
lable at ScienceDirect

Plant Diversity 46 (2024) 274e279
Contents lists avai
Plant Diversity
journal homepage: http: / /www.keaipubl ishing.com/en/ journals /plant-d iversi ty /

ht tp : / / journal .k ib.ac.cn
Short communication
Intraspecific floral colour variation in three Pedicularis species

Qiu-Yu Zhang a, b, Zhe Chen a, Hang Sun a, **, Yang Niu a, *

a State Key Laboratory of Plant Diversity and Specialty Crops, Kunming Institute of Botany, Chinese Academy of Sciences, Kunming 650201, Yunnan, China
b University of Chinese Academy of Sciences, Beijing 100049, China
a r t i c l e i n f o

Article history:
Received 14 December 2022
Received in revised form
28 March 2023
Accepted 29 March 2023
Available online 3 April 2023

Keywords:
Flower constancy
Floral colour variation
Plantepollinator interactions
Pollinator vision
* Corresponding author.
** Corresponding author.

E-mail addresses: zhangqiuyu@mail.kib.ac.cn (Q.-
ac.cn (Z. Chen), sunhang@mail.kib.ac.cn (H. Sun), niuy

Peer review under responsibility of Editorial Offic

https://doi.org/10.1016/j.pld.2023.03.011
2468-2659/Copyright © 2023 Kunming Institute of Bo
is an open access article under the CC BY-NC-ND lice
a b s t r a c t

Flower constancy describes the phenomenon that pollinators tend to successively visit flowers of a single
species during foraging, reducing reproductive interference in natural communities. The extent of flower
constancy is largely determined by the floral traits of co-flowering species. Both higher inter-specific and
lower intraspecific differences of floral traits should contribute to a higher level of flower constancy.
However, previous studies mainly focused on interspecific difference, and the intraspecific variation
(consistency) of floral traits received much less attention. We hypothesise that selection may favour
lower intraspecific floral trait variation in communities composed of multiple co-flowering congeners.
We investigated the floral colour variation of three focal Pedicularis species that share pollinators in 19
communities composed of either single or multiple Pedicularis species. Colour was quantified using
image-based colour analysis as perceived by pollinators. We found that most of the intrapopulation floral
colour variation was below the colour discrimination threshold of bumblebees, implying strongly con-
strained by the visual selection by pollinators. Contrary to the hypothesis, there is no significant dif-
ference in intraspecific floral colour variation between different community contexts. It may be due to
the relatively large interspecific floral colour differences of most co-flowering species. The influence of
community context on intraspecific variation may be reflected in floral traits other than colours.

Copyright © 2023 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Co-flowering plants often share pollinators, which may result
in interspecific pollen transfer (Feinsinger et al., 1988; Bell et al.,
2005; Lazaro et al., 2009). Heterospecific pollen may interfere
conspecific pollen in different reproductive stages, including
adhesion and germination of pollen, pollen tube growth, ovule
fertilization and seed development (Caruso and Alfaro, 1989;
Wilcock and Neiland, 2002; Morales and Traveset, 2008). The
impacts of interspecific pollen transfer are greater between plants
that are more closely phylogenetically related, such as co-
occurring and co-flowering species in the same genus (Streher
et al., 2020).
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greater floral traits differences between species, resulted from
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result character displacement, where co-exist congeners evolved
different “triggering” mechanisms that precisely bring styles and
stigmas into contact with pollinators (Armbruster et al., 1994). Two
species of Clarkia that are often found in multi-species commu-
nities in the southern Sierra foothills, they co-occur more
frequently than a null model predicts (Eisen and Geber, 2018),
providing a pattern consistent with the ecological sorting.

