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The reproductive success of plants depends both on their phenotype and the local
neighbourhood in which they grow. Animal-pollinated plants may benefit from increased
visitation when surrounded by attractive conspecific individuals, via a “magnet effect.”
Group attractiveness is thus potentially a public good that can be exploited by
individuals, with selfish exploitation predicted to depend on genetic relatedness within
the group. Petal colour is a potentially costly trait involved in floral signalling and
advertising to pollinators. Here, we assessed whether petal colour was plastically
sensitive to the relatedness of neighbours in the annual herb Moricandia moricandioides,
which produces purple petals through anthocyanin pigment accumulation. We also
tested whether petal colour intensity was related to nectar volume and sugar content
in a context-dependent manner. Although both petal colour and petal anthocyanin
concentration did not significantly vary with the neighbourhood configuration, plants
growing with kin made a significantly higher investment in petal anthocyanin pigments
as a result of the greater number and larger size of their flowers. Moreover the
genetic relatedness of neighbours significantly modified the relationship between floral
signalling and reward quantity: while focal plants growing with non-kin showed a
positive relationship between petal colour and nectar production, plants growing with kin
showed a positive relationship between number of flowers and nectar volume, and sugar
content. The observed plastic response to group relatedness might have important
effects on pollinator behaviour and visitation, with direct and indirect effects on plant
reproductive success and mating patterns, at least in those plant species with patchy
and genetically structured populations.

Keywords: anthocyanins, floral advertisement, floral display, floral signalling, kin selection, neighbourhood
context, phenotypic plasticity, reward

INTRODUCTION

Because plants are sessile and establish from seeds that are often dispersed over short distances, their
neighbours are frequently also their relatives (Harper, 1977; Valverde et al., 2016). This fact may
counteract the strength of local competitive interactions. While survival and reproduction require
successful competition with neighbours for resources (Antonovics and Levin, 1980), inclusive
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fitness (Hamilton, 1964a,b) might actually be optimised by
less aggressive behaviour towards neighbours if they are
closely related. The possibility that plants evolve such altruistic
behaviour in response to kin selection has received increasing
theoretical attention and experimental support in recent
years, particularly with respect to traits influencing vegetative
competition (Heil and Karban, 2010; Chen et al., 2012; Gagliano
et al., 2012; Pierik et al., 2014; Dudley, 2015). However, kin
selection should also shape the evolution of reproductive traits
affecting competition for pollinators (Torices et al., 2018; Iritani,
2020; Sun et al., 2021).

In agreement with the expected sensitivity of a plant’s
flowering strategy to the relatedness of its neighbours, Torices
et al. (2018) recently showed that individuals of Moricandia
moricandioides, a self-incompatible annual herb of arid habitats
of south-eastern Spain, produced larger floral displays when
close neighbours were related than when they were unrelated.
The authors interpreted this behaviour as evidence for kin
recognition and speculated that it might reflect kin selection
for altruism. Plants flowering in the same patch may benefit
mutually by increasing their joint attractiveness to pollinators
through a “magnet effect” (Moeller, 2004; Hegland, 2014). This
investment in advertising as a public good should be favoured
by selection more when those sharing the benefits are related to
one another, since this will increase the inclusive fitness of related
plants. A recent mathematical model supports this prediction,
showing that floral display increases with increasing relatedness
of neighbouring plants when there is magnet effect attracting
more pollinators to the patch (Sun et al., 2021).

Torices et al. (2018) studied simple floral display size, yet
pollinators respond in complex ways to signals of attraction
(Avarguès-Weber et al., 2014; Howard et al., 2017; Koethe et al.,
2020). First, the nature of a signal may be multidimensional,
with the possibility of positive or negative associations among
different floral traits (Smith, 2016) or floral allocations (Torices
and Méndez, 2014). And second, the optimal implementation of
advertising signals may be further complicated by how honestly
they are linked to the reward being advertised (Belsare et al.,
2009; Howard et al., 2019). All of this implicates possible resource
trade-offs between attractive and rewarding traits. For example,
increasing display size, as observed by Torices et al. (2018), may
compromise investment towards attractiveness such as colour.
However, there remains disagreement over the extent to which
producing flower colour pigments is costly (Archetti, 2009;
Del Valle et al., 2019), and thus over whether such trade-offs
should be expected (but see Sletvold et al., 2016). Moreover,
the combination of size and colour may affect attractiveness to
pollinators in non-additive ways, and may strongly depend on
pollinator identity (Wertlen et al., 2008; de Ibarra et al., 2015;
Stewart et al., 2015).

