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Pollinator-mediated selection on 
flowering phenology and floral 
display in a distylous herb Primula 
alpicola
Lingling Chen1,2, Bo Zhang4 & Qingjun Li3

The targets and causes of phenotypic selection are crucial to understanding evolutionary ecology. 
However, few studies have examined selection quantitatively from multiple sources on the same trait 
identified the agent of natural selection experimentally. Here we quantified phenotypic selection on 
traits, including flowering phenology and aspects of floral display via female fitness, in the distylous 
perennial herb Primula alpicola. To determine the role of pollinators in generating selection effects on 
floral traits, we compared the phenotypic selection gradients in open-pollinated and hand-pollinated 
plants. Our results show that pollinator-mediated linear selection on flowering start and correlational 
selection on the number of flowers and scape height explains most of the net phenotypic selection on 
these traits suggesting pollinators played an important role in shaping floral diversity. We used path 
analysis and structural equation modeling (SEM) to examine how herbivores affected the relationship 
between floral traits and female fitness, but no significant selection was caused by seed predators. 
These results suggest pollinators, not herbivores maybe the significant agent of selection on flora traits.

Explaining the incredible diversity of flowers is a major challenge in evolutionary biology. The major themes in 
particular, adaptation by natural selection and the benefits of outcrossing1–3, have inspired biologists to look for 
evidence of adaptive evolution in floral function. Identification of the main selective agent is crucial for improv-
ing our understanding of floral adaptive evolution. Pollinators and herbivores are traditionally assumed to be the 
main selective agents4–7 and major biological force shaping floral functions such as floral display, morphology and 
flowering time8,9. For example, floral display and morphology not only affect the attractiveness to pollinators and 
herbivores, but also their behavior8,10,11. Flowering time affects the seasonal variation of abundance and behavior 
of pollinators and herbivores12–14. However, most studies quantified the natural selection via single agent10,12,15,16, 
few studies have examined the selection from multiple sources on these traits11,13,17,18. We still lack of understand-
ing of mutualists and antagonists corporately in shaping floral evolution.

Applying evolutionary quantitative-genetics theory to the measurement of natural selection19,20 and revealing 
the cause of phenotypic selection on floral traits by manipulating pollination and herbivory environment exper-
imentally have brought great advances in evolutionary biology11,21. The relationship between selection patterns 
and their interactions with pollinators and herbivores has been investigated in many studies11,15,16. In many popu-
lations of animal-pollinated species, natural selection on floral traits through female function is significantly asso-
ciated with pollen limitation22. Many studies have measured natural selection on floral traits by manipulation of 
pollen deposition and suggest that pollinators are the agent of natural selection on floral display16,23 and flowering 
phenology11,21. However, the agent of selection on flowering phenology and floral display are still rarely identified 
experimentally24. Moreover, selection patterns and agents evidently vary among species, and even among popu-
lations and years in the same species13,15,21,25. It is not easy to predict the evolutionary effect on floral traits under 
multiple sources of selection26. Therefore, quantified the natural selection by multiple sources and identified the 
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agent of natural selection experimentally could help improve our understanding relative importance of mutualists 
and antagonists in shaping the plant trait evolution.

Primula alpicola is a typical distylous perennial herb and a good material to study floral adaptation and evo-
lution. Distyly is characterized by the reciprocal positioning of stigmas and anthers (long-styled and short-styled 
morphs), so its reproductive success need to be facilitated by pollinators. From three years continuous field obser-
vations at our study site in Lulang (29°33.675′N, 94°44.675′E; 3328 m a.s.l.), Linzhi (Nyingchi), southeastern 
Tibet, China, we found that pollination of P. alpicola occurred from May to July and seeds became mature and 
dispersed from July to August. The major pollinators were bumblebees (Bombus convexus), flies, and butter-
flies. After cultivation of the pre-dispersal seed predators in a cage during fruiting time, we found the larvae of 
Amblyptilia punctidactyla (Pterophoridae, Lepidoptera) fed on the ovules and developing seeds, and often left 
a hole in ovaries and fruits (L.L Chen, pers. obs.). Different natural selection patterns on floral traits have been 
documented between tow morphs of Primula poissonii27. But the roles of pollinators and predators in natural 
selection have not been tested in distylous species. In addition, seasonal change of pollinators and predators may 
affect the natural selection on flowering phenology. In the present study, we therefore attempt to answer the fol-
lowing questions: (1) Whether are the floral traits in P. alpicola under phenotypic selection in natural population? 
(2) What are the target traits under selection? (3) Can this selection on floral traits be attributed to the pollinators, 
the predators, or both?

Material and Methods
Study species and site. P. alpicola is a perennial herb with rosette-forming leaves, an umbellate inflores-
cence, and fragrant flowers, which are distylous and nearly totally self-incompatible and intra-morph incompati-
ble in both long- and short-styled morphs (L.L Chen, unpubl. data). It is found in wet alpine meadows, especially 
on stream banks, and open wet areas in forests dominated by trees of Pinaceae, Cupressaceae, Ericaceae, and 
Fagaceae. It is widely distributed from southeastern Tibet to Bhutan in the Eastern Himalayan region, and espe-
cially abundant in valleys, particularly in the Yarlung Zangbo River basin28.