Alternatively, plants may also benefit from decreased floral trait
variation within species, maintaining higher degree of floral con-
stancy. The term floral constancy describes the phenomenon that
pollinators (often social bees) tend to visit flowers of a single spe-
cies successively, even ignoring alternative rewarding flowers
during movements (Grant, 1950; Levin and Anderson, 1970). As
Darwin mentioned, “no one will suppose that insects act in this
manner for the good of the plant”, but “it favours cross-fertilization
of distinct individuals of the same species” (Darwin, 1876). Two
non-exclusive hypotheses may explain the floral constancy
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phenomenon. Darwin’s hypothesis suggests that pollinators are
constant to minimize the costs of relearning flower-handling skills
after every switch (see Woodward and Laverty, 1992). Empirical
evidence indicated that bumblebees spend longer flower-handling
time following a switch between flower types that need different
handling skills (Gegear and Laverty, 1995, 1998). The searching
image hypothesis suggests that pollinators are constant because
they formed a searching image during foraging (Gegear and
Laverty, 2001). Wilson and Stine (1996) found that bumble bees
visited flowers from different species of similar colours, regardless
of handling skills (Wilson and Stine, 1996). The extent of flower
constancy is influenced by floral traits such as size, shape, scent and
colour (Gegear and Laverty, 2001). To increase flower constancy,
natural selection may favour distinct and constant floral traits.

Colour is an important floral trait that influences pollinators’
decisions. On the one hand, pollinators were reported to succes-
sively visit one morph in species with polymorphic floral colour,
which induced associative mating (Lebel et al., 2018). On the other
hand, different species sharing similar floral colour (or other traits)
may not be distinguished by pollinators. An example is the
deceptive pollination, e.g., the non-reward orchid Eulophia zey-
heriana imitates the colour of the rewarding Wahlenbergia cuspi-
data to attract pollinators (Garcia et al., 2020). These scenarios
remind us to consider that the response of pollinators to flowers
should depend on the community context, i.e., the similarity of co-
flowering species (see Kagawa and Takimoto, 2016; Benadi and
Gegear, 2018). Studies on floral colour in communities mainly
focused on the inter-specific difference (McEwen and Vamosi,
2010) and its correlation with environment gradients ((Arnold
et al., 2009). Intraspecific colour variation received far less atten-
tion and almost exclusively on discrete variation, i.e., colour poly-
morphism or colour change. Continuous colour variation within
species, although much more common (Sapir et al., 2021;
Trunschke et al., 2021), received far less attention (but see Paine
et al., 2019; Whiteny et al., 2020).

Pedicularis (Orobanchaceae) is a large genus with over 600
species that are distributed in the northern hemisphere, with more
than half species found in Southwest China (Hong et al., 1998).
Pedicularis species in the Hengduan Mountains has great diversity
in floral character (including size, shape and colour), but is almost
exclusively pollinated by bumblebees and is mainly obligate out-
crossers (Wang and Li, 1998; Macior et al., 2001; Yang et al., 2007;
Huang and Fenster, 2007). Different communities have diverse
assemblage of Pedicularis species, with various extents of floral trait
similarity, providing different contexts that may influence pheno-
type variation. Therefore, this genus is an ideal model to under-
stand the phenotypic variation in the context of pollinator-
mediated species interaction. The assemblage of Pedicularis spe-
cies in Southwestern China are suggested to be a result of
pollination-related ecological sorting through selection against
reproductive interference, where species with more divergent flo-
ral characters are more likely co-exist (Eaton et al., 2012). The work
by Eaton et al. (2012) mentioned above investigated the floral di-
versity in Pedicularis communities in SW China, but treated floral
colour as a discrete character and did not quantify the intraspecific
variation. Furthermore, it categories colour by human perception,
which is very different from the colour vision properties of the real
pollinators.

This study focused on floral colour variation within and across
communities, with consideration of the community composition.
Specifically, we ask (1) whether the extent of floral colour variation
differ between populations, and whether it correlates with the
community composition; (2) what is the overall pattern of intra-
specific floral colour variation as perceived by pollinators. To
answer these questions, we investigated natural communities that
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include single or multiple Pedicularis species, and quantified floral
colour based on colour perception of the pollinators. We predict
that in communities that include two or more species sharing
similar floral colours, the intraspecific variation should be lower,
decreasing potential reproductive interference.

