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Abstract: (1) Background: Cardiocrinum cordatum (Thunb.) Makino (Liliaceae) is a forest perennial
herb distributed in East Asia. Although flower visitors for this plant species have been well re-
ported, their contribution to pollination remains unknown. (2) Methods: We evaluated pollination
contribution for visitors of C. cordatum flowers in a natural cool temperate forest. We investigated
visiting frequency, the number of pollen grains per body surface, fruit set, and the mean number
of seeds per fruit produced after a single visit of each visiting species. Combining the results of
these experiments, we determined the most important pollinators of this species. (3) Results: For
the population investigated in the study, the three most essential pollinators were the bumblebee
(Bombus diversus tersatus) (Apidae), sweat bee (Halictidae sp.), and marmalade hoverfly (Episyrphus
balteatus) (Syrphidae). Additionally, we found that the contribution of a flower-visiting ant species
(Myrmica ruginodis Nylander (s.l.)) (Formicidae) is small. (4) Conclusions: Pollinator contributions
differed among flower visitors. Our results underscore the insufficiency of current information about
flower-visiting species to evaluate pollination contribution.

Keywords: pollination; pollinator; plant–animal interaction; mutualism; pollen theft; pollination
effectiveness; ant pollination; reproductive biology; floral larceny; forest understory

1. Introduction

The maintenance of genetic diversity is important for the conservation of wild plant
species, and successful cross-pollination plays a major role in gene flow to maintain
the genetic diversity of plant populations [1–9], especially when a population is frag-
mented [5–10]. Additionally, pollination is a central issue in studies on plant–animal
interactions [11–15], plant reproductive biology [15–20], and on improvement of agricul-
tural production [15,20–28]. For animal-pollinated flowers, pollination effectiveness differs
among visitors of different species [3,5,12–15,19,29]. Some visitors obtain pollen or nec-
tar from flowers without contributing as pollinators for some plant species, phenomena
known as pollen or nectar theft [30], or nectar robbing for cases where a visitor damages a
flower [31]. Therefore, the information on flower-visiting frequency may not be sufficient
to evaluate the pollinator contribution of each animal species. Hence, it is necessary to
identify which species significantly contribute as pollinators for specific plants.

Cardiocrinum cordatum (Thunb.) Makino (Liliaceae) is a temperate forest perennial
herb distributed in East Asia. Although C. cordatum is still a common species in forest
understories, most of the populations are highly fragmented due to the fragmentation
of forests in lowland urban areas [32]. The situation is similar in the urban area of Obi-
hiro city in Hokkaido, in which forests are fragmented into small pieces [33,34]. As the
pollination process is critical for the maintenance of genetic diversity of fragmented popu-
lations [5,7–10], quantification of pollinator contribution is of utmost importance for future
conservation of this species. Ohara et al. [32] suggested that the large nectar quantity and
mild floral fragrance of C. cordatum attract pollinators; however, they did not investigate
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the contribution of flower visitors to pollination. In addition, they suggested that although
this species is self-compatible, pollen limitation may also be present for this species. How-
ever, although flower visitors have been well documented for this species [32,35,36], their
contribution to pollination has not been quantitatively investigated. Here, we examined
the pollination contribution of each flower-visiting species using visiting frequency, the
number of pollen grains on body surfaces, fruit set, and the mean number of seeds per fruit
produced after a single visit in a wild plant population in a natural cool temperate forest in
Hokkaido, Japan.

2. Materials and Methods
2.1. Study Species

Cardiocrinum cordatum (Thunb.) Makino (Liliaceae), including var. glehni, is a forest
perennial herb of East Asia [32,37,38]. Hermaphroditic flowers (Figure 1a–e) have six sta-
mens and one pistil and are self-compatible [7,32,39]. Although their basic structure is
similar to lily flowers (e.g., Lilium auratum Lindl.), their flower tubes do not open as widely
as those of L. auratum (Figure 1a–d). Seeds, contained in a capsule, have wings (Figure 1f,g)
and are suggested to be dispersed by winds [32]. This species is classified as a monocarpic
perennial; the entire aboveground part of a bolting rosette dies after producing seeds, often
leaving (usually, one or two) small bulblets at the base of the parent bulbs [6,7,32,40–43].
Therefore, offspring from bulblets compensate for the loss of the parent plant after (ap-
parently) monocarpic sexual reproduction, and occupy the same place as the parental
plant [6,43]. Traditionally, the bulb of C. cordatum has been used as food [44,45].