Our study population is located in the Sejila (Sygera) Mountains in a typical valley on the northwestern side 
of the Yarlung Zangbo River (the upper, Tibetan, section of the Brahmaputra). The site has a semi-humid climate, 
with abundant rainfall brought by the South Asian monsoon, which goes through the Yarlung Zangbo River 
valley and brings about 71.8% of the annual precipitation from June to September. The mean temperature of the 
warmest month, July, is 15.8 °C, based on data from the meteorological station in Linzhi (1960–2009)29 which is 
about 30 km from our study site.

Experimental setup. To quantify natural selection on flowering phenology, we marked plants with one or 
two opening flowers in a 2 × 2 km study area over a period of 1–2 (−7) days (depending on weather). Each time 
we marked 60 plants, 40 long-styled and 20 short-styled and then repeated throughout the flowering season from 
the 155th (June 3) to the 184th day (July 2) after January 1st in 2016. At last 900 plants were marked totally. The 
marking date was taken as the flowering start time for individuals. Because flower buds and leaves are generated 
simultaneously when individuals of P. alpicola enter the reproductive period, this marking procedure could cover 
the most plant flowering start time in the studying population, thus increased our ability to detect selection on 
flowering start time.

In every 60 marked individuals, 20 long-styled and 20 short-styled plants were assigned randomly to the 
open-pollinated treatment (OP), and 20 long-styled plants were assigned to the supplemental hand-pollination 
treatment (hereafter, hand-pollinated; HP). We did not hand-pollinate short-styled plants because this could not 
be done without damaging the flower, which may influence seed production. In the hand-pollinated long-styled 
plants, the stigmas were brushed with mature anthers full of fresh pollens from short-styled flowers. Donor flow-
ers were selected from at least 20 m away from the pollinated plant. Hand pollination was conducted every three 
or four days, to make sure every flower received supplemental pollen at least once.

Because the P. alpicola did not distributed uniformly, to evaluate population flowering phenology, we set up 
three big quadrats (10 m × 10 m) more than 1 km from each other. For easy recording the flowering individuals, 
within each big quadrat, we chose 16 small quadrats (1 m × 1 m) at least 2 m apart from each other. In these 48 
quadrats we recorded flowering plant numbers every 5 days from the 144th day (May 23th) to the 199th day (July 
17th). Individual plants were considered to be flowering from when the first flower opened until the last flower 
withered.

Measured traits. Both vegetative and reproductive organs of P. alpicola keep growing during flowering time. 
We defined the flowering start for each individual as the day on which the first one or two flowers opened (the 
marked time). The number of flowers was counted at fruiting time, when both withered, unfertilized flowers 
and fruits were still on the stalk. The flower size for each individual was determined by calculating the mean 
corolla diameter of two fresh fully opened flowers with digital calipers. To reduce the bias from the environment 
covariance between traits and fitness21,30, we treated the diameter of the leaf rosette (hereafter, rosette diameter) 
as a measure of plant condition. Scape height was measured from the ground to the base of the pedicel. To avoid 
the variation caused by different growing periods, we measured the rosette diameter, the scape height, and the 
diameter of the corolla 7 days after the flowering start, when most of the flowers of the inflorescence had opened.

We collected fruits of each marked plant two months after the flowering start, when the rind of the capsule 
turned transparent and the fruits were matured but not dispersed. All the fruits and seeds produced by marked 
plants were counted. We estimated female fitness as the total number of seeds from each individual, and relative 
fitness as the individual fitness divided by the mean fitness of the population. Unfertilized flowers and fruits 
with larvae, frass, or a hole indicating damage by seed predators were recorded. We calculated the proportion of 
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damaged flowers and fruits as the ratio of damaged flowers and fruits to the total flower number per plant. Fruit 
set was estimated as the number of fruits divided by the number of flowers per plant.

To estimate pollen limitation in P. alpicola, we paired open-pollinated and hand-pollinated plants with 
the same number of flowers, rosette diameter (±1 cm), and flowering start (±1 day) (n = 125 replicates). 
We quantified pollen limitation for the population as the mean of (seeds in plant that received supplemental 
hand-pollination – seeds in open-pollinated plant)/(seeds in plant that received supplemental hand-pollination)15.

Statistical analyses. To setup the relationships between flowering date and seed herbivory (proportion of 
damaged flowers and fruits) and fruit set, we chose the best fitted one with ANOVA from linear, quadratic and 
cubic models fitted to the data separately.

