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Abstract
Most common cultivars of Oriental (or Japanese) persimmon, Diospyros kaki Thunb. (Ericales: Ebenaceae), set mostly 
female flowers and require pollen from male flowers of other cultivars for pollination. Growers often introduce the European 
honeybee, Apis mellifera L. (Hymenoptera: Apidae), into their orchards to promote pollination. Here, we investigated the 
pollination effectiveness of A. mellifera for D. kaki ‘Saijo,’ by monitoring flower visitors, analyzing pollen grains on bees’ 
body surfaces, and comparing the number of mature seeds in fruits among years with different pollinator availabilities. 
Apis mellifera and the bumblebee Bombus ardens ardens Smith (Hymenoptera: Apidae) were the major visitors for 3 years, 
although their dominance varied among years. The number of mature seeds was positively correlated with the number of B. 
ardens ​ardens visiting D. kaki flowers, but not with that of A. mellifera. Apis mellifera might be less efficient because visitors 
to female flowers carried significantly fewer pollen grains on their body surfaces than those of B. ardens ​ardens. Analysis 
of pollen loads of honeybees captured at their nest entrance suggested their preference for red clover, Trifolium pratense L. 
(Fabales: Fabaceae), and Toxicodendron spp. (Sapindales: Anacardiaceae), over D. kaki as a pollen source in our study site. 
The effectiveness of A. mellifera on D. kaki pollination should be carefully evaluated considering the effects of coexisting 
floral and pollinator species.
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Introduction

The Oriental (or Japanese) persimmon, Diospyros kaki 
Thunb. (Ericales: Ebenaceae), is a familiar fruit in eastern 
Asia. This species is generally diclinous, but most typical 
cultivars set mostly female flowers (Yonemori et al. 1992) 
and require pollen transfer from male flowers of other pollin-
izer cultivars interplanted with the main cultivars or grafted 
onto their stems. Although some wild bees have been found 
as flower visitors (Asami and Chow 1936; Tokunaga et al. 
1959; Yokozawa 1951), their pollination effectiveness has 
been unknown. Nikkeshi et al. (2019) recently revealed that 
the bumblebee Bombus ardens ardens Smith (Hymenoptera: 
Apidae) was the most effective wild pollinator of D. kaki in 
Hiroshima, Japan, by analyzing the number of pollen grains 
on the body surfaces of visitor species and the visitation 
frequencies to male and female flowers. However, the avail-
ability of wild pollinators would be site dependent, as Nik-
keshi et al. (2019) suggested the contribution of surrounding 
secondary forest.
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When wild pollinators are scarce owing to the poor quality 
of surrounding habitat, other options are required to ensure 
pollination. Two major options are used: the introduction of 
domesticated pollinators (Fukae et al. 1987; Yokozawa et al. 
1968) and hand pollination (Kawagoe and Inoue 1958; Ono 
1956; Yokozawa 1951). Hives of the European honeybee, Apis 
mellifera L. (Hymenoptera: Apidae), are commonly introduced 
into D. kaki orchards as needed because this bee is believed to 
pollinate D. kaki (Yamamura et al. 1989). However, the honey-
bees contribution might be supported by their mass visitation, 
not by the efficiency of a single visit (Morse 1991). Fukae 
et al. (1987) suggested that more than 20 visits by A. mellif-
era to a female flower might be necessary for seed formation. 
They reported that 7 day introduction of A. mellifera hives into 
orchards of D. kaki ‘Fuyu’ increased the ratio of seed forma-
tion from 36.7% (negative control) to 67.7%, comparable with 
that of hand pollination (66.5%), but the ratio was still 46.5% 
after 1 day.

In contrast to the low pollination efficiency of a single visit 
to D. kaki, A. mellifera heavily visits the flowers to collect pol-
len and nectar when introduced into an orchard (Fukae et al. 
1987). Beekeepers recognize D. kaki as an excellent nectar 
source for honey production (Sasaki 2010). Because female 
flowers produce nectar and male flowers produce pollen, A. 
mellifera utilizes both sexes of flowers (Sasaki 2010; Yoko-
zawa 1951, 1952). The low pollination efficiency might be due 
to their few cross-visitations between female and male flowers. 
Honeybees might exclusively visit one sex of flowers during 
their bouts, but previous studies lack information (Fukae et al. 
1987; Yokozawa 1951, 1952; Yokozawa et al. 1968).

