
Acc
ep

ted
 M

an
us

cri
pt

© The Author(s) 2023. Published by Oxford University Press on behalf of the Annals of Botany 

Company. 

This is an Open Access article distributed under the terms of the Creative Commons Attribution 

License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 

distribution, and reproduction in any medium, provided the original work is properly cited. 

Sexual dimorphism and female advantage hypothesis in the gynomonoecious-

gynodioecious Dianthus plumarius (Caryophyllaceae) 

 

Sabrina S. Gavini 

 

Grupo de Ecología de la Polinización, Instituto de Investigaciones en Biodiversidad y Medio 

Ambiente (INIBIOMA), CONICET - Universidad Nacional del Comahue, Quintral 1250, 

8400, San Carlos de Bariloche, Rio Negro, Argentina 

 

E-mail sabrinagavini@comahue-conicet.gob.ar 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/advance-article/doi/10.1093/aobpla/plad084/7453198 by guest on 28 N

ovem
ber 2023



Acc
ep

ted
 M

an
us

cri
pt

Abstract  

To explain the co-existence and maintenance of females along with hermaphrodite plants, the 

female-advantage hypothesis has been proposed where females should show greater 

fecundity compared to their conspecific hermaphrodites. On the other hand, greater attraction 

would be selected in the hermaphrodites to increase their male function, potentially leading to 

larger showier flowers, with more rewards. Here, I tested the sexual dimorphism trade-off 

hypothesis with the gynomonoecious-gynodioecious Dianthus plumarius (Caryophyllaceae), 

in the gardens of Bariloche (Patagonia, Argentina). I measured in female and hermaphrodite 

plants: flower size, nectar volume and concentration, flower lifespan, ovule production, seed 

number, seed set, and seed weight. Additionally, bagging and pollen supplementation 

experiments were carried out to evaluate pollen limitation, probability of apomixis, if 

spontaneous autogamy is possible, and to examine the importance of pollen origin. I found 

that hermaphrodite flowers are more attractive, with larger-sized flowers and higher nectar 

volume, whereas female flowers compensate with longer lifespan of stigmatic receptivity and 

more concentrated nectar. Despite ovule number was lower in female flowers, these showed 

higher seed-set, and produced more and heavier seeds than hermaphrodites under open 

pollination. No evidence of apomixis was found in females, but spontaneous autogamy may 

occur in hermaphrodites. Hand-pollination experiments showed first that both flower-types 

suffered pollen-limitation, but it was higher on hermaphrodite flowers. Finally, despite self-

compatibility, pollen origin is important because hand self-pollination decreased seed weight. 

These findings provide strong evidence in support to the mechanisms and underlying 

conditions that would allow the co-existence and maintenance of female and hermaphrodite 

individuals within populations. 

 

Key words: bumblebees, Dianthus plumarius, dimorphism, flower size, geitonogamy, 

gynodioecy, inbreeding depression, nectar production, ovule number, rewards   
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INTRODUCTION 

In animal-pollinated plants, floral traits strongly affect species fitness through pollinator 

attraction. Numerous studies have assessed the relationship between pollination visitation and 

intraspecific floral trait variation such as flower morphology, reward quantity, quality and 

presentation schedules, and/or timing of flowering, among others (e.g., Fenster et al. 2004; 

Tsuji et al. 2020; Essenberg 2021; Devegili and Farji-Brener 2021). Gynodioecy, the co-

occurrence of female and hermaphrodite individuals within populations of a given species, 

was believed to be one of the rarest sexual polymorphisms in angiosperms (≪1% of species, 

see Godin and Demyanova 2013). However, gynodioecy is phylogenetically widespread, it is 

estimated that occurs in approximately 7-10% of the flowering plant families (Delannay 

1978; McCauley and Olson 2008) or up to ~21% according to Caruso et al. (2016), and is 

mostly associated with perennial herbs, temperate climate, and entomophilous pollination 

(Godin and Demyanova 2013; Caruso et al. 2016).  

 

As with many other floral polymorphisms, the appearance and maintenance of gynodioecy 

remains intriguing (Dufay and Billard 2012), despite the great number of theoretical and 

empirical studies triggered by this phenomenon in the last decades (McCauley and Bailey 

2009). Specifically, it raises the question of how female individuals are maintained while 

competing with hermaphrodites that gain fitness through both male (seed siring) and female 

(seed set) functions. Theory predicts that the persistence of females, along with 

hermaphrodites, can only occur when there is a female advantage over hermaphrodites that 

allows female plants to achieve higher fecundity by producing more seeds and/or seeds of 

higher quality seeds than hermaphrodites (Lewis 1941; Charlesworth and Charlesworth 

1978). It is believed that the evolution of gynodioecy from hermaphroditism can involve changes 

in the floral structure such that male or female fitness is enhanced in hermaphrodite and female 

plants, respectively (Gibson and Diggle 1997). Ultimately, female flowers can have a much larger 

female function compared to hermaphrodites because they do not allocate resources to the male 

function and do not pay the cost of producing inbred seeds. Even though a female advantage 

should be needed in gynodioecious species, its magnitude is theoretically expected to vary with the 

genetic determination of the male sterility. In particular, the magnitude of the female advantage 

can be low (i.e. females are better, but not necessarily twice better, than hermaphrodites) when sex 

determination is nuclear-cytoplasmic, whereas at least a 2-fold advantage is required in the case of 

purely nuclear-transmitted male sterility (Lewis 1941; Shykoff et al. 2003; Dufay and Billard 

2012). Previous meta-analyses showed evidence of this female advantage in many, but not all, 
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gynodioecious species (reviewed in Shykoff et al. 2003; Dufay and Billard 2012; Varga 

2021). On the other hand, hermaphrodites are generally more attractive to pollinators because 

they produce much larger flowers (Eckhart 1993, 1999; Williams et al. 2000; Shykoff et al. 

2003; Asikainen and Mutikainen 2005; McCall and Barr 2012; Miyake et al. 2018) and 

provide greater diversity and availability of rewards than female flowers (Eckhart 1999; 

Ashman et al. 2000). As a result, in gynodioecious species pollinators are expected to visit 

the larger, more conspicuous hermaphrodite flowers first to facilitate the pollination of the 

expected less showy and strictly outcrossing female ones (Darwin 1877).  

 

A lineage with wide-ranging sexual polymorphisms is the carnation family (Caryophyllaceae) 

(Jürgens et al. 2002; Casimiro-Soriguer et al. 2015). Many species of Silene and Dianthus 

have been used as model systems for understanding the evolution of gynodioecious or 

gynomonoecious-gynodioecious mating systems (e.g., Collin and Shykoff 2003; Shykoff et 

al. 2003; Lafuma and Maurice 2006; Bernasconi et al. 2009; Casimiro-Soriguer et al. 2015). 

