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Abstract

Aims
Reproductive fitness of different floral phenotypes varies within 
and/or among populations. These variations are important to 
understand the process of natural selection and the evolution of 
floral traits. In this study, we focused on a distylous, self-incompat-
ible species, Primula poissonii, to investigate fitness-related selec-
tion on floral traits. Our aim was to determine how traits vary as 
targets of natural selection and whether morph-specific selection 
occurs.

Methods
This study was conducted at two sites (Yushuizhai at 2700 m and 
Haligu at 3200 m) in the Lijiang Alpine Botanical Garden, northwest-
ern Yunnan, southwestern China. Insects visiting flowers of P. pois-
sonii were observed, captured and identified. Randomly selected 
plants of long- and short-styled morphs were labeled. Five floral/
inflorescence traits were measured including floral display, corolla 
width (CW), floral tube length (FTL), tube opening width (TOW) and 
floral scape height. Fruit and seed set were recorded. The total num-
ber of seeds per individual plant (plant fitness) and seed production 
per capsule (flower fitness) were calculated. Multiple regression 
analyses were used to quantify selection gradients.

Important Findings
The frequencies of the two morphs did not deviate from the expected 
1:1 ratio at both sites. Except for FTL, the four other traits did not dif-
fer significantly between the long- and short-styled morphs. Floral 

scape height, floral display and FTL differed between two sites. The 
selection regimes differed between two morphs and between two 
sites. At the Yushuizhai site, linear selection for shorter floral tubes 
was stronger in the short-styled morph. However, nonlinear selec-
tion on the floral display was stronger in the long-styled morph than 
selection on the short-styled morph. At the Haligu site, linear selec-
tion for a smaller corolla was stronger in the long-styled morph. 
A morph-specific nonlinear selection on CW and floral display was 
also detected. Morph-specific selections were detected through 
the estimation of flower fitness only in Haligu population. In this 
site, morph-specific linear selection was also detected for CW and 
floral display. Morph-specific nonlinear selection on traits was 
detected only in CW. We found that butterflies and sphingid moths 
dominated at Yushuizhai, while long-tongued bees dominated at 
Haligu. The difference in pollinator fauna suggested that selection 
on floral tubes may be due to differences in pollinator assemblages. 
Overall, variation of floral and/or inflorescence traits in P. poissonii 
was probably driven by pollinator selection. Selection regime dif-
ferences between two morphs, in part, due the inter-morph diver-
gences of sexual functions in distylous plant.
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INTRODUCTION
A range of functional floral traits often contributes to repro-
ductive success as measured as fruit and/or seed set (Navarro 
and Guitian 2002). There are notable variations in floral and/
or inflorescence traits including flowering height, floral dis-
play (number of flowers on one inflorescence) and flower 
size, respectively. As a partial consequence, reproductive suc-
cess may vary among different floral phenotypes within and 
among populations of the same species. To determine which 
functional traits influence reproductive success, and which 
traits are under selection, we need to study floral traits varia-
tion in association with reproductive fitness.

Since Darwin (1862), evolutionary biologists suggested that 
plant–pollinator interactions shaped floral diversity (Grimaldi 
1999). The literature suggests that floral traits often ‘fit’ the 
parameters and foraging behaviors of the primary pollinators 
(Faegri and van der Pijl 1979). The ‘fit’ between the flower 
and the pollinator should maximize the transference of pollen 
grains to next conspecific flowers (Fenster et al. 2004). Using 
regression models to analyze the variation of floral traits and 
their association with reproductive success, we should be able 
to determine which traits are most important to reproduc-
tive fitness. This, in turn, should permit us to understand the 
relative strengths of different modes of selection (Lande and 
Arnold 1983; Stinchcombe et al. 2008). Specifically, we can 
distinguish which mode of natural selection (directional and/
or stabilizing and/or disruptive) influences floral trait diver-
sification and whether it is produced by pollinator activities 
and/or by other biotic or abiotic agents.

