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Abstract 24 

 25 

Primula sieboldii E. Morren is a heterostylous clonal herb that is widely distributed in Japan 26 

but in danger of extinction in the wild. The existence of pollinators in each habitat is 27 

imperative for its long-term survival, because seeds can be produced only by insect cross-28 

pollination between different flower morphs. In this study, we identified the pollinators of P. 29 

sieboldii in a wild habitat in Hiroshima as those insects that we observed to (1) put the 30 

proboscis into a corolla tube, (2) deposit pollen grains on the proboscis, and (3) have a 31 

proboscis of appropriate length and width. Effective pollinators were identified from their 32 

contribution to pollination. In 2015 and 2016, the flower visitations of 232 and 558 insects, 33 

respectively, were recorded and 85 and 13 insects were captured. Two Bombylius species, B. 34 

major L. and B. shibakawae Matsumura, accounted for 90% of flower-visiting insects in both 35 

years. All 14 species that we captured were considered pollinators of P. sieboldii, because 36 

they had proboscises that were long enough to reach pollen and that had pollen grains 37 

deposited on them. The total visitation rate of “Bombyliidae” was the highest among all 38 

pollinator categories. The results of potential pollen transport per flower per hour, which was 39 

based on total pollen number and total visitation rate of each pollinator category, indicated 40 

that “Bombyliidae” species were the most effective pollinators of P. sieboldii in this habitat. 41 

 42 
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Introduction 46 

Genetic diversity that is maintained among and within remnant wild populations plays a key 47 

role in the adaptive evolutionary potential of a species in response to fluctuating environments 48 

(Frankham et al., 2002). Because sexual reproduction increases the genetic diversity of wild 49 

populations, the existence of pollinators locally is one of the most important factors for the 50 

long-term survival of endangered insect-pollinated plants. Thus, understanding the ecology of 51 

pollinators is critical for the conservation of endangered plant species. Moreover, it is also 52 

essential to identify which species make large contributions to pollination, because these 53 

effective pollinators should be preferentially preserved in habitats with a high extinction risk. 54 

Primula sieboldii E. Morren is a perennial clonal herb that occupies a range of moist 55 

habitats, from the understory of deciduous forests to well-managed grasslands. The species is 56 

distributed in Japan, on the Korean Peninsula, in northern China, and in eastern Siberia 57 

(Yamazaki, 1993). P. sieboldii has also been bred as a traditional garden herb for about 300 58 

years, beginning in the Edo era in Japan (Torii, 1985), and there are more than 300 cultivars 59 

with various petal colors and shapes that originated by crossbreeding between wild P. 60 

sieboldii individuals in Japan (Honjo et al., 2008). However, overexploitation, destruction of 61 

the species’ habitats, and horticultural collection are threatening wild populations with 62 

extinction in Japan. This species was originally classified in the lower rank of vulnerable, but 63 

it was reclassified as near threatened in 2007 because conservation activities increased the 64 

number of individuals (Iwatsuki, 2008). However, 19 Japanese prefectures regard P. sieboldii 65 

as a threatened species at high risk of extinction and it has already been extirpated in four 66 

prefectures (Association of Wildlife Research and EnVision, 2017).  67 

 P. sieboldii is a heterostylous species with two different flower forms (morphs): short-68 

styled (thrum; T) and long-styled (pin; P). Because plants produce seeds only by insect cross-69 

pollination between different morphs, usually called “legitimate pollination,” the existence of 70 

pollinators in each habitat is essential for long-term survival of wild populations. Under 71 

severe pollinator limitation, however, studies revealed that shortages in the supply of 72 

compatible pollen caused low seed production (Washitani et al., 1994), and model simulations 73 

indicated that the short-styled genets would disappear from the populations, even with high 74 

inbreeding depression (Washitani, 1996). These particular outcomes in the P. sieboldii 75 

population in Japan’s Tajimagahara Nature Reserve were due to the absence of a suitable 76 

pollinator, whose habitat was limited by urban areas and golf courses where insecticides are 77 

heavily applied (Washitani et al., 1991). 78 

 Washitani et al. (1995) reported that queens of bumble bees, such as Bombus diversus 79 
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tersatus Smith, Bombus schrencki albidopleuralis Skorikov, and Bombus deuteronymus 80 

deuteronymus Schulz, were pollinators of P. sieboldii in Hokkaido, northern Japan. However, 81 

seed production has been observed in some habitats with no bumble bee queens, where flower 82 

visitors included Bombylius major L., Rhingia laevigata Loew, Daimio tethys Ménétlès, and 83 

Parnara guttata guttata Bremer et Gret (Takahashi et al., 1992; Yoshida et al., 2012). These 84 

studies did not reveal whether these insects played an important role as pollinators, but 85 

suggested that many pollinators besides bumble bee queens likely contribute to legitimate 86 

pollination in P. sieboldii. In addition, B. diversus tersatus is distributed only in Hokkaido 87 

and so is not common in wild habitats across Japan, so suitable pollinators differ among 88 

habitats. Thus, we need to examine the pollinators in each habitat where P. sieboldii faces 89 

extirpation for the long-term conservation of the species. 90 

 This study was carried out in a wild habitat (Geihoku population) in Kita-Hiroshima 91 

town, Hiroshima prefecture, Japan (132°23′E, 34°44′N). P. sieboldii is classified as a special 92 

natural monument and as threatened I (critically endangered or endangered species) in Kita-93 