2. Materials and methods

2.1. Study species and communities

This study was conducted in the Hengduan Mountains (North-
western Yunnan and Eastern Xizang) from July to September in
2021 and 2022. The three most common Pedicularis species,
P. cephalantha var. szetchuanica Bonati, P. milliana W.B. Yu, D.Z. Li &
H. Wang and P. longiflora Rudolph (Fig. 1aec) are our focus species.
Please note that three varieties of P. longiflora were recognized in
Flora of China (Wu and Raven, 1998) (Yu, pers. comm.), these taxa
were treated as a single species in this study. These species are all
found in the alpine meadows and are pollinated by bumblebees.

For each species, we tried to find two types of communities, one
with merely the focus species, and the other coexisting with other
Pedicularis species, with either similar or dissimilar floral colours.
Finally, we collected 19 communities in this area (Appendix 1). In
this context, a community refers to an area within the foraging
range of bumblebees. The distance between the two communities
is more than 20 km, and there are mountains that create a
geographical barrier in between them.

Except for the three focus species, six others Pediculars species
were found in these communities. Voucher specimens were
collected for each species in each community and preserved at KUN
(see Appendix 2).

2.2. UV-VIS images of flowers

Traditionally, colour was quantified in terms of reflectance
spectra, but we used an image-based colour analysis method
instead in the present study for the following reasons. The intensity
of reflectance spectra is very sensitive to the distance between the
probe and the object. This distance should be kept constant be-
tween measurements to produce comparable repeats. To meet this
requirement, the surface of objects should be flat. However, Ped-
icularis flowers have complex 3D structures and are not suitable for
repeat reflectance measurements that estimate intraspecific vari-
ation. Digital photography can overcome these defects. Further-
more, data from all the samples in a community can be obtained in
single image, reducing the experimental error caused by multiple
operations. It has been tested that results based on reflectance
spectra and digital images fit well (Troscianko and Stevens, 2015).
We also did a similar test using Pediculars flowers, and got similar
results between two methods (see Appendix 3).

To cover the spectrum that bumble bees perceives, we obtained
flower images that includes both human visible (VIS) and UV light
information. Specifically, a Samsung NX1000 camera was modified
by removing the low-pass filter to increase sensitivity to UV light,
and mounted with a Nikkor EL-80 mm lens (the exact same set-up
as suggested by Troscianko and Stevens 2015). A standard set that
included 10% and 80% reflectance polytetrafluoroethylene stan-
dards was placed alongside the samples for calibration. The aper-
ture was set to f/8 and ISO at 800, the exposure time was adjusted
according to the lighting conditions. We used a Baader UV/IR
blocking filter that transmits light between 400 and 700 nm to
capture the visible light image. For UV images, a Baader U-Venus-
Filter filter that transmits light between 300 and 400 nm with a
transmitting peak at 350 nmwas used. Images were saved as RAW
files (SRW files for Samsung cameras).



Fig. 1. Three focus Pedicularis species in this study from SW China (aec), the distribution of the floral colours (the patch with the greatest surface area was selected) of nine
Pedicularis species in the colour hexagon model for bumblebee vision and colour patches that are selected among the flowers of three focus Pedicularis species (d). (a) P. cephalantha
var. szetchuanica; (b) P. milliana;(c) P. longiflora, (d) Colour loci of nine Pedicularis species involved in this study in colour hexagon, showing the colour similarity between them. The
colour of the triangles is only used to distinguish between species; black arrows indicate colour patches we selected among the flowers of three focus Pedicularis species, we chose
the same area of colour for each species.
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For each focus species from a community, we collected 50e60
fresh flowers, each from a different individual, for photographing.
These flowers were fixed on a black background board immedi-
ately. Visible-light (400e700 nm) and UV-light (300e400 nm)
photographs of flowers were then taken by the cameramounted on
a tripod so that two photos were obtained from the same position.
All photographs were taken in natural daylight conditions. To
minimize the presence of shadows on the flowers, we typically take
pictures in shaded areas at the edge of the forest under field con-
ditions. Cloudy days, which provide diffuse sunlight but with
plenty of UV rays, are the optimal conditions for taking these
photographs.