In the case of Dianthus, many aspects of the sexual dimorphism were assessed in D. 

sylvestris (Collin et al. 2002; Collin and Shykoff 2003), D. shinanensis (Kuhara and 

Sugawara 2002), D. superbus (Sugawara et al. 1994: Kuhara and Sugawara 2002; Miyake et 

al. 2018), and D. pavonius (Bruns et al. 2019), all in the species native ranges (Europe or 

Asia). However, to date there is no clear evidence in favor of the female-advantage 

hypothesis for this genus. For instance, in D. sylvestris, despite seed mass being higher in 

females, there were no differences in seed number and germination between morphs (Collin 

et al. 2002). In D. shinanensis, hermaphrodites showed better female success, whereas in D. 

superbus female success was either similar between morphs (Kuhara and Sugawara 2002) or 

higher in hermaphrodites (Sugawara et al. 1994). Consequently, the purpose of the present 

study was to explore the reproductive nature of Dianthus plumarius (Fig. 1), a 

gynomonoecious-gynodioecious species native from central Europe. In the context of this 

study, there are no wild populations, D. plumarius is exotic and is only cultivated as an 

ornamental in the gardens of San Carlos de Bariloche in Patagonia, Argentina. Using D. 

plumarius as a model system, I tested the previously explained sexual dimorphism trade-off 

hypothesis of hermaphrodite flowers being more attractive than female flowers, but female 

ones showing an advantage over hermaphrodites in terms of higher female reproductive 

success. I measured in female and hermaphrodite plants; flower size, floral rewards and 

flower lifespan. Additionally, bagging experiments and pollen supplementation experiments 

were carried out to evaluate pollen limitation, probability of apomixis, whether spontaneous 
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autogamy is possible, and to examine the importance of pollen origin. Ultimately, I compared 

the reproductive success of female and hermaphrodite flowers. Accordingly, I predicted 

larger flowers and reward production in hermaphrodites, whereas a higher number of seeds 

and/or seed quality were expected in females. 

 

MATERIALS AND METHODS  

Study species and site 

Dianthus L. (Caryophyllaceae) comprises more than 300 species and occurs in temperate 

regions worldwide. Dianthus plumarius L., better known as cottage or feathered pink and 

characterized by its feathery-edged petals (Fig. 1a), is an entomophilous long-lived perennial 

herb native of Europe. Its flowers have five petals and are fragrant, pink, or alternatively fully 

white, sometimes with red/burgundy bands surrounding the center, and they produce nectar 

from the base of a narrow calyx tube. Individual plants may be large and with many flowers, 

sometimes having >100 flowers opening simultaneously, providing hermaphrodites the 

opportunity for selfing. Dianthus species are self-compatible; however, selfing can only 

occur through geitonogamy because flowers are strongly protandrous. Hence, hermaphrodite 

flowers produce pollen first, developing a receptive stigma after all the anthers withered (Fig. 

1a,b). Instead, the stigma of female flowers is receptive as soon as the flower opens (Fig. 

1a,c). Anthers are still present on female flowers but they are extremely reduced and not 

functional. Both type of flowers wither following pollination. According to previous studies 

with other Dianthus species, most common pollinators are moths, butterflies, and bees 

(Jürgens et al. 2002, 2003; Kuhara and Sugawara 2002). Field observations indicate that D. 

plumarious is gynomonoecious-gynodioecious, i.e. populations composed of hermaphrodite 

individuals with only perfect flowers, female individuals with only pistillate flowers, and 

gynomonoecious individuals with both perfect and pistillate flowers. 

 

The study was performed in the city of San Carlos de Bariloche (41°08’ S, 71°18’ W), 

located in the northwest of Patagonia Argentina (Río Negro province) and included within 

the limits of the Nahuel Huapi National Park. Climate is temperate-cold and humid with a 

Mediterranean-type rainfall regime with rain and snowfall mainly during winter (Dimitri 

1972). The flowering of Dianthus plumarius ranges from late spring to the early summer. The 

study was conducted from November 2022 to January 2023. Different streets of the urban 

area and neighborhoods were visited, and if present, D. plumarius plants were marked. All 
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flowers were inspected almost daily to determine the plant’s floral morph. From this survey, I 

found a total of 69 plants; 32 hermaphrodites, 22 females and 15 gynomonoecious 

individuals, scattered in eight sites. 

 

Morphological, phenological and nectar differences between flower morphs   

I recorded the total number of flowers produced per plant in all 69 plants, and the type of 

individual (female, hermaphrodite, gynomonoecious) from daily monitoring as some flowers 

withered and new flowers developed. In the case of gynomonoecious individuals, the number 

of female and hermaphrodite flowers was counted to determine if there was a predominant 

morph. To determine morphometric differences between hermaphrodite and female flowers I 

collected 160 flowers from 40 individual plants (20 female plants vs. 20 hermaphrodite 

plants, 80 female flowers vs. 80 hermaphrodite flowers), gathering four flowers per plant, and 

measured corolla diameter, petal length, and calyx tube length using calipers. In addition, I 

labeled flower buds that were inspected twice a day, every day that the flower lasted to 

examine the flowers’ lifespan. Specifically, I followed 12 females and 22 hermaphrodite 

flowers since the bud stage. 

 

I measured nectar volume with 1 µl capillaries and nectar concentration using a hand-held 

refractometer (°Brix). Nectar measurements were performed in unbagged flowers, i.e. flowers 

exposed to visitors, in order to assess natural levels of nectar available, and in bagged 

flowers, i.e. which were bagged from the bud stage, to assess the levels of nectar that each 

flower morph can produce. For unbagged flowers, I measured nectar volume in 316 flowers 

from 50 individual plants (22 female plants vs. 28 hermaphrodite plants, 162 female flowers 

vs. 154 hermaphrodite flowers) by gathering five to eight flowers per plant. About 20 flowers 

were empty (11 female flowers and nine hermaphrodite flowers), thus analyses of nectar 

volume comprised 296 flowers only. From these 296 flowers, I could measure nectar 

concentration in 251 flowers (22 female plants vs. 28 hermaphrodite plants, 121 female 

flowers vs. 130 hermaphrodite flowers) with four to six flowers per plant, because the amount 

of nectar extracted was too low in 45 flowers. I bagged a total of 130 flower buds, five buds 

per plant in 26 plants (13 female plants vs. 13 hermaphrodite plants, 65 female flowers vs. 65 

hermaphrodite flowers). I was able to measure nectar volume and concentration for all 130 

flowers.  
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Natural and manual pollination experiments 