Hiroshima town and in Hiroshima prefecture, respectively. Honjo et al. (2005) reported 35 P. 94 

sieboldii genets (T, 17; P, 15; unknown, 3) in the population in 2003, and the morph ratio, 95 

which is important for effective seed production, was equal. Gene diversity of the Geihoku 96 

population was 0.701, relatively high compared with values in 32 wild populations (0.420–97 

0.786) evaluated by Honjo et al. (2009). There is no information about the pollinators of this 98 

population, but seed production has been observed every year, indicating that there are some 99 

suitable pollinators in this population. 100 

 In Kita-Hiroshima town, there is also a cultivated area of P. sieboldii in addition to 101 

ramets growing in wild habitat. This cultivated area is about 30 km, as the crow flies, from the 102 

Geihoku population, and the ramets’ flowers look like those of wild plants, not cultivars. On 103 

the basis of chloroplast DNA variation, Honjo et al. (2005) suggested that these cultivated 104 

ramets originated from other areas such as the Kanto region, not from the Geihoku 105 

population. Many P. sieboldii ramets grow in the cultivated area, and some insects were 106 

visiting their flowers. Therefore, we also caught flower visitors in this area to examine 107 

whether they could be candidate pollinators. 108 

 In this study, we aimed at identifying the pollinators of P. sieboldii in the Geihoku 109 

population, which grows in a wild habitat in Japan. We regarded as pollinators those insects 110 

that we observed to: (1) put the proboscis into a corolla tube, (2) deposit pollen grains on the 111 

proboscis, and (3) have a proboscis of appropriate length and width. Thus, we examined the 112 

visiting insects, counted the number of pollen grains deposited on the proboscises of visiting 113 
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insects, and compared the length and width of each flower visitor’s proboscis to the floral 114 

morphological traits. The contribution of each species to pollination was estimated from the 115 

number of pollen grains and the visitation frequency. From these contributions, we identified 116 

the effective pollinators in this habitat. Exhaustive studies have been conducted on P. 117 

sieboldii as a model species for plant conservation (Washitani et al., 2005). Although genetic 118 

analyses of the species (e.g., QTL analysis and gene identification) have progressed, practical 119 

field research within its local habitats is also important. Our findings will be valuable for the 120 

conservation of habitats where P. sieboldii is at high risk of extinction. 121 

 122 

Materials and Methods 123 

Flower-visiting insects 124 

Four quadrats (2 m × 2 m, quadrats A to D) were placed in the Geihoku population in 2015 125 

and 2016. Although the quadrats were not in the same place in both years, they were placed as 126 

close to the original position as possible. The number of P. sieboldii flowers of each morph 127 

was counted in each quadrat every half day. We regarded those insects inserting their 128 

proboscises into a corolla tube as flower-visiting insects of P. sieboldii. We monitored insect 129 

visits to flowers for 7 days in 2015 and 3 days in 2016, from the end of April to mid-May. 130 

Flower-visiting species were recorded every 15 min per quadrat on non-rainy days from 08:00 131 

to 16:00 h, which corresponds to the activity period of insects in this habitat. Continuous 132 

flower visitations to different flowers within the same quadrat by a single insect were not 133 

recorded. We did not record details of insect visits in the cultivated area, but instead captured 134 

the flower-visiting insects that the number of captured were small or zero in this habitat on 2 135 

days in 2015,  in order to  increase the sample size of pollen grains deposited on proboscis for 136 

analysis. 137 

In both places, the insects were captured with a nylon net when possible. All captured insects 138 

were stored in a 50-mL tube or paraffin paper (for lepidopterans) marked with an 139 

identification number and kept in a freezer. For those species that carry pollen loads on their 140 

legs, immediately after capture we used carbon dioxide to knock them out, and then cut the 141 

legs from the body with scissors to prevent contamination of the pollen grains on the 142 

proboscis. 143 

 144 

Number of pollen grains on the proboscis 145 

We counted the number of pollen grains on the proboscis of all flower-visiting insects that we 146 

captured in 2015 and 2016. Each proboscis was cut using tweezers and scissors and placed 147 
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into 100 μL of 0.4 mol/L sucrose solution in a 1.5-ml tube, and the pollen grains were washed 148 

in this solution as described by Nikkeshi et al. (2016). Then, 0.5 μL of Safranin O was added 149 

to each tube to stain pollen grains. Because the pollen grains of short-styled flowers (14–15 × 150 

17–18 μm) are larger than those of long-styled flowers (11.5–12 × 13–13.5 μm) in P. sieboldii 151 

(Ikuse, 2001), it is easy to distinguish between morphs. The number of pollen grains from 152 

each morph was counted under an optical microscope (DM2500, Leica, Wetzlar, Germany). 153 

To minimize counting error, we counted the pollen grains included in 10 μL twice and then 154 

calculated the average; this procedure was performed 10 times on each 100-μL sample. We 155 

summed the 10 average values to calculate the total pollen grains on the proboscis of each 156 

flower-visiting insect. 157 

 158 

Comparison between proboscis of flower-visiting insects and floral morphological traits 159 

To investigate whether flower-visiting insects have appropriate proboscises for pollination of 160 