Because of plant losses, we obtained a total sample size of 516 plants (169 short-styled, 182 long-styled in the 
open-pollinated treatment, and 165 long-styled in the supplemental hand-pollination treatment). The differ-
ences between style morphs on plant traits were examined with analysis of variance (ANOVA) or generalized 
linear models (GLMs). For model selection, we compared the goodness of fit of GLMs based on the nature of 
the response variable, and that of ANOVA on transformed values. The goodness of fit of generalized linear mod-
els (GLMs) was assessed with the Akaike information criterion (AIC). Differences on the flowering start and 
number of flowers were analyzed with GLMs with a Poisson error distribution, number of seeds per plant was 
analyzed with GLMs with a negative binomial error distribution, and the proportion of damaged flowers and 
fruits was analyzed with GLMs with a binomial error distribution. The differences on scape height and flower 
size, were examined with ANOVA. The differences on rosette diameters could be examined with ANOVA after 
it was log-transformed for the purpose of normal distribution. There were no significant differences between 
long-styled and short-styled plants in the open-pollinated treatment tested by ANOVA/GLMs for flowering start 
(Z = −1.043, P = 0.297), scape height (F = 0.018, P = 0.893), rosette diameter (F = 0.090, P = 0.764), proportion 
of damaged flowers (Z = 1.006, P = 0.314), number of flowers (Z = 1.183, P = 0.237), and number of seeds per 
plant (Z = 0.248, P = 0.804), but there was a significant difference for flower size (F = 4.989, P = 0.026). When we 
examined differences in flower size between all long-styled (open and hand pollinated) and short-styled plants 
with ANOVA, and found no significant difference between them (F = 1.224, P = 0.269). No significant differ-
ence on the flowering phenology, floral display and seed production between two morphs, we excluded flower 
morph from our natural selection analysis on open-pollination and supplemental hand-pollination treatments. 
To check for possible differences between pollination treatments in flowering start, number of flowers, flower 
size, scape height, rosette diameter, seeds production and proportion of damaged flowers and fruits, we used 
similar ANOVA/GLMs as described in the previous part with pollination treatment as an explanatory variable.

We estimated directional (βi), nonlinear (γii) and correlational (γij) selection gradients using multivariate 
regression models following Lande and Arnold19. Relative fitness and standardized traits (flowering start, number 
of flowers, flower size, scape height, rosette diameter, proportion of damaged flowers and fruits) values (mean of 
0, variance of 1) were calculated separately for plants of each pollination treatment separately. Directional selec-
tion gradients (βi) from a linear model included relative fitness as the response variable and the six traits as inde-
pendent variables. Nonlinear (γii) and correlational (γij) selection gradients from the quadratic and cross-product 
terms were estimated from the full multiple regression model. In the multivariate regression models, standardized 
proportions of damaged flowers and fruits were used as covariates, and their estimated values are not shown in 
Tables 2–3. In estimating stabilizing or disruptive selection gradients, we doubled the regression of coefficients 
for the reported γii

31. As multicollinearity is a potential problem in the multiple regression, we computed variance 
inflation factors (VIFs) for the linear terms. VIFs for the five floral traits selected in the model were <2, indicating 
multicollinearity is not a serious problem.

We used analysis of covariance (ANCOVA) to test the effect of pollination treatments on linear and full mod-
els respectively. The linear model included relative fitness as the response variable and six standardized traits 
(flowering start, number of flowers, flower size, scape height, rosette diameter, proportion of damaged fruits 
and flowers), pollination treatment, and trait × pollination treatment as independent variables. The full model 
included relative fitness as the response variable and the six standardized traits, pollination treatment, trait2, 
pollination treatment2, trait × pollination treatment, trait2 × pollination treatment2, and trait × trait × pollination 

Open-pollinated 
n = 351

Hand-pollinated 
n = 165

F or Z 
value P

Flowering start (day) 168.7 ± 0.538 169.0 ± 0.735 0.272 0.786

No. of flowers 6.8 ± 0.131 6.9 ± 0.194 0.278 0.781

Flower size (mm) 19.6 ± 0.116 19.9 ± 0.181 2.768 0.097

Scape height (cm) 25.1 ± 0.293 25.7 ± 0.465 1.069 0.302

Rosette diameter (cm) 9.7 ± 0.152 9.5 ± 0.201 0.269 0.604

No. of seeds per plant 114.0 ± 5.022 176.2 ± 8.871 5.181 <0.001

Prop. of damaged flowers and fruits 0.1 ± 0.012 0.1 ± 0.016 −0.903 0.366

Table 1. Flowering phenology, traits contributing to floral display, pre-dispersal seed herbivory (proportion of 
damaged flowers and fruits), and seed production with means ± SE in both open-pollinated and supplemental 
hand-pollination treatments in one P. alpicola population at Lulang, China in 2016. Comparison between 
pollination treatments was carried out by ANOVA/GLM. Bold F or Z values and P-values indicate significant 
effects (P < 0.05)
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treatment as independent variables. We quantified pollinator-mediated selection by estimating gradient coeffi-
cients of open-pollinated treatment minus supplemental hand-pollination treatment for each trait: Δβpoll = βOP 
− βHP, Δγpoll = γOP − γHP

15–17.
To test the relationship between phenotypic traits and damage by pre-dispersal seed predators, we regressed 

the proportion of damaged flowers and fruits on five traits (flowering start, number of flowers, flower size, scape 
height, and rosette diameter) using multivariate regression. The results indicated that flowering start and flower 
size are significantly positively related to the proportion of damaged flowers and fruits (R2 = 0.06, P < 0.05; 
Table S1). Because it was difficult to exclude the pre-dispersal seed predators without simultaneously affecting the 
pollinators, we used path analysis and structural equation modeling (SEM) to test whether the natural selection 
on the floral traits was mediated by pre-dispersal seed predators or not, based on the plants under the supple-
mental hand-pollination treatment which excluded the effect from the pollinators. The preliminary multivari-
ate regression analysis in hand-pollination treatment plants with proportion of damaged flowers and fruits as a 
covariate indicated selection gradients for number of flowers, flower size, and scape height were significant. In 
addition, flowering start and flower size were significantly related to the proportion of damaged flowers and fruits. 
We therefore constructed the model including flowering start, number of flowers, flower size, and scape height. In 
model A, A. punctidactyla damage did not mediate selection on any trait via relative fitness. In model B, selection 
on flowering start, number of flowers, flower size, and scape height were mediated by damage. We statistically 
tested which model provided the better fit to our data by using SEM32. A nonsignificant χ2 value indicates that 
a model has no significant difference from the observed correlations in the data and therefore has a good fit. 
Moreover Akaike’s information criterion (AIC) and loglikelihood value were included to compare models. The 
model with smaller AIC and loglikelihood absolute value better fits the data.