We examined whether introduced A. mellifera could be 
comparable to wild bees as a pollen transporter by compar-
ing flower visitations and the number of pollen grains on 
the body surfaces between A. mellifera and a major wild 
pollinator, B. ardens ardens. We predicted that the num-
bers of pollen grains found on A. mellifera workers cap-
tured on female flowers should be far smaller than those on 
male flowers, but those on B. ardens ardens should not differ 
between floral sexes. As more visits by an effective pollina-
tor species would result in more mature seeds in a fruit, we 
examined whether the number of seeds in a fruit increased 
with increased visitation by each of the two major visitor 
species. Finally, we analyzed the pollen loads isolated from 
homing workers of A. mellifera to see whether they foraged 
pollen of D. kaki.

Materials and methods

Study site

Field experiments were conducted in an orchard of the 
Shimane Agricultural Technology Center, Izumo, Japan 

(35°19.5’N, 132°44.1’E, 33 m a.s.l.). We selected this site 
because both A. mellifera and B. ardens ardens were pre-
sent here in a preliminary observation. The 10 year mean 
monthly temperature ranged from 4.7 °C in January to 
26.7 °C in August (17.5 °C in May), and the mean annual 
precipitation was 1739 mm, recorded at a nearby auto-
mated meteorological station of the Japan Meteorological 
Agency (35°19.9’N, 132°43.8’E, 20 m a.s.l.) from 2009 
to 2018.

The center’s orchards, where Oriental persimmon, grape, 
Japanese chestnut, Japanese pear, and fig grow, are sur-
rounded by rice paddy fields and secondary forests (Fig. 
S1). They grow 60 D. kaki trees (53 ‘Saijo,’ 6 ‘Zenjimaru,’ 
1 ‘Saefuji’) in an area of about 3000 m2. Field experiments 
used ‘Saijo.’ This cultivar, grown mainly in the Chugoku 
district (Japanese Government Statistics 2016), sets mostly 
female flowers. Owing to its low parthenocarpic ability, seed 
formation following pollination is important for stable pro-
duction (Yamamura 1982). ‘Zenjimaru’ and ‘Saefuji’ pro-
duce many male flowers and are planted as pollinizers in the 
eastern and western rows. The peak blooming dates (when 
80% of flowers had bloomed) of ‘Saijo’ were 24 May 2017, 
26 May 2018, and 26 May 2019. Both cultivars of pollinizers 
started flowering earlier and lasted a bit longer than ‘Saijo.’

Hives of A. mellifera were placed at the edge of the 
orchard, one hive from 17 May to 10 June 2017, one from 13 
May to 4 June 2018, and two from 17 May to 3 June 2019, 
covering the blooming season of D. kaki. The activity of 
the introduced hive was evaluated by counting homing and 
leaving workers for 5 min in front of the hive eight times a 
day from 05:00 to 18:30 h on 26, 30, and 31 May 2017. In 
general, diurnal dynamics of homing workers and leaving 
workers were similar, having a morning peak and an after-
noon peak, when approximately 200 to 500 workers were 
arriving and leaving within 5 min (Fig. S2). We confirmed 
that the colonies placed in 2018 and 2019 were as active 
as that in 2017, although we did not count the number of 
foraging workers.

Observation of flower visitors

To identify major visitors to the flowers of D. kaki, we 
recorded the functional groups of insects that visited the 
flowers in the orchard in 30-min periods every 2 h between 
05:30 and 18:00 h on 26, 30, and 31 May 2017 and between 
07:00 and 18:00 h on 24, 27, and 28 May of 2018 and 2019. 
During the survey, two observers walked around the orchard 
to monitor visitors to female flowers of ‘Saijo’ and male 
flowers of ‘Zenjimaru,’ but floral sexes were not distin-
guished in 2017. The flower visitors were categorized into 
six functional groups: bumblebees, carpenter bees, honey-
bees, other hymenopterans, dipterans, and beetles.
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Identification of insects captured on D. kaki