P. sieboldii, we measured morphological traits of both the captured insects and flower morphs 161 

and compared them with each other. Because P. sieboldii has a long corolla tube and nectar is 162 

located at the bottom of the tube, only flower-visiting insects with a long proboscis can reach 163 

the nectar. However, those flower-visiting insects with a proboscis that is long enough to 164 

reach pollen can be pollinators. Moreover, previous studies revealed that proboscis width is 165 

also important for pollination in some plants with tubular flowers (Barrios et al., 2016; Moré 166 

et al., 2007). Therefore, we measured the proboscis length and width using a digital caliper as 167 

morphological traits of the flower-visiting insects; the maximum width was regarded as the 168 

proboscis width. 169 

 Petal traits in P. sieboldii are largely determined by genetic factors. We could identify 170 

genets visually from the differences among floral characters (Yoshida et al., 2008), so we 171 

selected 11 individuals (T, 4; P, 7) in 2015 and 32 individuals (T, 17; P, 15) in 2016 with 172 

different petal traits as far as possible, and collected two flowers from each individuals (i.e., 173 

total 86 flowers). Seven floral morphological traits were measured (Fig. 1a): (1) corolla tube 174 

length, (2) corolla tube width, (3) stigma height, (4) anther height (maximum height from the 175 

base of the ovary), (5) nectar distance, (6) pollen distance (minimum distance from the top of 176 

the anther to the corolla tube entrance), and (7) petal area. In this species, nectar is pooled on 177 

the top of the ovary (Fig. 1b), and the actual nectar distance spans from the corolla tube 178 

entrance to the top nectar level. However, it was difficult to measure actual nectar distance of 179 

each flower, because the amount of nectar differed depending on flower-visitation frequency. 180 

Therefore, we defined the nectar distance as the maximum distance from the corolla tube 181 
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entrance to the point where the ovary and corolla tube meet. When some nectar was available 182 

in a corolla tube, the actual distance was shorter than the nectar distance. Each flower was 183 

photographed alongside a scale marker (9 mm × 9 mm) with a digital camera (OM-D E-M5, 184 

Olympus), and these morphological traits were measured in the image processing program 185 

ImageJ v. 1.48 (Schneider et al., 2012). Petal area was regarded as a parameter of display size. 186 

 187 

Estimation of the contribution to pollination 188 

Two species of Bombylius, B. major L. and B. shibakawae Matsumura, were observed in this 189 

habitat. Although these species have a different wing pattern, it is difficult to distinguish 190 

between them when they are flying, so they were analyzed together as the category 191 

“Bombyliidae.” Likewise, it was sometimes difficult to identify lepidopterans to species by 192 

visual observation, so we analyzed them as the category “Lepidopterans.” For the pollinators 193 

that fulfilled the three conditions, visitation rate per flower per hour was calculated by 194 

dividing the number of flower visitations by the number of flowers and observation time for 195 

each pollinator species or category in each year. The visitation rate was calculated by using 196 

weighted averages to account for the different observation time between years, such that the 197 

total visitation rate indicated the weighted average of pooled data for 2 years. We calculated 198 

potential pollen transport per flower per hour (PPT; Nikkeshi et al., 2019) by multiplying the 199 

number of pollen grains by visitation rate, as a parameter of the contribution to pollination of 200 

P. sieboldii in the Geihoku population. From these calculations, the species with the highest 201 

value of PPT was regarded as the most effective pollinator in this habitat. 202 

 203 

Statistical analysis 204 

To examine the effects of proboscis length and width on pollination efficiency in P. sieboldii, 205 

we used the generalized linear mixed models (GLMMs) function in the glmmADMB package 206 

(Skaug et al., 2014), in which we used log10-transformed number of pollen grains deposited 207 

on the proboscis of all captured insects as the response variable (family = Gaussian), the 208 

proboscis length and width as explanatory variables, and observation day and quadrat ID as a 209 

random effect. Because quadrats with the same ID (e.g., 2015A and 2016A) were not placed 210 

at exactly the same position each year, eight quadrat IDs (2015A, 2015B, …, 2016C, 2016D) 211 

were used for the analysis. In addition, we analyzed the log10-transformed number of 212 

deposited pollen grains of two categories (“Bombyliidae” and “Lepidopterans”) for which we 213 

captured more than 20 individuals as the response variable and the proboscis length and width 214 

as explanatory variables (family = Gaussian, random effect = observation day and quadrat 215 
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ID). The significance of differences in floral morphological traits between morphs was tested 216 

by one-way ANOVA. We also tested the correlation between morph (short-styled or long-217 

styled) and the number of pollen grains on the proboscis of flower visitors. All statistical 218 

analyses were performed in the free R v. 3.6.1 software (R Development Core Team, 2019). 219 

 220 

Results 221 

Quadrat A had only long-styled flowers in, but the other three had both morphs (Table S1). In 222 

2015, our observations began at the peak of flowering on 5 May. No insects visited the 223 

flowers on 17 May, so we finished our observations, even though many insects were observed 224 

in the habitat. At that time, there were many plants that were taller than P. sieboldii, such as 225 

Equisetum arvense L. and Cardiocrinum cordatum (Thunb.) Makino, and they covered P. 226 

sieboldii in this habitat. In 2016, we started the observation at the beginning of flowering to 227 

examine the pollinators through the flowering period of P. sieboldii for 2 years. 228 