To measure natural levels of seed production in both morphs, several flower buds per plant 

were randomly selected, labeled, and covered with mesh-net bags. Bagging and pollen 

supplementation experiments were carried out to evaluate pollen limitation, probability of 

apomixis, whether spontaneous autogamy is possible despite protandry, and to examine the 

importance of pollen origin (self vs. cross). In the case of hermaphrodite flowers, one of four 

treatments was applied: (i) bagged flowers were left untouched [n = 50 flowers] to test for 

spontaneous autogamy, (ii) open pollination with flowers exposed and eventually visited by 

pollinators [n = 200], (iii) hand self-pollination (i.e. hand-pollinated flowers with pollen of a 

male-phase flower from the same individual plant) [n = 66] or (iv) hand cross-pollination (i.e. 

hand-pollinated flowers with pollen from a plant, at least, 10 m apart) [n = 66]. Flowers in 

treatments (iii) and (iv) were re-bagged after hand pollination for a month until fruit 

maturation. In the case of female flowers, one of three treatments were applied: (i) bagged 

flowers left untouched [n = 50] to test for apomixis (i.e. asexual reproduction without 

fertilization leading to the formation of seeds), (ii) open pollination with flowers exposed and 

eventually visited by pollinators [n = 125], or (iii) hand cross-pollination [n = 70]. 

Experimental flowers [n = 627] corresponded to 28 plants (11 female plants vs. 17 

hermaphrodite plants), with pollination treatments replicated several times within plants. 

After fruit collection, I counted the number of developed and aborted seeds. The sum of both 

seed classes was considered as an estimated of total number of ovules per flower. As a 

measure of seed quality, developed seeds were weighed using an analytical balance. I 

weighed 5457 seeds split across n = 200 samples, corresponding to the following five 

treatments: open-pollinated female flowers [n = 40 samples], cross-pollinated female flowers 

[n = 40], open-pollinated hermaphrodite flowers [n = 40], cross-pollinated hermaphrodite 

flowers [n = 40] and self-pollinated hermaphrodite flowers [n = 40]. Each sample is a random 

subset of seeds from an experimental fruit. Seed samples corresponded to 18 plants (8 female 

plants vs 10 hermaphrodite plants), from 4-5 flowers per treatment per plant (i.e., 10 random 

flowers per female plant and 12 random flowers per hermaphrodite plant). As an estimation 

of individual seed weight the following formula was applied: individual seed weight = total 

weight of seeds in the sample / total number of seeds in the sample. 

Statistical analyses 

Analyses were conducted in R Software version 4.3.0 (R Development Core Team 2023). 

General and generalized linear mixed effect models were used with the glmmTMB package 

(Brooks et al. 2017). The number of flowers per plant was analyzed with plant morpho-type 
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(female, hermaphrodite, gynomonoecious) as a fixed effect and site as a random effect, 

considering a negative binomial error distribution and a log-link function. All subsequent 

analyzes include the comparison between female and hermaphrodite plants, i.e. 

gynomonoecious individuals were discarded, because of the scarcity of plants of this morpho-

type and the large differences in the flower type ratio within plants (see results). The three 

morphometric traits (corolla diameter, petal length, calyx tube length) were analyzed with 

flower type (hermaphrodite vs. female) as a fixed effect and plant individual as a random 

effect, considering a normal distribution and identity-link function. I analyzed the number of 

ovules (poisson error distribution), nectar volume (gamma error distribution), and nectar 

concentration (gaussian error distribution), following the same model structure as before. 

From the pollination experiment, experimental flowers from spontaneous autogamy 

[hermaphrodite flowers, n = 50] and apomixis [female flower, n = 50] treatments were no 

included in the statistical analyses because of the lack of fruits (see results). I analyzed fruit 

data only from experiments of cross pollinated, open pollinated and self-pollinated flowers [n 

= 527]. In female plants there were only two levels of the pollination treatment (cross 

pollination, open pollination), whereas in hermaphrodite flowers there were three (cross 

pollination, open pollination, self pollination). Because this disabled the possibility of 

assessing the interaction between the pollination treatment and the flower morph, I decided to 

perform models for each flower morph separately [n = 332 of hermaphrodite experimental 

flowers, n = 195 of female experimental flowers]. Accordingly, I used the pollination 

treatment as a fixed effect and plant individual as a random effect, to analyze the number of 

seeds per fruit (negative binomial error distribution), ratio of formed seeds per fruit or seed 

set (beta-binomial error distribution), and seed weight (gamma error distribution in female-

flower model, gaussian error distribution in hermaphrodite-flower model). Finally, the 

magnitude of the female advantage was quantified as the ratio of the average value in females 

divided by the average value in hermaphrodites. For this, I first used data from open-

pollinated flowers in order to assess whether females benefit from a female advantage or 

disadvantage in natural conditions (Dufay and Billard 2012), secondly I used data from hand 

cross-pollinated flowers. For each individual plant I performed the following calculation: 

number of flowers produced × seed number per fruit, and number of flowers produced × seed 

weight. I calculated the average value for both sexual morphs and then the ratio. A ratio > 1 

would imply a female advantage in females, if the ratio = 1 there is no advantage, a ratio < 1 

would imply a female disadvantage compared to hermaphrodites. 
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RESULTS 

Morphological, phenological and nectar differences between flower morphs   

Among the 69 plants the number of flowers varied considerably, with several plants with > 

100 flowers, in fact one female plant had about 800 flowers. There was no evidence that the 

total number of flowers differed between plant sexual morpho-types (χ² = 0.819, df = 2, p = 

0.664). Full-hermaphrodite plants had 89.6 + 25.1 flowers, full-female plants 117.4 + 36.5, 

whereas gynomonoecious plants had 109.8 + 37.0 flowers (estimated mean + 1 SE). On 

average, ~41% of the flowers are simultaneously open. In the 15 gynomonoecious plants, 

three possible scenarios were found: female flowers prevail (n = 6 plants), hermaphrodite 

flowers prevail (n = 6), or that both morphs were similarly represented (n = 3). I considered 

as a predominant floral morph when one type of flower represented >65% of the total number 

of flowers present in the plant. Examples of extreme cases where one floral morph 

dominated, and could have been erroneously categorized as a full-hermaphrodite individual, 

occurred in two plants where the female flowers represented < 2% of the total number of 

flowers (1.1% and 1.8% of all flowers were female).  

 

All measurements associated with flower size (corolla diameter, petal length, calyx tube 

length) strongly evidenced that hermaphrodite flowers were larger than female flowers (Fig. 

2a corolla diameter: χ² = 88.4, df = 1, p < 0.0001; Fig. 2b petal length: χ² = 58.6, df = 1, p < 

0.0001; Fig. 2c calyx tube length: χ² = 24.7, df = 1, p < 0.0001). Using fruits collected from 

the pollination experiments (n = 527, 195 female flowers vs. 332 hermaphrodite flowers), I 

compared ovule number between floral morphs. Hermaphrodite flowers produced 13% more 

ovules than female flowers (χ² = 29.9, df = 1, p < 0.0001) with hermaphrodites having 69.8 

ovules / flower [lower CI 68.0 – upper CI 71.7] whereas females showed 61.9 ovules / flower 

[lower CI 59.9 – upper CI 64.0]. 