We captured some of the flower visitors during the moni-
toring for species identification (2017–2019) and for the 
pollen analysis (2019). In 2017, we captured 38 individu-
als in an insect net. Each insect was placed in a numbered 
tube with 3–5 mL of ethanol and stored at room tempera-
ture until identification. In 2018, we captured 86 individu-
als in an insect net or in a 5 mL vial (or a 50 mL tube for 
carpenter bees) pushed over an insect in the bottom of a 
D. kaki flower. In 2019, we captured 105 individuals in a 
5 mL vial as in 2018. Each vial was immediately put on ice 
in a cooler bag to quell the insect’s activity and to prevent 
decomposition of the pollen loads. They were then stored 
at − 30 °C until pollen-counting and identification in the 
laboratory. The sex of flowers on which the insects were 
captured was recorded in 2018 and 2019.

We first morphologically identified all of the captured 
individuals. To verify the identification, we used DNA 
barcoding for 14 individuals of the Andrenidae, Can-
tharidae, Elateridae, Halictidae, Scarabaeidae, Scoliidae, 
and Syrphidae (Table S1). To amplify a segment of mito-
chondrial cytochrome c oxidase 1 (CO1), we used prim-
ers BarbeeF (forward: 5’-CAA​CAA​ATC​ATA​AAA​ATA​
TTGG-3’; Françoso and Arias 2013) and MtD9 (reverse: 
5’-CCC​GGT​AAA​ATT​AAA​ATA​TAA​ACT​TC-3’; Simon 
et al. 1994) for the hymenopterans and LCO1490 (for-
ward: 5’-GGT​CAA​CAA​ATC​ATA​AAG​ATA​TTG​G-3’) and 
HCO2198 (reverse: 5’-TAA​ACT​TCA​GGG​TGA​CCA​AAA​
AAT​CA-3’; Folmer et al. 1994) for the others. Table S1 
describes the DNA extraction, barcode region amplifi-
cation, sequencing, and molecular identification. The 
sequences were deposited in the DNA Data Bank of Japan 
(DDBJ accession numbers LC512836–49). We did not 
confirm species identification of the bees belonging to the 
Apidae or the citrus flower chafer Gametis jucunda Fal-
dermann (Coleoptera: Scarabaeidae) by DNA barcoding, 
because they can be identified accurately by morphology.

Counting pollen grains

To evaluate potential as a pollen transporter, we counted 
the Diospyros pollen grains on the body surfaces of indi-
viduals of B. ardens ardens and A. mellifera captured on 
male and female flowers of D. kaki in 2019. After cut-
ting away each sample’s hind legs with scissors to remove 
the pollen loads, we counted pollen grains in small drops 
of 0.4 M sucrose solution containing grains disengaged 
from the body surface under a microscope (Eclipse E200; 
Nikon, Tokyo, Japan), as described in detail by Nikkeshi 
et al. (2019).

Number of mature seeds

We counted mature seeds in 70 randomly selected fruits 
harvested on 30 October 2017, 72 on 25 October 2018, and 
90 on 1 November 2019. The maximum possible number of 
seeds formed in a D. kaki fruit is eight.

Pollen grains on homing workers of A. mellifera

To reveal floral usage by A. mellifera, we captured 95 hom-
ing workers in front of a hive placed in the orchard on 24, 
27, and 28 May 2019 (Table S2) and counted the Diospyros 
pollen grains on their body surfaces as above.