2.3. Image-based colour analyses

The images were analysed bymica Toolbox, an ImageJ plugin for
colour analysis. Generally, it utilizes ij-dcraw (Sacha, 2013) to
extract pixel data from RAW image files linearly and generates
multispectral files. Images can be normalized using white or grey
standards with known reflectance values (10% and 80%). The cali-
brated images were then used for mapping from camera colour to
cone-catch quanta in a specific animal model (Troscianko and
Stevens, 2015).

Specifically, this toolbox divides visible and UV photos in RAW
files into five channels of red, green, blue, UV blue and UV red, and
then combine them into a multispectral image. To convert the
multispectral images into cone catches of bumblebees, we estab-
lished a visual model based on the photoreceptor sensitivity curve
of Bombus terrestris. This is done by specifying Samsung NX1000 as
the camera body and Nikkor EL-80 mm as the lens, B. terrestris as
the receptors, D65 300e700 as the photography illuminant and
model illuminant, and Natural Spectra 300e700 as the training
spectra in the plugin. All processing is performed on 32-bit floating
point images rather than commonly used 8-bit images, this in-
creases precision and reduces the likelihood of data loss through
rounding error or saturation of pixels (Troscianko and Stevens,
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2015). We then manually selected regions of interest from each
multispectral image. When there are multiple colour patches on
the petals, the patch with the greatest surface area was selected
(see Fig.1d). Only the domain and uniform petal parts were used for
colour analysis. We did not analyse the colour patches of the nectar
guide because they often work after the pollinators have landed on
the flowers, whereas the dominant colour patch plays a more
important role in attraction. For different samples of the same
species, we chose the same region for analysis. Photon capture
numbers of each receptor channel were obtained for further
calculation in the bee’s colour vision model.

The colour hexagon model (CH model) is established for
trichromatic vision and is suitable for Hymenoptera (Chittka, 1992).
The model expresses the signal values of the three receptors with
the coordinates of 120� to each other, producing a two-dimensional
equilateral hexagon space that can analyse and visualize the colour
perception of bumblebees. Any colour can be represented as a point
in this space based on the signal it excites in the photoreceptor, and
colour difference in the CH model is determined by the Euclidean
distance (in CH units) between colour loci (Chittka, 1992). Floral
colours of the nine species of Pedicularis involved in the study were
plotted in the colour hexagon (Fig.1d, this is done by themean of all
data of one species). We calculated the intraspecific floral colour
distances of the focal species, with greater distances indicating
higher variations.

2.4. Statistical analysis

We first examined the difference in intraspecific floral colour
distances between communities, using KruskaleWallis tests and
the Wilcoxon rank-sum test. We then tested the association be-
tween colour variation and community context, by dividing the 19
communities into two groups, those with single Pedicularis species
and those with multiple Pedicularis species. The mean intraspecific
colour distance between the two groups was examined using an
independent samples t-test.
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To test whether these intraspecific floral colour variations
exceeded the bee visual threshold of 0.11 hexagon units (Dyer and
Chittka, 2004), we calculated the coordinates of the centroid
(geometric center) from the coordinates of the flowers of each
population in the CH model, and then calculated the distance be-
tween flowers and the distance from the centroid to each flower.
The evolutionary constraints were considered strong if more than
95% of the flower-flower pairwise distances were less than the
threshold, and intermediate if more than 99% and 95% of the
flower-centroid pairwise distances were less than the threshold.
The constraint was considered weak or absent if more than 5% of
the flower-centroid pairwise distances were greater than the
threshold (Paine et al., 2019).

3. Results

We collected floral colour data from 19 communities, including
9 communities containing Pedicularis cephalantha var. szetchuanica
(3 þ 6, numbers of communities with single and multiple species),
7 communities containing P. milliana (3 þ 4), and 9 communities
containing P. longiflora (3 þ 6), with some overlap between them
(Appendix 2). Besides these focal species, six congeners found in
these communities are P. densispica, P. rhinanthoides, P. cymbalaria,
P. gracilis, P. gruina and P. confertiflora. In human eyes, these flowers
range from pink, magenta to yellow, while in the eyes of bumble-
bees, they occupied the blue, blue-green and green region in the
colour hexagon map (shown in Fig. 1d). Except for communities K
and L, the floral colour similarity of Pedicularis species co-flowering
in other communities was low (see Fig. 1d and Appendix).