 229 

Flower-visiting insects 230 

In the Geihoku population, total observation times were 46.5 h in 2015 and 68.0 h in 2016 231 

(Table 1). We recorded the flower visitations of 232 and 558 insects and captured 85 and 13 232 

insects in 2015 and 2016, respectively. All captured insects were identified to the species 233 

level, and they represented 10 species. Two Bombylius species accounted for 90% of flower-234 

visiting insects in both years. Because we had captured a sufficient number of Bombylius 235 

individuals in 2015, we did not capture them in 2016. Twelve lepidopteran insects that could 236 

not be captured were classified as “unknown” in the category “Lepidopterans” (Table 1). 237 

 In the cultivated area, we captured 16 insects belonging to six species (Table 2). Because 238 

the number and density of flowers in the cultivated area were greater than those in the habitat, 239 

many insects visited the flowers. Bombylius individuals also accounted for the largest number 240 

of observations in the cultivated area, but none were captured there because the number of 241 

individuals captured in the habitat was sufficient. The lepidopterans Lycaena phlaeas, Pieris 242 

melete, and Papilio maackii and the bumble bee Bombus ardens ardens were observed only in 243 

the cultivated area.  244 

 245 

 246 

Number of pollen grains deposited on the proboscis 247 

All captured insects had pollen grains deposited on the proboscis (Table 2). Bombus diversus 248 

diversus had the largest total number of pollen grains (mean = 19829.5), but the number 249 
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differed greatly between the two specimens (SD = 16916.1). On the other hand, the smallest 250 

numbers of total pollen grains were observed on Pterodecta felderi and L. phlaeas. The total 251 

number of pollen grains on P. maackii (mean = 964.0), with a longer and wider proboscis, 252 

was larger than those of other “Lepidopterans,” but all values in this category were <1000 and 253 

were smaller than those in other categories except “Campsomeris prismatica.” Furthermore, 254 

the number of deposited pollen grains of the long-styled morph was more than that of the 255 

short-styled morph in all categories except “Campsomeris prismatica.” There was a 256 

significant positive correlation between the log10-transformed number of deposited pollen 257 

grains of the two morphs (P < 0.01; Fig. 2). Pollen grains from plants other than P. sieboldii 258 

were also observed in this study. Some of them could be identified to the species level, such 259 

as Ixeris japonica, Lamium purpureum, Smilax china, Tristagma uniflorum, and Veronica 260 

persica. The pollen sizes of these species, ranging from 24.5–27 × 24.5–27 μm in S. china to 261 

33–35 × 35–37 μm in V. persica (Ikuse, 1956, 2001), were larger than that of P. sieboldii.  262 

The number of total pollen grains deposited on each pollinators in these species was not 263 

counted. 264 

 265 

Comparison between proboscis of flower-visiting insects and floral morphological traits 266 

Six floral traits differed significantly between morphs (Table S2). The corolla tube length and 267 

width of the short-styled morph were greater than those of the long-styled morph, indicating 268 

that the flower of the short-styled morph was slightly larger. The pollen distance in the short-269 

styled morph (0.79 mm) was much shorter than that in the long-styled morph (3.46 mm), 270 

indicating that short-styled flowers have pollen that is more easily accessible to pollinators. 271 

On the other hand, there was no difference in petal area between morphs (Table S2). 272 

Yoshioka et al. (2007) reported that bumble bees could discriminate only an extreme 273 

difference in petal area (~3.4 cm2), suggesting that petal area has no effect on the visitation 274 

rate of flower-visiting insects in this habitat. 275 

 Papilio maackii had the longest proboscis (21.01 mm) and B. diversus diversus and 276 

Anthophora plumipes also had proboscises >15 mm in length, whereas P. felderi and L. 277 

phlaeas had very short proboscises (4.13 and 4.37 mm, respectively; Table 2). This result 278 

indicates that there were large differences in proboscis length among flower-visiting insects of 279 

P. sieboldii. 280 

 When comparing proboscis length with nectar distance, B. diversus diversus, A. plumipes 281 

(except one individual), and P. maackii had longer proboscises than nectar distance in all 282 

flowers (Fig. 3a). Half of the captured individuals of B. major and B. shibakawae, B. ardens 283 
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ardens, and Campsomeris prismatica Smith and most lepidopteran species had shorter 284 

proboscises than nectar distance in some flowers, and Eucera nipponensis Pérez and the 285 

lepidopterans Anthocharis scolymus (Butler), L. phlaeas, P. melete, and P. felderi had shorter 286 

proboscises than nectar distance in all flowers. In addition, the proboscises of most insects 287 

were sufficiently long to reach pollen of all flowers in both morphs (Fig. 3a). Proboscises of 288 

P. felderi (4.13 mm) and L. phlaeas (4.37 mm) were longer than pollen distance in all short-289 

styled flowers, but were of insufficient length to reach pollen in some long-styled flowers. 290 

 Bombus ardens ardens, A. plumipes, E. nipponensis, and C. prismatica had thicker 291 

proboscises than those of the other 10 species (Table 2; Fig. 3b). Their proboscises were 292 

thicker than the corolla tube width in some long-styled flowers, but pollen grains of the long-293 

styled morph were deposited on their proboscises, indicating that the thickness of a proboscis 294 

does not prevent insertion into a corolla tube. 295 

 296 

Relationship between proboscis traits and total pollen grains on the proboscis 297 