 

In all locations I observed that the main plant sexual morpho-types (female and 

hermaphrodite) began to flower together. However, towards the end of the flowering season 

of D. plumarius, the plants still in flower corresponded to hermaphrodite individuals only. 

Flowers remain open during day and night. Female flowers, after open, lasted (mean + 1 SE) 

8.5 + 0.9 days, ranging from 5 to 13 days. In the case of hermaphrodite flowers, I recorded 

the number of days in the male phase, intermediate phase (i.e., stigma present but not fully 

developed and, almost, all anthers withered) and in the female phase. Number of days in the 

male phase was 2.6 + 0.2 (range from 1 to 4 days). Number of days in the intermediate phase 
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was 0.7 + 0.1 (range from 0 to 1 day). These values are due to the fact that, in 7 of the 22 

flowers, the previous night were in the male phase and the next early morning it had a fully 

developed stigma, and thus they were recorded as in the female phase. Finally, the number of 

days in the female phase was 4.1 + 0.4 (range from 2 to 9 days). Accordingly, the total 

number of days that a hermaphrodite flower lasts was 7.4 + 0.4, ranging from 5 to 12 days. 

The hermaphrodite flower with shortest lifespan presented 2 days in male phase and 3 days in 

female phase. Instead, the longest-lived hermaphrodite flower was 2 days in male phase, 1 

day in the intermediate phase, and 9 days in female phase. Therefore, flower lifespan is 

mainly determined by the length of the female phase, which in turn is determined by 

pollination success. In fact, hand-pollinated flowers or flowers visited by insects one day 

close the next day with shriveled stigmas. Ultimately, the receptivity lifespan of female 

flowers was 2.1 longer than those of the hermaphrodites.  

 

Measurements in unbagged flowers evidence that nectar volume is 41% higher in 

hermaphrodite flowers (Fig. 3a, χ² = 6.99, df = 1, p = 0.008211). In female exposed flowers, 

nectar volume ranged from <1 to 9.7 µl and in hermaphrodite flowers from <1 to 15.6 µl 

(Fig. 3a). The difference between floral morphs in nectar volume became much stronger in 

bagged flowers (χ² = 60.79, df = 1, p < 0.0001, Fig. 3b). By comparing unbagged and bagged 

flowers, nectar volume increased 1.7 times in female flowers, and 3.2 times in hermaphrodite 

flowers. On the other hand, nectar concentration (ºBrix) was, on average, 25% higher in 

female flowers (Fig. 3c, d), a pattern that persisted regardless of whether flowers were 

unbagged (χ² = 20.73, df = 1, p < 0.0001) or bagged (χ² = 27.70, df = 1, p < 0.0001). 

 

Natural and manual pollination experiments 

None of the bagged female flowers produced fruit and seeds, thus no apomixis occurred in 

the female flowers of D. plumarius. In the case of bagged hermaphrodite flowers, only eight 

flowers formed fruit, thus showing an autogamous fruit set of 16%. Instead, all open-

pollinated (control) and hand-pollination treatments in both floral morphs formed fruits. 

Artificial pollination experiments evidenced pollen limitation in both floral morphs (Fig. 4), 

because hand-pollinated flowers produced higher number of seeds and seed set than open-

pollinated flowers (Table 1). Overall, under open pollination female flowers showed greater 

female success than hermaphrodite flowers (Fig. 4), specifically female flowers exposed to 

pollinators produced 29% more seeds and showed 58% higher seed set than hermaphrodite 

flowers.  
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In the case of females, cross-pollinated flowers produced 64% more seeds (Fig. 4a) and 

showed 57% higher seed set (Fig. 4b) than open-pollinated flowers (Table 1). In the case of 

hermaphrodites, the lowest reproductive success was found in open-pollinated flowers (Fig. 

4, Table 1), evidencing greater pollen limitation in hermaphrodite than in female flowers. 

Additionally, there were differences between hand-pollination treatments (cross pollination 

vs. self pollination: z.ratio = 4.71, p < 0.0001 for seed number; z.ratio = 7.35, p < 0.0001 for 

seed set). Whereas hand self-pollination resulted in 37% more seeds and 54% higher seed set 

than open-pollinated flowers, hand cross-pollination resulted in increases of ~140% for both 

seed number and seed set compared to open-pollinated flowers (Fig. 4).  

 

Seeds from female flowers were, on average, 32% heavier than seeds from hermaphrodite 

flowers under open-pollination (Fig. 4c). Instead, under the cross-pollination treatment, seeds 

from females were only 8-9% heavier than the seeds from hermaphrodites. Moreover, seed 

weight of females, surprisingly, was 5.2 % higher in the open-pollination than cross-

pollination treatment (Table 1, Fig. 4c). Specifically, open-pollinated female flowers 

produced seeds weighing, on average, 1.42 mg. Contrariwise; seed weight in hermaphrodites 

was 16% higher in the cross-pollination treatment compared to open-pollination (Table 1). 

There were also differences between open-pollination and self-pollination treatments (z.ratio 

= 2.79, p = 0.0167). The self-pollination treatment represented the lowest seed quality 

scenario with seeds weighing, on average, a little less than 1 mg (Fig. 4c).  

 

Finally, for open-pollinated data females showed female advantage in both reproductive traits 

explored (female/hermaphrodite ratio = 1.70 for number of flowers produced × seed number 

per fruit; ratio = 1.73 for number of flowers produced × seed weight). In the case of hand-

pollinated data, ratios decrease but were still greater than 1 (ratio = 1.16 for number of 

flowers produced × seed number per fruit; ratio = 1.42 for number of flowers produced × 

seed weight). 

DISCUSSION  

A necessary condition for the appearance and maintenance of females in gynodioecious 

species is that a female fertility advantage occurs. In this study, I tested this hypothesis in the 

gynomonoecious-gynodioecious pink Dianthus plumarius. Results provide strong evidence in 

support to the female-advantage hypothesis. First, I found that hermaphrodite flowers are 

indeed more attractive, with larger-sized flowers and higher nectar availability. Female 
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flowers compensate for their reduced attractiveness with longer stigmatic receptivity lifespan 

and, curiously, more concentrated nectar. Second, although no apomixis occurs in the 

obligate outcrossing females, according to pollination experiments they showed greater 

female success than hermaphrodites. Female flowers produced more seeds per fruit, higher 

seed-set and heavier seeds, therefore presumably of better quality, than hermaphrodites. Even 

though hermaphrodite flowers are strongly protandrous, spontaneous autogamy may occur. 

