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Abstract |

We investigated nesting behavior and pollination efficiency as functions of the sex ratio and density
in released bees to determine standard quantities of Osmia cornifrons per 2,000m? for apple
pollination. The nesting behavior, reproduction, fruit set and shape of O. cornifrons varied
significantly with the released sex ratio of O. cornifrons. A female : male sex ratio of 1 : 2 was
resulted in a 3.4 to 6.7 fold higher than other sex ratio in a nesting behavior. Releasing only females
resulted in a 1.2 to 6.7-fold higher trap nesting rate than other sex ratios. A ratio of 1 : 2 resulted in
a 1.2-fold nesting rate, which was slightly higher than other nesting rates. Releasing only males
resulted in a 2.4-fold greater amount of fruit set in non-pollinated sites. A sex ratio of 1 : 2 gave a
slightly higher shape index and a 1.2 to 1.6-fold lower asymmetric index than other sex ratios.
Therefore, an efficient sex ratio of O. comifrons to release is 1 : 2 for apple pollination. The nesting
behavior and reproduction varied significantly with the release density of O. cornifrons females.
Releasing 400 female bees resulted in 1.8 to 3.5-fold higher nesting behavior and a 4.3 to 7.8-fold
higher trap-nesting rate than other numbers of female bees. However, there was no significant
difference between female release numbers in fruit set, and 100 to 200 females gave a slightly
higher shape index than 400 females. Thus, we determined that 200 females should be released
per 2,000m? and that the sex ratio of females to males should be 1 : 2.
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Table 1. Average rates of nesting behavior of O. cornifrons females when different sex ratio are released in an apple orchard

Average rate of nesting behavior (%)

Sex ratio

(Female : Male) o Incoming bees Outgoing bees Total
Without pollen With pollen
1:0 15 1.610.7 3.0+ 14° 46+1.7° 93+30°
0:1 15 - - - -
1:1 15 3.1+24 08+03° 1310.6° 5.1+2.5°
1:2 15 64124 94+25" 158+3.3" 315165

*“n” is the number of surveyed nests

1) The number of O. cornifrons was estimated as 1,000 bees for each sex ratio.

2) The rate of incoming bees without pollen did not differ significantly between sex ratios (one-way ANOVA test, p>0.05), but the rate of

incoming bees with pollen, out going bees and total nesting behavior differed significantly (one-way ANOVA test and Tukey’s HSD,

p<0.05).

Table 2. Rate of trap-nesting and reproduction and sex ratios of the next generation using different released sex ratios of O. cornifrons

in the apple orchard

Sex ratio "
n

Rate of trap-

Sex ratio of the next

Rate of reproduction .
generation

(Female : Male) nesting (%) (Fold) (Female : Male)
1:0 14 158+1.2° 0.7 1:34
0:1 12 2.8+0.7° 0.1 1:1.6
1:1 15 13.0+1.3% 04 1:19
1:2 16 103+0.9° 03 1:09

1) The open fields were each 2,000m?

2) The rate of trap nesting differed significantly at different sex ratios of O. cornifrons (p<0.0001, one-way ANOVA test and Tukey’s

HSD)

3) There was a significant correlation between the ratio of female bees and the rate of trap-nesting (Pearson’s correlation=0.132,

p=0.029).

HOR LR U B A U122 158
33%2 7174 5 S LR QATHE, 5,=6613,
p=0006). wHebA] ALz} g7 o] Q4= 1:29] ] &2 )

ARG 73 @] sl gl 71 Bhelel e
2 3113 4 990t 2 BT e Bbe e ¢

3182 872-914% % &1 =] glct.
JaTE FRO|F, B H o] Aulo] w2

FA AT thoko] EARG ATHTable 2), &2 O
2= 1:00] 158+ 12%% 7} =31, 71 t}Lo] of%
1:1(13.0+1 3%) 1:2(103+09%), 0:12.8 +0.7%) <=

A& Eﬁ& R %ﬂlr npzl7} 2] &, ¢F4= 1 : 00] 0.74]
27 2 4 161, 12,0:1 &0 2 Lpebyth 2k
o] An|= o= 1:29] A R4 o v| Lo (Y=

