 ] 204 2polE Helrk
(NIHHS, 2014).

A AA AFAL L] oF 75%E SHEuffo] oot
EntE 97], 4uh Q] 13 5 oeket 2=l A 3R
7t e S-8-5hH A A d A 77 g E T
(Potts et al., 2010; Bartomeus et al., 2014; IPBES, 2016;
Kim et al., 2024). Y= A7t 82 D 24 2 2o 3
o o] W) wiio] 4R Wi B 259 5
o A o7 &3ttt RIS TH( Huda et al., 2015).
oheh, A SeA U= 225 f-9do] AlgtEe] Guf &
of T4 nF W] o] dF T2 AolAE AL Al
AoleLoA wEE F8 Shu/iAtE &-8ste] 4
E3 $2FS =0]1 St (Alqarni et al., 2017). ©]9]
w2t 270l AFEolA HAWETE] (Chrysomyia
megacephalay’s SHEi7i2E 02 o8t o, wid=
of oJgt @ At ol Iy 7HsAd, B A7) ZhA 4= =
Hojolg]g o7 Qo] Ak} wef7t golgh FaEH
(Apis mellifera)©] tHtC.2 ¢ U oA FFHITL
Stk (Kiill and Medeiros, 2006; Fajardo et al., 2008; Jeon
et al.,2013; Park et al.,2014). A3 Aol T2 ¥, A=
AlAA e Fatef A 20131 29 7L R E 79 302744 A
Aurdute], FEEd, AUFHGE (Bombus terrestris) 2]
SHEMZ &g vt Ay, FeEdo] AE 2.1%=
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7V =kom, AR gt AAwEE = 24 15%
2 fARE 52 Bl 7138082 FEEE A2t
A 21.9%= 7V =940, AFH G E APua Tt
Z47F 12.1%%} 13.2% ST (Park er al., 2014). ©]=23 A7t
o AXwanta] o] &8 THAE 1elste], oelE A
T e SR NEE o2 FEEHI AgHGHe] A
TE|Qlom, o= A aro| A ] FAQl 4 &
St o} 48k ZE 2u2 5l Aot ohyt okEEY
o] =2t SR/ 522 Ho| ARk, Al Al Tarol A
O] A7 WAt obF] S w7 gl E3F 7)E A
|
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7} sheio A JAERYH £ g 45 B2E
A5 o= sk, o HEol i 2 of &
Hjo]E] 27 Testo 176 T4 (Testo SE & Co., Germany)
220199 12 209 14415F 2020 1€ 149 16417F
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wHo] ZojA| sHEul7fstE WAFE SA] AlGstal of
T A1 o] St EEEFo 2 ARESIIT Aake
AR= 2020 39 1390 AASEI T, ZARRE L B5F-A
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A e B2ER 1505 A st ZF YR A 3719
7HAE AP 2t T2 7 2] E 5em oo 2
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stolom, Al e 7HA] dolet o T #3224 2ol

£ Hhget 7HA g 7% 34405 A2l 370, 505 A
2 47l 605 A2l 107h)E 100%2 Fi 2 HeS
Akt

RE EA 242 R WA 450 (R Core Team, 2024)

AHg5to T6§ Shtt. dyts} 7 Pﬂq EQ, 2y (Generahzed
M

S @9 891 00 AR LAHG PRI
U154 ST WU B UEPE UEAL2 43

Zboll ghol ATHE 54= Hol, A4 FHE SH%H 2
1 Wge A5ttt dael Azke WY agle: 4
FATH (Table 1). 2 EA)A GAMME BE 434
&5 shte] mye] Eelel, e W4E0] 9L &
AR Aol 7F $73 R} BB BEF ko] 4
@ Er H4Y WA S 4Tae e 9ok

Atk GAMM 2419 24 AHSE= Akaike Information
Criterion (AIC)& AFg5te] H7bstdar
Schielzeth (2013)2] ¥of wrat 114 §319]
7ot7] 918l marginal R?, A g2

ayte] A=l-g Hristr] 918l conditional R* 342 ZF
7+ Arzetgih 3§, BE Adsl gE35)6to] 39
AT )2t 95% A= FS 4HEste] FeEEH 25
of mlH= AFA oIgke] 279} WS Woksl T, B
g C, 4922 R? 9 Adjusted R2Z A A5}