Moreover, geitonogamy can occur very easily owed to the profuse number of flowers 

simultaneously open in each plant. Also, hand-pollination experiments indicate that pollen 

origin is important. Particularly, despite self-pollination translated into higher seed number 

and seed-set than open-pollination, seed weight declined. Overall, the study provides strong 

support to the mechanisms and underlying conditions that would lead to the co-existence of 

females along with hermaphrodite plant individuals. 

 

Flowering plants display a wide diversity of floral traits that are hypothesized to evolve in 

response to natural selection by pollinators (Harder and Johnson 2009). Selection should 

favor traits that improve pollen transfer and fertilization success. In the case of gynodioecy, 

this should lead to sexual dimorphisms in pollinator attracting traits, rendering hermaphrodite 

flowers being more attractive to guarantee pollen transport and pollination success of the 

strictly outcrossing females. In particular, flower size is expected to play a key role in 

attracting pollinators (Goodwillie et al. 2010). Sexual dimorphism in flower size has been 

previously studied in several species of Dianthus. Results of this study show that in D. 

plumarius the hermaphrodite flowers were larger than females, a pattern consistent with D. 

sylvestris (Collin et al. 2002; Collin and Shykoff 2003), D. shinanensis (Kuhara and 

Sugawara 2002), D. superbus (Kuhara and Sugawara 2002; Miyake et al. 2018), and D. 

pavonius (Bruns et al. 2019). Ultimately, my findings add to previous reviews showing larger 

hermaphrodite flowers to be a common phenomenon in gynodioecious plant systems 

(Eckhart 1999; Shykoff et al. 2003). Pollinators may select to visit first the larger flowers 

because they are more conspicuous and/or because they may be associated with larger 

rewards too (Blarer et al. 2002). Indeed, the hermaphrodite flowers of D. plumarius were the 

ones containing higher nectar volume, with 20% of the bagged flowers presenting, at least, 

10µl. 

 

On the other hand, female flowers, reliant on the presence and abundance of hermaphrodites 

for pollen availability, compensate their supposedly lower attractiveness (i.e., smaller flowers 
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and less nectar volume) with twice-longer stigmatic receptivity lifespan than hermaphrodites. 

An unexpected result was consistently a more concentrated nectar in these flowers. High 

sugar concentrations offer greater energetic reward for bees, however as concentration 

increases so does the viscosity (Nardone et al. 2013), which makes harder for bees to imbibe 

with their tongues (Kim et al. 2011). Consequently, pollinators may spend more time on 

flowers with higher nectar concentrations. This increased time per flower could benefit 

female flowers if increased flower handling times are associated with increased pollen 

deposition. A previous study experimentally showed that the higher the nectar concentration, 

the longer the visit per flower (Thomson et al. 2012). Specifically, in flowers with a 

concentration of 30%, bumblebee visits lasted 5-6 seconds, whereas visits on flowers with a 

concentration of 10% lasted 1-2 seconds only. Their findings also showed that flowers with 

concentrated nectar receive more pollen than those with dilute nectar (Thomson et al. 2012). 

As follows, more concentrated nectar could be a side strategy of the female flowers to 

enhance the time spent of pollinators and, hence, their pollination success. 

 

Females are, supposedly, at a selective disadvantage because they contribute genes to the 

next generation through ovules only, whereas hermaphrodite flowers through ovules and 

pollen. Consequently, for females to be maintained in gynodioecious populations they must 

have some compensating selective advantage, specifically through better seed production 

and/or quality compared with hermaphrodites (Dufay and Billard 2012; Varga 2021). Here I 

found evidence in support of the female-advantage hypothesis. First, under open pollination 

the female flowers of D. plumarius showed higher seed production per fruit and seed set than 

hermaphrodite flowers. Second, fruits from females formed heavier seeds, so will possibly 

have an advantage over small seeds in total nutrient content. Third, comparisons between 

hand-pollinated flowers and flowers exposed to pollinators indicated that both floral types 

suffer pollen-limitation, but it is lower in females. Finally, the magnitude in the female 

advantage was estimated. Females of D. plumarius showed a female advantage magnitude of 

~1.7 for open-pollinated flowers. Curiously, a relatively similar value was reported for 

Dianthus sylvestris (1.62), according to the estimations by Dufay and Billard (2012) for the 

same reproductive trait. Although the genetic system underlying male sterility is known for a 

very limited number of species, the low female advantage value found here (greater than 1 but 

lower than 2) agrees with a nuclear-cytoplasmic sex determination, where females are better, but 

not necessarily twice better, than hermaphrodite individuals. Consistently with these findings, 

recent studies have determined cytoplasmic male sterility in Dianthus spiculifolius (Liu et al. 
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2023). The next step could be assessing seeds germination success and seedlings growth rate, 

to confirm that female plants would have a higher contribution or probability to succeed in 

the following generation.  

 

The female advantage observed in D. plumarius may result from a combination of several 

non-exclusive mechanisms, such as (i) re-allocation of resources saved from pollen 

production (Shykoff et al. 2003), (ii) higher style receptivity, and/or (iii) better ovule quality. 

For instance, the style of females may be more efficient for the capture and attachment of 

pollen; as seen in Silene acaulis, where the female flowers had longer styles and longer 

stigma papillae, hence larger stigmatic surfaces, than hermaphrodite flowers (Shykoff 1992). 

On the other hand, ovule production in Dianthus seems to vary considerably within and 

between species; for example, the number of ovules per flower in Dianthus superbus was not 

different between hermaphrodites and females, while in D. shinanensis hermaphrodites 

produced more ovules (Kuhara and Sugawara 2002). Here, consistent with the findings in D. 

shinanensis, I found that hermaphrodite flowers of D. plumarius produce a higher number of 

ovules than females. Accordingly, a trade-off between ovule quantity and quality might exist, 

so that lower ovule quantity in females, may underlie better quality per ovule. Furthermore, 

since apomixis does not occur, (iv) females’ progeny results exclusively from obligate 

outcrossing. This selfing avoidance enhances seed quality, in comparison with the self-

compatible hermaphrodite flowers whose progeny can also result from self-pollination, and 

thus are less suitable due to inbreeding depression. In fact, under natural conditions 

hermaphrodites of the gynodioecious Fragaria vesca produce seeds by self-fertilization 75% 

of the times (Li et al. 2011). Despite strong protandry, hermaphrodites of D. plumarius can 

suffer spontaneous autogamy as suggested by bagging experiments, but odds are low. Yet, 

since numerous flowers are simultaneously open per plant, self-pollination can easily occur 

through geitonogamy (Williams et al. 2000). Geitonogamy in hermaphrodites settles the 

grounds for the female fitness-advantage, if such selfing results in inbreeding depression 

(Eckert 2000).  