2.2. Study Site

The study was performed using a wild population in a natural cool temperate de-
ciduous forest (45◦52′ N 143◦11′ E, altitude: 69 m a.s.l.) located in the campus area of the
Hokkaido Obihiro Agricultural High School. The mean annual temperature was 7.2 ◦C and
the precipitation was 937 mm at the Japan Meteorological Agency Obihiro Weather Station
(6 km from the study site) during 1998–2017 [46]. The understory vegetation comprises
a mixture of native species, which includes C. cordatum, Sasa chartacea (Makino) Makino
& Shibata, Pachysandra terminalis Siebold & Zucc. [47], and Phryma esquirolii H.Lév. The
population of C. cordatum at the site was comprised of approximately 150–200 individuals
and separated from other populations in Obihiro city. The canopy openness before canopy
closure was 27.1% [47] and after canopy closure was 4.9% (estimated with hemispherical
photographs and the software CanopOn2 [48]).

2.3. Monitoring of Flower Visitors

In lowland forests in Obihiro, flowering of C. cordatum occurs during a relatively
short period during mid to late July. Each flower lasts approximately one week at the
study site. According to our field observation, the pollen was mature and the pistil was
receptive simultaneously at the beginning of the first day of the flowering. We marked
flowers and determined its age (0 day = the first day of flowering) by monitoring them
every day. We investigated the flower visit frequency during midday hours in July in
2020 (11:00 AM–12:40 PM, 9:50 AM–11:00 AM, and 10:50 AM–12:10 PM on 17–19 July,
respectively). On each day, an observation was made by one or two observers. Each
observer sat in front of one or two individual plants, monitored the flowers on them for
10 min, and moved to next one or two plants. During each 10-min observation, the tentative
name of every species that visited the flowers was recorded. Species visits were classified
either as (1) those that entered the flower (i.e., those that arrived at the adaxial surface of the
corolla) or (2) those that did not enter the flower (i.e., those that arrived only at the external
(abaxial) surface of the corolla). Whenever possible, each individual flower-visiting species
was captured into either a vial (5, 15, or 20 mL) or a plastic bag (Ziploc, Asahi Kasei,
Tokyo, Japan), depending on the body size. Some visitors were recorded as described but
were not successfully captured. Separate containers were used for each individual visitor.
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Immediately after capturing, each container was stored in a Styrofoam box with ice packs.
These containers were moved to a household freezer within the same day and kept until
the pollen count assays, as described below. After the pollen counts, one of the authors
(T.Y.) identified captured species morphologically.
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beetles (Chrysomelidae sp.); (f) and (g) fruits and seeds. Photographs were taken at Hokkaido Obihiro Agricultural High 
School (a–e) in July and (f,g) in October, in 2020, by (a–d) Kohei Koyama and (e–g) Riko Komamura. The original high-
resolution images are available as Supplementary Materials. 
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Figure 1. Flowers of Cardiocrinum cordatum (Thunb.) Makino. (a) An inflorescence; (b) pollinator exclusion experiment
using polyester bags; (c) a bumblebee (Bombus diversus tersatus); (d) a marmalade hoverfly (Episyrphus balteatus); (e) leaf
beetles (Chrysomelidae sp.); (f,g) fruits and seeds. Photographs were taken at Hokkaido Obihiro Agricultural High School
(a–e) in July and (f,g) in October, in 2020, by (a–d) Kohei Koyama and (e–g) Riko Komamura. The original high-resolution
images are available as Supplementary Materials.