All 19 individuals that held pollen loads on their hind 
legs were used for the analysis of pollen loads. DNA was 
extracted from each isolated pollen load with a DNeasy Plant 
Mini Kit (Qiagen, Valencia, CA, USA). DNA barcoding 
analysis used the trnL intron and trnL–trnF intergenic spacer 
of chloroplast DNA (trnL–trnF). To amplify trnL–trnF, we 
used primers trnL-c (forward: 5’-CGA​AAT​CGG​TAG​ACG​
CTA​CG-3’) and trnF-f (reverse: 5’-ATT​TGA​ACT​GGT​GAC​
ACG​AG-3’ Taberlet et al. 1991). The amplification reaction 
contained 0.08 μL of ExTaq polymerase (Takara Bio, Shiga, 
Japan; 5 U/μL), 1.6 μL of ExTaq buffer (Mg2+ free), 1.3 μL 
of MgCl2 (25 mM), 1.3 μL of dNTP mixture (2.5 mM each), 
0.5 μL of DNA template, 0.5 μL each of forward and reverse 
primers (10 μM), and purified water up to 16.6 μL. PCR 
cycles consisted of an initial denaturation step for 4 min at 
94 °C; 35 cycles of denaturation for 30 s at 94 °C, annealing 
for 40 s at 52 °C, and extension for 1 min at 72 °C; and a 
final extension for 10 min at 72 °C. The PCR products were 
analyzed by electrophoresis in 2% (w/v) agarose gel, treated 
with ExoSAP-IT cleanup reagent (USB Corp., Cleveland, 
OH, USA), and directly sequenced in both directions in an 
ABI 3130xl genetic analyzer (Applied Biosystems, Foster 
City, CA, USA) with a big dye terminator cycle sequenc-
ing ready reaction kit (applied biosystems), using the same 
primers as used for PCR. The amplified sequences were 
molecularly identified by generating a phylogenetic tree for 
the sequences obtained, along with species with high lev-
els of identity that were retrieved from the GenBank/NCBI 
database by BLAST search. All sequences were aligned by 
CLUSTALW in MEGA7 software (Kumar et al. 2016). Phy-
logenetic relationships were analyzed by using the maximum 
likelihood method based on the Tamura–Nei model (Tamura 
and Nei 1993) in MEGA7. The sequences were deposited in 
the DDBJ (accession numbers LC512912–30).

Statistical analysis

To compare the ratios of honeybees and bumblebees among 
the years, we used Fisher’s exact probability test. To com-
pare the numbers of Diospyros pollen grains on the body 
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surfaces between B. ardens ardens and A. mellifera cap-
tured on male and female flowers, we used a generalized 
linear model (GLM) in which the estimated number of pol-
len grains was the response variable with a negative bino-
mial probability distribution, and flower sex, bee species, 
and their interaction were explanatory variables. To examine 
whether the number of mature seeds differed depending on 
the number of monitored individuals of either species, we 
first separated the dataset of the seed numbers into two sets 
by a method of randomization before performing GLMs for 
B. ardens ardens and A. mellifera, respectively, because we 
found a negative correlation between annual total numbers 
of visits by B. ardens ardens and A. mellifera (Pearson’s 
r = − 0.98) in a preliminary analysis. We then used GLMs 
in which the number of mature seeds was a response vari-
able with a binomial distribution, the annual total number of 
monitored individuals of either species was an explanatory 
variable, and the number of 30 min monitoring sessions (21 
in 2017; 18 in 2018 and 2019) was an offset. All statistical 
analyses were performed in R v. 3.5.3 software (R Develop-
ment Core Team 2019).

Results

Observation of flower visitors

We monitored 230 individuals in 2017, 360 in 2018, and 244 
in 2019. Honeybees and bumblebees were dominant, repre-
senting 86.5% of the total in 2017, 79.1% in 2018, and 81.1% 
in 2019 (Table 1). Of the 604 records during 2018–2019, 
honeybees accounted for 33 visits to female flowers and 52 
to male flowers, and bumblebees accounted for 217 visits 
to female flowers and 181 to male flowers. The ratios of 
bumblebees and honeybees differed significantly between 
years (Fisher’s exact test, P < 0.0001): honeybees were the 
most frequent visitor found on D. kaki flowers in 2017, 

but bumblebees were the most frequent in 2018 and 2019 
(Table 1). Other functional groups (carpenter bees, other 
hymenopterans, dipterans, and beetles) were minor, account-
ing for at most 8.6% (beetles in 2018) of the total numbers. 
We confirmed bumblebees and honeybees sucking nectar on 
the female flowers and collecting pollen on the male flowers. 
In the female flowers, both frequently touched the stigmas 
with their heads and thoraces (Fig. S3) and often hung onto 
stigmas when landing on or leaving the flowers (Video 1). 
They occasionally groomed their body surfaces to form pol-
len loads just before leaving the male flowers (Video 2).