All analyses, including generalized linear models (GLMs), analysis of variance (ANOVA), multivariate regres-
sion models, analysis of covariance (ANCOVA), path analysis and structural equation modeling (SEM) were 
performed with R 3.2.3 (R Core Team, 2015). Type III sum of squares tests were used for all analyses of linear 
models (ANOVA function of the CAR package33). Generalized linear models (GLMs) used the glm and glm.nb 
function of MASS package, Path analysis and structural equation modeling (SEM) used the sem functions of the 
LAVAAN package34.

Results
Flowering individuals, fruit set and pre-dispersal seed herbivory along flowering date. Based 
on 48 quadrats distributed in 3 plots, the number of plants in flowering were recorded from the 144th day (May 
23th) and reached the peak of flowering on the 180th day (June 27th), and then the number of flowering plants 
decreased until the 199th day (Fig. 1). Fruit set from the marked plants have significantly increased from the 155th 
to 184th day following a linear model (R2 = 0.296, P = 0.04, Fig. 1). Pre-dispersal seed herbivory (The proportion 
of damaged flowers and fruits) for the marked plants have also significantly increased from the 155th to 184th day 
following a quadratic model (R2 = 0.613, P = 0.005, Fig. 1).

Differences between pollination treatments in floral traits, pre-dispersal seed herbivory, and 
seed production. There were no significant differences between open- and hand-pollinated treatments in 
flowering phenology, traits contributing to the floral display, and the proportion of damaged flowers and fruits 
(Table 1). However, seed production increased significantly after supplemental hand pollination, by 54.7% over 
open-pollinated plants. The mean pollen limitation was 18.3% (n = 125 replicates) in the population. The mean 
proportion of damaged flowers and fruits was about 10% in both treatments.

Selection gradients for floral traits. Among open-pollinated plants, Flowering phenology and traits con-
tributing to floral display were subject to significant directional selection (Table 2). There was significant selection 
for late flowering plants. The production of more flowers was favored in the population. Flower size was subject 
to positive directional selection. The characters included in the linear model explained approximate half of the 
variance in fitness among open-pollinated plants (R2 = 0.487).

Phenotypic trait

Open-pollinated n = 351 Hand-pollinated n = 165 Pollinator-mediated

βi ± SE 
(R2 = 0.487)

γii ± SE 
(R2 = 0.573)

βi ± SE 
(R2 = 0.695)

γii ± SE 
(R2 = 0.784) Δβpoll P Δγpoll P

Flowering start 0.194 ± 0.035 0.164 ± 0.046 −0.012 ± 0.031 −0.036 ± 0.036 0.206 <0.001 0.200 0.360

No. of flowers 0.495 ± 0.036 0.104 ± 0.022 0.445 ± 0.032 0.01 ± 0.023 0.050 0.510 0.094 0.832

Flower size 0.094 ± 0.035 0.044 ± 0.026 0.111 ± 0.030 −0.014 ± 0.027 −0.017 0.561 0.058 0.152

Scape height −0.002 ± 0.039 0.054 ± 0.024 0.097 ± 0.033 −0.17 ± 0.031 −0.099 0.103 0.224 0.557

Rosette diameter −0.010 ± 0.038 −0.064 ± 0.027 −0.052 ± 0.034 −0.072 ± 0.031 0.042 0.447 0.008 0.935

Table 2. Linear (βi ± SE) and quadratic (γii ± SE) selection gradients for open-pollinated (n = 351) and hand-
pollinated (n = 165) plants and pollinator-mediated selection gradients with proportion of damaged flowers 
and fruits as a covariate in one P. alpicola population at Lulang, China in 2016. Δβpoll = βOP − βHP, and 
Δγpoll = γOP − γHP are pollinator-mediated linear and quadratic selection gradients respectively. P-values 
are associated with differences in selection gradients between pollination treatments (the trait × pollination 
treatment interaction) in ANCOVA. Significant selection gradient estimates and their P-values are indicated in 
bold (P < 0.05).

http://S1
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Significant quadratic and correlational selection were detected among open-pollinated plants (Table 2, 3). 
There was a positive quadratic selection on number of flowers. Late flowering plants with many flowers were 
favored, as well as plants with combination of late flowering and two other traits (short scape, big rosette diame-
ter). There was negative correlational selection on number of flowers and scape height, and positive correlational 
selection on flower size and rosette diameter. The characters included in this full model explained more than a 
half of the variance in fitness among open-pollinated plants (R2 = 0.573).

