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Abstract 

Amongst gynodioecious plant breeding systems, there can exist intermediate morphs with a 

reduction in their male function (i.e. reduced number of functional anthers). Along with this 

sexual trimorphism, plants can also show floral colour polymorphism. Such intricate mixtures 

of phenotypes within a species may have complex effects on floral rewards. Floral rewards 

are known to vary between sexually dimorphic species and to a lesser extent between colour 

morphs. However, the interactive effect of sexual trimorphism and colour polymorphism is 

unexplored. We measured nectar’s sugar content in the sexually trimorphic Geranium 

sylvaticum, a gynodioecious plant with a light/dark floral polymorphism. We found that 

nectar reward differed across genders and colour morphs. Results were not however 

consistent within the three genders; dark female and hermaphrodite flowers had higher sugar 

content than light morphs, whereas intermediate flowers did not. As expected, females and 

hermaphrodites had different nectar reward, with intermediate morphs being midway 

between the other genders. In intermediates, the sugar content was positively correlated to the 

number of functional stamens. We show for the first time the existence of sex-specific 

differences between flower gender and colour morphs. Our results demonstrate the 

importance of considering multiple and conflicting selection pressures to explain rewards.  
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Introduction 

Together with pollen, nectar is the primary reward provided by flowers for pollinators across 

angiosperms1. Nectar composition varies widely, both quantitatively and qualitatively in 

response to strong selective pressures by pollinating animals2. At the same time, there are 

several secondary extrinsic and intrinsic factors that drive nectar quality. Some well-known 

ones include abiotic factors such as humidity3 and temperature4, as well as floral specific 

ones such as sexual phase of flowers5 or flower age4. However, the innumerable sources of 

variation may mask potentially key patterns of variation within populations.  

From the perspective of pollination, the relationship between nectar quality and 

colour would be expected to be particularly important1. Most pollinators have good colour 

vision and show certain innate colour preferences6,7. Many also have the ability to associate 

different colours with different levels of nectar or pollen reward8,9. In species where more 

than one colour morph exists (colour polymorphism), directional selection by pollinators 

alone or in combination with random genetic drift should lead to the loss of floral colour 

polymorphism especially if different colours differed in their rewards. So far, comparatively 

few studies have measured colour-specific differences in floral rewards. Results have been 

mixed, some have found no differences in nectar quality10, high variability between multiple 

colours11 or differences between distinct colour morphs12.  

From the plant perspective, the rewards offered to pollinators must balance the 

rewards costs versus the investment in reproduction1. Evidence of this is clearest when 

examining nectar rewards in relation to plant breeding systems. Most flowering plants are 

hermaphroditic (i.e. containing both the female and male sexual function within the same 

flower) but plant breeding systems with separate female and male functions in different 

individuals have evolved several times13. Numerous studies have shown that female flowers 

have lower rewards than hermaphrodites in gynodioecious species14. Similarly, in species 
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with dichogamy, nectar quantity is typically highest during the males phase12. To further 

complicate matters, many gynodiecious species contain a third distinct phenotype15. This 

phenotype is made up of individuals with an intermediate, or partially male-sterile, phenotype 

(i.e. individuals with a mixture of pistillate and perfect flowers or with mixed flower types). 

These individuals are not uncommon and typically have a frequency in natural populations 

comparable or higher to that of females15. One major issue is that in studies of gynodioecy, 

treatment of partially male-sterile individuals is variable. Sometimes they have been excluded 

from the analysis16, included in the male-sterile category17, or included in the hermaphrodite 

category because they produce some pollen18. This may be problematic, as it ignores the 

possible cost of a male-fertility restoration and particularly how this impacts floral traits.  

