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Abstract

Japanese farmers who grow Oriental persimmon, Diospyros kaki Thunb. (Ericales: Ebenaceae), occasionally introduce
Apis mellifera L. (Hymenoptera: Apidae) hives into their orchards during the flowering season, mainly because cultivars
such as ‘Fuyu’ require pollination for stable fruit set. However, wild pollinators might serve this function. Thus, we aimed
at identifying the most important pollinators of D. kaki in Japan by surveying visitation frequency across ten prefectures
and pollination efficiency. The predominant flower visitors were Bombus ardens ardens Smith (Hymenoptera: Apidae) and
A. mellifera, with similar pollination efficiencies. The estimated threshold number of pollen grains for fruit set of D. kaki
‘Fuyu’ was 27, which was comparable to the number deposited by a single visit of either species, meaning one visit of these
dominant visitors probably induces fruit set. However, more pollen grains deposited by multiple visits further ensured fruit
set. To achieve > 80% fruit set, more than about 70 pollen grains were needed. These results indicate that several visits by

the bees would be sufficient for fruit set of D. kaki ‘Fuyu’.
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Introduction

The European honeybee, Apis mellifera L. (Hymenoptera:
Apidae), is the representative domesticated pollinator in
fruit production worldwide (Garratt et al. 2016; Rollin and
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Garibaldi 2019). Many farmers have introduced honeybee
hives into their orchards to increase and ensure pollination.
An increasing body of evidence, however, has revealed that
a greater diversity of wild pollinators provide pollination
service to crops (Garibaldi et al. 2013). Introducing numer-
ous honeybee hives into orchards regardless of the presence
of native wild pollinators could incur an unnecessary cost
to farmers and even harm populations of wild flower visi-
tors (Eeraerts et al. 2017; Huryn 1997; Sugden and Pyke
1991; Valido et al. 2019). Farmers cultivating Oriental (or
Japanese) persimmon, Diospyros kaki Thunb. (Ericales:
Ebenaceae), have also conventionally introduced hives of
A. mellifera into their orchards to alleviate the burden of
hand-pollination and to guarantee a good crop yield every
year, though the honeybees’ effect has been controversial
(Fukae et al. 1987; Nakamura et al. 2020; Yokozawa 1952;
Yokozawa et al. 1968).

Some cultivars of D. kaki, such as 'Fuyu', require pol-
lination to ensure fruit set. ‘Fuyu’ is the most widely grown
in Japan (29.9% in 2018, including ‘Matsumotowase-Fuyu’,
the early ripening bud sport of ‘Fuyu’; Statistics Bureau,
Ministry of Internal Affairs and Communications, Japan
2021). Since it produces only female flowers, they need other
pollinizer cultivars to receive pollen. Although ‘Fuyu’ sets
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seedless fruits without pollination, those fruits easily drop
early, and the number of matured seedless fruits in a tree
fluctuates greatly between years (Yamada et al. 1987). Fur-
thermore, seedless fruits are slightly flatter than seeded ones
(Kitajima et al. 1993). Thus, pollination of ‘Fuyu’ decreases
physiological fruit drop and stabilizes fruit yield (Kajiura
1941; Yamada et al. 1987). After a certain number of seeds,
however, the production of more seeds does not always
reduce the risk of early fruit drop. Yakushiji and Hase (1991)
reported that two or three seeds were enough to avoid fruit
abscission. Increased seed number per fruit, to a maximum
of eight, is not correlated with the size and quality of ‘Fuyu’
(Kitajima et al. 1993; Woodburn and Andersen 1996). In
addition, a fruit with many seeds is less favored by consum-
ers. Therefore, fruit containing a couple of seeds would be
ideal for constant production of high-quality ‘Fuyu’ fruit.
As for other cultivars, necessity of pollination for increasing
fruit set and/or improving the quality of fruit vary depending
on the cultivars (Moriguchi et al. 2006; Suzuki and Niikawa
2018; Woodburn and Andersen 1996; Yamamura 1982;
Yamamura and Osaki 1982).

Our previous studies suggested that a bumblebee, Bombus
ardens ardens Smith (Hymenoptera: Apidae), was a com-
mon wild pollinator of Oriental persimmon at some study
sites in western Japan, whereas the dominance of A. mellif-
era as a pollinator fluctuated among years (Nakamura et al.
2020; Nikkeshi et al. 2019). Miyamoto (1961) also reported
that B. ardens ardens was a persimmon flower visitor. How-
ever, since these research sites are limited to western Japan
(i.e., Hiroshima, Hyogo, and Shimane prefectures), more
field research across a wider area of Japan is needed to clar-
ify the common visitors to D. kaki flowers in Japan.