Evidence for pollinator mediated natural selection. Pollinators contributed significantly to direc-
tional selection on flowering start and correlational selection on flower number and scape height, and varia-
tion in pollinator-mediated selection could explain most of the net phenotypic selection on these trait and trait 
combination among open-pollinated plants (significant trait × pollination treatment interactions, Table 2; sig-
nificant trait combination × pollination treatment interactions, Table 3). In open-pollinated plants, there was 
a significant positive linear selection gradient for flowering start, but in hand-pollinated plants the linear selec-
tion gradient was no longer significant. The significant pollinator-mediated selection for late start of flower-
ing (Δβpoll = 0.206, P < 0.05), accounted for all of selection observed among open-pollinated plants (βi = 0.194) 
(Table 2; Fig. 2). Correlational selection on number of flowers and scape height differed significantly between 
open- and hand-pollinated plants. Relative fitness was negatively related to the combination of number of flow-
ers and scape height among open-pollinated plants, but pollen supplementation reversed the direction of cor-
relational selection. Pollinators selected for more flowers and shorter scape plants (Δβpoll = −0.177, P < 0.05), 
accounting for all of the observed net selection (βij = −0.088) (Table 3).

Open-pollinated 
γij ± SE

Hand-pollinated 
γjj ± SE Pollinator-mediated

(R2 = 0.573) (R2 = 0.784) Δμpoll P

Flowering start × No. of flowers 0.133 ± 0.040 −0.024 ± 0.038 0.157 0.191

Flowering start × Flower size −0.003 ± 0.038 0.016 ± 0.029 −0.019 0.453

Flowering start × Scape height −0.088 ± 0.041 −0.008 ± 0.038 −0.080 0.190

Flowering start × Rosette diameter 0.073 ± 0.036 0.097 ± 0.044 −0.024 0.283

No. of flowers × Flower size 0.052 ± 0.039 0.015 ± 0.033 0.037 0.547

No. of flowers × Scape height −0.088 ± 0.040 0.089 ± 0.035 −0.177 0.005

No. of flowers × Rosette diameter 0.041 ± 0.045 −0.042 ± 0.043 0.083 0.392

flower size × Scape height 0.003 ± 0.045 −0.073 ± 0.035 0.076 0.351

flower size × Rosette diameter 0.101 ± 0.043 0.114 ± 0.039 −0.013 0.910

Scape height × Rosette diameter −0.051 ± 0.039 0.047 ± 0.032 −0.098 0.104

Table 3. Correlational selection gradients (μ ± SE) among open-pollinated and hand-pollinated plants and 
pollinator-mediated selection gradients, with proportion of damaged flowers and fruits as covariate, in one P. 
alpicola population at Lulang, China in 2016. Pollinator-mediated selection Δμpoll = γOP − γHP and P-values 
associated with differences in selection gradients between pollination treatments (the trait × pollination 
treatment interaction) in ANCOVA. Significant selection gradient estimates and their P-values are indicated in 
bold (P < 0.05).

Figure 1. Number of flowering individuals, fruit set (proportion of flowers forming a fruit), and pre-dispersal 
seed herbivory (proportion of damaged flowers and fruits) with date in one P. alpicola population at Lulang, 
China in 2016. -◼- Number of individuals, ▲ Pre-dispersal seed herbivory ○ Fruit set, ---- Fitted curve.
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Natural selection by pre-dispersal seed predators. There was no significant change in selection target 
between the multivariate regression analyses with and without proportion of damaged flowers and fruits as a 
covariate. Moreover, we got two alternative, nested models based on the path analysis and structural equation 
modeling. In Model A, only number of flowers and flower size played significant direct effects on relative fitness 
(χ2 = 153.3, df = 4, P < 0.01, AIC = 2007.7, loglikelihood = −998.8). In Model B, no significant indirect selec-
tion mediated by pre-dispersal seed predators was detected on flowering start, number of flowers, flower size, 
and scape height (χ2 = 198.5, df = 9, P < 0.01, AIC = 2441.7, loglikelihood = −1209.8) (Fig. 3). Model A with a 
smaller AIC and loglikelihood absolute value better fits the data than model B. These results suggest seed preda-
tors did not exert selection on floral traits of P. alpicola.

Discussion
This study demonstrates that the pollinators contribute to selection via female fitness on flowering phenology 
and floral display in the inter-morph pollination distylous perennial herb P. alpicola. Pollinators mediated direc-
tional selection favors late flowering, and correlational selection favors many flowers combined with short scape, 
that maybe attribute to stronger pollen limitation in the early season and resource tradeoff between pollinators’ 
attraction and flower production.