In animal-pollinated plants, floral traits experiencing 
natural selection have been detected commonly in natural 
populations (Harder and Johnson 2009). They include, but 
are not limited to, rewards (Bolstad et  al. 2010), floral dis-
play (Sandring and Ågren 2009; Schemske 1980), flower size 
(Arista and Ortiz 2007; Lavi and Sapir 2015; Parachnowitsch 
and Kessler 2010), corolla tube width (Campbell et al. 1996; 
Gómez et  al. 2009; Vanhoenacker et  al. 2010), floral tube 
length (FTL—Alexandersson and Johnson 2002; Bloch and 
Erhardt 2008) and floral spur length (Johnson and Steiner 
1997; Sletvold et al. 2010). These trait variations influenced 
reproductive success primarily because they were attractive 
to flower visitors or they represented floral adaptations that 
‘fit’ specific pollinator behavior and/or anatomy (Armbruster 
and Muchhala 2009). Plant height (Lortie and Aarssen 1999; 
Peakall and Handel 1993), the number of flowers on a stem 
(Mitchell et al. 2004; Rodríguez-Robles et al. 1992) and flower 
size (Schemske and Ågren 1995) have also been shown to 
influence pollinator attraction. The stigmas of taller plants 
received more pollen than those with shorter stems in 
Verbascum thapsus (Scrophulariaceae, Lortie and Aarssen 1999). 
Schemske and Ågren (1995) showed that pollinators pre-
ferred the larger flowers of Begonia involucrata (Begoniaceae). 
Bee visits to Mimulus ringens (Scrophulariaceae) increased 
with a physical increase in floral display (Mitchell et al. 2004). 

Floral traits such as corolla tube width (Campbell et al. 1996; 
Vanhoenacker et al. 2010), corolla tube length (Muchhala and 
Thomson 2009) and spur length (Johnson and Steiner 1997; 
Nilsson 1988) influenced interactions between pollinators 
and flowers. For example, Muchhala and Thomson (2009) 
found that the length of the floral tube of Centropogon nigricans 
(Campanulaceae) was comparative in length to the tongue of 
the pollinating bat (Anoura fistulata). In C. nigricans, the long-
tubed, male flowers dispersed more pollen, while the long-
tubed, female flowers received more pollen.

Excluding C. nigricans, most plant species discussed in the 
previous paragraphs produced monomorphic flowers. Floral 
trait selection studies on species with polymorphic flow-
ers remain uncommon (Vanhoenacker et  al. 2010). Primula 
is an ideal model to study fitness-related selection on floral 
traits in polymorphic flowers as most species are distylous 
and show high degrees of intra-morph self-incompatibility. 
Consequently, disassortative mating is required to main-
tain floral polymorphism (Brys and Jacquemyn 2015). 
Reproductive success in Primula species depends primarily 
on insects for inter-morph cross-pollinations. Many Primula 
flowers have long, tubular corollas, so key floral traits should 
be adapted to local pollinator assemblages, and variation in 
such traits should respond to pollinator-mediated selection. 
For example, the perennial rosette primrose, P. farinosa, is not 
only a distylous species but also polymorphic for scape length 
(long-scaped vs. short-scaped morph; Ehrlén et  al. 2002). 
The reproductive success of P.  farinosa was associated with 
scape height, floral display and corolla tube width (Ågren 
et al. 2006). Selection was scape morph specific in this species 
(Vanhoenacker et al. 2010).

However, pollinator assembly changes across different 
communities have been detected (Gómez et  al. 2009) with 
natural selection varying among different populations. In the 
Himalaya–Hengduan Mountain regions, Primula species occur 
along a vast ecological gradient based in part on elevation 
(Hu 1994; Richards 2003). Primula poissonii is also distylous, 
but its tube length, width and opening circumference varied 
among its known populations (Li et al. 2015) but the role of 
natural selection on floral trait diversification in this species is 
unknown. In this study, we focused on selection traits of this 
species at two sites. We addressed the following questions: 
(i) Which floral traits undergo selection? (ii) Do the selection 
gradients differ between the two floral morphs?

MATERIALS AND METHODS
Species and sites

Primula poissonii Franchet is a perennial species growing in wet, 
montane meadows at sub-alpine elevations in Yunnan and 
southwestern Sichuan, China within the Himalaya–Hengduan 
Mountain regions. Each herb has a basal rosette and produces 
one or two scapes during the flowering season. Each scape is 
composed of 2–6 tiered umbels with 10–30 flowers. Flowers of 
P. poissonii emit a pleasant fragrance reminiscent of commercial 
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rose water (Li et al. unpublished data). The corolla is crimson–
purple with a ‘golden annulus’. The long floral tube contains 
nectar at its base. Primula poissonii shows a high degree of self-
incompatibility enforcing outcrossing as the long-styled and 
short-styled flowers are only 2% and 10% self-fertile, respec-
tively. Therefore, inter-morph crosses are required for most of 
its seed production (Richards 2003).