In addition to visitation frequency, pollination efficiency
is another critical criterion for identifying the most impor-
tant pollinator of the crop (Ne’eman et al. 2010). Nakamura
et al. (2020) showed that the number of pollen grains on
the body surface of A. mellifera was far less than that of B.
ardens ardens. In addition, the number of matured seeds
was positively correlated with the number of visitations by
B. ardens ardens but not by A. mellifera. These findings sug-
gest that A. mellifera is less efficient at transporting pollen.
However, the authors did not precisely survey pollination
efficiency. The best measure of pollination efficiency of a
species is the number of pollen grains deposited on a stigma
of the crop by a single visit by an individual of the species
(King et al. 2013). Therefore, to clarify whether pollination
service is sufficient in an orchard or not, we must first evalu-
ate both visitation frequency and pollination efficiency of the
major flower visitors, and calculate the necessary number of
pollen grains on a stigma for guaranteed fruit set.

Our main objective here was to identify the most impor-
tant visitors to D. kaki over a wide area of Japan to under-
stand the natural pollination system and environmentally
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sustainable management of this crop. First, we assessed the
species assemblage of flower-visiting insects and their visi-
tation frequencies by monitoring and capturing them on D.
kaki flowers in ten orchards in different prefectures. Second,
to evaluate the pollination efficiency of each major flower-
visiting species, we compared the number of pollen grains
deposited on a stigma by a single visit between major visitor
species. Third, we evaluated the effectiveness of a single
visit of the major pollinator on fruit set by comparing the
fruit-set probability among pollination treatments. Finally,
we estimated the minimum and sufficient numbers of pollen
grains required for fruit set by analyzing the relationship
between the number of pollen grains deposited on a stigma
and the following fruit set.

Methods
Study sites

We monitored flower-visiting insects in six experimental
fields in Fukuoka (33.50° N, 130.57° E), Gifu (35.44° N,
136.70° E), Hiroshima (34.33° N, 132.82° E), Kagawa
(34.30° N, 133.93° E), Kumamoto (32.64° N, 130.72° E),
and Wakayama (34.28° N, 135.41° E) prefectures and at
four farms in Fukushima (37.82° N, 140.44° E), Ibaraki
(36.27° N, 140.25° E), Shimane (34.69° N, 131.87° E), and
Shizuoka (34.86° N, 137.74° E) prefectures. We monitored
cultivars ‘Aizu-mishirazu’ (Fukushima), ‘Fuyu’ (Hiro-
shima), ‘Fuyu’ and ‘Matsumotowase-Fuyu’ (Ibaraki), ‘Fuyu’
and ‘Taishuu’ (Fukuoka and Kagawa), ‘Saijo’ (Shimane),
‘Soshu’ (Gifu), ‘Taishuu’ (Kumamoto and Wakayama),
and ‘Tateishi’ (Shizuoka). These cultivars were selected for
monitoring of flower-visitors because enough flowers were
available in the study sites. No domesticated pollinators were
placed in any of the fields except for the farm in Ibaraki,
where two hives of A. mellifera were placed. For detailed
information about the study sites, see Table S1.

We performed pollination experiments in the experi-
mental field in Hiroshima (Site A) and the farm in Ibaraki
(Site B), which were also used for the monitoring of flower-
visiting insects, and at a farm in Shimane (Site C; 35.46° N,
132.80° E). ‘Fuyu’ was used for the pollination experiments
at Sites A and B and ‘Matsumotowase-Fuyu’ at Site C.
Detailed information about Sites A—C is given in Table S1.

Identification of flower-visiting species

We captured 453 flower-visiting insects in the 10 orchards;
each was captured in a 5-mL vial placed on the flower that
it had entered. Insects were captured on different trees
from those used for monitoring if the tasks were conducted
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simultaneously. We recorded the sex of the flowers on which
insects were captured.

The captured insects were morphologically and geneti-
cally analyzed. We first identified collected insects to the
species level on the basis of morphological traits, and then
confirmed if necessary by COI DNA barcoding. The primer
combination used for PCR amplification and sequencing of
COI of the bees was BarbeeF (forward) and MtD9 (reverse)
(Frangoso and Arias 2013; Simon et al. 1994). That used for
the others was LCO1490 (forward) and HCO2198 (reverse)
(Folmer et al. 1994). The PCR products were treated with
ExoSAP-IT (USB Corp., Cleveland, OH, USA) and directly
sequenced in both directions. Similar sequences were
searched using “All Barcode Records on BOLD” (http://
www.boldsystems.org/index.php/IDS_OpenldEngine) in
BOLD (the Barcode of Life Data Systems) or the Basic
Local Alignment Search Tool (BLAST; https://blast.ncbi.
nlm.nih.gov/Blast.cgi) in GenBank (NCBI, National Centre
for Biotechnology Information). Species were identified on
the basis of highly similar best matches (>98% identity).
The sequences were deposited in the DNA Data Bank of
Japan (DDBJ accession numbers LC682290-LC682345; see
Table S2). For details of the procedure, see Nikkeshi et al.
(2019).