From the results of the GLMM analysis of all insect categories, proboscis length and width 298 

had significantly positive effects on the number of deposited pollen grains (Table 3, Figure 299 

S1). Likewise, we noted significant positive effects of proboscis length and width within each 300 

morph. In the categories “Bombyliidae” and “Lepidopterans,” only proboscis length had a 301 

significantly positive effect on total pollen grains and that of each morph. 302 

 303 

Potential pollen transport per flower per hour 304 

All captured insects fulfilled the three conditions, indicating that 14 species were pollinators 305 

of P. sieboldii in the two places. The total visitation rate of “Bombyliidae” was the highest 306 

among all categories (Table 1) and was nearly 16 times that of “Lepidopterans,” which had 307 

the second highest rate. PPT, which was based on total pollen number and total visitation rate, 308 

was highest in “Bombyliidae” (66.8916 grains/flower/h), whereas the values of the other six 309 

categories were <6 grains/flower/h (Table 4). 310 

 311 

Discussion 312 

Pollinators of P. sieboldii in the Geihoku population 313 

All insects that we captured had proboscises that were long enough to reach pollen, and pollen 314 

grains were deposited on their proboscises. Thus, we revealed that 14 species in eight 315 

families—Bombyliidae, Apidae, Scoliidae, Pieridae, Callidulidae, Papilionidae, Lycaenidae, 316 

and Hesperiidae—were pollinators of P. sieboldii in the Geihoku population of Hiroshima. In 317 
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addition to B. major and some lepidopteran species for which flower visitations have been 318 

previously reported, A. plumipes, B. shibakawae, B. diversus diversus, B. ardens ardens, E. 319 

nipponensis, and C. prismatica were also identified as pollinators of P. sieboldii. 320 

 The 14 pollinator species could be roughly divided into five functional groups: 321 

Bombyliidae (bee-flies), bumble bees, medium-sized bees, scolid wasps, and lepidopterans. 322 

Hoehn et al. (2008) and Albrecht et al. (2012) indicated that pollinator diversity (species 323 

richness and functional group) was positively related to seed set, and Albrecht et al. (2012) 324 

also indicated that flower visitation by specific taxa was important for seed set. These studies 325 

indicated that flower visitation by multiple pollinators is more effective for seed production 326 

than by one pollinator, even if the number of flower visitations is the same. Moreover, 327 

although “Lepidopteran” species carry fewer pollen grains than the other categories, 328 

pollination by these species is essential for effective seed production in P. sieboldii, because 329 

butterflies tend to contribute to cross-pollination because of longer flights between individual 330 

flower visits (Willmer, 2011). Thus, for seed production in the Geihoku population, it is 331 

necessary to maintain habitats suitable for Bombylius species, with the highest flower 332 

visitation rate, as well as for the other four functional groups. 333 

 334 

Most effective pollinators in the Geihoku population 335 

Our data indicate that the two Bombylius species were the most effective pollinators of P. 336 

sieboldii in the Geihoku population. Considering the numbers of B. major and B. shibakawae 337 

captured, B. major may be the more effective pollinator in this habitat. Kastinger & Weber 338 

(2001) reported that B. major preferred tubular or hypocrateriform type flowers to disc 339 

flowers and lip flowers; and P. sieboldii has the tubular flowers that B. major prefers. 340 

Shimono & Washitani (2007) showed that B. major was also one of two effective pollinators 341 

of Primula modesta in Nagano, central Japan. P. modesta was pollinated complementarily by 342 

two species depending on the different seasonality and daily activities, whereas we observed 343 

consecutive visits by both Bombylius species to P. sieboldii during the flowering period in the 344 

Geihoku population, suggesting that steady visitation by B. major and B. shibakawae is 345 

essential for the pollination of P. sieboldii. 346 

 Bombylius major is found across the whole northern temperate zone, from Europe to 347 

Japan and in North America (Kastinger & Weber, 2001). It is distributed throughout Japan, 348 

from Hokkaido to the Kyushu region (Masunaga, 2014), and is not listed in the Red List of 349 

Japan. On the other hand, B. shibakawae is distributed in Japan and Korea (Lee & Han, 2017) 350 

and has a limited geographic range in Japan (Masunaga, 2014). Bombylius shibakawae is 351 
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classified as an endangered species in four prefectures (Association of Wildlife Research and 352 

EnVision, 2017), as threatened I (critically endangered or endangered) in Yamaguchi, as 353 

vulnerable in Kyoto, and as near threatened in Osaka and Nara. In 1916, Masunaga (2014) 354 

reported the distribution of this species as only Osaka and Kyoto. Since then, however, it has 355 

been found in other prefectures, including Hiroshima, and it is expected that B. shibakawae 356 

has a wider geographic range than previously reported. Currently, there is no report that B. 357 

shibakawae has become endangered in Hiroshima, and the possibility that the number of B. 358 

major will decline in Hiroshima is low. 359 

 Bumble bee queens have been considered to be important pollinators of P. sieboldii 360 

(Washitani et al., 2005). In this study, however, the PPT value of “Bombus diversus” in the 361 