The visitation rate and foraging decisions of many pollinators
are influenced by floral colour (Ômura and Honda, 2005;
Schaefer and Ruxton, 2011; Dötterl et al., 2014; de Ibarra
et al., 2015; Fattorini and Glover, 2020). As such, floral
colour influences pollination success, seed production, and
siring success (Jones and Reithel, 2001; Caruso et al., 2010;
Shang et al., 2011; Veiga et al., 2015; Sletvold et al., 2016),

although selection intensity on floral colour frequently depends
on environmental conditions (Caruso et al., 2019; Sletvold,
2019). Importantly, the effect of floral colour on pollinator
behaviour and plant reproductive success may also depend
on the distribution of rewards offered by other competing
flowers in the pollination market (Chittka and Schürkens, 2001;
Benitez-Vieyra et al., 2014).

Although pollinators have innate preferences for specific
colours, they can quickly adapt their preferences by associative
learning, based on reward quality and quantity (Kelber and
Osorio, 2010; Schiestl and Johnson, 2013). In this sense, we
might expect the local intraspecific neighbourhood to have
important consequences for an individual plant’s optimal strategy
of both display and reward (Bartkowska and Johnston, 2014).
Cohen and Shmida (1993) modelled the association between
floral advertisement and reward, with specific attention to flower
density. Their model predicts that allocation to signalling traits
should increase when flower density is low, thereby facilitating
visibility, whereas allocation to rewards should be favoured under
conditions of high flower density or low visitation rates so as to
favour revisitation of their flowers, i.e., by promoting favourable
pollinator choice (Cohen and Shmida, 1993). However, to
our knowledge, we still lack formal theoretical foundations
for predicting the potential kinship effects on the relationship
between floral signalling and reward.

Here, we ask whether plants modify their allocation to
advertising, estimated as floral colour, depending on the
relatedness of their neighbours. We analysed petal colour,
estimated pigment allocation to petals, and measured nectar
production of the plant M. moricandioides (Boiss.) Heywood
(Brassicaceae) in an experiment in which both plant density and
kin structure were manipulated. This species produces purple
petals coloured by the accumulation of anthocyanin pigments
(Tatsuzawa et al., 2012), and pigment concentration varies among
individuals of a population (Del Valle et al., 2018). Our study is
based on measurement of a subsample of the plants investigated
previously by Torices et al. (2018), who focused on floral
display size rather than colour, as summarised above. In the
current study, we specifically asked: (i) Does the neighbourhood
size affect petal colour? (ii) Does the genetic relatedness of
neighbours and its interaction with neighbourhood size affect
petal colour? Additionally, (iii) we estimated the individual plant
investment into petal anthocyanin pigments to assess whether the
higher advertising effort observed in terms of petal biomass was
translated into higher total pigment allocation, or whether plants
produced larger but less colourful flower (e.g., as a result of an
allocation trade-off). Finally, (iv) we explored whether variation
in petal colour correlated with nectar production, and whether
this relationship depended on the neighbourhood size or the
genetic relatedness of the neighbours.