2.4. Pollen Counts

We followed the pollen count procedure as described in [29], with some modifications.
The hind legs of the bees and bumblebees were removed before counting, because pollen
grains on these parts do not contribute to pollination [29,49]. Distilled water (1.0–6.0 mL,
depending on the body size) was pipetted into each sample-containing vial. Samples from
plastic bags were moved into 15 or 20 mL vials. These vials were shaken manually for
1 min. Distilled water was used instead of an isotonic sucrose solution [29] because the
pollen grains of this species do not explode in distilled water. Because the number of
C. cordatum pollen grains attached to the insect body differed greatly, we adopted different



Forests 2021, 12, 452 4 of 11

methods depending on insect species. For the bumblebee (Bombus diversus tersatus), sweat
bee (Halictidae sp.), and marmalade hoverfly (Episyrphus balteatus), which contained many
pollen grains attached to them, we took subsamples (60 µL per body) from the shaken
water inside each vial with a micropipette (M200; MonotaRO, Amagasaki, Japan) and
counted the number of pollen grains under an optical microscope (ECLIPSE E600; Nikon,
Tokyo, Japan) (Figure 2). This process was repeated five times, and the total number of
pollen grains in the vial was estimated by the volumetric ratio. If Ziploc plastic bags were
used to capture the flower visitor, we also washed the inner surface of the bags with 6 mL
distilled water. The bags were shaken, and the number of pollen grains inside each bag was
calculated by sampling five 60 µL subsamples, as described above, and the values obtained
were added to those on the body surfaces. For remaining species with small pollen counts,
we counted all pollen found in the distilled water. After shaking, the distilled water in the
vial was put on a small open-top transparent plastic container. A piece of graph paper was
attached to the bottom surface of the container to facilitate counting, and the pollen grains
were counted under the optical microscope.
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Figure 2. Different species visiting the flowers of Cardiocrinum cordatum (Thunb.) Makino. (a) A 
bumblebee (Bombus diversus tersatus), (b) a sweat bee (Halictidae sp.), (c) a marmalade hoverfly 
(Episyrphus balteatus), (d) an ant (Myrmica ruginodis (s.l.)), (e) a leaf beetle (Chrysomelidae sp.), (f) a 

Figure 2. Different species visiting the flowers of Cardiocrinum cordatum (Thunb.) Makino. (a) A bum-
blebee (Bombus diversus tersatus), (b) a sweat bee (Halictidae sp.), (c) a marmalade hoverfly (Episyrphus
balteatus), (d) an ant (Myrmica ruginodis (s.l.)), (e) a leaf beetle (Chrysomelidae sp.), (f) a sap beetle
(Nitidulidae sp.), (g) a spider (Araneae sp.), and (h) an earwig (Dermaptera sp.). (i,j) Pollen grains of
C. cordatum were observed during the counting. The photographs were taken by Riko Komamura in
2020. The original high-resolution images are available as Supplementary Materials.

2.5. Pollinator Exclusion Experiment

Following the procedures as described in [2,7,12,17,18,25,50], we performed a pollina-
tor exclusion experiment by covering the flower with polyester bags (0.6 mm × 0.9 mm
mesh) (Figure 1b). One selected flower was covered for each individual. Before blooming,
85 flower buds were covered with bags. Among them, 15 flowers were assigned as com-
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plete pollinator exclusion treatment [18,25], and were covered with the bags during the
entire flowering period. The remaining 70 flowers were used to estimate the pollination
contribution per visit as described below.

Following the procedures as described in [50], the pollination contribution per visit
was investigated during the daytimes of 13−22 July 2020. On each observation day, for
each target flower for observation, the bag on one flower was temporarily removed, and
an observer sat in front of it until the first visitor entered that flower. In this particular
experiment, only those that entered the flower (as described above) were counted as visitors.
After the visitor left, the flower was covered again with the same bag, and the observer
moved to the next target flower. These visited flowers were kept bagged until the end
of the flowering period. Whenever possible, flower-visiting species were captured just
after they left the flowers. These captured species were also used for pollen counts as
described above.

2.6. Estimating Fruit Set and Seed Number per Fruit

We calculated fruit set (i.e., fruit-to-flower ratio [51,52]) and the seed number per fruit
for the 85 bagged fruits used for the pollinator exclusion experiment and, additionally, for
different 84 uncovered flowers (i.e., open pollination treatment [15,18,29]) from 15 indi-
viduals in the same population. The bags were removed when the flowering period was
complete. Then, the fruits were covered again with the same bags before fruit maturation
to prevent a loss of seeds by wind dispersal. After maturation, all fruits from the bagged
flowers and 22 selected fruits from uncovered flowers were sampled and their seeds were
oven-dried at 70 ◦C for 70 h. For each fruit, the dry mass of 20 selected seeds and the
total seed mass were measured with a precision balance and, the total number of seed in
each fruit was estimated by the mass ratio. All statistical analyses were performed with
statistical software R Version 4.0.4 [53]. All the datasets and the R codes used in this article
are available in the Supplementary Materials.