H

o FEEd d ¥R
1=

=

, Nakagawa and
EELES

rlr
Z

zPetgon], 59 o
Y 58 el
O

A g
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¢} conditional Rzi grlstct. A7) 7F B4 2jol=
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HSDE A9 VIS FUISICE, 392 7J g sk
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0.0005) ¥ 2= (p=0.0002)= 2 4242 H At (Fig.
1, Table 2; Model fit: AIC=3362, marginal R%?=0.702,
conditional R?=1.000). & 22 gFagfto 2t S
d §159] 702%E AEstlon, of7lof dHel ATts
e Bt 236lelS s AA H5 100%E A

SE-A YR 25 BFHAF(p=0.0130)2t SHA W

2 FAHp=0.0226)2 fFou|et A8 TAE et
AP edf 2404 oF9-2 WH Hoh-2 5 (edf=2.779)
o 2 (edf=3.917)= HIAY el Tt sk~ W
H gF2L o] ¢ 20°C olstol|A= &5 Hart 3
2] ekfoLt, oF 25°CE 714 02 30°C7HA] F7 5k A
FE HAh 259] 72 oF 2 log scale A/ QA A
AT R oM, o]F 5 Jog scale O]l A= tFA] STt
ot S Uil v, ok R 2k 359

Fe
A SR U 25 BAL 49140, WE i BR e

Table 1. Description of parameter and their effect types in the generalized additive mixed model

No. Final parameter Parameter Effect types

1 House Temp Mean temperature inside the greenhouse Fixed effect

2 House Temp SD Standard deviation of temperature inside the greenhouse Fixed effect

3 House Temp Va Variance of temperature inside the greenhouse Fixed effect

4 Internal hive Temp Mean internal temperature of the beehive colony Fixed effect

5 Internal hive Temp SD Standard deviation of internal temperature of the beehive colony Fixed effect

6 Internal hive Temp Va Variance of internal temperature of the beehive colony Fixed effect

7 Illuminance - Fixed effect

8 Uv intensity Ultraviolet (UV) intensity Fixed effect

9 Relative Humidity - Fixed effect
17 Date - Random effect
18 Hour - Random effect

Table 2. Generalized additive mixed model for the effects of environmental factors on total activity in greenhouse conditions

Parameter Estimate Std. Error t-value p-value
(intercept) 135.256 6.091 2221 <0.001%**
House Temp 2.779 2.779 24081 <0.001%**
House Temp SD 1.000 1.000 5.255 0.0226*
House Temp Va 1.000 1.000 6.248 0.0130*
Internal hive Temp 1.000 1.000 26974 <0.001%#%*
Internal hive Temp SD 1.000 1.000 0.015 0.9015
Internal hive Temp Va 1.000 1.000 0.874 0.3506
Illuminance 3917 3917 6.003 0.0002%***
UV intensity 1.000 1.000 12.428 0.0005%**
Relative Humidity 1.000 1.000 0 0.9872

*Significance of parametric coefficients was assessed using the t-test, while the significance of smooth terms was evaluated using the F-test in the generalized

additive mixed model.

The p-values were calculated based on the corresponding test statistics and degrees of freedom.
For smooth terms, an effective degrees of freedom (edf) value close to 1 indicates a linear relationship, whereas an edf greater than 1 indicates a nonlinear

relationship.

Model fit statistics: AIC =3362, marginal R>=0.702, conditional R*=1.000.
Statistical significance was determined at p<0.05.

Significance codes: ‘“***’ p<0.001, “*’ p<0.05.
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Fig. 1. Multivariate effects of environmental factors on total activity under greenhouse conditions, estimated using the generalized additive
mixed model. The plots illustrate the partial effects of each environmental variable on total activity while accounting for the simultaneous
influence of other covariates in the model, rather than simple pairwise relationships. Scatter points represent observed values, and the blue
curves depict fitted relationships, which may be linear (edf=1) or nonlinear (edf>1) depending on the variable’s effect. The shaded grey
areas indicate 95% confidence intervals for the fitted values. Model fit: AIC =3362.26; marginal R?=0.702; conditional R>=1.000.