Geihoku population was considerably lower than that of “Bombyliidae.” Washitani et al. 362 

(1995) and Matsumura & Washitani (2002), respectively, reported that the average total 363 

numbers of pollen grains deposited on queen bumble bee proboscises were 19,642 (n = 4) and 364 

10,031 (n = 13) from the short-styled morph of P. sieboldii and 18,758 (n = 7) and 13,475 (n 365 

= 12) from the long-styled morph. These reported numbers of pollen grains were greater than 366 

the numbers measured in this study (Table 2). One reason may be that the number of pollen 367 

grains within each flower decreases with multiple pollinator visits in the Geihoku population. 368 

However, even if sufficient pollen grains were deposited on the proboscis of B. diversus 369 

diversus, the PPT of “Bombyliidae” (66.8916 grains/flower/h) was larger than that of 370 

“Bombus diversus,” based on average total pollen grains of those previous studies (11.5200 371 

and 7.0518 grains/flower/h, respectively). Although we should consider that visiting the same 372 

flowers is not effective for seed set in P. sieboldii and that Bombylius species tend to visit 373 

flowers of the same ramets (Yoshida, personal observation), we did not observe continuous 374 

flower visitations to different flowers of the same ramets in this study. Therefore, our results 375 

indicate that “Bombyliidae” bee-flies, with high frequency of flower visitation, contribute to 376 

the pollination of P. sieboldii in this habitat. 377 

 378 

Effects of proboscis length and width on pollination 379 

Pollinators had three types of proboscis length: (1) longer than the nectar distance in all 380 

flowers, (2) longer than the nectar distance in some flowers, and (3) shorter than the nectar 381 

distance in all flowers (Fig. 3a). It is difficult to measure nectar distance accurately in the 382 

field, however, because the nectar amount depends on the frequency of flower visitation by 383 

pollinators. Therefore, we standardized nectar distance as the maximum distance to nectar. 384 

This meant that some pollinators could not suck nectar when visiting flowers. On the other 385 
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hand, two insects had a shorter proboscis than pollen distance in some long-styled morphs 386 

(Fig. 3a), but pollen of the long-styled morph was still deposited on their proboscis. Thus, 387 

pollinators with a short proboscis sometimes could not reach nectar in long-styled flowers, but 388 

they could still pollinate flowers of P. sieboldii. Similar results were reported by Darrault & 389 

Schlindwein (2005), who showed that one-third of the flower-visiting species have mouth 390 

parts of insufficient length to reach the nectar in Hancornia speciosa. However, these species 391 

could still pollinate flowers because they touch the pollen and the receptive portion of the 392 

style head. These results show that having a proboscis that is long enough to reach pollen is 393 

an important condition for pollinators of P. sieboldii. The only insect that did not have pollen 394 

of the short-styled morph deposited on the proboscis was P. felderi (Table 2), whose 395 

proboscis length, at 4.13 mm, was sufficient to reach pollen in short-styled flowers. 396 

Therefore, we consider that this lack of short-styled pollen on the single P. felderi individual 397 

captured occurred by chance. 398 

 In all species except C. prismatica, the number of pollen grains deposited on the 399 

proboscis from long-styled flowers was greater than that from short-styled flowers (Table 2). 400 

Matsumura & Washitani (2006) reported that the number of pollen grains carried after one 401 

visitation of B. diversus tersatus was 10,000 ± 4800 (n = 13) to a short-styled morph and 402 

13,500 ± 4800 (n = 12) to a long-styled morph. They also reported that the number of pollen 403 

grains produced was 150,000 ± 28,000 in the short-styled morph and 300,000 ± 60,000 in the 404 

long-styled morph. Our result also indicate that pollinators more easily transfer the pollen of 405 

long-styled flowers than that of short-styled flowers in P. sieboldii. 406 

 Proboscis length and width had significant positive effects on the number of pollen grains 407 

on the proboscis in all categories (Table 3, Figure S1). This result indicates that a longer and 408 

thicker proboscis of pollinators could transfer more pollen grains of P. sieboldii. However, 409 

having this type of proboscis does not mean the insect is a more effective pollinator, because 410 

the number of total pollen grains on B. diversus diversus was more than that on P. maackii, 411 

with the longest proboscis, and A. plumipes, with the thickest proboscis. The results of this 412 

and previous studies indicate that the proboscis length and width of B. diversus diversus 413 

might be suitable for transferring the most pollen grains of P. sieboldii. Moreover, the results 414 

of GLMM analysis also revealed that the effects of proboscis length and width on pollination 415 

efficiency were similar between flower morphs. In terms of the category, proboscis width had 416 

no significant effect on total pollen grains and only proboscis length had a significant positive 417 

effect in “Bombyliidae” and “Lepidopterans” (Table 3). The range of proboscis lengths was 418 

quite different between “Bombyliidae” (6.86–10.06 mm) and “Lepidopterans” (3.55–21.54 419 
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mm), but proboscis length is important for transferring many pollen grains in both insect 420 

categories. This study reveals that both proboscis length and width were related to pollination 421 

efficiency in P. sieboldii, but the effect on pollination efficiency of each trait depends on the 422 

species or category of insect.  423 

 424 

Conclusion 425 

A large number of genets within a population by sexual reproduction is very important for 426 