Combined, there are number of key pressures that act on nectar rewards. Most have 

been examined in isolation (e.g. comparing colour morphs19; or genders, reviewed in14), 

which does not adequately represent the complex factors impacting nectar quality. In the 

present study, we use the gynodioecious plant, Geranium sylvaticum (wood cranesbill), as a 

model species to examine the combined effect of abiotic and floral-specific traits on nectar’s 

sugar content and production. G. sylvaticum is a widely distributed Eurasian perennial plant 

with visible and UV-spectral floral colour polymorphism. Petal colour ranges from white to 

deep purple20, even though most populations are composed by pink and purple morphs. G. 

sylvaticum is sexually trimorphic; most populations are gynodioecious21 and contain in 

addition to female and hermaphrodite (i.e. individuals with ten functional stamens per flower) 

plants, intermediate individuals22. Three types of flowers are recognised depending on the 

number of functional stamens: pistillate (referred as female flowers hereafter) and perfect 

(referred as hermaphrodite flowers hereafter) possess 0 and 10 stamens respectively, and 

intermediates one to nine functional anthers and one to nine staminoides.  
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Investigating whether nectar quality varies differentially between floral genders for 

the two colour morphs is fundamental to predict whether pollinators may exert a selective 

pressure on this factor. Because colour polymorphism is observed in most G. sylvaticum 

populations, we hypothesised that the two colour morphs would not differ substantially in 

nectar rewards. Moreover, we expected the hermaphrodite flowers to produce higher nectar 

rewards in line with previous reports, regardless of the floral colour.  

 

Materials and methods 

Experimental design 

Full experimental details can be found in5. Briefly, during summer 2008, we measured sugar 

content in nectar samples randomly collected from 103 female, 157 intermediate and 313 

hermaphrodite flowers (N=573) within a population growing at Oulu University Botanical 

Gardens, Finland (65°03’N, 25°27’E). Samples were collected at the beginning of the peak of 

maximum pollinator activity (1100h) or after (1500h) from flowers protected from pollinators 

using small mesh bags or left untouched and thus available to pollinators. Nectar was 

extracted from freshly cut flowers with paper wicks as described in23. Sugar content was 

determined using the anthrone method24, and absorbance read at 620 nm with a BioSpec-

1610E spectrophotometer (Shimadzu, Kyoto, Japan). We measured total sugar content as it 

was not possible to estimate nectar volume from the flowers. Moreover, this parameter has 

been shown to influence pollinator visitation and it is used to examine the costs and benefits 

of resource allocation to pollinator attraction in sexually dimorphic plants (i.e.25,26. For each 

flower, we categorised the colour as dark (purple flowers) or light (white/pink), based on a 

clear difference in the UV spectra (Fig. 1). We noted the floral stage for each flower (see5). 

Air temperature and humidity at the time of the samplings were obtained from the Finnish 

Meteorological Institute (http://en.ilmatieteenlaitos.fi).  

http://en.ilmatieteenlaitos.fi/


 6 

 

Statistical analyses 

We set out to examine the effect of flower colour (light/dark) and gender 

(female/intermediate/hermaphrodite) on nectar’s sugar content. Sugar content (in µg) was 

10+log-transformed before analysis to correct for left-skewness in residuals and to meet the 

model assumptions of normality and heteroscedasticity. We included in the model other 

potentially relevant variables know to impact nectar’s sugar content: (a) number of nectaries 

with visible nectar at the time of sampling, (b) time of nectar collection (morning/afternoon), 

(c) floral stage was fitted as a factor (1 = non-receptive for pollination, i.e. when no pollen is 

exposed, and/or the five stigmatic lobes remained closely joined to each other, 2 = male 

phase, i.e. with stamens exposing pollen, 3 = female phase, i.e. the five stigmatic lobes are 

unfolded and exposing the papillate stigmatic surfaces becoming receptive for pollen), (d) 

relative humidity (%), (e) log temperature at sampling (oC), (f) treatment (bagged/unbagged), 

(g) sampling day, (h) total rainfall (mm) in previous 24 hours. In the full model, we included 

the interactions between colour x sex and time x treatment. 