MATERIALS AND METHODS

Experimental Design
We evaluated the effect of the number and the genetic
relatedness of neighbours on the petal colour of individuals of
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M. moricandioides, which relies entirely on insect pollinators
for its reproduction, mainly Antophorini bees (Gómez, 1996;
González-Megías and Menéndez, 2012; Gómez et al., 2016).
We collected seeds from 50 different mothers from the same
population near Granada, Spain (37◦07′11.8′′ N 3◦43′47.2′′ W),
collected in June 2015. The present study used a subset of these
plants from Torices et al.’s (2018) experiment in which floral
colour was measured by means of digital images (see below).
This subset of plants (146 focal plants, from 25 different maternal
families) corresponds to the maternal families with focal plants
flowered at the dates we took the pictures. Torices et al.’s (2018)
experiment involved growing target individuals (focal plants) in
pots with zero, three or six neighbours that were either related as
half sibs (“kin,” sampled from the same open-pollinated mother
and thus likely half-sibs but possible also including full-sibs) or
unrelated (“non-kin,” sampled randomly from the population).

Seeds were sown individually, and seedlings were then re-
potted into the experimental neighbourhood in pots with 1.5 L of
soil between April 7th and 18th, 2016, when they had produced
at least one leaf. All focal plants from the same maternal family
and their respective experimental neighbourhood were re-potted
the same day. Each treatment was replicated once for each
maternal family, totalising 25 focal plants, one per family, in each
treatment. Plants were grown at a constant temperature of 24◦C
under a 16:8 h day-night regime in a mixture of 50% sterilised
compost and 50% topsoil (agricultural-garden soil), with a pH
7.4. All pots were irrigated with 135 mL of water daily. Further
details of this experiment can be found in Torices et al. (2018).

Inflorescences of M. moricandioides are racemes of usually
more than 20 flowers that open sequentially (Gómez, 1996).
Because petal mass declines to some extent from the bottom to
the top of the inflorescences (Torices et al., 2018), we recorded
each flower’s relative position in its inflorescence. Flowers of
the same individual show similar petal colour intensity and
anthocyanin concentration (Gómez et al., unpublished data).

Colour Measurement
Moricandia moricandioides’ petals have a purple colour
frequently patterned with darker venation (Figure 1). This
purple colour is the result of the accumulation of anthocyanins,
specifically cyanidin and peonidin derivatives (Tatsuzawa et al.,
2012). We analysed petal colour and estimated anthocyanin
pigment concentration in the petals of one flower of focal plants
from 25 maternal families using digital images following the
procedure described by Del Valle et al. (2018). This non-invasive
method uses colour indices derived from red–green–blue (RGB)
values of digital images and has been used to accurately quantify
pigment concentrations in floral tissues of several species with
anthocyanin-based colours, including M. moricandioides (Del
Valle et al., 2018; Peach et al., 2020). To describe differences
in petal colour, we calculated four colour indices: anthocyanin
content-chroma ratio (ACCR), anthocyanin content-chroma
basic (ACCB), the red:green ratio (R:GR), and the strength of
green (Sgreen). As all indices were highly correlated between
them (r > 0.9 in all cases, n = 103), for describing petal colour
we show only results using the red:green ratio, which also
had the best coefficient of determination when regressed with

the relative petal anthocyanin concentration determined by
spectrophotochemical methods (r2

= 0.83, P < 0.001, n = 101;
Del Valle et al., 2018). Specifically, we used regression to
estimate anthocyanin concentration in petals (hereafter, “petal
anthocyanin concentration”) in terms of the red:green ratio.
In addition, we estimated the plant-level allocation to petal
anthocyanins (hereafter, “total petal anthocyanins per plant”)
by multiplying “petal anthocyanin concentration” with the total
number of flowers per plant. To account for size differences
between flowers and plants, “petal anthocyanin concentration”
was scaled by petal area and expressed as absorbance units (AU)
cm−2, whereas “total petal anthocyanins per plant” was scaled by
above-ground plant biomass, and expressed as AU g−1.

Digital images were obtained with a Nikon D90 camera
(Nikon, Japan) equipped with a 105 mm autofocus lens. This
camera has a 23.6 × 15.8 mm sensor (4,288 × 2,848 pixels).
Following instructions in Troscianko and Stevens (2015), we
manually adjusted these settings for all samples: lens aperture
of f18, ISO 200, white balance fixed at 4500k, and shutter speed
of 1/30. Photographs were underexposed by +1.7 to prevent
colour “clipping” or saturation (Stevens et al., 2007). Images were
captured in the Nikon raw format (NEF). Each flower sampled
was photographed with a ColorChecker Passport card (X-Rite
Inc., Grand Rapids, MI, United States) for standardisation across
light conditions. Photographs were taken under natural light
conditions in the glasshouse, with plants placed in shade to
prevent excessive contrast and brightness (Kendal et al., 2013).