long-term survival of heterostylous P. sieboldii. For that, the existence of pollinators as well 427 

as equal morph ratio within a population are essential. Of the 14 species identified as 428 

pollinators in the Geihoku population, 13 (except B. shibakawae) also have the potential to 429 

serve as pollinators of P. sieboldii in other habitats, because they are widely distributed 430 

throughout Japan (Inomata et al., 2013; Masunaga, 2014; Yamane, 2008). Furthermore, most 431 

insects with a long proboscis that we observed in this habitat visited the flowers of P. 432 

sieboldii, suggesting that any species with a long proboscis could be a pollinator of P. 433 

sieboldii if it lives in the P. sieboldii habitats. 434 

 Corolla tube length differed significantly among five wild populations of P. sieboldii 435 

used in previous studies (Yoshida et al., 2008, 2009) in a common-garden experiment 436 

(Yoshida et al., unpublished), suggesting that these populations have become differentiated as 437 

a result of directional natural selection because of different pollinators in each habitat. Thus, 438 

we expect that there are not only common insect species, but also unique species that serve as 439 

effective pollinators in each habitat. Although it would be ideal to identify the species’ 440 

pollinators in all habitats, conservation studies should first focus on identifying pollinators in 441 

P. sieboldii populations showing a decreasing number of genets and seed production 442 
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Table 1. Number of visits and insects captured and visitation rates of each category and species in 2015 and 2016 562 

 563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 

Total observation time 46.5 h 68.0 h

Total no. of flowers 5928 flowers 2179 flowers

Category species No. of visits No. of insects
captured Visitaion rate No. of visits No. of insects

captured Visitaion rate
Total
visitation
rate

Bombylius major 68 -

Bombylius shibakawae 12 -

Bombus diversus Bombus diversus diversus 11 2 0.00056 2 - 0.00013 0.00030

Bombus ardens Bombus ardens ardens 2 - 0.00013 1 - 0.00006 0.00009

Anthophora plumipes Anthophora plumipes - - - 7 2 0.00080 0.00048

Eucera nipponensis Eucera nipponensis - - - 2 1 0.00019 0.00011

Campsomeris prismatica Campsomeris prismatica 1 1 0.00004 1 - 0.00013 0.00009

Anthocharis scolymus 1 1 9 5

Erynnis montanus - - 8 2

Lycaena phlaeas - - - -

Papilio maackii 1 - - -

Parnassius citrinarius - - - -

Pieris melete - - 6 3

Pterodecta felderi 1 1 - -

Unknown 8 - 4 -
Total 232 85 558 13

0.00207

Bombyliidae 207 0.01644 518 0.04534 0.03360

2015 2016

Lepidopterans 0.00094 0.00284
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Table 2. Morphological traits and number of pollen grains deposited on the proboscis of all captured insects 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 

 595 

SD, standard deviation. 596 
a The numbers in parentheses indicate the number of insects captured in the cultivated area in 2015. 597 
b T, short-styled; P, long-styled morph. 598 

Mean SD Mean SD Mean SD Mean SD Mean SD

Bombylius major 68 (0) 8.51 0.78 0.50 0.09 2757.6 2796.8 183.1 218.0 2574.5 2759.4

Bombylius shibakawae 12 (0) 8.95 0.62 0.51 0.10 1223.5 989.6 36.6 45.3 1186.9 966.2

Bombus diversus Bombus diversus diversus 2 (0) 17.90 0.38 0.64 0.01 19829.5 16916.1 4415.0 2911.9 15414.5 14004.2

Bombus ardens Bombus ardens ardens 1 (1) 9.71 - 0.83 - 1373.0 - 499.0 - 874.0 -

Anthophora plumipes Anthophora plumipes 6 (4) 15.49 2.07 0.95 0.28 3328.5 891.3 1339.5 956.0 1989.0 664.3

Eucera nipponensis Eucera nipponensis 1 (0) 6.04 - 0.91 - 1177.0 - 360.0 - 817.0 -

Campsomeris prismatica Campsomeris prismatica 1 (0) 8.48 - 0.86 - 202.0 - 118.0 - 84.0 -

Anthocharis scolymus 8 (2) 10.16 2.16 0.26 0.07 276.3 239.7 54.6 59.6 221.6 192.8

Erynnis montanus 2 (0) 11.68 1.02 0.26 0.04 264.5 2.1 82.5 71.4 182.0 73.5

Lycaena phlaeas 2 (2) 4.37 1.15 0.22 0.07 13.0 4.2 1.0 1.4 12.0 5.7

Parnassius citrinarius 3 (0) 10.64 0.21 0.29 0.02 186.0 256.6 21.7 20.1 164.3 237.6

Papilio maackii 2 (2) 21.01 0.75 0.60 0.02 964.0 1032.4 387.5 507.0 576.5 525.4

Pieris melete 5 (5) 9.32 0.70 0.43 0.13 140.8 174.2 30.8 65.6 110.0 128.6

Pterodecta felderi 1 (0) 4.13 - 0.27 - 30.0 - 0.0 - 30.0 -

No. of T pollen grainsb No. of P pollen grainsb

Bombyliidae

Lepidopterans

Category Species
No. of insects
captureda

Proboscis length (mm) Proboscis width (mm) Total no. of pollen grains
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Table 3. Results of the generalized linear mixed model (GLMM) analysis of the effects of proboscis length and width on pollination 599 

efficiency in Primula sieboldii 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