We initially ran a full model with all single predictors and no interactions and tested 

for collinearity among fixed factors using variance inflation factor (VIF) values from the CAR 

package27. Two factors (day and temperature) had VIF values above the recommended upper 

threshold value of 328. As a result, we excluded day of nectar collection as a predictor 

variable from the full model. We then ran a full general linear model. Where interactions or 

categorical variables were significant, we carried out posthoc pairwise comparisons 

comparing within-sex (colour x sex) and between times (time x treatment) using unadjusted 

least-square means. Posthoc P values were adjusted for multiple testing with Tukey’s 

correction.  
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Based on previous studies’ lack of examination of intermediate phenotypes, we 

examined how nectar’s sugar content differed in relation to investment in male function 

(number of functional stamens). We built the same full model as before, but without gender 

as a factor and including the number of functional stamens as a predictor variable. 

Subsequently, we carried out posthoc pairwise analysis where interactions or categorical 

variables were significant using unadjusted least-square means. 

All statistical analyses were run in R version 3.2.1 using lm function, with posthoc 

analysis carried out using the LSMEANS package29.  

 

Results 

Gender-colour morph interaction on nectar quality 

Sugar content in the nectar samples ranged between 0 and 1120 µg (average ± SE, 105.6 ± 

5.7 µg). There was a significant interaction between gender and colour (F2,558=4.27, 

P=0.014). In female (β±SE=-0.50±0.14, t-ratio = -3.43 P<0.001) and hermaphrodite (β±SE=-

0.17±0.08, t-ratio=-2.01, P=0.040) flowers, dark morphs had higher sugar content in their 

nectar, whereas in intermediate flowers there was no difference between the two colour 

morphs (β±SE=-0.06±0.12, t-ratio=0.55, P=0.584; Fig. 2). Irrespective of colour, there were 

significant differences between genders (F2,558=32.66, P<0.001). Females had significant 

lower sugar content than both intermediates (β±SE=-0.49±0.09, t-ratio=-2.52, P=0.027) and 

hermaphrodites (β±SE=-0.26±0.10, t-ratio=-5.21, P<0.001), and intermediates had lower 

sugar content than hermaphrodites (β±SE=0.23±0.07, t-ratio=3.23, P=0.004; Fig. 2). 

 

Floral traits and nectar quality 

There was a significant interaction between time and treatment (F1,558=15.19, P<0.001; Fig. 

3). For bagged flowers, there was a higher sugar content in nectar collected in the afternoon 
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(β±SE=-0.41±0.09, t-ratio=-4.20, P<0.001), but not for open flowers (β±SE=0.07±0.08, t-

ratio=0.84, P=0.402; Fig. 3). In general, nectar’s sugar content was higher in the afternoon 

(F1,558=8.71, P=0.003) and in bagged flowers (F1,558=69.74, P<0.001).   

There was also a significant effect of floral stage on nectar’s sugar content 

(F2,560=11.41, P<0.001); this is not surprising as the male (β±SE=-0.37±0.07, t-ratio=-4.75, 

P<0.001) and female (β±SE=-0.24±0.08; t-ratio=-2.92, P=0.010) stage is known to have 

greater sugar content compared to stage 1 (Fig. 4a). However, the male and female stages did 

not differ significantly from each other (β±SE=0.13±0.08, t-ratio=1.61, P=0.244). In addition, 

the number of nectaries was positively correlated with sugar content (β±SE=0.41±0.10, 

F1,558=23.75, P<0.001; Fig. 4b).  

 

Abiotic factors and nectar quality 

There was a significant positive effect of temperature on amount of sugar in nectar 

(β±SE=1.52±0.017, F1,558=193.07, P<0.001; Fig. 5). Interestingly there was a positive effect 

of relative humidity on nectar’s sugar content in the full model (β±SE=0.01±0.00, 

F1,558=5.67, P=0.017). Rainfall in the previous 24 hours had no effect on the sugar content of 

nectar (β±SE=0.05±0.03, F1,558=1.24, P=0.265).  

 Overall the full model was highly significant (F14, 558=30.03, P<0.001) and explained 

a moderate amount of variance in the data (R2=0.415). 

 

Intermediate flowers and investment in nectar sugar content 

Similar floral and abiotic factors effected sugar content in nectar within intermediate flowers. 