We calibrated digital photographs (Stevens et al., 2007;
Akkaynak et al., 2014) using the freeware “Image Calibration and
Analysis Toolbox” (Troscianko and Stevens, 2015) for ImageJ
software (Schneider et al., 2012). Calibrations were performed by
selecting two grey standards of the ColorChecker (Neutral 3.5
and Neutral 8, with 9.11 and 60.90% reflectance, respectively),
and used the setting for “visible” photography and “aligned
normalised 32-bit” files; calibrations performed using these
two grey standards produce statistically similar results when
compared with calibrations with all six grey standards (Del Valle
et al., 2018). The calibration process successfully linearised the
RGB values. The four petals of one flower were selected in each
image and the mean values of the RGB channels were extracted.

Nectar Collection and Quantification
We estimated the amount of nectar of at least four flowers
per focal plant from which potential flower visitors had been
excluded. We sampled nectar production on the second day of
flowering because our preliminary measurements indicated that,
under our experimental conditions, nectar production increased
progressively during a flower’s lifespan, peaking on the day just
before its wilting. After nectar extraction with 2 µL microcapilars
(Drummond Scientific Co., Broomall, PA, United States), nectar
sugar concentration (g sucrose per 100 g solution) was quantified
in situ by means of a hand-refractometer modified for small
volumes (Bellingham & Stanley Ltd., Tunbridge Wells, Untied
Kingdom). Nectar sugar content per flower (mg) was calculated
as dvC/100, where v is the volume calculated (µL) and d is
the density of a sucrose solution at a concentration C, as
read on the refractometer (Prys-Jones and Corbet, 1991). The
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FIGURE 1 | The floral display of Moricandia moricandiodes (A). (B,C) show sampled flowers with contrasting petal colours.

density was obtained from Prys-Jones and Corbet (1991) as
d = 0.0000178C2

+ 0.0037921C + 0.9988603. We estimated
the mean flower production of nectar for each individual plant,
taking into account the relative position of the sampled flowers
within their inflorescence. We thus fitted a linear model that
included the relative position of each flower and the focal plant
identity. We later extracted from the model marginal means of
nectar production for each focal plant.

Statistical Analyses
We fitted linear mixed models (LMMs) to assess the effect of
experimental neighbourhoods on petal colour and anthocyanin

allocation to petals, as well as to assess the relationship between
reward and flower signalling. First, we assessed the effect of
relatedness and group size, including its interaction in an
analysis in which all focal plants growing in groups were
included (excluding consequently the solitary treatment). Here,
we fitted models for red:green ratio (hereafter, petal colour), petal
anthocyanin concentration and total petal anthocyanin per plant,
with the maternal family of the focal plant included as a random
blocking factor. We included in the models the advertising
effort as the proportion of aboveground plant biomass allocated
to petals (see Torices et al., 2018) to control simultaneously
for the potential cofounding effects of plant size, number of
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flowers, and petal mass. All response variables were modelled
assuming a Normal distribution; we verified that the distribution
of residuals distributions were not patterned (Zuur et al., 2010).
Petal anthocyanin concentration was log-transformed before
fitting the model. Interactions were assessed using type-III tests;
where these were not significant, main effects were subsequently
assessed by type-II tests.

Second, we assessed the effect of experimental neighbours
on petal colour. We followed the same approach as above.
We fitted a LMM for each response, though in this case we
included solitary plants and thus had five different treatment
levels (solitary, neighbourhood of three kin, neighbourhood of
six kin, neighbourhood of three non-kin, and neighbourhood of
six non-kin). In these analyses, we fitted an additional model
including the relative floral display (number of flowers divided
by aboveground biomass) as an additional response variable to
explore whether the differences between treatments in total petal
anthocyanins per plant were affected by differences in the number
of flowers per plant.