 

Hand self-pollination experiments in hermaphrodite flowers led to higher seed number and 

seed-set compared to flowers exposed to pollinators, but were lower than cross-pollinated 

flowers. Autogamy or geitonogamy may provide reproductive assurance in hermaphrodite 

plants of D. plumarius when pollination services and/or hermaphrodite neighbor plants are 

scarce. However, the decrease in the weight of seeds under the self-pollination treatment can 
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be viewed as evidence of early inbreeding depression. Seeds from self-pollinated flowers 

weighed, on average, < 1 mg, therefore, their germination and vigor may be compromised 

(Massimi 2018). A reduction in seed quality that resulted from selfing in hermaphrodites is 

consistent with the findings reported for other gynodioecious species such as Silene nutans 

(Dufay et al. 2010), Dianthus sylvestris (Collin et al. 2009) and Dianthus pavonius (Bruns et 

al. 2019). Pollen donor quality may also explain unexpected results in female flowers. As 

predicted, the reproductive success of female flowers increased under the cross-pollination 

treatment. However, seed weight was found to be better under open-pollination. A possible 

explanation for this is that for the cross-pollination treatment I provided fresh pollen from 

only one distant donor within the site, whereas it is possible that more-distant pollen and/or 

greater donor diversity arrived to the stigmas of the flowers exposed to pollinators. Flower 

stigmas can be viewed as the arena in which prezygotic mate selection occurs (Aizen et al. 

1990; Niesenbaum 1999; Erbar 2003). Under more competitive conditions particular pollen 

grains develop vigorous pollen tubes, increasing the probability that a superior male 

gametophyte achieves fertilization (Niesenbaum 1999; Paschke et al. 2002), potentially 

resulting in better quality embryos. Accordingly, open pollination flowers may increase 

female offspring fitness only if post-pollination selection favors competitively superior, more 

spatially distant, genetically more diverse, or less closely related pollen (Aizen et al. 1990; 

Paschke et al. 2002; Souto et al. 2002) compared with the single-donor pollen sample I 

provided under the cross-pollination treatment. 

 

In conclusion, these findings strongly support the existence of a female advantage in 

Dianthus plumarius. Overall, results suggest that inbreeding depression following selfing in 

the attractive hermaphrodite flowers likely contributes to the maintenance of female plants. 

But this effect is also accompanied by significant features showed by female flowers such as 

selfing avoidance, twice longer stigmatic receptivity lifespans, and more concentrated nectar, 

which may act as a side strategy to increase the time spent by pollinators during nectar 

collection, thus, enhancing pollination success. All this has potentially contributed to the 

female advantage reported here for all measured traits (higher seed number, greater seed set, 

higher seed weight) over hermaphrodites, and explains the co-existence and maintenance of 

females along with hermaphrodite plants.  

  

  

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/advance-article/doi/10.1093/aobpla/plad084/7453198 by guest on 28 N

ovem
ber 2023



Acc
ep

ted
 M

an
us

cri
pt

DATA AVAILABILITY STATEMENT 

Data deposited at Zenodo: https://zenodo.org/doi/10.5281/zenodo.10073115 

 

ACKNOWLEDGEMENTS  

I thank Cecilia Ezcurra, Marcelo Aizen and Carolina Quintero for useful comments and 

suggestions on the manuscript, the National Research Council of Argentina CONICET, and 

the National Fund of Research (PICT 2021-00145), and to the Associate Editor (A. Brennan) 

and the anonymous reviewer for many helpful comments and suggestions on how to improve 

earlier versions of the manuscript. 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/advance-article/doi/10.1093/aobpla/plad084/7453198 by guest on 28 N

ovem
ber 2023



Acc
ep

ted
 M

an
us

cri
pt

REFERENCES 

Aizen MA, Searcy KB, Mulcahy DL. 1990. Among- and Within-Flower Comparisons 

of Pollen Tube Growth Following Self- and Cross-Pollinations in Dianthus chinensis 

(Caryophyllaceae). American Journal of Botany 77(5): 671-676. doi:10.2307/2444813 

Ashman TL, Swetz J, Shivitz S. 2000. Understanding the basis of pollinator 

selectivity in sexually dimorphic Fragaria virginiana. Oikos 90(2): 347–356. 

doi:10.1034/j.1600-0706.2000.900216.x 

Asikainen E, Mutikainen PIA. 2005. Preferences of pollinators and herbivores in 

gynodioecious Geranium sylvaticum. Annals of Botany 95: 879–886. 

doi:10.1093/aob/mci094 

Bernasconi G, Antonovics J, Biere A, et al. 2009. Silene as a model system in ecology 

and evolution. Heredity 103(1): 5–14. doi:10.1038/hdy.2009.34 

Blarer A, Keasar T, Shmida A. 2002. Possible Mechanisms for the Formation of 

Flower Size Preferences by Foraging Bumblebees. Ethology 108(4): 341–351. 

doi:10.1046/j.1439-0310.2002.00778.x 

Brooks ME, Kristensen K, van Benthem KJ, et al. 2017. glmmTMB Balances Speed 

and Flexibility Among Packages for Zero-inflated Generalized Linear Mixed Modeling. The 

R Journal 9(2): 378–400. doi:10.32614/RJ-2017-066 

Bruns EL, Miller I, Hood ME, Carasso V, Antonovics J. 2018. The role of infectious 

disease in the evolution of females: evidence from anther-smut disease on a gynodioecious 

alpine carnation. Evolution 73: 497-510. doi:10.1111/evo.13640  

Caruso CM, Eisen K, Case AL. 2016. An Angiosperm-Wide Analysis of the 

Correlates of Gynodioecy. International Journal of Plant Sciences 177(2): 115–121. 

doi:10.1086/684260  

Casimiro-Soriguer I, Buide ML, Narbona E. 2015. Diversity of sexual systems within 

different lineages of the genus Silene. AoB PLANTS, 7, plv037. doi:10.1093/aobpla/plv037 

Charlesworth B, Charlesworth D. 1978. A Model for the Evolution of Dioecy and 

Gynodioecy. The American Naturalist 112(988): 975–997. doi:10.1086/283342 

Collin C, Penet L, Shykoff J. 2009. Early inbreeding depression in the sexually 

polymorphic plant Dianthus sylvestris (Caryophyllaceae): Effects of selfing and biparental 

inbreeding among sex morphs. American Journal of Botany 96(12): 2279–2287. 

doi:10.3732/ajb.0900073 

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/advance-article/doi/10.1093/aobpla/plad084/7453198 by guest on 28 N

ovem
ber 2023



Acc
ep

ted
 M

an
us

cri
pt

Collin C, Pennings P, Rueffler C, Widmer A, Shykoff J. 2002. Natural enemies and 

sex: how seed predators and pathogens contribute to sex-differential reproductive success in a 

gynodioecious plant. Oecologia 131(1): 94-102. doi: 10.1007/s00442-001-0854-8.  