Investigations were conducted in 2012 in two natu-
ral, unmanaged wet meadows, Yushuizhai (26°59′58.9″ 
N, 100°10′57.2″ E, 2700 m above sea level) and Haligu 
(27°00′11″ N, 100°10′56″ E, 3200 m above sea level). Both 
sites are located in the Lijiang Alpine Botanical Garden, 
Lijiang, Yunnan, southwestern China. Primula poissonii is 
the dominant species in both meadows with mass flower-
ing observed during flowering time. The flowering period of 
P. poissonii was from late May to middle August in both sites. 
The scape of this primrose is higher than any of the other 
co-occurring, terrestrial, herbs in both sites. Other plant spe-
cies with flowering periods overlapping or concurrent with 
P. poissonii often differed between the two sites. Sanguisorba 
filiformis (J. D. Hooker) Handel-Mazzetti coexisted with P. pois-
sonii at both sites. At Yushuizhai, Eriocaulon henryanum Ruhl 
and Inula helianthus-aquatica C.  Y. Wu ex Ling were more 
common than other species except for P. poissonii. Pedicularis 
cephalantha Franchet ex Maximowicz, Polygonum macrophyl-
lum var. stenophyllum (Meisner) A.  J. Li and one congener, 
P. beesiana, Forrest bloomed with P. poissonii at Haligu. Primula 
beesiana had the larger floral displays but bloomed earlier and 
overlapped with P. poissonii.

Flower visitor activity

The flower visitor assemblages of both P.  poissonii popula-
tions were assessed over a 2-year survey (2012 and 2013). 
We observed floral visitors over 32 h and collected them on 
sunny days without strong winds from 10:00 to 18:00 at each 
site each year. We walked transects through each site and 
collected insects on flowers. Specifically, an insect was col-
lected only if it was observed visiting a flower of P. poissonii for 
>1 s. Specimens were euthanized in jars with fumes of ethyl 
acetate and identified to genus. Vouchers were deposited in 
the Kunming Institute of Botany (KIB), Chinese Academy of 
Sciences (CAS).

Plant morph frequency

The ratio of the long-styled and short-styled morphs was eval-
uated at both sites. We walked transects through each popula-
tion recording a significant fraction of the plants in each site 
(n = 571 at Yushuizhai and n = 412 at Haligu). A goodness 
of fit method via a chi-square test was used to determine if 
morph ratio was 1:1.

Measurement of floral traits and fitness

We set up 207 quadrats of 1 × 1 m at Yushuizhai and 134 
quadrats of 1 × 1 m at Haligu (some quadrats lacked plants of 
P. poissonii). If both morphs occurred in the same quadrat, we 
sampled one long-styled morph and one short-styled morph. 

If all the individuals in a quadrat were the same morph, we 
just sampled either one long-styled or one short-styled indi-
vidual. We labeled selected individuals, recorded their floral 
morph, counted the number of flowers per scape (floral dis-
play) and measured floral scape height (from the ground to 
the terminus of each inflorescence).

We randomly chose one flower from each labeled scape to 
measure floral traits in the field using digital calipers to an 
accuracy of 0.01 mm. The following floral traits were meas-
ured: (i) corolla width (CW; the maximum distance between 
opposite corolla lobes); (ii) tube opening width (TOW); 
and (iii) FTL (measured from the base of the ovary to the 
tube opening). We did not measure the comparative height 
of sex organs (style length vs. height of stamens adnate to 
the corolla) as these measurements are correlated with FTL. 
However, in a separate study, we measured the spatial match-
ing between reciprocal sexual organs of both sites. Results 
showed that sexual organ reciprocity was very high within 
the population indicating that the potential for disassortative 
mating dominated within both sites and the distylous syn-
drome remained stable at both sites (Li et al. 2015). Shortened 
anther–stigma distance reduces compatible pollination in this 
distylous Primula species (Liu et al. 2016).

We harvested all the labeled scapes when fruits (capsules) 
matured in September. In total, we labeled 140 scapes at 
Yushuizhai and 120 scapes at Haligu. The number of fruits 
for each labeled scape was scored in situ, while the number of 
seeds in each capsule was counted back in the lab. All seeds 
of each capsule were extracted; aborted seeds were removed 
carefully. All the well-developed seeds of each capsule were 
scattered on white papers and photographed using a Canon, 
PowerShot G16. Seed numbers were counted by image pro-
cessing using ImageJ v1.43 (ImageJ, US National Institutes of 
Health; Rasband 2013; http://imagej.nih.gov/ij/). Due to loss 
by grazing cattle, we collected and counted 110 scapes (60 
long-styled morph individuals, 50 short-styled morph indi-
viduals) in fruit at Yushuizhai and 79 scapes (39 long-styled 
morph individuals, 40 short-styled morph individuals) in fruit 
at Haligu.