Evolutionary ecologists have hypothesized that pollinator-mediated selection should often favor peak or ear-
lier flowering plants4, but we found that late flowering plants were favored in P. alpicola. Several studies have 
documented early flowering was predominantly favored35,36, and people have explained many possible reasons 
for this phenomenon, from plant characters and environmental factors, such as size, flowering duration, growing 
season length37. But no significant pollinator-mediated selection on phenology was detected in most experimen-
tal quantified studies15,21,38. The present study demonstrate that natural selection for late flowering plants maybe 
the adaption to pollinators by seasonal change. Pollinator availability and pollination efficiency can vary during 
the growing season39. Late flowering plants received high pollinator service and high fruit set40,41. For P. alpicola, 
because of the characters of self-incompatibility and inter-morph pollination, higher pollinator service in late 
season result in higher female fitness, suggesting that the abundance of the pollinators is a limitation for the rel-
ative fitness in the early season in P. alpicola. Pollinator-mediated selection for late flowering plants may not be 
uncommon. Natural selection favors late flowering plants attributing to pollinators that also has been reported 

Figure 2. Added-variable plots for the traits flowering start, number of flowers and flower size which were 
detected significant linear natural selection gradients on among open-pollinated plants in one P. alpicola 
population at Lulang, China in 2016. In these added-variable plots, residuals from a linear regression model 
of relative fitness on all traits except the focal trait are plotted against the residuals from a regression model of 
the focal trait on the other traits under open-pollinated treatment (open symbols and dashed line) and hand-
pollinated treatment (closed symbols and solid line).

Figure 3. Path analysis of the effect of standardized flowering start, and floral display traits (No. of flowers, 
flower size, scape height) and proportion of damaged flowers and fruits on relative fitness of P. alpicola plants 
under supplemental hand pollination treatment (n = 165) at Lulang, China in 2016. Model A: Four floral traits 
play direct effects on relative fitness (χ2 = 153.3, df = 4, P < 0.01, AIC = 2007.7, loglikelihood = −998.8); Model 
B: Four floral traits play indirect effects on relative fitness through the proportion of damaged flowers and fruits 
(χ2 = 198.5, df = 9, P < 0.01, AIC = 2441.7 loglikelihood = −1209.8). Significant path coefficients are signed 
with asterisks (*P < 0.05, **P < 0.01).
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in Gymnadenia conopsea11. Our study may indicate the seasonal pollinator dynamics plays an important role in 
shaping flowering phenology. This study adds the evidence of biotic interactions in shaping flowering phenology.

Positive correlational selection on number of flowers and plant height has been documented because of syn-
ergistical effect of these two traits in pollinator attraction15, but to the best of our knowledge this is the first study 
to demonstrate negative correlational selection on this pair of trait attributing to pollinators. Female fitness is pre-
dicted to be simultaneously limited by pollen and reproductive effort (the proportion of a plant’s total resources 
allocated to reproduction) over a plant’s lifetime22,42,43. Reproduction investment involves not only the produc-
tion of flowering and fruiting structures but also the production of stem material44. In present study, pollinators 
mediated correlational selection favors individuals with more flowers and shorter scapes, suggesting a possible 
trade-off for resource distribution between pollinator attraction (scape height) and flower production (flower 
numbers). This is also consistent with the observation that the short-scaped morph had more flowers in Primula 
farinose45. Moreover, in the field, we did not observe any scape height bias for pollinators (L.L Chen, pers. obs.).

Seed predators (A. punctidactyla) are not likely to have affected selection on flowering phenology and floral 
display in this study population, although fruit and flower damage reduced relative fitness. The proportion of 
damaged flowers and fruits was about 10% in P. alpicola, whereas more damaged fruits (about 21%) was recorded 
in Lobelia siphilitica which had a detectable selection on floral traits via seed herbivores13. Many species have 
documented maybe it was difficult to detect herbivores mediated selection in a low damage level11,21. In addition, 
Seed predators mediated natural selection have been detected on flowering phenology, inflorescence height and 
flower number, but varied among populations and years11,46. These studies suggest fluctuation natural selection 
may relate to the dynamic intensity of seed predators.

In this study, we experimentally assessed phenotypic selection on floral traits mediated by pollinators in disty-
lous P. alpicola in the Eastern Himalayan region. We found that pollinators rather than pre-dispersal seed pred-
ators mediated directional selection via female fitness on flowering phenology and correlational selection on 
pairs of traits involved in flowering display. These results add to the growing body of evidence that pollinators 
are the important force in shaping flowering traits, and improves our understanding of floral diversity in the 
Eastern Himalayan region. Pollinator-mediated linear selection explained most of the net phenotypic selection 
on flowering start time, suggesting that pollen limitation was correlated with flowering phenology. Our inability 
to manipulate the seed predator A. punctidactyla could have influenced our result, since we were unable to test 
whether selection by pollinators would have differed if seed predators had been excluded. In ongoing work, we 
will examine the selection mediated by pre-dispersal seed predators experimentally and pay more attention to the 
relationships among the population dynamics of flowering plants, pollinators, and pre-dispersal seed predators 
because of temporal and spatial variation.