Collin C, Shykoff J. 2003. Outcrossing rates in the gynomonoecious-gynodioecious 

species Dianthus sylvestris (Caryophyllaceae). American Journal of Botany 90(4): 579–585. 

doi:10.3732/ajb.90.4.579 

Darwin C. 1877 The different forms of flowers on plants of the same species. D. 

Appleton & Company; New York: 1877. 

Delannay X. 1978. La gynodioécie chez les angiospermes. Naturalistes Belges 59: 

223–303. 

Devegili AM, Farji-Brener AG. 2021. Association of flower color with pollen reward 

may explain increased bumblebee visitation to the Scotch broom yellow morph. Plant 

Ecology 222: 1325–1334. doi:10.1007/s11258-021-01181-x 

Dimitri MJ. 1972. La región de los bosques andino-patagónicos. Sinopsis General. 

Colección Científica INTA, Buenos Aires. 

Dufay M, Billard E. 2012. How much better are females? The occurrence of female 

advantage, its proximal causes and its variation within and among gynodioecious species. 

Annals of Botany 109(3): 505–519. doi:10.1093/aob/mcr062  

Dufay M, Lahiani E, Brachi B. 2010. Gender Variation and Inbreeding Depression in 

Gynodioecious‐Gynomonoecious Silene nutans (Caryophyllaceae). International Journal of 

Plant Sciences 171(1): 53–62. doi:10.1086/647916 

Eckert CG. 2000. Contributions of autogamy and geitonogamy to self-fertilization in a 

mass-flowering, clonal plant. Ecology 81(2): 532–542. doi:10.2307/177446 

Eckhart V. 1993. Do hermaphrodites of gynodioecious Phacelia linearis 

(Hydrophyllaceae) trade off seed production to attract pollinators? Biological Journal of the 

Linnean Society 50(1): 47–63. doi:10.1006/bijl.1993.1047 

Eckhart VM. 1999. Sexual dimorphism in flowers and inflorescences. In: Geber A, 

Dawson TE, Delph LF, eds. Gender and dimorphism in flowering plants. Springer-Verlag, 

Berlin, Germany, 123–148. 

Erbar C. 2003. Pollen Tube Transmitting Tissue: Place of Competition of Male 

Gametophytes. International Journal of Plant Sciences 164(S5): S265–S277. 

doi:10.1086/377061  

Essenberg CJ. 2021. Intraspecific relationships between floral signals and rewards 

with implications for plant fitness. AoB PLANTS 13(2) doi:10.1093/aobpla/plab006 

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/advance-article/doi/10.1093/aobpla/plad084/7453198 by guest on 28 N

ovem
ber 2023



Acc
ep

ted
 M

an
us

cri
pt

Fenster CB, Armbruster WS, Wilson P, Dudash MR, Thomson JD. 2004. Pollination 

Syndromes and Floral Specialization. Annual Review of Ecology, Evolution, and Systematics 

35: 375–403. doi:10.1146/annurev.ecolsys.34.011802.132347 

Gibson JP, Diggle PK. 1997. Structural analysis of female and Hermaphroditic 

Flowers of a Gynodioecious Tree, Ocotea Tenera (Lauraceae). American Journal of Botany 

84(3): 298–307. doi:10.2307/2446003 

Godin VM, Demyanova EI. 2013. On the distribution of gynodioecy in the flowering 

plants. Botanical Journal (Russia) 93: 1465–1487. 

Goodwillie C, Sargent RD, Eckert CG, et al. 2010. Correlated evolution of mating 

system and floral display traits in flowering plants and its implications for the distribution of 

mating system variation. New Phytologist 185(1): 311–321. doi:10.1111/j.1469-

8137.2009.03043.x 

Harder LD, Johnson SD. 2009. Darwin's beautiful contrivances: evolutionary and 

functional evidence for floral adaptation. New Phytologist 183(3): 530–545. doi: 

10.1111/j.1469-8137.2009.02914.x. 

Jürgens A, Witt T, Gottsberger G. 2002. Pollen grain numbers, ovule numbers and 

pollen-ovule ratios in Caryophylloideae: correlation with breeding system, pollination, life 

form, style number, and sexual system. Sexual Plant Reproduction 14(5): 279–289. 

doi:10.1007/s00497-001-0124-2 

Jürgens A, Witt T, Gottsberger G. 2003. Flower scent composition in Dianthus and 

Saponaria species (Caryophyllaceae) and its relevance for pollination biology and taxonomy. 

Biochemical Systematics and Ecology 31(4): 345–357. doi:10.1016/s0305-1978(02)00173-4 

Kim W, Gilet T, Bush JW. 2011. Optimal concentrations in nectar feeding. 

Proceedings of the National Academy of Sciences 108: 16618-16621. doi: 

10.1073/pnas.1108642108 

Kuhara T, Sugawara T. 2002. Floral and pollination biology of two gynodioecious 

herbs, Dianthus shinanensis and D. superbus (Caryophyllaceae). Acta Phytotaxonomica et 

Geobotanica 53: 161-171. doi: 10.18942/apg.KJ00003256684 

Lafuma L, Maurice S. 2006. Reproductive characters in a gynodioecious species, 

Silene italica (Caryophyllaceae), with attention to the gynomonoecious phenotype. Biological 

Journal of the Linnean Society 87(4): 583–591. doi:10.1111/j.1095-8312.2006.00597.x 

Lewis D. 1941. Male sterility in natural populations of hermaphrodite plants. New 

Phytologist 40: 56–63. doi: 10.1111/j.1469-8137.1941.tb07028.x 

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/advance-article/doi/10.1093/aobpla/plad084/7453198 by guest on 28 N

ovem
ber 2023



Acc
ep

ted
 M

an
us

cri
pt

Li J, Koski M, Ashman TL. 2011. Functional characterization of gynodioecy in 

Fragaria vesca ssp. bracteata (Rosaceae). Annals of Botany 109(3): 545–552. 

doi:10.1093/aob/mcr279  

Liu Y, Sun H, Ye R. et al. 2023. Potential candidate genes and pathways related to 

cytoplasmic male sterility in Dianthus spiculifolius as revealed by transcriptome analysis. 