We used the total number of seeds per individual plant 
(plant fitness hereafter) to estimate reproductive fitness. 
However, total seed number per plant is probably related 
closely to floral display (flower number per scape). That is, 
plants with more flowers probably produce more seeds than 
plants with fewer flowers (Weber and Kolb 2013). Therefore, 
we used an additional estimator of reproductive fitness called 
seed production per capsule (flower fitness hereafter), as it is 
more likely to be independent of floral display (Weber and 
Kolb 2013). Finally, reproductive fitness was relativized as 
the individual or capsule seed number divided by the mean 
number of seeds per individual or the capsule at popula-
tion level. The relative reproductive fitness is with a mean of 
1. Measured values of traits were also standardized separately 
for each morph and each site with a mean of 0 and a variance 
of 1.
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Data analysis

We used two-way analyses of variance (ANOVAs) to determine 
if fruit set and seed production per individual plant differed 
between two sites and two morphs. Fruit set (i.e. the proportion 
of flowers that were converted into fruits) was arcsine square-
root transformed to meet the assumptions of the test. We also 
ran five, two-way ANOVAs to analyze if the floral traits were dif-
ferent between two sites and between two morphs. The Pearson 
correlations were used to analyze the correlations among traits.

We conducted selection gradients analyses following Lande 
and Arnold (1983) using multiple regression with relative repro-
ductive fitness (relative plant fitness and relative flower fitness) 
as the response variable and standardized trait values (floral scape 
length, floral display, CW, FTL and TOW) and their squared val-
ues as explanatory variables. The partial linear regression coeffi-
cients (β), representing the strength and directions of directional 
selection, were calculated. Additionally, we calculated nonlinear 
selection gradients (γii) to estimate stabilizing/disruptive selec-
tion, by obtaining quadratic deviations from the mean for both 
single and quadratic terms of traits (Lande and Arnold 1983). 
Quadratic regression coefficients were doubled to estimate sta-
bilizing/disruptive selection gradients (Lande and Arnold 1983; 
Stinchcombe et al. 2008). The positive or negative quadratic gra-
dients imply disruptive or stabilizing selection, respectively.

For each site, we ran an analysis of covariance to determine 
whether linear and nonlinear selection gradients differed 
between two morphs. This model included relative fitness 
(plant or flower fitness) as the dependent variable and the five 
standardized traits (see above), squared traits, morph (long-
styled vs. short-styled morph) and their interactions as inde-
pendent variables. This model was defined as follows: Relative 
fitness = Trait + Trait2 + Morph + Morph × Trait + Morph × 
Trait2. Significant interaction indicates a change in the selec-
tion gradient caused by the morph. It means that significant 
interaction points to a difference between two different selec-
tion gradients of the phenotypic trait under both morphs.

RESULTS
Flower visitor assemblages and morph frequency of 
P. poissonii

Over 2 years, we observed and collected 160 and 86 insect 
specimens at Yushuizhai and Haligu, respectively. The 

dominant visitors at Yushuizhai belonged to the Orders 
Lepidoptera, with 62.5% of visits from eight genera (Papilio, 
Ypthima, Colias, Melitaea, Aglais, Ochlodes, Macroglossum 
and Melanargia) and 28.8% of visits from large-bodied 
Hymenoptera (Anthophora and Bombus species). At Haligu, 
the 51.2% of visits were from large-bodied Hymenoptera 
(Anthophora and Bombus species) and 37.2% from the spe-
cies of Lepidoptera (Ypthima, Colias, Macroglossum, Melanargia, 
Zizina and Anthocharis).

We recorded 296 long-styled morph and 275 short-styled 
morph individuals at Yushuizhai and 226 long-styled morph 
and 186 short-styled morph individuals at Haligu. The morph 
ratio did not deviate significantly from 1:1 at Yushuizhai 
(χ2  =  0.77, df  =  1, P  =  0.38; chi-square test) and Haligu 
(χ2 = 3.88, df = 1, P = 0.05).