To assess the relationship between reward and petal colour,
we fitted LMMs in which nectar volume, sugar concentration and
sugar content were modelled against all the main components of
the floral display: petal colour, petal mass, and flower number
in separate models. Petal colour was scaled by corolla size
by multiplying the red:green ratio with corolla diameter. As
described above, we fitted two complementary sets of LMMs.
First, we excluded solitary plants to assess the effect of the
relatedness of neighbours on the relationship between nectar
production and floral signalling components. The three flower-
signalling components (petal colour, petal mass, and flower
number) and their interactions with group size were included
as explanatory variables, with maternal family of the focal plant
included as a random blocking factor. Previously we checked that
the triple interaction (petal colour × group size × relatedness)
was non-significant and could thus be excluded to avoid over-
parameterisation. We also excluded group size and its interaction
with relatedness, as none had significant effects and models
without them showed a better goodness of fit than with them
(results not shown).

Second, we included solitary plants to assess the effect
of group size on the relationship between flower signalling
traits and nectar production, and consequently the effect of
neighbour relatedness on the focal plant was not tested. As
above, the three flower-signalling components and, in this case,
their interaction with neighbourhood size, were included as
explanatory variables, with maternal family of the focal plant
included as random factor.

All analyses were conducted in R version 3.5.2. (R Core Team,
2018), using the “lme4” package (Bates et al., 2015); type-II and
type-III effects were assessed with the “car” package (Fox and
Weisberg, 2019). Statistical differences between treatment levels
were assessed by least-square mean differences, using the package
“emmeans” (Lenth, 2020). P-values for post hoc comparisons
were corrected using Holm’s adjustment. All analyses were based
on measurements of focal plants in which all individuals in
the pot had survived for the whole experiment. We excluded
from our analysis all three- and six-neighbour groups in

which at least one and two neighbouring plants failed to
flower, respectively.

RESULTS

Effects of Neighbour Relatedness on
Petal Colour and Anthocyanin Allocation
to Petals
Our experimental plants showed variation in petal colour
intensity (Figure 1); the coefficient of variation for the four colour
indices ranged from 7.12 to 12.37. Because of the differences in
flower size, this petal colour variation was lower than variation in
petal anthocyanin concentration per flower (CV= 30.88).

Neighbour relatedness did not significantly affect petal colour
or anthocyanin concentration (Table 1 and Figures 2A,B).
Although plants growing with kin produced petals similar in
colour to those growing with non-kin, the investment in petal
anthocyanin pigments was significantly greater than that of
plants growing with non-kin or growing alone (Table 1 and
Figure 2D). This kinship effect was mostly the result of a
higher relative flower production of plants growing among kin
(Figure 2C) and not a consequence of large differences in petal
colour (Figure 2A). Petal colour and anthocyanin concentration
did not significantly vary with neighbourhood size, although
petals of plants in large groups tended to have a lighter purple

TABLE 1 | Effects of group size and neighbour relatedness on the petal colour
and anthocyanin allocation of focal plants and relative floral display.

Variables d.f. χ2 P

Red:green ratio (R:GR)

Advertising effort 1 4.57 0.033

Group size (G) 1 3.01 0.083

Relatedness (R) 1 0.18 0.672

G × R 1 0.60 0.437

Petal anthocyanin concentration (AU cm−2)

Advertising effort 1 4.38 0.036

Group size (G) 1 2.65 0.104

Relatedness (R) 1 0.20 0.651

G × R 1 0.94 0.331

Relative floral display (Number of flowers g−1)

Group size (G) 1 4.34 0.037

Relatedness (R) 1 8.23 0.004

G × R 1 1.14 0.285

Total petal anthocyanins per plant (AU g−1)