It positively related to the number of nectaries (β±SE=0.16±0.05, F1,139=10.78, P=0.001), 

temperature (β±SE=2.32±0.39, F1,139=57.04, P<0.001) and was significantly lowest in 

unbagged flowers (β±SE=-0.47±0.16, F1,139=32.56, P<0.001). There was also a significant 
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effect of floral stage (F2,139=6.75, P=0.002); the male stage (β±SE=-0.37±0.14, t-ratio=-2.66, 

P=0.024), but not the female stage (β±SE=-0.16±0.15; t-ratio=-1.12, P=0.506) had greater 

sugar content than stage 1. The male and female stages did not differ significantly 

(β±SE=0.20±0.14, t-ratio=1.46, P=0.314). 

In contrast, sugar content was unrelated to colour in intermediate flowers (β±SE=-

0.05±0.11, F1,139=0.09, P=0.772), relative humidity (β±SE=0.01±0.01, F1,139=0.03, P=0.864) 

and rainfall (β±SE=0.00±0.06, F1,139=0.02, P=0.899). There was a trend for higher sugar 

content in the afternoon (β±SE=0.27±0.19, F1,139=3.46, P=0.065) and the interaction with 

treatment (F1,139=1.73, P=0.190). However, there was no relationship between sugar content 

and number of functional stamens (β±SE=0.00±0.02, F1,139=0.02, P=0.882). 

 Overall the full model was highly significant (F11,139=10.84, P<0.001) and explained a 

moderate amount of variance in the data (R2=0.421). 

 

Discussion 

Gender differences on nectar quality 

Our results confirm the previously reported patterns of sexual dimorphism in sugar 

production in gynodioecious plants, where female flowers have lower nectar quality than 

hermaphrodites14,5. Moreover, we show for the first time that intermediate flowers have 

different patterns of nectar sugar content from the other two genders, but patterns of 

production that are similar to hermaphrodites and not to females. Greater sugar content and 

production in hermaphrodite flowers is predicted from sexual selection theory30, which 

assumes that male fitness is most strongly limited by access to mates. Therefore, 

hermaphrodite flowers should invest relatively more in the production of nectar reward than 

females. Similarly, intermediate flowers produce some pollen and would be expected to 

invest more into rewards than female flowers. At the same time, the investment in male 
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function and the duration of the male phase in intermediate flowers is shorter than in 

hermaphrodite flowers in some species31, so it could be predicted that investment in nectar 

rewards should be lower. Clearly, a more detailed examination of why nectar rewards in 

intermediates differ from female and hermaphrodite flowers is critically needed, to more fully 

understand the mechanisms driving this variation. 

 

Colour differences on nectar quality 

In contrast to previous studies, our results also demonstrate that overall, darker (purple) 

flowers had higher amounts of sugar than lighter (pink) morphs. Most studies report no 

difference between colour morphs10,11, but one study found that lighter morphs (white) had 

better nectar quality than dark (pink) morphs12. Petal colouration can affect flower 

temperature32. It is generally believed that darker flowers are warmer, though evidence from 

wild studies is mixed32,33 probably because there are several selective forces acting on petal 

colouration and flower thermogenesis (such as phylogenetic constraints, or due to the role of 

flower pigmentation in stress tolerance, e.g.34). In turn, warmer flowers tend to produce more 

nectar of higher sugar concentration than that of cooler flowers35. Differences, or lack of 

between colour polymorphism, may therefore stem from the nature of the floral 

polymorphism. For example, clear differences between colours (e.g. this study;12) may 

contrast with those with a gradient of colour morphs (e.g. light blue to purple10; white-pink-

purple11). Clearly, a better understanding of the type of differences, their selection and 

maintenance is needed when comparing colour-specific differences within species. 

 

Floral and abiotic factors affecting nectar quality 

Our work demonstrates the complexity of studying nectar quality. It is well known that many 

variables act on determining the amount and quality of nectar available in a flower (see36, and 
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references there). Similarly, our work demonstrates that abiotic (temperature, relative 

humidity), temporal (time of day) and floral-specific patterns (gender, floral stage, number of 

visible nectaries with nectar) are all impacting nectar quality simultaneously. Indeed, the only 

factor that did no impact sugar content of nectar was rainfall. Other studies that 

experimentally watered plants have shown an increase in sugar concentration37, especially 

under conditions of water stress38. In our population, it is very unlikely that plants were water 

stressed so other abiotic factors (relative humidity, temperature) were more important.  