Comparison of reproductive fitness and floral 
traits between two morphs and two sites

Four traits including CW, floral scape height, floral display 
and TOW did not differ between the two morphs (P > 0.05, 
see online supplementary Table S1). FTL of the short-styled 
morph was longer than that of the long-styled morph at both 
sites (F1,185 = 10.24, P < 0.05, Table 1). The scape height, floral 
display and TOW were greater at Haligu than at Yushuizhai 
(P < 0.05, Table 1). The FTL and CW did not differ significantly 
between the two sites (P > 0.05, Table 1). Some of these traits 
showed significant correlations (Table  2). Scape height cor-
related positively with floral display in both morphs at both 
sites (P < 0.01). Corolla width correlated positively with FTL 
in both morphs and at both sites (P < 0.05). At Yushuizhai, 
the CW correlated with the scape height and the TOW in 
the short-styled morph (P  <  0.05). Scape height correlated 
with FTL in the short-styled morph (P < 0.05). At Haligu, the 
CW also correlated with the TOW in the long-styled morph 
(P < 0.01, Table 2).

Fruit set varied significantly between the two morphs 
(F1,185  =  15.20, P  <  0.001) but not between the two sites 
(F1,185  =  0.005, P  =  0.94). Specifically, the fruit set was 
higher in the long-styled morph than in the short-styled 
morph (mean ± SE, 0.72 ± 0.02 vs. 0.62 ± 0.03 at Yushuizhai, 
0.72 ± 0.04 vs. 0.62 ± 0.03 at Haligu). The plant fitness did not 
differ between the two morphs but did vary between the two 
sites (F1,185 = 9.031, P = 0.003). Plant fitness at Haligu was 

Table 1: mean values (± SD) of five reproductive traits measured in Primula poissonii at two sites in the Yulong Mountains 

n Scape height (cm) Floral display CW (mm) TOW (mm) FTL (mm)

Yushuizhai

 Long-styled morph 60 34.40 ± 6.00 12.00 ± 4.03 23.90 ± 2.25 2.17 ± 0.53 9.46 ± 0.83

 Short-styled morph 50 36.36 ± 8.64 13.78 ± 5.26 23.41 ± 3.13 2.30 ± 0.94 9.96 ± 0.98

Haligu

 Long-styled morph 39 38.36 ± 10.27 18.08 ± 7.63 24.15 ± 2.79 2.72 ± 0.51 9.54 ± 0.98

 Short-styled morph 40 38.00 ± 8.86 17.78 ± 8.12 23.64 ± 2.72 2.52 ± 0.38 9.89 ± 1.00

CW = corolla width, TOW = tube opening width, FTL = floral tube length.
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higher than at Yushuizhai (mean ± SE, 764.04 ± 122.53 vs. 
386.79 ± 33.36 in the long-styled morph, 530.59 ± 90.05 vs. 
334.72 ± 33.19 in the short-styled morph).

Selection gradients on floral traits

The linear regression gradient of plant fitness was significant 
and positive for the floral display in both morphs at both 
sites (P  <  0.05, Table  3; Fig.  1a and b). At Yushuizhai, the 
FTL was under significant negative and directional selection 
only in the short-styled morph (Table 3; Fig. 1a). Nonlinear 
regression quadratic gradients (γii) of the floral display were 
positively significant in the long-styled morph, indicating 
that the floral display was under disruptive selection (Table 3; 
Fig. 1d). Nonlinear regression quadratic gradients (γii) of the 
FTL were significant and positive in the short-styled morph 
(Table 3; Fig. 1d). Linear selection on the FTL was stronger in 
the short-styled morph than in the long-styled morph (selec-
tion gradients: −0.22 and 0.03, Fig. 1a). Nonlinear selection 
on floral display was stronger in the long-styled morph than 
in the short-styled morph (selection gradients: 0.35 and 0.11, 
Fig. 1d). For flower fitness, we found no significant selection 
gradients on all five floral traits.

At Haligu, for plant fitness, we found only a negative sig-
nificance of a linear selection gradient for the CW in the long-
styled morph (P < 0.05, Table 3; Fig. 1b). Short-styled morph 
individuals with a higher scape had higher reproductive fit-
ness (P < 0.01, Table 3). We also found that nonlinear, selec-
tion gradients in the TOW were significant and negative in 
the flowers of short-styled morphs. However, the nonlinear 

Table 3: selection gradients (± SE) on floral traits in Primula poissonii at both sites