3. Results
3.1. Flower-Visiting Species

The species composition differed among flowers of different ages (Tables 1 and 2).
For young flowers, just after the beginning of flowering (flower age, 0–1 day), the most
frequent visitors were bumblebees and marmalade hoverflies, followed by ants, sweat bees,
and leaf beetles. By contrast, old flowers (age, >2 days) were seldom visited by bumblebees,
whereas the same ant species continued to visit the old flowers. Other species (sap beetles,
earwigs, and spiders) occasionally arrived at the outer surface of the corolla but they did
not enter the flower tube.

3.2. Number of Pollen Grains on the Body Surface

The number of pollen grains on body surfaces differed greatly among the flower
visitors (Table 3). Bumblebees and sweat bees carried much more pollen than did the rest
of the species, and marmalade hoverflies carried a moderate amount of pollen. For the rest
of the species, including the ants, the number of pollen grains on the body surfaces was
very small.

3.3. Pollination Contribution per Single Visit

Although this species is known to be self-compatible [7,32,39], in our experiment,
only one undeveloped fruit that contained no seed was produced from 15 flowers used
for complete pollinator exclusion, and all the other ovules were aborted after flowering.
Pollination contribution was confirmed by the observation of fruits produced after single
visits for bumblebees, sweat bees, and marmalade hoverflies (Table 4). The fruit set of
flowers visited by bumblebees (31.8%) was comparable to those of uncovered flowers
(32.1%). Among single-visited flowers, the mean number of seeds per fruit was the highest
for the bumblebee-visited flowers. However, the mean number of seeds per fruit produced
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after a single visit of bumblebee was lower than those of uncovered flowers. This may be
due to pollen limitation, as previously suggested (but not directly tested) [32]. One flower
visited by an ant produced a fruit with a small number of seeds, suggesting a possible
small contribution of ants as pollinators, but the present limited data do not allow us to
confirm the contribution of ants.

Table 1. The observed frequency of flower-visiting species per unit observational time (visits hour−1 flower−1). Flowering
age = 0 is defined as the first day of the flowering for each individual flower. In each cell, the fraction X/Y indicates that a
total of Y individuals arrived at the flower per hour (including those that only arrived at the outer (abaxial) surface of the
corolla), and among them, X entered inside a flower tube (i.e., the adaxial surface of a corolla).

Flower Age (Day) 0 1 2 3 4 Total

Bumblebee (Bombus diversus tersatus) 3.92/3.92 1.64/1.64 0.78/0.78 0 0.23/0.23 6.57/6.57
Sweat bee (Halictidae sp.) 0.23/0.23 0.68/0.82 0.78/0.91 0.77/0.92 0.46/1.15 2.93/4.04

Marmalade hoverfly (Episyrphus balteatus) 1.15/1.62 3.55/4.91 1.70/3.13 1.08/2.15 0.69/0.92 8.16/12.73
Ant (Myrmica ruginodis (s.l.)) 1.15/2.77 1.64/4.09 1.04/3.39 2.46/4.77 2.54/4.15 8.83/19.17

Leaf beetle (Chrysomelidae sp.) 0.46/0.46 0.27/0.41 0.65/0.78 0.77/0.77 0.46/0.46 2.62/2.88
Sap beetle (Nitidulidae sp.) 0 0 0 0 0.00/0.23 0.00/0.23

Spider (Araneae sp.) 1 0 0.00/0.14 0 0.00/0.15 0 0.00/0.29
Earwig (Dermaptera sp.) 1 0 0 0 0.00/0.15 0.00/0.23 0.00/0.38

Mosquito (Culicidae sp.) 1,2 0.00/0.23 0.00/0.55 0 0.00/0.15 0.00/0.23 0.00/1.16
Unidentified species 1 0 0.00/0.14 0 0.15/0.15 0.00/0.46 0.15/0.75

Total 6.92/9.23 7.77/12.68 4.96/9.00 5.23/9.23 4.38/8.08 29.27/48.22
1 Each of these may include multiple species. 2 Mosquitoes may have been attracted by the observers and temporarily arrived at the flower.