 

Intermediate phenotype and on nectar quality 

Our results of colour-specific differences were not consistent within the third sexual 

phenotype i.e. intermediate flowers. In this case, the amount of sugar was similar in both 

colour morphs, and contrasted with the patterns observed in female and hermaphrodite 

flowers. Partial male sterility is widespread in gynodioecious species, and the loss of the male 

function may occur in varying degrees, from complete abortion of the entire anther to nuclear 

abnormalities at pollen grain mitosis39. Intermediates in most gynodioecious species typically 

show vegetative and reproductive characters that are midway between females and 

hermaphrodites, including our study species (reviewed by22). Our results support this, with 

sugar content being midway between both genders, being higher than females and lower than 

hermaphrodites.   

Anther development can be divided into two general phases: phase one in which the 

anther morphology is established, cell and tissue differentiation occur, and microspore 

mother cells undergo meiosis; and phase two, in which pollen grains differentiate40. The 

presence of aborted stamens is evidence of failure during the early ontogeny of stamens 

(phase one). At the same time, the proportion of fertile pollen grains is typically lower in 

intermediates (20,41), indicating that there is additional failure at phase two. Such a pattern 
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suggests some possible positive or antagonistic pleiotropic effects through genetically 

correlated characters42, which perhaps link together male restorer genes and floral traits43,44. 

Alternatively, the costs of male sterility restoration45,46, may be particularly important in 

intermediates. In either case, the relationship between sugar content in a number of variables 

including colour appears to be disrupted or weaker. 

 

Acknowledgements 

The authors thank Carolin Nuortila and Minna-Maarit Kytöviita. Jari Korva provided the 

meteorological measurements. Research supported by the Finnish Cultural Foundation to SV.   

 

Authors information 

Contributions 

Data were collected by SV. Both CDS & SV conceived the study, carried out the data 

analysis and drafted the manuscript. All authors gave final approval for publication.   

 

Competing financial interests 

The authors declare no competing financial interests.  

 

Data accessibility 

The dataset supporting this article will be uploaded to Data Dryad upon acceptance.  

 

 

 

 

 



 13 

References 

1. Willmer, P. Pollination and floral ecology. Princeton University Press (2011). 

2. Pacini, E. & Nicolson, S. W. Introduction. In: Nicolson, S.W., Nepi, M., Pacini, E. 

(Eds.) Nectaries and nectar. pp. 1–18. 

3. Bertsch, A. Nectar production of Epilobium angustifolium L. at different air 

humidities; nectar sugar in individual flowers and the optimal foraging theory. 

Oecologia 59, 40–48 (1983). 

4. Jakobsen, H. B. & Kritjánsson, K. Influence of temperature and floret age on nectar 

secretion in Trifolium repens L. Ann. Bot. 74, 327–334 (1994). 

5. Varga, S., Nuortila, C. & Kytöviita, M.-M. Nectar sugar production across floral 

phases in the gynodioecious protandrous plant Geranium sylvaticum. PLoS ONE 8, 

e62575 (2013). 

6. Chittka, L., Faruq, S., Skorupski, P. & Werner, A. Colour constancy in insects. J. 

Comp. Physiol. A 200, 435–448 (2014). 

7. Lunau, K. & Maier, E. J. Innate colour preferences of flower visitors. J. Comp. 

Physiol. A 177, 1–19 (1995). 

8. Waser, N. M. Flower constancy: definition, cause, and measurement. Am. Nat.  127, 

593–603 (1986). 

9. Nicholls, E. & de Ibarra, N. H. Bees associate colour cues with differences in pollen 

rewards. J. Exp. Biol.  217, 2783–2788 (2014). 

10. Galen, C. & Kevan, P. G. Scent and color, floral polymorphisms and pollination 

biology in Polemonium viscosum Nutt. Am. Midl. Nat. 104, 281–289 (1980). 