Fitness measure Site and trait βL ± SE βS ± SE γLii ± SE γSii ± SE

Plant fitness

Yushuizhai

 Scape height 0.18 ± 0.09 0.13 ± 0.09 0.02 ± 0.14 0.14 ± 0.09

 Floral display 0.46 ± 0.09 0.27 ± 0.09 0.35 ± 0.13 0.11 ± 0.09

 CW 0.00 ± 0.08 0.10 ± 0.09 −0.00 ± 0.13 −0.04 ± 0.04

 TOW −0.03 ± 0.06 −0.01 ± 0.08 −0.13 ± 0.18 −0.00 ± 0.08

 FTL 0.03 ± 0.08 −0.22 ± 0.10 0.01 ± 0.12 0.20 ± 0.10

Haligu

 Scape height 0.20 ± 0.10 0.39 ± 0.11 0.13 ± 0.12 0.34 ± 0.18

 Floral display 0.40 ± 0.14 0.25 ± 0.12 0.04 ± 0.14 0.42 ± 0.08

 CW −0.23 ± 0.11 −0.03 ± 0.08 0.67 ± 0.12 −0.07 ± 0.14

 TOW 0.21 ± 0.13 −0.05 ± 0.08 0.00 ± 0.11 −0.39 ± 0.15

 FTL −0.02 ± 0.01 −0.06 ± 0.08 0.00 ± 0.15 −0.08 ± 0.10

Flower fitness

Haligu

 Scape height 0.04 ± 0.07 0.43 ± 0.09 0.00 ± 0.08 0.10 ± 0.15

 Floral display 0.19 ± 0.10 −0.33 ± 0.10 −0.04 ± 0.10 0.15 ± 0.07

 CW −0.21 ± 0.08 −0.03 ± 0.07 0.57 ± 0.08 −0.03 ± 0.13

 TOW 0.03 ± 0.09 −0.09 ± 0.07 0.06 ± 0.07 −0.18 ± 0.13

 FTL −0.04 ± 0.07 −0.01 ± 0.07 0.03 ± 0.10 −0.14 ± 0.08

Linear (β) values are partial regression coefficients, so positive or negative values imply positive or negative directional selection, respectively. 
Nonlinear (quadratic; γ) positive or negative gradients imply disruptive or stabilizing selection, respectively. Quadratic partial regression coef-
ficients were doubled to obtain selection gradients. Significant (P < 0.05) gradients are in italic and bold. Significant (P < 0.01) gradients are in 
bold. Plant fitness is indicted by seed number per individual plant, while flower fitness is the number of seeds per capsule. CW = corolla width, 
TOW = tube opening width, FTL = floral tube length.

Table 2: phenotypic correlations among traits in Primula poissonii 
at two sites

Scape height Floral display CW TOW FTL

Yushuizhai

 Scape height 1 0.74** 0.43** 0.07 0.37*

 Floral display 0.63** 1 0.29* 0.09 0.29*

 CW 0.12 −0.1 1 0.29* 0.5**

 TOW 0.07 0.09 0.22 1 0.16

 FTL 0.08 −0.08 0.49* 0.05 1

Haligu

 Scape height 1 0.72** 0.09 0.07 0.03

 Floral display 0.62** 1 0.12 0.13 0.09

 CW 0.11 0.06 1 0.08 0.45**

 TOW 0.18 0.22 0.49** 1 −0.07

 FTL 0.05 0.03 0.39* 0.29 1

Long-styled morph is below the diagonal (n = 60 at the Yushuizhai, 
n = 39 at the Haligu) and short-styled morph is above the diagonal 
(n = 50 at the low site, n = 40 at the high site). CW = corolla width, 
TOW = tube opening width, FTL = floral tube length.
*P < 0.05, **P < 0.01.
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selection gradients were significant and positive in the flo-
ral display of the short-styled morphs and in the CW of the 
long-styled morphs. Morph-specific selections were found in 
the floral display and in the CW. Linear selection on the CW 
was stronger in the long-styled morph than in the short-styled 
morph (selection gradients: −0.23 and −0.03, Fig. 1b). While 
nonlinear selection on CW in the long-styled morph was 
stronger than in the short-styled morph (selection gradients: 
0.67 and −0.07, Fig. 1e), nonlinear selection on the floral dis-
play was stronger in the short-styled morph than in the long-
styled morph (selection gradients: 0.42 and 0.04, Fig. 1e). For 
flower fitness, the negative, directional selection gradients and 
the nonlinear positive selection gradients of the CW were sig-
nificant in long-styled morph plants (P < 0.05, Table 3; Fig. 1c). 
Negative linear directional selection gradients and nonlin-
ear positive selection gradients of floral display were signifi-
cant in the short-styled morph (P < 0.05, Table 3). Increased 
scape height showed higher flower fitness in the short-styled 
morph (P < 0.05). Morph-specific linear selection on traits was 

detected in CW and floral display. Specifically, selection gradi-
ents for the CW were −0.21 and −0.03, while 0.19 and −0.33 
for floral display in the long-styled morph and the short-styled 
morph (Fig. 1c). Morph-specific nonlinear selection on traits 
was detected only in CW (selection gradients: 0.57 and −0.03 
in long-styled morph and short-styled morph, Fig. 1f).