Monitoring flower visitors

Visits by insects to D. kaki flowers were recorded in 2019,
with the exception of the farm in Ibaraki that was monitored
in 2021. The ten surveyed prefectures all ranked in the upper
half of persimmon-producing prefectures in Japan (Statistics
Bureau, Ministry of Internal Affairs and Communications,
Japan 2021). Monitoring was performed at the peak bloom-
ing date or a few days earlier. We set several monitoring
plots in a study site. Each monitoring plot measured approxi-
mately 2 m width X2 m height, which we found to be the
maximum area in which any researcher could adequately
track all visitors in a plot. Tree height was approximately 3
to 4 m. We set each monitoring plot at eye level, because it
was difficult to monitor the flowers on the upper branches.
After the numbers of male and female flowers in a plot had
been recorded, visits by insects to the flowers in the plot
were recorded for 30 min. Every flower-visiting insect was
observed and classified into five species that can be identi-
fied by appearance: Apis cerana japonica Radoszkowski,
A. mellifera, B. ardens ardens, Bombus diversus diversus
Smith, and Xylocopa appendiculata circumvolans Smith
(all Hymenoptera: Apidae); the others were classified by
functional group: medium-sized bees, small bees, dipterans
including syrphid flies, and beetles. Consecutive visitations
to a flower by a single individual were counted indepen-
dently. Each monitoring plot was surveyed several times.

Annual fluctuations of flower visitation frequency
and fruit set

To examine the range of annual fluctuations of fruit set, the
frequency of flower visitors to D. kaki and fruit set were
monitored over 4 years (2018-2021) in Hiroshima, where
pollination experiments were also carried out (Site A; see
Table S1). The flower visitors were monitored as above.
To assess fruit set, we conducted pollination experiments
on flowers, with a no pollination (NP) treatment in which
female flower buds were covered with paper bags before and
during anthesis and an open-pollination (OP) treatment in
which flower buds were tagged and kept uncovered. Each
year, the female flower buds were thinned beforehand to one
per shoot. In 2021, for example, we selected five ‘Fuyu’
trees adjacent to at least one tree onto which ‘Zenjimarw’,
a pollinizer cultivar, had been top-grafted, and set up six
replications of each treatment on a single tree (n =30 for
each treatment). Different trees were selected for assessing
fruit set each year. Treatment dates also varied among years
owing to the variation in peak blooming dates (when 80% of
flowers had bloomed) of ‘Fuyu’ in this field: 21 May 2018,
23 May 2019, 27 May 2020, and 22 May 2021. In 2021,
for example, the NP female flower buds were covered with
paper bags on 18 May, and visitor insects were monitored
on 18 and 19 May. Fruit set in each pollination treatment
was assessed on 29 July, when physiological fruit drop in
the early development stage had finished. The numbers of
female flowers used for the NP and OP treatments were 25
and 25, respectively, in 2018, 50 and 19 in 2019, 30 and
30 in 2020, and 30 and 29 (one tug was lost) in 2021. The
fruit-set probability was compared between treatments and
among years.

Evaluating pollination efficiency by a single visit

To evaluate pollination efficiency of major visitor species,
we performed five sets of field experiments to limit the num-
ber of visits at Sites A—C from 2019 to 2021. The number of
pollen grains on a stigma and the fruit-set probability were
compared among the following five pollination treatments:
(1) NP; (2) single visitation by A. mellifera (SV-Am); (3)
single visitation by B. ardens ardens (SV-Baa); (4) OP; and
(5) hand-pollination (HP). At Site C in 2021, for example,
on 21 May we covered flowers with paper bags to prevent
insect pollination; after confirming that the bagged buds had
bloomed, we removed the bags and used these flowers for
the SV-Am and SV-Baa treatments on 23, 24, and 26 May.
We re-bagged the flowers immediately after we confirmed
the visitation to prevent additional pollination. For the HP
treatment, we used pollen collected from the male flower
buds of ‘Zenjimaru’. On 24 May, male flower buds from
which the sepals and petals had been removed were dried at
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25 °C overnight. On the following day, we dipped a fingertip
in the dried pollen in a Petri dish and attached the pollen to
the stigma of a female flower. After hand-pollination, the
flowers were left open. The procedures in the NP and OP
treatments were as described in the previous subsection. In
this set of pollination experiments, we used 30 flowers in
the NP treatment, 26 in SV-Am, 40 in SV-Baa, 30 in OP,
and 30 in HP. The other four sets of a sequence of pollina-
tion experiments (at Site A in 2019 and 2021, at Site B in
2021, and at Site C in 2020) were conducted as described
above, but the number of treatments (3—5) depended on the
set. At Site A, we omitted SV-Am owing to the extremely
rare flower visitation by A. mellifera. At Site B, we omitted
SV-Am, and also omitted HP owing to the limited number
of female flowers available for our experiment.