11. Chen, G., Gong, W., Ge, J., Dunn, B. L. & Sun, W. Inflorescence scent, color, and 

nectar properties of ‘butterfly bush’ (Buddleja davidii) in its native range. Flora 209, 

172–178 (2014). 

12. Carlson, J. E. & Holsinger, K. E. Direct and indirect selection on floral pigmentation 

by pollinators and seed predators in a color polymorphic South African shrub. 

Oecologia 171, 905–919 (2013). 

13. Barrett, S. C. H. The evolution of mating strategies in flowering plants. Trends Plant 

Sci. 3, 335–341 (1998). 

14. Eckhart, V. M. Sexual dimorphism in flowers and inflorescences. Gender and sexual 

dimorphism in flowering plants 123–148. Springer-Verlag (1999). 

15. Koelewijn, H. P. & van Damme, J. M. M. Gender variation, partial male sterility and 



 14 

labile sex expression in gynodioecious Plantago coronopus. New Phytol. 132, 67–76 

(1996). 

16. Shykoff, J. A. Maintenance of gynodioecy in Silene acaulis (Caryophyllaceae): stage-

specific fecundity and viability selection. Am. J. Bot. 75, 844–850 (1988). 

17. Van Damme, J. & Van Delden, W. Gynodioecy in Plantago lanceolata L. 1. 

Polymorphism for plasmon type. Heredity 49, 303–318 (1982). 

18. Koelewijn, H. P. & Van Damme, J. M. Genetics of male sterility in gynodioecious 

Plantago coronopus. I. Cytoplasmic variation. Genetics 139, 1749–1758 (1995). 

19. Jones, K. N. & Reithel, J. S. Pollinator-mediated selection on a flower color 

polymorphism in experimental populations of Antirrhinum (Scrophulariaceae). Am. J. 

Bot. 88, 447–454 (2001). 

20. Vaarama, A. & Jääskeläinen, O. Studies on gynodioecism in the Finnish populations 

of Geranium silvaticum L. Ann. Acad. Sci. Fenn. A 108, 1–39 (1967). 

21. Asikainen, E. & Mutikainen, P. Female frequency and relative fitness of females and 

hermaphrodites in gynodioecious Geranium sylvaticum (Geraniaceae). Am. J. Bot. 90, 

226–234 (2003). 

22. Varga, S. & Kytöviita, M.-M. Variable mycorrhizal benefits on the reproductive 

output of Geranium sylvaticum, with special emphasis on the intermediate phenotype. 

Plant Biol. 16, 306–314 (2014). 

23. McKenna, M. A. & Thomson, J. D. A technique for sampling and measuring small 

amounts of floral nectar. Ecology 69, 1306–1307 (1988). 

24. Kearns, C. A. & Inouye, D. W. Techniques for pollination biologists. University of 

Colorado (1993). 

25. Ashman, T.-L. & Stanton, M. Seasonal variation in pollination dynamics of sexually 

dimorphic Sidalcea oregana ssp. spicata (Malvaceae). Ecology 72, 993–1003 (1991). 

26. Nepi, M., Guarnieri, M. & Pacini, E. Nectar secretion, reabsorption, and sugar 

composition in male and female flowers of Cucurbita pepo. Inter. J. Plant Sci. 162, 

353–358 (2001). 

27. Fox, J. & Weisberg, S. An {R} Companion to applied regression. (2011). 

28. Zuur, A. F., Ieno, E. N. & Elphick, C. S. A protocol for data exploration to avoid 

common statistical problems. Methods Ecol. Evol. 1, 3–14 (2010). 

29. Lenth, R. lsmeans: Least-squares means. R Package v.2.20-23. http://CRAN.R-

project.org/package=lsmeans. (2015). 

30. Carlson, J. E. & Harms, K. E. The evolution of gender-biased nectar production in 



 15 

hermaphroditic plants. Bot. Rev.  72, 179–205 (2006). 

31. Rodriguez-Riano, T. & Dafni, A. Pollen stigma interference in two gynodioecious 

species of Lamiaceae with intermediate individuals. Ann. Bot. 100, 423–431 (2007). 