Identification of insects captured on D. kaki

All 15 honeybees captured in 2017 and 2018 were identi-
fied as A. mellifera (Table S3). Of 33 honeybees captured 
in 2019, 30 were A. mellifera (90.9%) and three were the 
Japanese honeybee, Apis cerana japonica Radoszkowski 
(Hymenoptera: Apidae) (9.1%). Almost all of the 104 bum-
blebees captured between 2017 and 2019 were B. ardens 
ardens, except for one Bombus ignitus Smith (Hymenoptera: 
Apidae). Eleven ‘other’ hymenopterans were identified as 
Andrena opacifovea Hirashima (Hymenoptera: Andrenidae), 
Eucera nipponensis (Pérez) (Hymenoptera: Apidae), Lasio-
glossum mutilum (Vachal), Lasioglossum occidens (Smith) 
(Hymenoptera: Halictidae), and Campsomeriella annulata 
(Fabricius) (Hymenoptera: Scoliidae), along with one uni-
dentified (Hymenoptera: Ichneumonidae).

Counting of pollen grains

The numbers of Diospyros pollen grains counted on the body 
surfaces of the two bee species averaged 25 716 ± 26 158 
(mean ± S.D.) on B. ardens ardens captured on female 
flowers (N = 14), 33 716 ± 22 130 on those captured on male 
flowers (N = 28), 88 ± 72 on A. mellifera captured on female 
flowers (N = 5), and 17 202 ± 13 081 on those captured on 

Table 1    Numbers of observed 
flower visitors of Diospyros 
kaki 

Insect individuals were recorded for 30 min every 2 h between 05:30 and 18:00 h for 3 days in 2017 and 
between 07:00 and 18:00  h for 3  days in 2018 and 2019. Two observers walked around the orchard to 
monitor visitors to flowers.
a Flower sex was not distinguished in 2017

Year 2017a 2018 2019

Flower sex Total (%) Female Male Total (%) Female Male Total (%)

Honeybees 166 72.2 8 9 17 4.7 25 43 68 27.9
Bumblebees 33 14.3 166 102 268 74.4 51 79 130 53.3
Carpenter bees 12 5.2 12 10 22 6.1 1 19 20 8.2
Other hymenopterans 0 0.0 3 0 3 0.8 4 4 8 3.3
Dipterans 16 7.0 5 14 19 5.3 0 2 2 0.8
Beetles 3 1.3 26 5 31 8.6 2 14 16 6.6
Total 230 100.0 220 140 360 100.0 83 161 244 100.0
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male flowers (N = 25) (Fig. 1). The GLM detected a sig-
nificant difference in the numbers of pollen grains between 
the two species (df = 1, Z =  − 11.47, P < 0.0001), but not 
between flower sexes (df = 1, Z = 0.88, P = 0.38). It detected 
a significant effect of the interaction between flower sex and 
species (df = 1, Z = 8.95, P < 0.0001). The effect of flower 
sex on the number of pollen grains on the body surface was 
larger in A. mellifera (Fig. 1).

Number of mature seeds

The median numbers of seeds were 2 in 2017 and 3 in 
2018 and 2019 (Fig. 2). The numbers of mature seeds were 
larger in the years with larger visitation by B. ardens ardens 
(N = 116, df = 2, Z = 3.92, P < 0.001; Fig. 2a) and smaller 
in the year with larger visitation by A. mellifera (N = 116, 
df = 2, Z =  − 3.35, P < 0.001; Fig. 2b).

Pollen grains on homing workers of A. mellifera

Among the 95 homing A. mellifera workers captured in front 
of the hive, more than half (60 of 95; 63.2%) had < 200 Dio-
spyros pollen grains on the body surface, but five individuals 
(5.2%) had > 10 000 grains (< 27 780) (Fig. S4).

One-fifth of individuals (19 of 95) had pollen loads on 
their hind legs (Table S2). Ten of the pollen loads were 

identified as red clover, Trifolium pratense L. (Fabales: 
Fabaceae) (Fig. S5). Of the rest, seven were Toxicoden-
dron spp., one white clover, Trifolium repens L. (Fabales: 
Fabaceae), and one buckwheat, Fagopyrum esculentum 
Moench (Caryophyllales: Polygonaceae). No D. kaki pollen 
load was detected. The five individuals that had abundant 
Diospyros pollen on their body surfaces did not convey pol-
len loads.