The stigmas of the female flowers used for the pollina-
tion treatments were collected to count the number of pollen
grains deposited; they were collected 24 h after pollination
or later in the SV-Am, SV-Baa, and HP treatments, or 3 days
after anthesis in the NP and OP treatments. This procedure
is harmless to ovary growth, because it has been confirmed
that removal of stigmas 10 h after hand-pollination does not
reduce persimmon fruit set and seed formation (Kawagoe
and Inoue 1958). The collected stigmas were taken to our
laboratory and stored individually in tubes at — 30 °C in the
freezer until measurement. Under a microscope (Eclipse
E200; Nikon, Tokyo, Japan), we counted the numbers of
pollen grains of D. kaki deposited on each stigma without
dyeing by continuously shifting the focal distance. We com-
pared the number of pollen grains deposited by a single visit
between A. mellifera and B. ardens ardens using the data
obtained at Site C in 2020 and 2021.

We then compared the fruit-set probabilities between pol-
lination treatments using the data from the pollination exper-
iment conducted at Site B in 2021, where the NP treatment
had the lowest fruit-set probability among our five datasets.
The effect of a single visit by a pollinator species on the
fruit-set probability was analyzed as the difference between
the NP and SV-Baa treatments.

Relationship between the number of pollen grains
on a stigma and yields

To test the relationship between the number of pollen grains
deposited on a stigma and the resulting fruit set and seed num-
bers, we used fruits that had developed from the flowers from
which the stigmas were collected for counting pollen grains.
Fruit set was assessed as in the previous subsection. The num-
ber of seeds was counted in each immature fruit harvested in
late July every year. To analyze the relationship between the
number of pollen grains on a stigma and fruit sets or the num-
ber of seeds, we used the data set of the pollination experiment
conducted at Site B in 2021, where the NP treatment had the
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lowest fruit-set probability among our five datasets. Forty-five
female flowers were used for this experiment.

Statistical analysis

To compare the fruit-set probability between the OP and
NP treatments, we used a generalized linear model (GLM)
in which the response variable was the fruit-set success,
assumed to follow a binomial distribution (with a logit link
function), and the explanatory variables were treatment and
year. In addition, we estimated the fruit-set probability distri-
bution using a Bayesian model in which we assumed that the
fruit-set probability followed a Bernoulli probability distribu-
tion. To compare the number of pollen grains deposited on a
stigma by a single visit between A. mellifera and B. ardens
ardens at Site C in 2020 and 2021, we used a GLM in which
the response variable was the number of pollen grains on a
stigma and the explanatory variables were year, visitor species,
and their interaction. In this model, the response variable was
assumed to follow a quasi-Poisson distribution because the
residual deviance was far greater than the degree of freedom
when a Poisson distribution was assumed in a preliminary
analysis. To compare the fruit-set probability between the
OP, NP, and SV-Baa treatments, we used a Bayesian model
similar to that above. Then we used a generalized linear mixed
model (GLMM) to examine the relationship between the num-
ber of pollen grains on a stigma and the fruit-set success. In
the model, the response variable was the fruit-set success,
assumed to follow a binomial distribution (with a logit link
function), and the explanatory variable was the number of pol-
len grains deposited on a stigma and a random effect was the
trees. In the GLMM assessing the relationship between the
number of pollen grains on a stigma and the number of seeds
in a fruit, the response variable was the number of seeds, of
which the maximum is eight, assumed to follow a binomial
distribution, and the explanatory variable was the number of
pollen grains on a stigma and a random effect was the trees.
Data from both developed and dropped fruits (all assumed to
have no seed) were used to assess the relationship between
the number of pollen grains on a stigma and the “potential”
number of seeds. All statistical analyses were performed in
R v. 4.1.1 software (R Development Core Team 2021). For
Bayesian inferences, we used Stan v. 2.21.2 software (Stan
Development Team 2020). To fit a GLMM, we used “lme4”
package (Bates et al. 2015).

Results
Flower-visiting species

Morphological identification indicated that the visitors cap-
tured in the 10 orchards consisted of at least 18 species in
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female flowers and 22 species in male flowers. The 453 cap-
tured individuals belonged to the Coleoptera (56 individu-
als), Diptera (4), Hymenoptera (392), and Lepidoptera (1)
(Table S3). Of the Hymenoptera, B. ardens ardens (183)
and A. mellifera (130) were the predominant species (69.1%
of all individuals), along with other taxa such as Xylocopa
appendiculata circumvolans (18), Andrena spp. (Andreni-
dae; 8 individuals of 3 species), and Lasioglossum spp. (Hal-
ictidae; 31 individuals of 7 species). Bombus ardens ardens
was the only bumblebee species captured in this survey.
Species belonging to other orders, such as the Coleoptera,
Diptera, and Lepidoptera, were relatively minor.