The intrapopulation colour variations (in terms of colour dis-
tances) as perceived by bumblebees range from less than 0.001
(Pedicularis cephalantha var. szetchuanica) to 0.09 (P. longiflora). For
P. cephalantha var. szetchuanica, there are significant differences in
intrapopulation colour variation between most communities (sin-
gle: c2 ¼ 120.56, df ¼ 2, p < 0.001, mixed: c2 ¼ 213.18, df ¼ 5,
p < 0.001, Fig. 2a). However, the difference between two types of
communities, single or mixed, was not significant (Fig. 2a). Two
other focal species, P. milliana and P. longiflora, showed similar
patterns (single: c2 ¼ 16.092, df ¼ 2, p < 0.001, mixed: c2 ¼ 260.1,
df ¼ 3, p < 0.001, Fig. 2b; single: c2 ¼ 188.17, df ¼ 1, p < 0.001,
mixed: c2 ¼ 824.39, df ¼ 5, p < 0.001 Fig. 2c).

At the population level, more than 95% of flowereflower dis-
tances within populations were not discriminable for bumblebees
(< 0.11 hexagon units) in all populations (25 of 25) examined,
implying strong pollinator-related evolutionary constraints.

At the species level (pooled all the populations), we drew a circle
that covers the region that is not discriminable by bumblebees, by
setting the centroid as the center and 0.11 hexagon units as the
diameter (Fig. 3). We found 99.79% and 100% floral loci of
Fig. 2. Intraspecific floral colour distances in communities with single or multiple Pediculari
axis indicates the number and floral colour of co-flowering Pedicularis species. (a) P. cephal
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P. cephalantha var. szetchuanica and P. milliana are under the
discrimination threshold of bumble bees (0.11 colour hexagon
unite), implying “strong constraints” (Paine et al., 2019, Fig. 3a and
b). For P. longiflora, 7.87% of flowers fall outside the circle in. So we
drew a circle with the centroid as the center and 0.11 hexagon units
as the radius, we found 100% floral loci of P. longiflora arewithin the
circle, implying “intermediate constraint” (Fig. 3c).

4. Discussion

Focused on three species of Pedicularis, we tested the association
between intraspecific floral colour variation and the community
context for the first time. In contrast to our expectations, the degree
of intraspecific floral colour variation was independent of the
community context. Specifically, Pedicularis species did not show
lower colour variation in communities containing multiple conge-
ners, compared with those containing a single Pedicularis species. It
is possible that the history to form these herbaceous communities
is not long enough to produce a detectable colour variation, or,
more likely, the selection strength is not strong enough. Several
reasons may lessen the selection strength on the intraspecific floral
colour variation.

First, many of the co-flowering species in the mixed commu-
nities in this study have relatively large interspecific floral colour
differences (Fig. 1d), which can be discriminated by bumble bees.
Therefore, the selection towards a lower intraspecific colour vari-
ation may not be strong enough. Among all the communities we
studied, species with very similar floral colour rarely coexist (i.e.,
P. milliana, P. cephalantha var. szetchuanica, P. gracilis and P. gruina,
see Fig. 1d and Appendix 1). This may be a result of ecological
sorting, where co-occur species assemblages are more dissimilar in
floral traits than random samples from the species pool. Eaton et al.
(2012) demonstrated this pattern in some flora traits of Pedicularis,
but not in floral colour. Therefore, our study found a clue to support
this process and deserves further attention.