Group size (G) 1 2.66 0.103

Relatedness (R) 1 9.56 0.002

G × R 1 0.16 0.687

Petal colour and anthocyanin allocation were analysed while controlling for
advertising effort. The interaction between group size and neighbour relatedness,
assessed using type-III tests, was not significant, so main effects were assessed
using type-II tests. Plant family (n = 24) was included as random factor in all
models. Petal colour was measured as the red:green ratio (see Supplementary
Table 1 and Figure 1 for a comparison with four colour indices). Petal anthocyanin
concentration was log-transformed. Sample size: 83 plants (81 for total petal
anthocyanins per plant) and 24 maternal families.
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FIGURE 2 | Effect of the relatedness of neighbours on floral colour and anthocyanin allocation. Shown are least-square means (±SEM) of (A) red:green ratio; (B)
petal anthocyanin concentration (AU cm−2); (C) individual relative floral display (number of flowers g−1); and (D) total petal anthocyanins per plant (AU g−1). Focal
plants were grown either alone (black dots), with three neighbours, or with six neighbours, which were either kin (red dots) or non-kin (grey dots). Asterisks above
dots highlight significant differences against control plants without neighbours (post hoc comparison of LMM analysis, P < 0.01, Supplementary Table 2).

colour and lower anthocyanin concentration than petals of
plants growing in small groups (Table 1 and Figures 2A,B).
Regardless of the neighbourhood configuration, plants allocating

a higher proportion of aboveground biomass to petals displayed
significantly darker petals and had a higher concentration of
anthocyanin pigments (Table 1).
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Effects of Neighbour Relatedness on the
Relationship Between Flower Signalling
and Reward
The relationship between nectar production and flower-
signalling traits depended on the relatedness of neighbours
(Table 2). Specifically, the relationship between nectar
production and both size-scaled petal colour and flower
number was shaped by the relatedness of neighbours in opposite
ways. First, the interaction between size-scaled petal colour
and the relatedness of neighbours had a significant effect
on nectar volume and sugar content (Table 2). Both nectar
volume and sugar content increased with size-scaled petal
colour when growing with non-kin but not when growing
with kin (Figures 3A–C). This pattern persisted even when
petal colour was not scaled by corolla diameter, although the
effect of the interaction with relatedness on nectar volume
became marginally significant (Supplementary Figure 2 and
Supplementary Table 3). Second, the interaction between flower
number and the relatedness of neighbours also had a significant
effect on nectar volume and sugar content (Table 2). In contrast
to petal colour, nectar volume, and sugar content increased with
the number of flowers when focal plants were growing with kin,
but not with non-kin (Figures 3D–F). Lastly, neither nectar traits
were correlated with petal mass when focal plants were growing
with neighbours (Table 2), nor there was any effect of the genetic
relatedness of neighbours on the relationship between nectar
traits and petal mass (Figures 3G–I).

Group size did not affect the relationship between flower
signalling and reward traits (Supplementary Table 4). Only the
interaction between petal mass and group size was marginally
significant for nectar sugar content (Supplementary Table 4 and
Supplementary Figure 3).

DISCUSSION

Our results are consistent with the importance of the intraspecific
neighbourhood environment on the relationship between floral
signalling and reward. Although manipulation of neighbour
relatedness in M. moricandioides did not elicit any changes
in petal colour, it mediated the relationship between petal
colour and nectar production. Specifically, plants growing
with non-kin showed a stronger positive relationship between
petal colour intensity and nectar volume and sugar content,
with plants producing darker-coloured petals also producing
more nectar with a higher total sugar content (as sugar
concentration did not change). Conversely, when growing with
kin, plants producing darker petals did not increase either
nectar volume nor sugar content, though they increased nectar
volume and sugar content with increases in flower number.
Below, we consider the implications of these plant responses
to neighbour density and identity for pollinator behaviour, and
its possible consequences on direct and indirect components
on plant fitness.

Our study suggests that the honesty of floral signals might
depend on the relatedness of the neighbours. Petal colour was

TABLE 2 | Effects of relatedness of the neighbouring plants on the relationship
between flower signalling and reward.