Frequency of flower visitations

Apis mellifera and B. ardens ardens were the predomi-
nant visitors to the female flowers (Fig. 1), consistent with
the results of the insect capture (Table S3). The visitation
frequency of A. mellifera far exceeded those of the other
species in five orchards (Fukushima, Gifu, Kumamoto, Shi-
mane, and Shizuoka), whereas B. ardens ardens was the
most frequent visitor in four (Hiroshima, Ibaraki, Kagawa,
and Wakayama). In the orchard in Fukuoka, both species
were major visitors to female flowers.

Although A. mellifera was most abundant in the five
orchards, no hives of European honeybee were introduced
into these orchards. Within a 1-km radius around each site in

Fig. 1 Frequency of visitations
to the female flowers of Diospy-

Gifu and Kumamoto, we found seven orchards with managed
hives around the site in Gifu but no such orchard around that
in Kumamoto. In contrast, European honeybee hives were
introduced into the orchard in Ibaraki, but the predominant
visitor to the flowers in this orchard was B. ardens ardens.
For the frequency of the visitors to the male flowers, see Fig.
S1. Several functional groups, such as medium-sized bees,
small bees, and beetles, were found more frequently on the
male flowers than on the female ones, but A. mellifera and
B. ardens ardens were also the major visitors to the male
flowers.

Frequency of flower visitations and fruit set
in consecutive years

Predominant visitations by B. ardens ardens to female
flowers of D. kaki were confirmed in 4 consecutive years
in Hiroshima, although the visitation frequency fluctuated
between years, from 1.20 visitations/h/flower in 2021 to 5.84
in 2018 (Table 1). Other minor visitors, such as A. mellif-
era, X. appendiculata circumvolans, medium-sized bees,
and small bees, occasionally visited the flowers, but they
remained marginal compared with B. ardens ardens.

The estimated fruit-set probability distribution differed
between the OP and NP treatments in 2018, 2019, and
2020, but not in 2021 (Fig. 2). The mean fruit-set prob-
abilities were 0.888 (Bayesian 95% confidence interval,

ros kaki in Japan. Flower-visit-
ing individuals were classified
into five species (Apis cerana
Japonica, A. mellifera, Bombus
ardens ardens, B. diversus
diversus, and Xylocopa appen-
diculata circumvolans) or four

Shimane

N =115 (166 flowers)

Hiroshima

N = 285 (323 flowers)

Fukushima
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N =120 (995 flowers)

N =70 (257 flowers)

functional groups (medium-
sized bees, small bees, dipterans
including syrphid flies, and
beetles). The numbers of visita-
tions by insects (V) and to the
female flowers in total used for
the monitoring are noted for
each research site. Consecu-
tive visitations to a flower by a
single individual were counted
independently. The prefectures
in gray ranked in the upper half
of persimmon-producing prefec-
tures in 2020

Fukuoka

N =169 (205 flowers)

Kumamoto

N =757 (511 flowers)

Ibarakl

N=142 (181 flowers)

Shizuoka

@

N =303 (482 flowers)

Kagawa Wakayama

N =105 (262 flowers) N =29 (374 flowers)
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1 Dipterans including syrphid flies m Beetles
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& Apis mellifera
Bombus ardens ardens

Visitor(V) N.S.
Year(Y) **
VxY N.S.

50 E

Number of pollen grains on a stigma

2020 2021
Year

Fig.3 The number of pollen grains on a stigma deposited by a sin-
gle visit of Apis mellifera (gray circle and box) and Bombus ardens
ardens (white circle and box). The top, middle, and bottom lines of
each box indicate the third, second (median), and first quartiles,
respectively. The top and bottom end of whiskers indicate the third
quartile + 1.5 interquartile range (IQR) and the first— 1.5 IQR, respec-
tively. Statistical summary of GLM is written on the upper left (N.S.:
not significant, **: p <0.01)

© o
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Probability density
o
Y

0.0
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Fig.4 The estimated fruit-set probability distributions in no pollina-
tion (NP, black), a single visit by Bombus ardens ardens (SV-Baa,
gray), and open pollination (OP, white) treatments

Relationship between number of pollen grains
deposited on a stigma and yield

Fruit set increased as the number of pollen grains on a
stigma increased (z=3.903, p <0.0001; Fig. 5a). The esti-
mated values of the intercept and coefficient in the estimated
logistic curve were 0.0353 and —0.957, respectively, such
that the number of pollen grains at the inflection point of the

curve was 27.1. To achieve a successful fruit set of >80%,
the model suggested that > 66.5 pollen grains are required.