Second, colour is an important but not all factor in maintaining
flower constancy. Handling skills, for example, also influence the
visiting behaviour of pollinators. When offered the blue or white
flower with equally rewarding, pollinators visit the flowers with a
lower handling time (shallow-well flowers) and are not constrained
by flower colour (Sanderson et al., 2006). Besides colour, the genus
Pedicularis has a very diversified floral structure, such as labellum
and beak, that determines the position and posture of foraging
pollinators. Although similar in colour, co-flowering Pedicularis
species often have different floral structures (see Eaton et al., 2012).
This is the case in the present study, where P. milliana and
P. cymbalaria both have magenta flowers, but differ in the direction
of their “beaks”, which may be important to maintain flower con-
stancy. As a reference in the same study region, bumblebees were
s species. Letters A to S are the community codes. Coloured circles below the horizontal
antha var. szetchuanica; (b) P. milliana; (c) P. longiflora.



Fig. 3. The pattern of intraspecific floral colour variation. Each black dot represents the colour of a single flower. Each chart covers the flowers of all populations of each species.
Regions that covered by the circle (a and b have a diameter of 0.11 hexagonal units, centered on the centroid of all points) are not discriminable by bumblebees. The circle of c has a
radius of 0.11 hexagonal units, centered on the centroid of all points. (a) Pedicularis cephalantha var. szetchuanica; (b) P. milliana; (c) P. longiflora.
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found rarely switch between co-flowering Pedicularis species dur-
ing the two years of visit observation (Tong and Huang, 2016).
Therefore, the selection to promote flower constancy may not be
reflected in the variation of floral colour.

Third, the selection on floral colour variation may also be
influenced by the sensory property of pollinators. Bumblebees have
trichromatic colour vision and showed flower constancy based on
target colour (Gegear and Laverty, 2005), which implied strong
pollinator-related evolutionary constraints on floral colour. As ev-
idence, more than 95% of the intraspecific flower colour variation in
the present study was below the discrimination threshold of pol-
linators. The limited studies that investigated the continuous colour
variation within species had similar findings. In Sphaeralcea poly-
chroma, Paine et al. (2019) found that the majority (70.6%) of the
populations had >95% floral colour variation that was visually
indistinguishable from bees. Furthermore, the ability of colour
discrimination by bumblebees is much worse than humans (Paine
et al., 2019), which means they have a higher tolerance to colour
variation. As a comparison, as much as 45.7% of the floral colour
variation can be discriminable in the visual space of birds (Whitney
et al., 2020). Given that the colour variation is already indiscrimi-
nate, it can hardly respond to selection by pollinators. This may
explain the absence of colour variation differences between com-
munity contexts.

We noticed that, compared with the two Pedicularis species
with pink flowers, the floral colour variations are relatively higher
in P. longiflora, a species with yellow flower, with 7.87% variation
exceeding the colour discrimination threshold of bumblebees. This
is possibly a random result but may also have an explanation from
the aspect of sensory ecology. Hymenopteran photoreceptors have
maximum sensitivity values in the ultraviolet (ca. 340 nm), blue
(ca. 430 nm) and green (about 535 nm), and have the best colour
discrimination at wavelengths near 400 nm and 500 nm (von
Helversen, 1972; Peitsch et al., 1992). The reflectance spectra of
pink or magenta flowers have two peaks, in long (red) and short
(blue) wavelength regions, respectively. As shown in the multi-
spectra images, these flowers have relatively higher brightness
in both red and blue channels and fall in the blue region in the
colour hexagon map (Fig. 3a and b). Although bees are not very
sensitive to the reflection in the red region, the reflections in the
blue region fall into their best colour discrimination range.
Therefore, it is possible that the selection pressure from pollina-
tors on blue-pink flowers is stronger than on yellow ones
(P. longiflora). The explanation can be tested in future studies that
compare colour variation between taxa with blue-pink and
yellow-white flowers on a larger scale.

In the present study, we investigated the intraspecific floral
colour variation of three bumblebee-pollinated Pedicularis species
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in different communities, using an image-based colour analysis for
bumblebee vision. We found that most of the intrapopulation floral
colour variation was below the colour discrimination threshold of
bumblebees, which implies strong selection by pollinators.
Furthermore, there is no significant difference in intraspecific floral
colour variation between different community contexts. This may
be due to the fact that there are already large interspecific character
differences caused by ecological sorting.
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