DISCUSSION
This study showed that different floral traits can contribute to 
reproductive fitness in P. poissonii and some of these traits are 
under different modes of selective pressures. We will discuss 
which floral traits experienced selection for different morphs, 
and which environmental components may mediate selection 
on these traits at different sites.

Phenotypic selection on attractive traits

Potential for pollinator-mediated selection on floral traits 
involved in pollinator attraction and pollination efficiency 
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Figure 1: phenotypic selection gradients on corolla width (CW), floral display, floral tube length (FTL), scape height and tube opening width 
(TOW) among Primula poissonii plants with long-styled (gray bars) or short-styled morphs (white bars). Linear selection gradients estimated 
from seed number per plant in (a) Yushuizhai and (b) Haligu populations and estimated from seed number per capsule in (c) Haligu popula-
tion. Nonlinear selection gradients estimated from seed number per plant in (d) Yushuizhai and (e) Haligu populations and estimated from seed 
number per capsule in (f) Haligu population. Symbols above individual bars indicate the level of significance of the gradient. The symbol above 
the line spanning several gradients indicates that there is a significant difference in selection gradients between morphs. *P < 0.05; **P < 0.01.
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has been explored to exhaustion (see review in Fishman 
and Willis 2008; Galen 1996). The visual floral traits include 
flower/inflorescence height, floral display and flower size. 
These traits increase reproductive fitness by simply attracting 
more pollinators (Conner and Rush 1996; Galen and Newport 
1987; Johnson et  al. 1995; Mitchell et  al. 2004; Peakall and 
Handel 1993; Strauss et al. 1996; Teixido 2014).

In our study, floral display experienced positive direc-
tional selection for plant fitness in both morphs at both sites. 
Disruptive selection occurred in the long-styled morph at 
Yushuizhai and in the short-styled morph at Haligu. Floral 
display of P. poissonii appeared to suffer a partial, pollinator-
mediated selection because floral display always had an effect 
on insect visitation rates and their floral constancy (Ohara and 
Higashi 1994). As noted in other studies, an individual with 
a larger floral display increases its attractiveness to pollina-
tors (e.g. Conner and Rush 1996; Schemske and Ågren 1995). 
Weber and Kolb (2013) also found that a pollinator’s prefer-
ence for a larger inflorescence size (floral display) increased 
both plant and flower fitness.

However, flower fitness correlated negatively with floral 
display in short-styled morphs at Haligu. Brys and Jacquemyn 
(2010) showed that, while large floral displays may receive 
more pollinator visits, the sheer number of insect visits and 
legitimate pollen loads per flower should decline in the plants 
with the largest floral displays. This difference must be con-
trasted with results obtained by Weber and Kolb (2013). 
They found that the floral display was related positively to 
both plant and flower fitness. There are three possible ways 
to explain this difference in our study. First, Primula flowers 
with strict inter-morphic, cross-pollination systems were more 
likely to suffer pollination limitation. Second, as scape archi-
tecture in P. poissonii comprised several tiered umbels, pollina-
tors are more likely to visit flowers within the same horizontal 
tier. This may lead ultimately to uneven visits of different tiers 
on the same scape when pollinator limitation is severe. Third, 
increasing floral display should be associated with increasing 
frequencies of intra-plant pollinator movements (Brys and 
Jacquemyn 2010; Karron et al. 2004). However, we have not 
tested these hypotheses with controlled experiments. A com-
parison of flower fitness among different tiered whorls would 
be insightful to understand if flowers located in different parts 
of the same inflorescence regularly receive different rates of 
visitation from the same primary pollinators.

Our results of multivariate selection analysis showed that 
flower scape height suffered directional selection only in the 
short-styled morphs of Haligu. That is, the individual with a 
taller floral scape had a higher plant and flower fitness. It is 
indicated that taller plants were reproductively superior in 
P. poissonii. Previous studies have suggested that flower scape 
height influenced pollinator foraging preferences (Johnston 
1991; Peakall and Handel 1993). In general, the taller plants 
attracted more pollinator visits (Lortie and Aarssen 1999). For 
example, the short-scape morph of European P. farinosa is more 
pollen limited than its long-scape morph (Ehrlén et al. 2002).