The GLMM detected a significant effect of the num-
ber of pollen grains on the number of mature seeds in a
fruit (z=9.865, p <0.0001; Fig. 5b). The fitted GLMM
predicted that when 27.1 and 66.5 pollen grains were
deposited on a stigma, the seeding success rate per seed
was 0.115 and 0.235, respectively. Then when 27.1 pollen
grains are given, a fruit will produce one or more seeds
with a 62.3% probability. When 66.5 pollen grains are
given, a fruit will do so with a 88.3% probability. The
number of pollen grains attached on a stigma, fruit set, and
number of seeds in the seven sets of pollination experi-
ments are summarized in Table 2.

Discussion
Flower visitors and their pollination efficiencies

Both B. ardens ardens and A. mellifera were the major
flower visitors of Oriental persimmon over a wide area in
Japan (Fig. 1). Both field monitoring and capture indicated
that either of these species was the most dominant visitor
at all monitoring sites, accounting for more than 90% of
total observed individuals, though which species was the
most dominant was site dependent. These species were
also found on the flowers of both sexes, suggesting that
they potentially carried pollen to the female flowers. Fre-
quent visits by several functional groups to the male flow-
ers could be due to the difference in the shape of flowers
and the presence/absence of pollen. Species composition
of flower visitors possibly varies between cultivars of D.
kaki, but B. ardens ardens and A. mellifera predominated
over the others as far as we investigated.

Pollination efficiencies of the two major flower visi-
tors, B. ardens ardens and A. mellifera, did not differ sig-
nificantly in each year (Fig. 3). This study is the first to
exactly evaluate pollination efficiency by comparing the
number of pollen grains deposited on a stigma per visit
between major flower visitors to D. kaki. Our measure-
ments indicate that the pollination efficiency of honey-
bees on D. kaki was considerably higher than previous
studies suggested (Fukae et al. 1987; Nakamura et al.
2020; Yokozawa 1952; Yokozawa et al. 1968). The lower
estimation by those studies reflects the smaller number of
pollen grains attached to the body surface of honeybees.
Our results highlight the importance of directly surveying
the number of pollen grains deposited on a stigma dur-
ing a single visit. Therefore, it seems that the European
honeybee may serve as a pollinator as well as the bumble-
bee, although its pollination effectiveness could be more
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Fig.5 a Fruit-set success: open circles represent the numbers of pol-
len grains deposited on a stigma, and the solid line is the fitted logis-
tic curve. b The number of mature seeds developed in a fruit when
the given number of pollen grains was deposited on the stigma.
Open and gray circles indicate developed fruits and dropped fruits

influenced by environmental factors, such as the presence
of groundcover flowers (Nikkeshi et al. 2021).

The number of pollen grains given by a single visit
of a bee differed between years, although the reason was
unclear (Fig. 3). The difference might be due to fluctuating
density of bees or the amount of pollen resources available
in the orchard. In addition to Site C, we performed similar
experiments at Sites A and B and found that the average
number of pollen grains deposited by a single visit of these
bee species fell in the range of 10 to 35. These results
indicate that even a single visit induces seed formation,
as described below, and increases fruit set in the year in
which physiological fruit drop is large. But considering
that the fruit-set probability in the SV-Baa treatment was
smaller than that in OP, multiple visits by bees should be
necessary to ensure sufficient fruit set (Fig. 4).

Other wild bees were also observed as the flower
visitors of Oriental persimmon. Table 3 summarizes the
flower visitors to D. kaki that have been recorded in more
than two locations in previous studies and here. Among
the relatively minor species, the Japanese honeybee (A.
cerana japonica) and carpenter bee (X. appendiculata
circumvolans) were more frequently observed than the
other 15 species in our flower-visitor survey. They were
also recorded as major flower visitors to D. kaki in past
studies (Miura 1982; Yokozawa 1951). The pollination
efficiency of these 17 species has not been evaluated,
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at the early development stage, respectively. The number of seeds in
dropped fruits is assumed to be O in this analysis. Solid line shows
a fitted curve estimated by GLMM with a binomial distribution. For
details, see text

but we observed that a single visit by A. cerana japonica
and by a small bee resulted in fruit set (data not shown),
suggesting that such wild bees in general can pollinate D.
kaki. Thus, A. cerana japonica and X. appendiculata cir-
cumvolans would be second to B. ardens ardens as natural
pollinators of Oriental persimmon in Japan.

It appears that the role of coleopterans and dipterans,
both of which were occasional visitors, in pollinating this
crop is marginal, for a couple of reasons. First, our field
observation revealed that coleopterans tend to remain on
the same flower for a long time (data not shown), which
indicates that cross-visitations between male and female
flowers are rare. Second, one of the most common syrphid
species found on D. kaki flowers, Eristalis cerealis Fab-
ricius (Diptera: Syrphidae), was reported to be extremely
poor at transporting the pollen (Ueda et al. 1976).