Table 2. The total number of visits of each species in relation to flower age.

Flower Age (Day) 0 1 2 3 4 Total

Bumblebee (Bombus diversus tersatus) 17/17 12/12 6/6 0/0 1/1 36/36
Sweat bee (Halictidae sp.) 1/1 5/6 6/7 5/6 2/5 19/25

Marmalade hoverfly (Episyrphus balteatus) 5/7 26/36 13/24 7/14 3/4 54/85
Ant (Myrmica ruginodis (s.l.)) 5/12 12/30 8/26 16/31 11/18 52/117

Leaf beetle (Chrysomelidae sp.) 2/2 2/3 5/6 5/5 2/2 16/18
Sap beetle (Nitidulidae sp.) 0/0 0/0 0/0 0/0 0/1 0/1

Spider (Araneae sp.) 1 0/0 0/1 0/0 0/1 0/0 0/2
Earwig (Dermaptera sp.) 1 0/0 0/0 0/0 0/1 0/1 0/2

Mosquito (Culicidae sp.) 1,2 0/1 0/4 0/0 0/1 0/1 0/7
Unidentified species 1 0/0 0/1 0/0 1/1 0/2 1/4

Total 30/40 57/93 38/69 34/60 19/35 178/297
1 Each of these may include multiple species. 2 Mosquitoes may have been attracted by the observers and temporarily arrived at the flower.

Table 3. The total number of pollen grains attached on the surface of the flower-visiting animals.

Species Total No. of Individual Visitors Captured
No. of Pollens on Each Body Surface

Mean SD

Bumblebee (Bombus diversus tersatus) 15 54,328 44,745.5
Sweat bee (Halictidae sp.) 10 25,913 25,902.5

Marmalade hoverfly (Episyrphus balteatus) 15 1468.5 1813.8
Ant (Myrmica ruginodis (s.l.)) 4 14 15.7

Leaf beetle (Chrysomelidae sp.) 4 48.8 14.9
Sap beetle (Nitidulidae sp.) 1 0 -

Spider (Araneae sp.) 1 166 -
Earwig (Dermaptera sp.) 1 10 -
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Table 4. Pollination contribution of each species, estimated as the total number of seeds in each fruit produced after a
single visit of each individual insect, with the prior exclusion and subsequent exclusion of the other visitors by covering the
flowers with bags.

Visitor No. of Flowers
Investigated (FL)

No. of Fruits
Produced (FR)

Fruit Set
(FR/FL) (%)

No. of Fruits
Investigated for

Seed Counts

Mean No. of Seeds
per Fruit

Mean SD

Uncovered flowers 1 84 27 32.1 22 516.3 93.2
Bumblebee (Bombus diversus tersatus) 22 7 31.8 7 364.6 193.4

Sweat bee (Halictidae sp.) 13 3 23.1 3 215.2 246.3
Marmalade hoverfly (Episyrphus

balteatus) 22 5 22.7 5 194.8 259.7

Ant (Myrmica ruginodis (s.l.) 1 1 100 1 78.6 -
Complete pollinator exclusion 15 0 0 -