=1:09)2 7H4 =9k, 9H4 1:09] A9l A 4o

HE&o] (=134 = 7P £30th. Adnlo g &
O O

NEIE g 102} G4 0] 7 S A
HolZg T, o] Hlgo] £24T O GaRS

L EFY] &1 th(Pearson Correlation=0.132, p=0.029). 1.2
U 94 1:02] 79, 2] So] ] go] %7] v
ofl, Z4 w3} WA ok L1o]L 12 WA} 73
ok Bebelch WSS B0 e
Fo] BHIO| 2FE5-2 “Dzierzon®] H A" of whk
llj—xéajoﬂ/\i o], AR A= o] Yehdth
(Raw and O’ Toole, 1979). o] ZA}of| 4] = o] o
sk ggre o4 129 49 | e wol 73z 2l
ool 48 0] ol A 10l vl o)
ATE AL 702 A7FE T} obH o]t 2} u)
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Table 3. Fruit set rates of the central fruits for different sex ratios of O. cornifrons in the apple orchard

(Fer?lz)l(er?tlcl)ale) s Net screen house Open field
Control* 20 228+13.1° 755+133°

1:0 20 745+142° 833+ 13.9®

0:1 20 550+18.1° 825+ 11.4%

1:1 20 593+£22.1% 87.8+t8.5°

1:2 20 645+1208% 88.3+9.8°

*The control is “non-pollination” in the net screen house and “natural pollination” in the open field.

** “n” is the number of surveyed apple trees.

1) The sizes of the net screen house and open field were 540m? and 2,000m?, respectively.

2) The fruit sets of the apples differed significantly for different sex ratios in the net screen house and open field (p<0.0001 and p<0.05,
respectively, one-way ANOVA and Tukey’s HSD).

Table 4. Weight and soluble solids of fruit for different sex ratios of O. cornifrons in the net screen house of the apple orchard

Sex ratio - Net screen house
(Female : Male) Weight (g) Soluble solids (°Brix)
Control* 20 276.9+51 4% 14.1£1.0%
1:0 20 243.8+52.8° 148+1.1¢
0:1 20 298.8 692 15.8+1.3
1:1 20 251.1+61.1° 13310.8®
1:2 20 2764+ 548 154+ 1.1°

*The control is “non-pollination” in the net screen house.

**“n” is the number of surveyed apple trees.

1) The weight and soluble solids of the fruit differed significantly for different sex ratios of O. cornifrons in the net screen house of the
apple orchard (p<0.0001, one-way ANOVA test and Tukey’s HSD).

QH olHo|} 2o Ao SoltAL A A E 2] 3}2H8-S Table 30]] LFEF It} 540m* Al of A =
SN S BAIART da WARIIE 7 A e o] Wle) v Bkl E e WA Y Tk
A% ok debEch o Euh uAkE AF L] 2334 olu]skA] EokTh o7 1:09] H]£o] 745
gu|7F o] =2 ol = I 1n] 7] 37} 7 +142%= 71 #3FaL, 1:229] H]E-0] 64.5+20.8%,
of glol AT Abtol W7 WiZ o2 AZbETh T il B]&0] 593+22.1%9] HIERE & 5 B

ALt BVRIE RO AR o el gk ohoan g FA Ao g vol A of whet f-9)
ojuf 71wk, oo A7), Ga Ao A m|gh 2po]7h 2kl E ATH(F5=23.550, p=0.0001). T
W&} 4= 9] 7] w0 (Kristjansson, 1992; Wilkaniec et al., St =k HRALSE Al S Lo A & 550+ 18.1% = -4
2000; Budriené er al., 2004), SAIE A=A oA B 2]t H T 240 52 AIS e, RO 25 A
Zgulof mhE AR Agujof gt 2AP7E o RofAoR R Tho] SRR o] AT} 9l % gheld 4= Ak

7 o 7 A7F=|ch, Fliszkiewicz et al (2013)& 8- Al & Bosch(1994)= #7192 9] S~Hol ofd R o) o1

ANSPERE O biomisZ} 100 9001 74 BIAL ol o, B WS Aok AR 71 o]