Fruit set and seed formation

A fitted logistic curve showed a positive relationship between
the number of pollen grains deposited on a stigma and sub-
sequent fruit set in our pollination experiment (Fig. 5a). The
threshold number of pollen grains for fruit set was estimated
to be 27, comparable to the average number of pollen grains
deposited by a single visit of the major insect visitors. To
achieve > 80% fruit set, however, more than about 70 pol-
len grains were needed. These results indicate that several
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Tab]e 2 Nurr.lber of poll.en Location Year Treatment® No. of pollen grains  Fruit set No. of seeds
grains deposited on a stigma, on a stigma
fruit set, and number of seeds
in the various pollination N Mean SD N Success % N Mean SD
treatments
Site A 2018 NP - - - 25 2 80% 2 0.0 0.0
(Higashihiro- op - - - 25 23 920% 23 46 19
zﬁigi) Hiro- HP - - - 25 20 80.0% 20 59 14
2019 NP 18 0.4 0.8 50 22 44.0% 21 0.8 2.4
SV-Baa 20 31.5 584 34 17 50.0% 17 1.6 2.0
OP 27 118.1 915 19 19 100.0% 19 5.7 1.7
HP 11 16717 5773 32 31 96.9% 31 5.3 1.5
2020 NP - - - 30 O 0.0% 0 0.0 0.0
OP - - - 30 26 86.7% 26 5.0 1.7
2021 NP 28 0.0 0.0 30 22 733% 22 0.0 0.0
SV-Baa 30 34.0 35.1 26 17 65.4% 17 2.7 1.9
OP 30 127.8 53.6 29 23 793% 23 5.7 1.8
HP 30 13748 636.7 28 26 929% 26 5.4 1.8
Site B 2021 NP 30 0.0 00 29 5 172% 5 0.2 0.4
(Ishioka, Ibaraki) SV-Baa 29 133 79 29 14 483% 14 16 18
OP 30 92.6 36.5 30 26 86.7% 26 3.8 1.8
Site C 2020 NP 10 0.0 00 10 5 50.0% 5 0.0 0.0
(Izumo, Shimane) SV-Am 12103 112 12 500% 6 10 20
SV-Baa 15 11.1 13.8 15 533% 8 1.1 2.2
OP 13 123.9 38.0 13 13 100.0% 13 4.3 2.2
HP 3 20933 6244 10 10 100.0% 10 5.7 1.1
2021 NP 30 0.1 04 30 20 66.7% 20 0.0 0.0
SV-Am 26 27.3 129 26 17 654% 17 0.2 0.4
SV-Baa 40 30.0 22.0 40 23 575% 23 1.3 2.1
OP 30 79.9 454 30 27 90.0% 27 2.6 2.0
HP 30 26609 1414.1 30 30 100.0% 30 3.9 1.8

#NP: no pollination; SV-Am: single visitation by Apis mellifera; SV-Baa: single visitation by Bombus
ardens ardens; OP: open pollination; HP: hand-pollination

visits by the bees would be necessary for assured fruit set.
Because a female flower remains highly fertile for approxi-
mately 3 days after anthesis (Mori and Hamaguchi 1950;
Yokozawa 1951), it could receive enough pollen grains for
assured fruit set via a few visits by pollinators per day.

We found a loose but significantly positive relationship
between the number of pollen grains deposited on a stigma
and the resulting seed number (Fig. 5b). According to our
model prediction, a fruit given 66.5 pollen grains, which
ensures fruit set (>80%), develops one or more seeds with a
88.3% probability. These predictions reasonably agree with a
report that two to three seeds are sufficient to inhibit physi-
ological fruit drop (Yakushiji and Hase 1991).

Our analysis demonstrated that the ratio of fruit set with-
out pollination varied between years, from 0.031 to 0.719
(Fig. 2), which agrees with the report that the fruiting ratio
ranged from O to 59% in the negative control using ‘Fuyuw’
(Yamada et al. 1987). In contrast, fruit set in the OP treat-
ment remained high, between 0.749 and 0.952, suggesting

that pollination of ‘Fuyu’ ensures a stable crop yield and
that sufficient pollination was provided throughout the
4 years despite the annual fluctuation of visitation frequency
(Table 1).