Variables d.f. c2 P

Nectar volume

Relatedness 1 1.30 0.254

Size-scaled petal colour 1 0.63 0.427

Number of flowers 1 11.34 0.001

Petal mass 1 1.26 0.261

Size-scaled petal colour × relatedness 1 9.96 0.002

Number of flowers × relatedness 1 10.21 0.001

Petal mass × relatedness 1 1.20 0.274

Sugar concentration

Relatedness 1 0.00 0.955

Size-scaled petal colour 1 0.09 0.760

Number of flowers 1 0.65 0.421

Petal mass 1 1.43 0.231

Size-scaled petal colour × relatedness 1 0.43 0.513

Number of flowers × relatedness 1 0.50 0.481

Petal mass × relatedness 1 0.05 0.831

Sugar content

Relatedness 1 0.90 0.342

Size-scaled petal colour 1 1.55 0.213

Number of flowers 1 7.86 0.005

Petal mass 1 2.39 0.122

Size-scaled petal colour × relatedness 1 11.90 0.001

Number of flowers × relatedness 1 7.99 0.005

Petal mass × relatedness 1 0.74 0.389

Type-III tests of LMMs were used for nectar volume and sugar content as the
response variables. Type-II tests are shown for sugar concentration because
no interaction was statistically significant. Maternal family was included as a
random factor in all models. Size-scaled petal colour was measured as the
red:green ratio index multiplied by corolla diameter. Sample size: 78 plants and
24 maternal families.

an honest signal, with the intensity of the signal being positively
correlated with the reward, yet only for plants growing with
non-kin: plants with darker-coloured flowers also provisioned
them with higher rewards, whereas plants growing with kin
did not adjust petal colour intensity to reward. Modelling
has shown that under increasing flower density, flower choice
by pollinators becomes more important than flower detection
(Cohen and Shmida, 1993), so that, once a dense patch of flowers
is detected, distinguishing and remembering the reward obtained
from different plants within the patch should be more efficient
if flowers of individual plants are clearly identifiable (Ne’eman
and Kevan, 2001). Because some pollinators, e.g., bumble bees,
can learn the exact location of flowers even at very small scales
(Thomson, 1988; Wertlen et al., 2008), we should expect floral
signals to correlate with nectar production under higher density
conditions – assuming that competitive interactions favour
honest signalling, thereby fostering better learning by pollinators
and the discrimination and re-visitation of attractive rewarding
flowers. Thus, our results suggest that when closely surrounded
by other displaying competitors, highly rewarding flowers should
be advertised with stronger floral signals to render them more
easily remembered by visitors.
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FIGURE 3 | Kinship effects on the floral signalling and reward relationship in Moricandia moricandioides. The floral signalling was characterised by three components:
size-scaled petal colour measured as the red:green ratio index, and then multiplied by corolla size measured as corolla diameter (A–C), flower number (D–F), and
petal mass (G–I). Reward was quantified as nectar volume (A,D,G), sugar concentration (B,E,H), and nectar sugar content (C,F,I). Slopes from LMM analyses and
95% confidence intervals are shown when the interaction between each floral signalling trait and neighbourhood relatedness were significant (Table 2). Slopes
significantly different from zero are also indicated with solid lines. Focal plants were grown with kin (red dots and line) or with non-kin neighbours (grey dots and line).

Yet in our experiment focal plants growing with kin did
not fit this prediction. As the accuracy of floral signals should
have positive effects on individual plant fitness (Benitez-Vieyra
et al., 2010), it is difficult to explain our result without
assessing the potential effects of this signalling strategy in the
whole group. In particular, this disagreement might indicate
that plants growing with kin benefit less from monopolising
pollinators than from sharing pollinators with their neighbours.
As pollinators can only detect deceitful advertising after
visiting and probing a flower, we expect bout lengths to

decrease at the individual level (Cresswell, 1990), which might
favour pollinator movement to other individuals in the patch,
eventually reducing inequality in pollinator visitation among
group members. Although the expected decline in bout length
could reduce the fitness cost of pollen discounting and
geitonogamy (Klinkhamer and de Jong, 1993), it could also
increase negative effects of biparental inbreeding if it leads
to higher intra-patch matings between relatives (Cresswell and
Osborne, 2004). Certainly it seems plausible, but needs to
be shown, that the observed plastic responses to neighbour
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relatedness could affect plant fitness, and could thus be a target
of kin selection.