‘JH)= F5 128] ol 2hal Harstgn ool ofEE T Frofl A FEt shEua ot
9% 702 o,

ofzizzteitol Mol a2 SysEtE B 2000, 8 9) x| olx] F418HTH
Ab} 3 s}, o2 @k el e Agulof uhe F4) AR R AR ] MRS
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Table 5. Fruit shape and L/D values of fruit for different sex ratios of O. cornifrons in the net screen house of the apple orchard

Sex ratio

Fruit shape (%)

(Female : Male) n* L/D value Shape Asymmetric Oblate
index index index
Control* 20 0.6710.01° 0 78.6 100
1:0 20 0.8310.05% 233 63.3 56.7
0:1 20 0.86+0.05 438 65.6 313
1:1 20 0.87+0.04* 525 63.9 23
1:2 20 0.88+0.09° 523 523 25

1) L/D value= fruit length / fruit diameter.

2) The shape index category represents the fruit above 0.87 in the L/D value.
3) The asymmetric index category represents the fruit 7 mm minus the minimum fruit length from the maximum fruit length.

4) The oblate index category represents fruit below 0.84 in L/D value.

5) The fruit shape(rate of regular and oblate) and L/D value differed significantly for different sex ratios of O. cornifrons in the net screen
house (p<0.0001, chi-squared test and p<0.0001, one-way ANOVA test and Tukey’s HSD).

Table 6. Weight and soluble solids of fruit for different sex ratios of O. cornifrons in the open field of the apple orchard

Sex ratio - Open field
-
(Female : Male) Weight (g) Soluble solids (Brix)
Control* 20 3226+539° 13.6+12°
1:0 20 27234446 13.6+09°
0:1 20 251441 .4° 149+10°
1:1 20 329.5+452 12.1+09°
1:2 20 257.6+53.9% 145+ 1.1°

*The control is “natural pollination” in the open field.
**“n” is the number of surveyed apple fruits.

1) The weight and soluble solids of the fruit differed significantly for different sex ratios of O. cornifrons in the the open field of apple

orchard (p<0.0001, one-way ANOVA test and Tukey’s HSD).

SPALE Fahs BAH0 2 6-0]0]5L A THFp=3961,
p=0005). AH|¥H 2= F=Adu] 1:2¢} 1:10] Z+2+ 883
+98%, 878 +85%=2A 7} =9F11, 11 the o
1:02} 0:10] Z+2F 833+139%, 825+ 114% = S 4=
2 VEFY @1t} Sheffield(2014)= O. lignaria 73 $- v
AR\ 3 71 7k Abat 7|20 94 120] 13
ol w8 Zhak-&o] 2R 718 8- 3%k v} k.

M2|E7IHe| gHlof ME +2t= F2

IR Suio w2 ol 8 =
Ayah k. A ulol T FARAL ok 0
692 7} =T, The o x}ﬂ#g(zm 9+
51.4g), &= 1:2(276.4 +54.8g) £=°] 3} t}(one-way
ANOVA test: Fyy 17,=44.951, p=0.0001). G5 = 9= 0:1

T} 127} ZF2F 158+ 13, 154+ 1.1 brix 2 T2 Au] 5
T} 1~2.5 brix 3 QTH(F 96=20 486, p=0.0001)(Table 4).
A o] P E AHEE ARG ZIK(Table 5), 4

T 4§ LD gho] 4= 129} 1:10] ZH2+0.88
+0.09,0.87+005% 7}& =9ka1, 71 t}&o] oF4=
0:1(0.836 £0.05), ¢F5> 1:0(0.83 £0.05) <=0] it} T4 2]
o] 79 0.68+0.028 v]a®rL9)d WAL R T}
0.16~0.20 W& 7S LFEFU) QL Th(Fyy 206=153.160,
p=0.0001). o]ol| P}l = 4= 113} 1:27} 7}
7+ 525,523%% TFE AU HT) 12224 =& Ay}
= e ¢l th(chi-square test: x*=23.266, df=4,

p=00001). FAA ! 942 gl otk A=TH8
oF4= 127} 523% = 71 W& S YERY %h
P2 G4 113 G4 127) 242F 23-25% 2 ThE
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Table 7. Fruit shape and L/D values of fruit for different sex ratios of O. cornifrons in the open field of the apple orchard