Discussion

At our study site, B. ardens ardens and A. mellifera were the 
major visitors to D. kaki flowers. However, their contribu-
tions to the pollination might differ. While visitations by B. 
ardens ardens were positively related to the seed formation 
of D. kaki, those by A. mellifera did not. Because the visita-
tion data used for this analysis include visits to male flowers, 
the numbers of visitations of A. mellifera might not directly 
reflect the number of visits to female flowers. In addition, we 
should be aware that the results of seed formation could also 
be related to the annual variations in the conditions of local 
climate or D. kaki trees (Charrier et al. 2015; Yamada et al. 
1987). Still, it would be an important information that the 
abundant visits of A. mellifera in the orchard did not result in 
significant increase in seed formation, though further close 
experiments are needed to affirm the contributions of the two 
species for pollination.

Although we detected no positive relationship between 
visits by A. mellifera and seed formation, the result does 
not necessarily indicate that they cannot transport pollen to 
female flowers. Since not a few A. mellifera visited female 
flowers (Table 1) and their foraging behaviors there were 
generally similar to those of bumblebees (Fig. S3), A. mel-
lifera would have an ability to deposit pollen onto the stig-
mas as B. ardens ardens do if they carry pollen. Negative 
behaviors, like removing pollen from stigmas, as reported 
by Gross and Mackay (1998), were not observed. As A. mel-
lifera captured on female flowers of D. kaki had significantly 
fewer Diospyros pollen grains on their body surfaces than 
those captured on male ones, the presumably limited con-
tribution of A. mellifera might be due to the limited cross-
visitation between floral sexes.

Apis mellifera shows highly integrated and systematic 
division of labor in foraging for nectar or pollen (Free 1967; 
Ribbands 1949). If the nectar foragers overlook male flow-
ers owing to the lack of nectar or any other reasons and the 
pollen foragers overlook female flowers owing to the lack of 
pollen, the opportunity to transfer pollen to female flowers 
would be rare. Yokozawa (1951) reported similar results for 
pollination of D. kaki by A. cerana japonica: only 4.1% of 
female-flower visitors had pollen loads on their hind legs, 
while 90.8% of male-flower visitors had them. Yokozawa 

Fig. 1     Numbers of Diospyros pollen grains on the body surface of 
flower visitors to D. kaki. BaF: Bombus ardens ardens on female 
flowers (N = 14); BaM: B. ardens ardens on male flowers (N = 28); 
AmF: Apis mellifera on female flowers (N = 5); AmM: A. mellifera on 
male flowers (N = 25). The top and bottom lines of the boxes indicate 
upper and lower quartiles, horizontal lines inside the boxes indicate 
median, top and bottom ends of whiskers indicate 1.5-interquartile 
ranges (IQR) between lower (25th percentile – 1.5·IQR) and upper 
(75th percentile + 1.5·IQR) values, and circle represents outliers
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(1952) later confirmed that the workers of A. cerana japon-
ica captured on female flowers had fewer pollen grains on 
the forewings than those captured on male flowers. Although 
these studies were performed on A. cerana japonica, not A. 
mellifera, both species show a similar division of labor in 
foraging nectar or pollen (Jhajj and Goyal 1979; Verma and 
Dulta 1986).

In contrast, B. ardens ardens carried many Diospyros pol-
len grains on their body surfaces regardless of the flower 
sexes they foraged, suggesting their frequent cross-visita-
tions between male and female flowers. These flexible for-
aging patterns might result in abundant pollen deposition 
on female flowers and make them efficient pollinators of 
D. kaki, as shown by Nikkeshi et al. (2019). Konzmann and 
Lunau (2014) reported that Bombus terrestris  (L.) (Hyme-
noptera: Apidae) did not specialize in nectar or pollen col-
lection (but see Russell et al. 2017). Further studies should 
directly count and compare the frequency of cross-visita-
tions between A. mellifera and B. ardens ardens in multiple 
locations to confirm the generality of this trend.