Phenotypic selection on floral tube opening 
width and tube length

Long-tongued pollinators carrying pollen at the bases of 
their proboscides and/or on their heads are regarded as effi-
cient pollinators in flowers that have long and narrow floral 
tubes. Pollen dispersal and deposition on receptive stigmas 
occurs when they feed on nectar at the bases of the floral 
tube (Lloyd and Webb 1992). The length of proboscides of 
visiting insects affects the rate and frequencies of pollen flow 
between morphs in most distylous, Primula species (Brys and 
Jacquemyn 2015). The TOW experiencing stabilizing selec-
tion was detected only in the short-styled morph at Haligu. 
While dominant flower visitors were bees and members of the 
Order Lepidoptera (diurnal sphingid moths and butterflies) at 
both sites 51.2% of the visits at Haligu were conducted by 
large-bodied bees. These insects had proboscides wider than 
those of butterflies and moths. Therefore, floral tube width 
was better adapted to the large bees increasing the efficiency 
of pollen transfer rates at Haligu.

Floral tube length suffered negative directional selection 
and disruptive selection at Yushuizhai. In contrast, the most 
common visitors there were Lepidoptera (62.5% of visits in 
total) with long but narrow proboscides. Consequently, pol-
len deposition in flowers with shorter tubes should be more 
adaptive than in long tube flowers at Yushuizhai. In addition, 
disruptive selection may also occur when plants adapt to two, 
different, pollinator groups at Yushuizhai. Over all, the FTL 
and opening width of P. poissonii may have undergone polli-
nator-mediated selection.

Morph-specific traits selection

Our results revealed that the two floral morphs differed in 
FTL. The plants with the short-styled morphs produced the 
longer floral tubes. The corolla in long-styled morphs was 
larger than in short-styled morphs but the difference was not 
significant. Morph-specific differences in floral traits were 
found in other Primula species (Brys and Jacquemyn 2015; 
Keller et  al. 2012), other distylous species (Thompson and 
Dommée 2000) and other species showing other forms of sex-
ual polymorphisms (Delph 1996). In this study, morph-spe-
cific selections were found at both sites. As selection gradients 
differed between two morphs, they may be interpreted, in 
part, as male and female functions in a distylous species. The 
short-styled morph may disperse pollen more easily than the 
long-styled morph, but the stigma of the long-styled morph 
may receive cross-legitimate pollen more frequently than the 
short-styled morph (Darwin 1877; Martén-Rodríguez et  al. 
2013).

We found that reproductive success and selection regimes of 
P. poissonii differed between two sites. For example, CW expe-
rienced linear negative directional selection and also experi-
enced nonlinear disruptive selection in long-styled morph 
plants at Haligu but not at Yushuizhai. Corolla width may 
adapt to specific pollinator assemblages in our study for two 
reasons. First, the pollinator assemblages of P. poissonii differed 
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between sites (see above). Second, at Haligu, the closely 
related and sympatric species, P.  beesiana, overlapped with 
P. poissonii. We observed that these two species shared some 
pollinators (Li et al., unpublished data). Therefore, we suspect 
that competition between congeners may play a greater role 
in selection at this site as P. poissonii may lose some pollinator 
visits to P. beesiana. This could cause character displacement in 
floral traits in P. poissonii. The selection strength, resulting in 
localized phenotypes, may differ along a geographic gradient.

However, the inter-morph variation of selection on different 
traits, documented in this study, may not only occur exclusively 
under pollinator-mediated selection but we do not have enough 
information at present to interpret these differences with-
out additional and more detailed measurements. Specifically, 
besides the biotic factors (pollinator assemblages and co-bloom-
ing congeners), there must be abiotic factors including ambient 
temperature, humidity, rainfall, soil chemistry, etc. that differ 
between these two sites at two elevations (Zhao et al., unpub-
lished data). Floral traits are also influenced by such resource 
limitations as well as floral predators. For example, a trend 
toward a larger floral display may also increase the risk of dam-
age by grazers (Ågren et al. 2013; Ehrlén 1997) and ovule/seed 
predators (Cariveau et  al. 2004; Leimu et  al. 2002). Selection 
may act via reduced fitness on larger flowers that suffer from 
increased water loss and/or increased predation (Strauss and 
Whittall 2006). Another limitation of this study is the measure-
ment of fitness for a perennial herb. Seed production of 1 year 
could not fully estimate the reproductive success of a long-lived 
plant since we did not measure the performance of their off-
spring in their whole life history. The dynamic and/or trade-off 
of annual resource allocation may also influence the reproduc-
tive fitness of perennial plants at a certain study year. Therefore, 
a multi-years and more holistic approach combining different 
selection agents to study floral trait evolution seems warranted 
in the future (Junker and Parachnowitsch 2015).
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