Fruit shape (%)
Sex ratio

(Female : Male) n L/D value Shape Asymmetric Oblate
index index index

Control 20 0.78+0.04° 355 419 37.6

1:0 20 0.78 £0.04° 42.0 50.0 273

0:1 20 0.78£0.05° 42.0 39.8 33.0

1:1 20 0.87+0.06* 55.8 33.7 26.7

1:2 20 0.890.06* 58.0 55.7 20.6

1) The fruit shape (rate of asymmetric and shape index) and L/D value differed significantly for different sex ratios of O. cornifrons in the
open field of apple orchard (p<0.0001, chi-squared test and p<0.005, one-way ANOVA test and Tukey’s HSD).

Table 8. Average rate of nesting behavior in O. cornifrons when different numbers of female bees were released in the apple orchard

Average rate of nesting behavior (%)

No. of female bees n* Incoming bees
Outgoing bees Total
Without pollen With pollen
100 8 03*02 29+1.0° 247106 55+1.7°
200 8 06*02 541+1.6% 43%15 10243.3%®
400 8 08*0.2 11.0+2.7° 73%23 19.1+5.1°
¥ on

n°” is the number of surveyed nests.
1) The size of the open field is 2,000m>.

2) The sex ratio of O. cornifrons was 1:2 (female : male) for all numbers of female bees.

3) The rate of incoming bees without pollen and outgoing bees did not differed significantly for different numbers of female bees (one-

way ANOVA test, p>0.05), but the rate of incoming bees with pollen and total nesting behavior differed significantly (one-way

ANOVA test and Tukey’s HSD, p<0.05).
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Table 9. Rates of trap-nesting and reproduction and the sex ratios of the next generation when using different numbers of O. cornifrons
female bees in the apple orchard

Rate of Sex ratio of the next
« Rate of trap- . .
No. of female bees n* ting (% reproduction generation
nesting (%) (Fold) (Female : Male)
100 12 90+49° 1.4 1:2.1
200 12 162+6.8 1.5 1:14
400 12 702+ 143" 33 1:1.2

1) The rate of trap nesting of fruit differed significantly for different numbers of female bees (p<0.0001, One-way ANOVA test and
Tukey’s HSD).

2) There was a significant correlation between the number of female bees and the rate of trap-nesting (Pearson’s correlation=0.924,
p=0.0001).

Table 10. Fruit set rate of the central fruit for different numbers of O. cornifrons female bees in the apple orchard

No. of female bees n** Fruit set rate (%)
Control* 6 76.11£95°
100 9 87095
200 9 86354
400 9 90.6+£53"

*The control is “natural pollination” in the open field.

*#“n” is the number of surveyed apple trees.

1) The fruit sets of the apples differed significantly for different numbers of female bees in the apple orchard (p<0.005, one-way ANOVA
and Tukey’s HSD).
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Table 11. Weight and soluble solids of fruit when using different numbers of O. cornifrons female bees in the apple orchard

No. of female bees n* Weight (g) Soluble solids (°Brix)
Control 30 3262+72.6° 146+08
100 60 348.8 659" 148+13
200 60 3647727 147%1.1
400 60 357.7+82.1° 148%1.0

**n” is the number of surveyed apple fruits.

1) The weights of the fruits differed significantly when using different numbers of female bees (p<0.0001, one-way ANOVA test and
Tukey’s HSD), but the soluble solids did not differ significantly in the apple orchard (one-way ANOVA test, p>0.05).

Table 12. Fruit shapes and L/D values of fruit for different numbers of O. cornifrons female bees in the apple orchard

No. of female bees n L/D value

Fruit shape (%)

Shape Asymmetric Oblate

index index index
Control* 30 0.83+0.07° 25.0 86.3 57.5
100 60 0.891+0.05 67.1 48.6 15.0
200 60 0.891+0.06" 614 493 19.3
400 60 0.87+0.06° 50.7 514 25.7

1) The fruit and L/D value differed significantly for different sex ratios of O. cornifrons in the net screen house (p<0.0001, chi-squared

test and p<0.0001; one-way ANOVA test and Tukey’s HSD).
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