The positive contribution of A. mellifera, if any, might 
be undetectable or reversed by those of highly efficient B. 
ardens ardens. Because female-visiting A. mellifera car-
ried only 0.3% of the numbers of pollen grains carried by 

B. ardens ardens on their body surfaces, and the visitation 
frequencies of A. mellifera and B. ardens ​ardens were nega-
tively correlated with each other, the analysis for the visita-
tion effects of A. mellifera might be affected by the hidden 
effects of B. ardens ​ardens. As 68% of homing A. mellifera 
carried at least a few Diospyros pollen grains on their body 
surfaces, multiple visitations by mass individuals could 
result in depositing enough pollen grains on stigmas for seed 
formation (Fukae et al. 1987; Morse 1991). Nevertheless, the 
contribution by introduced A. mellifera to the pollination of 
D. kaki might be limited in orchards where other effective 
wild pollinators are present.

Contrary to the report by Fukae et al. (1987), none of 
the 19 pollen-foraging A. mellifera returned with Diospyros 
pollen loads, suggesting that workers did not collect Dio-
spyros pollen grains as an important pollen source in our 
study field. Although we found 5.2% of homing workers 
(five individuals) dusted with abundant (> 10 000) Diospy-
ros pollen on their body surfaces, which strongly indicated 
their visitation to Diospyros male flowers, they did not return 
with any pollen loads. This result suggests that they did not 
focus on collecting pollen on Diospyros flowers and that 
these visits would be quite occasional ones in expectation 
of nectar. Instead, the colony seemed to depend mainly on 

Fig. 2     Relationship between the number of observed visits by 
(a) Bombus ardens ardens or (b) Apis mellifera and the number of 
mature seeds per Diospyros kaki fruit. The numbers of visitations 
were standardized to 30 min observation in each year. The data used 
to plot this figure conform to the datasets used for the GLM analyses 
of the effects of the number of visitations by A. mellifera (N = 116) 

or B. ardens ardens (N = 116) on the number of mature seeds. The 
top and bottom lines of the boxes indicate upper and lower quar-
tiles, horizontal lines inside the boxes indicate median, and top and 
bottom ends of whiskers indicate 1.5-interquartile ranges (IQR) 
between lower (25th percentile – 1.5·IQR) and upper (75th percen-
tile + 1.5·IQR) values
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clovers (T. pratense and T. repens) and Toxicodendron for 
pollen. Although there were no large patches of T. pratense 
or T. repens within the orchard, A. mellifera often flies fur-
ther from the hive to forage for highly rewarding flowers 
(Beekman and Ratnieks 2000). Trees of Toxicodendron suc-
cedaneum (L.) Kuntze (Sapindales: Anacardiaceae) natu-
rally grew around the orchard. Floral choice by pollinators 
is often influenced by the availability of co-flowering species 
or coexisting potential competitors (Spiesman and Gratton 
2016). Some studies reported that fruit trees and clovers 
compete with each other for pollinators (Clinch 1984; Holzs-
chuh et al. 2012; MacRae et al. 2005; Yokozawa et al. 1968).

We observed that the visitations of A. mellifera to D. 
kaki highly fluctuated even between years when the same 
number of hives was placed. Since the activity of the hives 
seemed to be similar between years, the annual fluctuation 
in the numbers of the dominant wild pollinator, B. ardens ​
ardens, might have partially affected the visitation of A. mel-
lifera (Wignall et al. 2020). Because availability of wild and 
domesticated pollinators and their effectiveness for crop pro-
duction would vary depending on the local situation, accu-
mulating the basic local information would be important 
for the more general understanding of the contribution of A. 
mellifera on the pollination of D. kaki in various conditions.

Conclusion

Formation of D. kaki seeds was not related to the high 
availability of A. mellifera, but to that of B. ardens ardens. 
Analysis of pollen grains on the body surfaces revealed that 
workers of A. mellifera would be less efficient than those of 
B. ardens ardens, maybe owing to their rare cross-visitation 
between floral sexes. Although these results might also be 
affected by the local environmental factors or annual varia-
tion in the condition of D. kaki trees, the contribution by the 
introduced A. mellifera to the pollination of D. kaki could 
be limited in orchards where other effective wild pollina-
tors are present. Apis mellifera relied on co-flowering clo-
vers and Toxicodendron spp. instead of D. kaki for pollen 
at our site. The frequency of cross-visitation, the number 
of pollen grains deposited by a single visit, and the effects 
of co-occurring flower and pollinator species should be 
all integrated in the planning of cost-effective A. mellifera 
introduction.
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