SE, standard error of mean. 610 

 611 

Coefficient SE Z  value p  value Coefficient SE Z  value p  value Coefficient SE Z  value p  value
All insect (intercept) 0.257 0.324 0.79 0.427 -0.659 0.330 -2.00 0.0454 1.012 0.337 3.00 0.0027

Proboscis length 0.129 0.027 4.89 <0.001 0.164 0.025 6.48 <0.001 0.107 0.027 4.01 <0.001
Proboscis width 1.169 0.356 3.28 0.001 1.313 0.348 3.78 0.0002 1.014 0.372 2.73 0.0064

Bombyliidae (intercept) 0.452 0.807 0.56 0.575 -0.401 0.662 -0.60 0.5453 1.201 0.674 1.78 0.0750
Proboscis length 0.233 0.094 2.48 0.013 0.249 0.076 3.27 0.0011 0.207 0.077 2.70 0.0070
Proboscis width -0.237 0.747 -0.32 0.751 -0.006 0.609 -0.01 0.9921 -0.229 0.607 -0.38 0.7070

Lepidopterans (intercept) 0.732 0.363 2.02 0.044 0.163 0.438 0.37 0.7090 1.300 0.462 2.81 0.0049
Proboscis length 0.118 0.034 3.43 0.001 0.158 0.042 3.81 0.0001 0.078 0.044 1.78 0.0750
Proboscis width -1.533 1.099 -1.39 0.163 -2.158 1.326 -1.63 0.1036 -0.908 1.400 -0.65 0.5165

Category Explanatory variable
Total pollen grains Short-styled (T) Long-styled (P)
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Table 4. Potential pollen transport per flower per hour for each insect category 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 

  623 

Category
Potential pollen transport

(/flower/hour)

Bombyliidae 66.8916

Bombus diversus 5.9805

Bombus ardens 0.1233

Anthophora plumipes 1.5840

Eucera nipponensis 0.1353

Campsomeris prismatica 0.0186

Lepidopterans 0.5547
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Figure legends 624 

 625 

Figure 1. Flower morphology in Primula sieboldii. (a) Schematic diagram of the seven 626 

floral morphological traits measured in this study: (1) corolla tube length, (2) corolla 627 

tube width, (3) stigma height, (4) anther height, (5) nectar distance, (6) pollen distance, 628 

and (7) petal area. (b) The position of nectar (enclosed in black triangle) in a P. sieboldii 629 

flower of the Geihoku population. Each scale-bar indicates 9 mm. 630 

 631 

Figure 2. Relationship between the log10-transformed numbers of pollen grains of the 632 

short-styled and long-styled morphs of Primula sieboldii deposited on captured insects’ 633 

proboscises. 634 

 635 

Figure 3. (a) Comparison between proboscis length of the seven categories of captured 636 

pollinators and nectar distance and pollen distance in the short-styled (T) and long-637 

styled (P) flowers of Primula sieboldii, and (b) comparison between proboscis width 638 

and corolla tube width. 639 
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Table S1. Number of total flowers and of the short-styled (T) and long-styled (P) morphs in four quadrats (A–D) in 2015 and 2016 

 

 

 

 

 

 

 

 

 

 

 

 

 

T, short-styled; P, long-styled morph. 

Total T P Total T P Total T P Total T P
6-May 316 0 316 123 85 38 228 201 27 662 465 197
7-May 312 0 312 133 85 48 208 171 37 624 466 158
8-May 306 0 306 138 83 55 236 189 47 629 480 150
9-May 202 0 202 103 50 53 215 169 46 422 285 137
10-May 217 0 217 111 54 57 220 175 45 526 388 138
17-May 10 0 10 21 5 16 32 17 15 88 61 27
18-May 6 0 6 17 4 13 26 15 11 52 29 23
29-Apr 116 0 116 87 12 75 169 54 115 226 215 11
30-Apr 152 0 152 93 17 76 228 61 167 246 235 11
1-May 178 0 178 118 11 107 238 75 163 328 299 29

C D
Date

2015

2016

Year
A B
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Table S2. Mean values and standard deviations of seven floral morphological traits in 

the short-styled (T) and long-styled (P) morphs of Primula sieboldii 

 

 

 

 

 

 

 

 

 

 

SD, standard deviation. 

**p < 0.01 

Mean SD Mean SD

(1) Corolla tube length (mm) 12.55 0.15 11.90 0.17 7.8 **

(2) Corolla tube width (mm) 1.68 0.03 1.26 0.03 89.0 **

(3) Stigma height (mm) 7.57 0.12 10.98 0.14 345.7 **

(4) Anther height (mm) 11.62 0.13 8.32 0.15 279.2 **

(5) Nectar distance (mm) 11.44 0.15 10.74 0.16 10.0 **

(6) Pollen distance (mm) 0.79 0.06 3.46 0.07 893.5 **

(7) Petal area (cm2) 3.81 0.13 4.05 0.16 1.4

Trait
T  (n =42) P  (n =44)

t value
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Figure S1. Relationships between the log10-transformed number of total pollen grains 

deposited on the proboscises of three categories of pollinators of Primula sieboldii and 

proboscis length (a) and width (b). 
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