= edf=12 A9 #A 7M. o] & 85 WF Bat WiF 2k 24 (p=03506)2 FeEE LeT oot
e, AR 9 Sk W 2k 242 Sl mt AIE HolA] vt

2t @EFel S7hele AdE BHalou, ohes iR 2 F7H o, Mg BEOR SEe Fo 4 &
T BFHAE R R gashs Fde Bt ddiss qle] &-gAdell miAle A4 dg=< vlaet 23 =
(p=09872), 5 WF 2 EZFHAF(p=0.9015), BF & (p<0.001), SF¢-2& 2 (p<0.001), BE WH 2
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Table 3. Standardized multivariate regression coefficients of environmental factors influencing total activity under greenhouse conditions

Term Estimate Std. Error t value p-value
(Intercept) 0.000 0.031 0.00 1.000
House Temp 0.277 0.047 5.89 <0.001%%*
House Temp SD —0.104 0.096 -1.09 0.278
House Temp Va 0.160 0.084 1.89 0.059
Internal hive Temp 0.258 0.048 541 <0.001%%**
Internal hive Temp SD —0.028 0.081 -0.35 0.729
Internal hive Temp Va 0.097 0.078 1.25 0.212
Illuminance 0.433 0.070 6.16 <0.001#%*%*
UV intensity 0.136 0.038 355 <0.001%%**
Relative Humidity 0.064 0.061 1.05 0.295

The table presents the standardized regression coefficients (Estimate), standard errors (Std. Error), t-values, and corresponding p-values for each environmental
factor included in the model. Positive coefficients indicate a positive association with bee activity, while negative coefficients indicate a negative association.

Statistically significant relationships (p <0.001) are marked with asterisks.

lluminance i ]
House Temp 1 : e
Internal hive Temp [R—
House Temp Va { .
é Direction
UV intensity | Po—e—i - Negative (-)
E ~#- Positive (+)
Internal hive Temp Va | e
Relative Humidity ]
Internal hive Temp SD - }—h—J
House Temp SD b—‘—{

0.2 0.0 0.2 04 06
Standardized effect (B) with 95% ClI

Fig. 2. Standardized multivariate regression coefficients of envi-
ronmental factors on total activity under greenhouse conditions,
with 95% confidence intervals. Orange bars represent a positive
relationship between total activity and the corresponding environ-
mental variable, while blue bars represent a negative relationship.
Model fit: AIC =501.30, R2=0.714, Adjusted R2=0.705.

(p<0.001) ¥ AL (p<0.001)0] FEEH &5
Fate] foju]et ool WAE VEFIT(Fig. 2, Table 3;
Model fit: AIC=501.30, R>=0.714, Adjusted R>=0.705).
2 3Anyge &5 fiE oF 71195 dgstalon,
ol g acgle] FeEd &4 Wl w2 A9

THle As B

286

Table 4. Total activity of Apis mellifera by observation time from
20 December 2019 to 14 January 2020

Hour N Total activity

(mean = SD)
7 8.16+18.1¢
8 644+61.1°F
9 113£74.1°
10 176+97.7¢
11 199 +100%
12 . 250 % 126"
13 270+ 109*
14 238+108®
15 184 +£99°
16 137 +105%
17 27.7+27%
18 0¢

Total activity was defined as the sum of bee ingress and egress at hive entr-
ances per hour.
Different superscript letters within a row indicate significant differences
among greenhouses based on one-way ANOVA followed by Tukey’s HSD
test (p<0.05).

2, AZHHYE B ZHFY

TAIRE 184714 9] FaEdo] AR AEUS Foll
LS W A3 AT o G Aol F
AHoz FolotA YeEFLTH(p<0.05) (Table 4). 2% 7
Alofli= Ea 8.16 £ 18.17F 2 7P 22 oA &

, °1%F Aat DEFo] S 124
(2501126\3}31)9} 1341 (270 £ 10912 71 =2
TEE Holr o2 Aot FE5H f-2]gk Aho]
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l"i"ddr(p<0 05). 144] o] &= HA} Faste] 1749
£ 277227918 #ELR 45| S04, 184 &

5o WEEA . B9 A Aok o]t A
ol FHg o, E5FE o AFo] HHE olF
1 o]% FAdh= T HE-& E AT (Fig. 3; Model fit:
AIC=10267.58; marginal R2=0.467; conditional R>=
0.935). AIZMro 2= SFd W] 46.7%E Aot
U, @45 @ 1 de we A4 HE e 935%E A
g 4= ASI