32. Mu, J., Li, G. & Sun, S. Petal color, flower temperature, and behavior in an alpine 

annual herb, Gentiana leucomelaena (Gentianaceae). Arct. Antarct. Alp. Res. 42, 219–

226 (2010). 

33. McKee, J. & Richards, A. J. Effect of flower structure and flower colour on intrafloral 

warming and pollen germination and pollen‐ tube growth in winter flowering Crocus 

L. (Iridaceae). Bot. J. Linn. Soc. 128, 369–384 (1998). 

34. Warren, J. & Mackenzie, S. Why are all colour combinations not equally represented 

as flower‐ colour polymorphisms? New Phytol. 151, 237–241 (2001). 

35. Takkis, K., Tscheulin, T., Tsalkatis, P. & Petanidou, T. Climate change reduces nectar 

secretion in two common Mediterranean plants. AoB Plants 7, plv111–13 (2015). 

36. Mitchell, R. J. Heritability of nectar traits: why do we know so little? Ecology 85, 

1527–1533 (2004). 

37. Wyatt, R., Broyles, S. B. & Derda, G. S. Environmental influences on nectar 

production in milkweeds (Asclepias syriaca and A. exaltata). Am. J. Bot. 79, 636–642 

(1992). 

38. Carroll, A. B. & Pallardy, S. G. Drought stress, plant water status, and floral trait 

expression in fireweed, Epilobium angustifolium (Onagraceae). Am. J. Bot. 88, 438–

446. (2001). 

39. Mackenzie, S. A. & Chase, C. D. Fertility restoration is associated with loss of a 

portion of the mitochondrial genome in cytoplasmic male-sterile common bean. Plant 

Cell 2, 905–912 (1990). 

40. Goldberg, R. B., Beals, T. P. & Sanders, P. M. Anther development: basic principles 

and practical applications. Plant Cell 5, 1217 (1993). 

41. Jang, T.-S., Moon, H.-K. & Hong, S.-P. Sex expression, population structure, and 

floral dimorphism in a gynodioecious herb, Agastache rugosa (Lamiaceae) in Korea. 

Flora, 215, 23–32 (2015).  

42. Oziegbe, M., Folorunso, A. E. & Ajao, D. O. Inheritance of purple pigmentation in 

Carica papaya Linn.(Caricaceae). Int. J. Plant Sci. 5, 27–33 (2015). 

43. Koelewijn, H. P. Variation in restorer genes and primary sexual investment in 

gynodioecious Plantago coronopus: the trade-off between male and female function. 

Proc. R. Soc. Lond.  270, 1939–1945 (2003). 



 16 

44. Barr, C. M. & Fishman, L. Cytoplasmic male sterility in Mimulus hybrids has 

pleiotropic effects on corolla and pistil traits. Heredity 106, 886–893 (2011). 

45. Bailey, M. F. A cost of restoration of male fertility in a gynodioecious species, Lobelia 

siphilitica. Evolution 56, 2178–2186 (2002). 

46. Dufaÿ, M. et al. Variation in pollen production and pollen viability in natural 

populations of gynodioecious Beta vulgaris ssp. maritima: evidence for a cost of 

restoration of male function? J. Evol. Biol. 21, 202–212 (2008). 

  



 17 

Figures: 

Figure 1. Light and dark colour morphs of Geranium sylvaticum under A) natural and B) 

UV-pass light.  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Figure 2. Mean ± 1SE sugar content (in µg, log-transformed) in nectar sampled from female, 

intermediate and hermaphrodite light (white boxes) and dark (black boxes) Geranium 

sylvaticum flowers.  
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Figure 3. Mean ± 1SE sugar content (in µg, log-transformed) in nectar sampled from bagged 

(white boxes) and unbagged (black boxes) Geranium sylvaticum flowers.  
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Figure 4. Relationship between nectar sugar content (in µg, log-transformed) and A) floral 

stage and B) number of nectaries with visible nectar. The line indicates LMM regression line.  
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Figure 5. Relationship between nectar sugar content (in µg, log-transformed) and 

temperature. 

 

 