References
 1. Darwin, C. On the various contrivances by which British and foreign orchids are fertilised by insects: and on the good effects of 

intercrossing (John Murray, London, 1862).
 2. Darwin, C. The effects of cross and self fertilisation in the vegetable kingdom (John Murray, London, 1876).
 3. Darwin, C. On the origin of species by means of natural selection, or the preservation of favoured races in the struggle for life (John 

Murray, London, 1859).
 4. Elzinga, J. A. et al. Time after time: flowering phenology and biotic interactions. Trends in Ecology & Evolution 22, 432–439 (2007).
 5. Ehrlén, J. Selection on flowering time in a life-cycle context. Oikos 124, 92–101 (2015).
 6. O’Connell, L. M. & Johnston, M. O. Male and female pollination success in a deceptive orchid, a selection study. Ecology 79, 

1246–1260 (1998).
 7. Augspurger, C. K. Reproductive synchrony of a tropical shrub: experimental studies on effects of pollinators and seed predators on 

Hybanthus runifolius (Violaceae). Ecology 62, 775–788 (1981).
 8. Pérez-Barrales, R., Bolstad, G. H., Pélabon, C., Hansen, T. F. & Armbruster, W. S. Pollinators and seed predators generate conflicting 

selection on Dalechampia blossoms. Oikos 122, 1411–1428 (2013).
 9. Grimaldi, D. The co-radiations of pollinating insects and angiosperms in the Cretaceous. Annals of the Missouri Botanical Garden 

86, 373–406 (1999).
 10. Parachnowitsch, A. L. & Kessler, A. Pollinators exert natural selection on flower size and floral display in Penstemon digitalis. New 

Phytologist 188, 393–402 (2010).
 11. Sletvold, N., Moritz, K. K. & Ågren, J. Additive effects of pollinators and herbivores result in both conflicting and reinforcing 

selection on floral traits. Ecology 96, 214–221 (2015).
 12. Pilson, D. Herbivory and natural selection on flowering phenology in wild sunflower, Helianthus annuus. Oecologia 122, 72–82 

(2000).
 13. Parachnowitsch, A. L. & Caruso, C. M. Predispersal seed herbivores, not pollinators, exert selection on floral traits via female fitness. 

Ecology 89, 1802–1810 (2008).
 14. Valdés, A. & Ehrlén, J. Caterpillar seed predators mediate shifts in selection on flowering phenology in their host plant. Ecology 98, 

228–238 (2017).
 15. Chapurlat, E., Ågren, J. & Sletvold, N. Spatial variation in pollinator-mediated selection on phenology, floral display and spur length 

in the orchid Gymnadenia conopsea. New Phytologist 208, 1264–1275 (2015).
 16. Sletvold, N. & Ågren, J. Pollinator-mediated selection on floral display and spur length in the orchid Gymnadenia conopsea. 

International Journal of Plant Sciences 171, 999–1009 (2010).
 17. Bartkowska, M. P. & Johnston, M. O. Pollinators cause stronger selection than herbivores on floral traits in Lobelia cardinalis 

(Lobeliaceae). New Phytologist 193, 1039–1048 (2012).
 18. Gómez, J. M. Herbivory reduces the strength of pollinator-mediated selection in the Mediterranean herb Erysimum 

mediohispanicum: consequences for plant specialization. The American Naturalist 162, 242–256 (2003).
 19. Lande, R. & Arnold, S. J. The measurement of selection on correlated characters. Evolution 37, 1210–1226 (1983).
 20. Endler, J. Natural selection in the wild (Princeton, New Jersey, USA, 1986).
 21. Sandring, S. & Ågren, J. Pollinator-mediated selection on floral display and flowering time in the perennial herb Arabidopsis lyrata. 

Evolution 63, 1292–1300 (2009).
 22. Ashman, T. L. et al. Pollen limitation of plant reproduction: Ecological and evolutionary causes and consequences. Ecology 85, 

2408–2421 (2004).
 23. Sletvold, N., Tye, M. & Ågren, J. Resource- and pollinator-mediated selection on floral traits. Functional Ecology 31, 135–141 (2017).



www.nature.com/scientificreports/

8SCiEnTiFiC RePoRts | 7:13157 | DOI:10.1038/s41598-017-13340-0

 24. Ashman, T. L. & Morgan, M. T. Explaining phenotypic selection on plant attractive characters: male function, gender balance or 
ecological context? Proceedings of the Royal Society B-Biological Sciences 271, 553–559 (2004).

 25. Sun, S. G., Armbruster, W. S. & Huang, S. Q. Geographic consistency and variation in conflicting selection generated by pollinators 
and seed predators. Annals of Botany 118, 227–237 (2016).

 26. Herrera, C. M. Measuring the effects of pollinators and herbivores: evidence for non-additivity in a perennial herb. Ecology 81, 
2170–2176 (2000).

 27. Li, H.-D. et al. Fitness-related selection on floral traits in the distylous plant Primula poissonii (Primulaceae). Journal of Plant Ecology 
10, 559–568 (2016).

 28. Richards, J. Primula (BT Batsford, London, 2002).
 29. Liang, E. Y., Wang, Y. F., Eckstein, D. & Luo, T. X. Little change in the fir tree-line position on the southeastern Tibetan Plateau after 

200 years of warming. New Phytologist 190, 760–769 (2011).
 30. Mauricio, R. & Mojonnier, L. E. Reducing bias in the measurement of selection. Trends in Ecology & Evolution 12, 433–436 (1997).
 31. Stinchcombe, J. R., Agrawal, A. F., Hohenlohe, P. A., Arnold, S. J. & Blows, M. W. Estimating nonlinear selection gradients using 

quadratic regression coefficients: Double or nothing? Evolution 62, 2435–2440 (2008).
 32. Mitchell, R. Testing evolutionary and ecological hypotheses using path analysis and structural equation modelling. Functional 