Plant Cell Reports 42: 1503–1516. doi:10.1007/s00299-023-03045-2 

Massimi M. 2018 Impact of seed size on seed viability, vigor and storability of 

Hordeum vulgare L. Agricultural Science Digest - A Research Journal 38: 62–64. doi: 

10.18805/ag.A-293 

McCall AC, Barr CM. 2012. Why do florivores prefer hermaphrodites over females in 

Nemophila menziesii (Boraginaceae)? Oecologia 170(1):147-57. doi: 10.1007/s00442-012-

2278-z 

McCauley DE, Bailey MF. 2009. Recent advances in the study of gynodioecy: the 

interface of theory and empiricism. Annals of Botany 104(4): 611–620. 

doi:10.1093/aob/mcp141 

McCauley DE, Olson MS. 2008. Do recent findings in plant mitochondrial molecular 

and population genetics have implications for the study of gynodioecy and cytonuclear 

conflict? Evolution 62(5):1013-25. doi: 10.1111/j.1558-5646.2008.00363.x.  

Miyake T, Satake I, Miyake K. 2018. Sex-biased seed predation in gynodioecious 

Dianthus superbus var. longicalycinus (Capryophyllaceae) and differential influence of two 

seed predator species on the floral traits. Plant Species Biology 33: 42-50. doi: 10.1111/1442-

1984.12191 

Nardone E, Dey T, Kevan PG. 2013. The effect of sugar solution type, sugar 

concentration and viscosity on the imbibition and energy intake rate of bumblebees. Journal 

of Insect Physiology 59(9): 919–933. doi:10.1016/j.jinsphys.2013.06.00 

Niesenbaum RA. 1999. The effects of pollen load size and donor diversity on pollen 

performance, selective abortion, and progeny vigor in Mirabilis jalapa (Nyctaginaceae). 

American Journal of Botany 86(2): 261–268. doi:10.2307/2656941 

Paschke M, Abs C, Schmid B. 2002. Effects of population size and pollen diversity on 

reproductive success and offspring size in the narrow endemic Cochlearia bavarica 

(Brassicaceae). American Journal of Botany 89: 1250-1259. doi: 10.3732/ajb.89.8.1250 

R Core Team. 2023. R: A Language and Environment for Statistical   Computing. R 

Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/. 

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/advance-article/doi/10.1093/aobpla/plad084/7453198 by guest on 28 N

ovem
ber 2023



Acc
ep

ted
 M

an
us

cri
pt

Shykoff JA, Kolokotronis SO, Collin CL, López-Villavicencio M. 2003. Effects of 

male sterility on reproductive traits in gynodioecious plants: a meta-analysis. Oecologia 

135(1): 1–9. doi:10.1007/s00442-002-1133-z 

Shykoff JA. 1992. Sex polymorphism in Silene acaulis (Caryophyllaceae) and the 

possible role of sexual selection in maintaining females. American Journal of Botany 79(2): 

138–143. doi:10.1002/j.1537-2197.1992.tb13630.x 

Souto CP, Aizen MA, Premoli AC. 2002. Effects of crossing distance and genetic 

relatedness on pollen performance in Alstroemeria aurea (Alstroemeriaceae). American 

Journal of Botany 89(3), 427–432. doi:10.3732/ajb.89.3.427 

Sugawara T, Nakamura A, Kanbayashi M, Hoshi H, Mikami M. 1994. Floral and 

reproductive biology of gynodioecious Dianthus superbus L. var superbus 

(Caryophyllaceae). Acta Phytotaxonomica et Geobotanica 45: 23-31. 

Thomson JD, Ogilvie JE, Makino TT, et al. 2012. Estimating pollination success with 

novel artificial flowers: Effects of nectar concentration. Journal of Pollination Ecology 9: 

108–114. doi:10.26786/1920-7603(2012)14 

Tsuji K, Kobayashi K, Hasegawa E, Yoshimura J. 2020 Dimorphic flowers modify 

the visitation order of pollinators from male to female flowers. Scientific Reports 10(1). 

doi:10.1038/s41598-020-66525-5 

Varga S. 2021. Female advantage in gynodioecious plants: A meta-analysis focused 

on seed quality. Plant Biology 23: 695-701. doi: 10.1111/plb.13295 

Williams CF, Kuchenreuther MA, Drew A. 2000. Floral dimorphism, pollination, and 

self-fertilization in gynodioecious Geranium richardsonii (Geraniaceae). American Journal 

of Botany 87(5): 661–669. doi:10.2307/2656852 

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/advance-article/doi/10.1093/aobpla/plad084/7453198 by guest on 28 N

ovem
ber 2023



Acc
ep

ted
 M

an
us

cri
pt

Figure legends 

Figure 1. Flowers of Dianthus plumarius. (a) Hermaphrodite flower (top and middle) and 

female flower below, the arrow on the top flower points the anthers and the arrow on the 

middle flower points the developing stigma. (b) Detail of the hermaphrodite flower, showing 

the anthers and the curly two stigmas close to elongating. (c) Detail of female flower with the 

two separate stigmas with a long adaxial stigmatic surface with a big curl at the end. (d) 

Frequent daytime pollinator in the region, the exotic and invasive bumble bee Bombus 

terrestris (Apidae) drinking nectar from a female flower. (e) Diurnal pollinator, nowadays 

less frequent to observe, the native bumble bee Bombus dahlbomii. (f) Apis melifera honey 

bees on female flowers, which are frequent diurnal pollinators. 

Figure 2. Morphometric measurements in female and hermaphrodite flowers. Observed data 

and models estimated means (+ 1SE, in mm) for (a) corolla diameter, (b) petal length, and (c) 

calyx tube length. 

Figure 3. Nectar measurements in female and hermaphrodite bagged and unbaggaed flowers. 

It is shown the observed data and models estimated means (+ 1SE) for nectar volume (ul) in 

(a) unbagged and (b) bagged flowers, and nectar concentration (ºBrix) in (c) unbagged and 

(d) bagged flowers, as a function of whether the flowers are female or hermaphrodite. 

Figure 4. Reproductive success in female and hermaphrodite flowers subjected to different 

pollination treatments. It is shown models estimated means (+ 1SE) of (a) number of seeds / 

fruit, (b) seed set, and (c) seed weight (mg) of female cross- and open-pollinated flowers, and 

hermaphrodite cross-, open- and self-pollinated flowers. 

Table 1. Results of the pollination experiments on reproductive success. Generalized mixed 

effect models statistics showing the effect of the pollination treatment on number of seeds per 

fruit, ratio of formed seeds (seed set), seed weight (mg) in female and hermaphrodite flowers 

separately. The pollination treatment in female flowers has only two levels (cross pollination 

and open pollination or control), in hermaphrodite flowers has three levels (cross pollination, 

open pollination or control, and self pollination). 
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Table 1 

 Female flowers 

Cross-pollination vs.  

Open-pollination 

Hermaphrodite flowers  

Cross-pollination vs. Open-pollination 

vs. Self-pollination 

 χ² (1) p χ² (2) p 

No. seeds / fruit 80.77 < 0.0001 71.75 < 0.0001 

Seed set  100.74 < 0.0001 177.85 < 0.0001 

Seed weight (mg) 7.91 0.00491 88.09 < 0.0001 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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