1 The total number of visits varied among uncovered flowers.

4. Discussion

Our results suggest that bumblebees (Bombus diversus tersatus [syn. Bombus tersatus]),
which feed on both nectar [54] and pollen [55], are the most important pollinators for this
species for the population investigated in the present study. Generally, insects that visit
young flowers with abundant pollen are important pollinators [50]. Bumblebees visited
young flowers (flower age, 0–1 day) (Table 1). Accordingly, bumblebees carried more
pollen than other pollinators did (Table 3). Pollination efficiency is also determined by
match and mismatch between flower morphology (including the size of flower parts) and
animal morphology [30,31]. All of the observed bumblebees entered into the inner (adaxial)
surface of the corolla (Table 1), and their large body length (ca. 1–2 cm), together with the
tube-shaped morphology of the C. cordatum flower (Figure 1), forced them into contact
with the stigma when they entered the flower to extract the nectar. These observations
are consistent with the results that they are important pollinators, as confirmed with the
pollinator exclusion experiment (Table 4). Several species of bumblebees (genus Bombus)
are generally well known to be effective pollinators [29,56], and are recognized as flower
visitors of C. cordatum [32,35]. However, in previous studies on C. cordatum, the contribution
of bumblebees to pollination remains elusive. The results of the present study are consistent
with the aforementioned previous findings and provide further quantitative evidence
confirming that B. diversus tersatus is an important pollinator for C. cordatum. Additionally,
B. diversus has wide foraging range [33]. This indicates that the fragmented populations
of C. cordatum in the lowland urban area might be genetically connected to the nearby
populations with the contribution of bumblebees as pollinators.

Ohara et al. [32] and Nishizawa and Ohara [6] discussed that the large nectar quantity
and mild flower fragrance of C. cordatum attract pollinators. Nevertheless, not all flower
visitors may have access to nectar because the length of the proboscis is known to limit
the ability of flower-visiting insects to access nectar [5,57,58]. Among the flower visitors
observed in the present study, bumblebees (B. diversus) have the longest proboscis (ap-
proximate size 10.5–13.5 mm [59]), which is longer than that of sweat bees (Halictidae sp.,
typically, <2 mm [60]) or marmalade hoverflies (Episyrphus balteatus, 2.1–2.6 mm [57]). The
flower tube of C. cordatum (Liliaceae) does not open as widely as that of Lilium auratum
(Figure 1a,c,d). Therefore, a flower visitor with a short proboscis may not have access to
the nectar of C. cordatum. The long, tube-shaped flower morphology of C. cordatum with
narrow opening corolla may serve as a mechanism that limits visitor access to its nectar,
thus restricting the nectar access to bumblebees that are the most efficient pollinators.

van Rijn et al. [61] reported that marmalade hoverflies feed on both pollen and nectar.
Consistent with their results, we observed that they gathered or fed on pollen dropped
from the anthers to the surface of the petals (Figure 1d). These behaviors may explain
the observed high pollen amount on their body surface (Table 3). We also observed that
sweat bees and marmalade hoverflies were occasionally attached to the stigma, consistent
with their contribution as pollinators (Table 4). Ants are generally considered as nectar
thieves [62], and their contribution to plant reproduction is thought to be low in many
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cases [62], although they indeed in some cases contribute as pollinators [63,64]. Although
the ants observed in the present study (Myrmica ruginodis (s.l.)) were frequent visitors
(Table 1), the number of pollen grains on the body surfaces of the ant species was small
(Table 3). Additionally, we observed that the ants, because of their small body size (ca.
5 mm), rarely came into contact with the stigma. These results indicate that the ant species
may not play a major role as pollinators. Other species, including sap beetles (Nitidulidae
sp.), earwigs (Dermaptera sp.), and spiders (Araneae sp.) occasionally arrived at the outer
surface of the corolla, but they did not enter inside the flower tube (Table 1). The number
of pollen grains on their body surfaces was small (Table 3), indicating that they are not
pollinators, at least in our present results.

Our study has several limitations. First, we investigated only a single population for a
single flowering period. In general, reproductive patterns of plants differ among popula-
tions of the same species from different environments [6,7,36,39]. Second, the existence of
nocturnal floral visitors was not investigated in the present study. Although we are un-
aware of any reports on nocturnal visitors for this plant species, further studies, including
nighttime investigations, are needed in future studies. Third, we did not investigate the
genetic composition or quality component of pollens. Self-pollination causes inbreeding
depression, and hence outcross pollen is generally considered as of higher quality than
self-pollen [1,3,8,25,62,63,65]. Matsuki et al. [3] reported that certain beetle species carry
genetically more diverse outcross pollen than bumblebees. Rostás et al. [62,63] further
argued that fruit or seed set may not give a sufficient estimate of contribution as pollina-
tors and emphasized the importance of investigation of seedling viability and offspring
vigor, which are determined by the genetic composition of pollen. Given these important
limitations, further studies are needed to reconfirm our findings before generalization.
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