Introduction of honeybee hives

The European honeybee, A. mellifera, is one of the major
pollinators of this crop. Because it is not established in the
natural ecosystem in Japan, it can be observed in an orchard
if hives are placed in the surrounding area. Its arrival on
D. kaki flowers, however, has been somewhat uncertain,
because the introduction of hives into orchards does not nec-
essarily increase its visitation frequency to the focal crop
(Fukae et al. 1987; Nakamura et al. 2020). This uncertainty
was also seen here. The most dominant visitor species was
B. ardens ardens in the orchard where hives of A. mellifera
were placed (i.e., Ibaraki), while A. mellifera was dominant
in orchards where no hives were placed (Fig. 1). In the latter
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Table 3 Bee species frequently
observed as flower visitors of
Diospyros kaki in Japan

Major species

Other species

Apis mellifera L. (Hymenoptera: Apidae) (if introduced in the producing area)
Bombus ardens ardens Smith (Hymenoptera: Apidae)
Andrena opacifovea Hirashima (Hymenoptera: Andrenidae)

Andrena parathoracica Hirashima

Andrena watasei Cockerell

Apis cerana japonica Radoszkowski (Hymenoptera: Apidae)

Bombus diversus diversus Smith (Hymenoptera: Apidae)

Bombus ignitus Smith

Eucera nipponensis (Pérez) (Hymenoptera: Apidae)

Lasioglossum hoffmanni (Strand) (Hymenoptera: Halictidae)

Lasioglossum japonicum (Dalla Torre)

Lasioglossum mutilum (Vachal)

Lasioglossum occidens (Smith)

Lasioglossum proximatum (Smith)

Lasioglossum scitulum (Smith)

Lasioglossum vulsum (Vachal)

Megachile willughbiella sumizome Hirashima et Maeta (Hymenoptera: Megachilidae)

Nomada japonica Smith (Hymenoptera: Apidae)

Xylocopa appendiculata circumvolans Smith (Hymenoptera: Apidae)

Bee species that have been recorded as flower visitors of D. kaki in multiple areas in previous studies and
here. For the bee species reported in previous studies, see Table S4

case, workers might have come from neighboring orchards.
We confirmed in Gifu that hives were introduced in the sur-
rounding orchards, but we could find no hives around the
orchard in Kumamoto. The uncertainty may be caused by
the species’ long-range foraging, which occasionally exceeds
5 km (Beekman and Ratnieks 2000), and its preference for
herbaceous flowers to tree ones (Hagler et al. 2011; Lau
et al. 2019; Nakamura et al. 2020; Nikkeshi et al. 2021).
Introduction of A. mellifera hives into an orchard of Oriental
persimmon might be unnecessary if flower visits by wild
bees are sufficient every year. As described above, several
visits by the major bees per female flower are enough to
ensure fruit set, so the introduced hives might contribute
less to fruit production than expected, or European honeybee
workers might hinder native wild bee populations by com-
peting for floral resources (e.g., Huryn 1997). In addition,
as honeybee workers often fly for a long distance to forage,
neighboring farmers should cooperate in deciding how many
hives should be placed in the whole persimmon production
area to maximize the effectiveness of introduced hives on
their orchards.

Wild pollinators of Oriental persimmon

Our data suggest that B. ardens ardens is a predominant
wild pollinator of Oriental persimmon over a wide area
in Japan. It was previously recorded as a flower visitor to
D. kaki in western Honshu: in Hyogo (Miyamoto 1961),
Shimane (Miura 1982; Nakamura et al. 2020), and Hiro-
shima (Nikkeshi et al. 2019). Here, it was also recorded in
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Kyushu, Shikoku, and the Kanto and southern Tohoku dis-
tricts, implying that it functions as an effective pollinator of
D. kaki almost everywhere in Japan, provided that nesting
habitats are available nearby. This is reasonable, because
B. ardens ardens is distributed throughout Japan, except
on Hokkaido, Tsushima Island, and the Okinawa Islands
(Suzuki-Ohno et al. 2017; Tadauchi and Murao 2014). In
addition, the period of its seasonal appearance, from early
April until early July (Katayama 1996), fully covers the
flowering period of D. kaki, which spans from early May in
southwestern Japan until early June in northeastern Japan.
Furthermore, B. ardens ardens relies on tree flowers rather
than herbaceous ones (Osada et al. 2003; Ushimaru et al.
2008). Therefore, it is conceivable that this bumblebee has
long served as the principal pollinator of Oriental persim-
mon since the introduction of this crop into Japan more than
a thousand years ago (Yamada 2000).

Which bee species plays the principal role in pollination
of Oriental persimmon in other countries, especially in East
Asia? Oriental persimmon originated in southern China,
and it was introduced into Korea and Japan in ancient times
(Sobajima 2000). Because B. ardens ardens is also native
and is one of the common bumblebee species in Korea
(Byun et al. 2009; Lim and Lee 2012), it is possible that this
bee species is the major pollinator of D. kaki in Korea as in
Japan. However, B. ardens is not found in China (Huang and
An 2018). Thus, other Bombus species or other bees would
pollinate Oriental persimmon in China, probably together
with honeybees, but there is no information available on this
matter. Identifying the major pollinators in areas where D.
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kaki is native and non-native will improve our understand-
ing of the natural pollination system and environmentally
sustainable management of this crop.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13355-022-00784-8.
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