3. 344 SRl B5Z L M vl
o st BEFL 405 A TolN B
600 s
= i
= % ®
= & .
3 s
5 « & * I
= . .
= 400 s & & . @ #
=} . % ° ® .
B i ¢ e 1 %
2 R ER t . e
E SR B S B S
2 IR & i
.g’ ® ; i 3 ’ ¢ ?
& : ]
EREDT 48 !
- s 1 H $ :
E : S B S S IR
= i ; 2 : = % 3 ‘
° 4 [
} © % - 0+ ¢ 3 3
i ¢ o
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Observation time

Fig. 3. Variation in total activity by observation time in three
greenhouses from 20 December 2019 to 14 January 2020. Total
activity was defined as the sum of bee ingress and egress at hive
entrances per hour. Data were recorded hourly for each green-
house. Shaded areas represent 95% confidence intervals. Model
fit: AIC =10267.58; marginal R2=0.467; conditional R2=0.935.

3.02+3.0132 7P =9r0H, 505 A= (1.67+0.80
3y}t 60F A 2T (1.85+2.483)) FARE =52
Atk A A A, 405 A2 SRl s
2 50F ALt 60F A TETE footHA =okoH
(p<0.05), 505 A2}t 60F AT rofl= f-2J 2t
o]7} g13lth(p>0.05) (Fig. 4, Table 5). ZF 8-S 405 7]
oA Bt 75.0+27.7% %2 7S =1L, 505 A2
(57.8£26.0%)2} 605 2] T(58.0£26.7%)= A HE &
Z2 UEHth(Fig. 5, Table 5). SAZ 02 & 405 # g
17t g F o2l Hls) footA =2 FAagS B
O™ (p<0.05), 505 AH=FLl 60 A2 7+e] Z}o]
L folotA] okt (p>0.05). 2 AFoAE sHEuAj
et Zakgo] BE 40 H2tolA] o sk
o} A UERY, Sde FeEES BAS o AR

T H XA

o 4245 Ung B B4 S7hstel A

o2 olojd s A4S AR,

71 mm40T
|msoT  a
60T

[N} [ I w N

Pollination activity(number of individuals)

40T 50T

Observation area

Fig. 4. Comparison of mean Apis mellifera pollination activity
per tree across treatments in Mangifera indica L. cv. Irwin. One-
way ANOVA indicated significant differences among observation
areas, and Tukey’s HSD test was used for post hoc comparisons.
Different letters above the bars indicate groups that are signifi-
cantly different (p<0.05). Bars represent mean values, and error
bars indicate standard deviations. 40T: 40 trees per hive treatment;
50T: 50 trees per hive treatment; 60T: 60 trees per hive treatment.

Table 5. Pollination activity, and fruit set rate of Apis mellifera in three greenhouses

n 40T 50T 60T
Pollination activity 84 3.02+301° 1.67+0.80° 1.85+2.48°
Fruit set rate (%) 45 75+27.7 57.8+26° 58+26.7°

Different superscript letters within a row indicate significant differences among greenhouses based on one-way ANOVA followed by Tukey’s HSD test (p <

0.05).

40T: 40 trees per hive treatment; S0T: 50 trees per hive treatment; 60T: 60 trees per hive treatment.
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1001 60T
., b ¥ 9 @712 oo Mg ) sl 5ol
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S S

Fruit set rate(%)

S
S

20 1

50T
Observation area

60T

Fig. 5. Comparison of mean fruit set rate per branch across treat-
ments in Mangifera indica L. cv. Irwin. One-way ANOVA indicated
significant differences among observation areas, and Tukey’s HSD
test was used for post hoc comparisons. Different letters above the
bars indicate groups that are significantly different (p<0.05). Bars
represent mean values, and error bars indicate standard deviations.
40T: 40 trees per hive treatment; 50T: 50 trees per hive treatment;
60T: 60 trees per hive treatment. Fruit set rate was calculated
as (fruits set on a branch + treatment-specific branch set capaci-
ty) X 100% (conditions: branch set capacity 40T: 3 fruits, 50T: 4
fruits, 60T: 10 fruits; fruit counted as set at diameter >5 cm).
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ZAHE v Qlth(Lee er al., 2008; Park ef al., 2014; Lee et
al., 2018, 2020). APAF Ao =W, FeEHol &
T2 2, 25 9 AT {ofRt o] ABBAE B
Ao, e E "ol atol7F EAsHIT 1 2
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