The reverse pattern observed between individual flower
number and nectar production might be a consequence of
different effects on pollinator behaviour of this signal compared
to petal colour. In contrast to petal colour, nectar production
increased with flower number when focal plants were growing
with kin neighbours, but not when growing with non-kin.
Although both petal colour and flower number may affect
pollinator decisions, they could do it in different ways. For
instance, the number of flowers is usually more important
for long-distance pollinator detection, resulting in a higher
frequency of pollinator approaches to the patch (Ohashi and
Yahara, 2001; Bauer et al., 2017). This behaviour has been
observed in a field experiment with the congeneric species
Moricandia arvensis (Torices et al., in preparation). In this
experiment, more insects approached patches with a higher
number of flowers per plant, and visited more plants – although
the visitation rate per flower was lower than in groups with fewer
flowers per plant. We speculate that an increase in individual
flower number might favour group attractiveness by increasing
the probability of pollinator approach to the group and the
number of plants visited within the group, whereas increasing
petal colour intensity might favour only each flower by increasing
the probabilities of pollinator choice and thus contributing to
competition for pollinator visits within the group.

Despite the small petal colour differences, plants growing
with kin made a significantly higher investment in total petal
anthocyanin pigments as a result of the greater number and larger
size of their flowers. However, whether this greater investment
was costly is not clear. Certainly, there does not seem to have been
a direct trade-off between display size and petal pigmentation, as
plants with larger floral displays did not reduce the concentration
of their floral pigments. Although petal thickness and the
anatomical structure of petal surface and interior layers can
also significantly contribute to petal reflectance spectra, petal
colouration is mostly pigmentary (Moyroud and Glover, 2017;
van der Kooi et al., 2019). Thus, producing a colourful detectable
flower requires the allocation of resources to floral parts to
produce pigments. While some authors postulate that pigment
production, specifically anthocyanins, can be expensive due to
associated costs of some metabolic reactions such as glycosylation
or acetylation (Chalker-Scott, 2002; Steyn et al., 2002), others
have argued that the cost might in fact be low (Tanaka
et al., 2008). It is also worth noting that anthocyanins provide
colouration even at very low concentrations (van der Kooi et al.,
2019; Narbona, unpublished data), and that this colouration
is conspicuous to pollinators and can affect their behaviour
(Papiorek et al., 2013) or even the attraction to certain groups
(Gómez et al., 2020). Even if the direct cost of producing floral
pigment is low, the production of more greatly coloured flowers
might incur an additional indirect cost of higher herbivory
damage if it is associated with easier detection by herbivores
(Strauss and Whittall, 2006). Conversely, this increase in floral
anthocyanins may have direct consequences on plant fitness due
to its deterrent properties against florivorous insects (Johnson
et al., 2008). It thus remains an open question whether the higher

pigment production of focal plants growing with kin implies a
trade-off with other reproductive or vegetative plant functions,
or whether it reflects more efficient resource use by kin compared
to non-kin groups.

CONCLUSION

In conclusion, our study has shown that although the petal
colour of M. moricandioides’ individuals was not affected by
the neighbourhood context, the reward associated to this floral
signal did depend on the relatedness of their neighbours. As floral
signals and rewards may influence pollinator visitation behaviour
and consequently plant fitness of focal and neighbouring plants
in subtle and intricate ways, our study opens a new perspective
that may help to disentangle the complexity of plant-pollinator
interactions. Furthermore, other floral signals, such as floral
scents, might also be sensitive to the genetic composition of
the local neighbourhood; this possibility deserves investigation.
Certainly, our study indicates that the relationship between
signal and reward in animal-pollinated plants can depend on the
relatedness of the neighbours, and thus that kin selection could
play an important role in floral trait evolution, at least for plants
with patchy and genetically structured populations.
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