Ecology 6, 123–129 (1992).
 33. Fox, J. et al. An R companion to applied regression. (Thousand Oaks, CA, USA: Sage Publications, 2011).
 34. Rosseel, Y. lavaan: an R package for structural equation modeling and more Version 0.4-9 (BETA). (Ghent University, 2011).
 35. Harder, L. D. & Johnson, S. D. Darwin’s beautiful contrivances: evolutionary and functional evidence for floral adaptation. New 

Phytologist 183, 530–545 (2009).
 36. Munguia-Rosas, M. A., Ollerton, J., Parra-Tabla, V. & Arturo De-Nova, J. Meta-analysis of phenotypic selection on flowering 

phenology suggests that early flowering plants are favoured. Ecology Letters 14, 511–521 (2011).
 37. Austen, E. J., Rowe, L., Stinchcombe, J. R. & Forrest, J. R. Explaining the apparent paradox of persistent selection for early flowering. 

New Phytologist 215, 929–934 (2017).
 38. Jiang, X. F. & Li, Q. J. Self- and intra-morph incompatibility and selection analysis of an inconspicuous distylous herb growing on 

the Tibetan plateau (Primula tibetica). Ecology and Evolution 7, 5746–5753 (2017).
 39. Aizen, M. A. Flower sex ratio, pollinator abundance, and the seasonal pollination dynamics of a protandrous plant. Ecology 82, 

127–144 (2001).
 40. Kudo, G. & Hirao, A. S. Habitat-specific responses in the flowering phenology and seed set of alpine plants to climate variation: 

implications for global-change impacts. Population Ecology 48, 49–58 (2006).
 41. Kudo, G. Relationship between flowering time and fruit set of the entomophilous alpine shrub, Rhododendron aureum (Ericaceae), 

inhabiting snow patches. American Journal of Botany 80, 1300–1304 (1993).
 42. Samson, D. A. & Werk, K. S. Size-dependent effects in the analysis of reproductive effort in plants. American Naturalist 127, 667–680 

(1986).
 43. Thompson, K. & Stewart, A. The measurement and meaning of reproductive effort in plants. The American Naturalist 117, 205–211 

(1981).
 44. Reekie, E. G. & Bazzaz, F. A. Reproductive effort in plants. 1. Carbon allocation to reproduction. American Naturalist 129, 876–896 

(1987).
 45. Vanhoenacker, D., Toräng, P., Ågren, J. & Ehrlen, J. Morph-specific selection on floral traits in a polymorphic plant. Journal of 

evolutionary biology 23, 1251–1260 (2010).
 46. König, M. A., Wiklund, C. & Ehrlén, J. Timing of flowering and intensity of attack by a butterfly herbivore in a polyploid herb. 

Ecology and evolution 5, 1863–1872 (2015).

Acknowledgements
We thank the staff of the Southeast Tibet Ecology Station, Institute of Tibetan Plateau Research (CAS) for great 
field work supports, J. Zhang and X.F. Jiang for field assistance, N. Sletvold and E. Chapurlat for data analysis, W.S. 
Armbruster, B.R. Paudel, R.T. Corlett, WJ. Gan for their comments on the manuscript, Z.H. Xie for identifying 
the bumblebees. This study was supported by the Joint Funds of the National Natural Science Foundation of 
China and Yunnan Provincial Government (No. U1202261), the National Natural Science Foundation of China 
(No. 41461014).

Author Contributions
L.L. Chen, B. Zhang and Q.J. Li designed the research and wrote the manuscript; L.L. Chen performed 
experiments, analyzed data and prepared the figures and tables.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13340-0.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-13340-0
http://creativecommons.org/licenses/by/4.0/

	Pollinator-mediated selection on flowering phenology and floral display in a distylous herb Primula alpicola
	Material and Methods
	Study species and site. 
	Experimental setup. 
	Measured traits. 
	Statistical analyses. 

	Results
	Flowering individuals, fruit set and pre-dispersal seed herbivory along flowering date. 
	Differences between pollination treatments in floral traits, pre-dispersal seed herbivory, and seed production. 
	Selection gradients for floral traits. 
	Evidence for pollinator mediated natural selection. 
	Natural selection by pre-dispersal seed predators. 

	Discussion
	Acknowledgements
	Figure 1 Number of flowering individuals, fruit set (proportion of flowers forming a fruit), and pre-dispersal seed herbivory (proportion of damaged flowers and fruits) with date in one P.
	Figure 2 Added-variable plots for the traits flowering start, number of flowers and flower size which were detected significant linear natural selection gradients on among open-pollinated plants in one P.
	Figure 3 Path analysis of the effect of standardized flowering start, and floral display traits (No.
	Table 1 Flowering phenology, traits contributing to floral display, pre-dispersal seed herbivory (proportion of damaged flowers and fruits), and seed production with means ± SE in both open-pollinated and supplemental hand-pollination treatments in one P.
	Table 2 Linear (βi ± SE) and quadratic (γii ± SE) selection gradients for open-pollinated (n = 351) and hand-pollinated (n = 165) plants and pollinator-mediated selection gradients with proportion of damaged flowers and fruits as a covariate in one P.
	Table 3 Correlational selection gradients (μ ± SE) among open-pollinated and hand-pollinated plants and pollinator-mediated selection gradients, with proportion of damaged flowers and fruits as covariate, in one P.


