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Phenotypic plasticity guides Moricandia arvensis divergence and
convergence across the Brassicaceae floral morphospace
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Summary

e Many flowers exhibit phenotypic plasticity. By inducing the production of several pheno-
types, plasticity may favour the rapid exploration of different regions of the floral morphospace.
We investigated how plasticity drives Moricandia arvensis, a species displaying within-
individual floral polyphenism, across the floral morphospace of the entire Brassicaceae family.

e We compiled the multidimensional floral phenotype, the phylogenetic relationships, and
the pollination niche of over 3000 species to construct a family-wide floral morphospace. We
assessed the disparity between the two M. arvensis floral morphs (as the distance between
the phenotypic spaces occupied by each morph) and compared it with the family-wide dispar-
ity. We measured floral divergence by comparing disparity with the most common ancestor,
and estimated the convergence of each floral morph with other species belonging to the same
pollination niches.

e Moricandia arvensis exhibits a plasticity-mediated floral disparity greater than that found
between species, genera and tribes. The novel phenotype of M. arvensis moves outside the
region occupied by its ancestors and relatives, crosses into a new region where it encounters a
different pollination niche, and converges with distant Brassicaceae lineages.

e Our study suggests that phenotypic plasticity favours floral divergence and rapid appear-
ance of convergent flowers, a process which facilitates the evolution of generalist pollination

systems.

Introduction

The expansion of lineages across the phenotypic space is a com-
plex process that may result from the ecological opportunities
that emerge when said lineages are exposed to new ecological
niches (Schluter, 2000; Nosil, 2012). When this occurs, diver-
gent selection on some phenotypes results in phenotypic diversifi-
cation among lineages, boosting morphological disparity (the
phenotypic space occupied by the lineages), triggering a morpho-
logical radiation, and eventually filling the phenotypic space
(Simoes et al., 2016; Walden ez al., 2020). Because morphologi-
cal spaces fill up as lineages diversify (Pie & Weitz, 2005), unoc-
cupied regions become rare in highly diversified lineages
(Winemiller eral., 2015). Under these circumstances, entering
into a new region usually entails sharing it with other species
exploiting the same ecological niche (Losos, 2011; Winemiller
etal., 2015; Stayton, 2020). In this situation, independent lin-
eages tend to evolve similar phenotypes through convergent evo-
lution (Losos, 2011; Pearce, 2011). In diversified lineages
occupying filled morphospaces, divergent and convergent evolu-
tion are ineludibly connected (Winemiller eral, 2015; Pigot
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et al., 2020), and both processes contribute significantly to shap-
ing the geometry of the morphospace occupation (Pearce, 2011;
Stayton, 2020).

The evolution of flowers in angiosperms is largely driven by
interaction with pollinators (Lloyd & Barrett, 1996; Fenster
etal., 2004; Endress, 2011; Van der Niet & Johnson, 2012;
Goémez etal., 2014; Peter & Johnson, 2014; van der Niet ez al.,
2014). Shifts between pollination niches explain floral divergence
and are associated with diversification of flowers in multiple
groups of plants (Whittall & Hodges, 2007; Smith ez al., 2008;
Lagomarsino eral., 2016; Serrano-Serrano et al., 2017; Kriebel
eral., 2020; Dellinger eral, 2021). On the other hand, floral
convergence has also been tied to pollinator shifts in some plant
groups (Smith & Kriebel, 2018). In fact, selection exerted by
functionally equivalent pollinators is considered to be the main
driver of the convergent evolution of floral traits in different plant
species, the so-called pollination syndromes (Faegri & van der
Pijl, 1980; Dellinger, 2020; Phillips ezal., 2020; Wessinger &
Hileman, 2020). All of this suggests that pollinators are an
important motor shaping the pattern and geometry of occupation
of floral phenotypic space (Ollerton & Watts, 2000; Ollerton
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etal., 2009; Chartier etal., 2014, 2017; Smith & Kriebel, 2018;
Hervias-Parejo ez al., 2019).

Phenotypic plasticity might elicit the emergence of novel phe-
notypes with new adaptive possibilities, which may be beneficial
in some contexts (West-Eberhard, 2003; Sultan, 2015). It is
increasingly acknowledged that many floral traits exhibit pheno-
typic plasticity in response to diverse environmental stimuli and
to cope with many biotic and abiotic stressors (Harder & John-
son, 2005; Campbell eral, 2019; Rusman ezal., 2019a,b). By
inducing the production of contrasting phenotypes, plasticity
may favour the exploration of different regions of the floral phe-
notypic space almost simultaneously (Gémez ez al., 2020). This
creates an opportunity for plastic species to display derived floral
morphs (phenotypes) that may diverge from their linages/ances-
tors and converge with species already located in other regions of
the floral morphospace. We explored this idea by investigating
how plasticity drives the Purple Mistress, Moricandia arvensis,
across the morphological space of the entire Brassicaceae family.
This mustard species exhibits extreme polyphenism in flowers
(Gémez etal., 2020). Individuals of M. arvensis display two
flower morphs in response to seasonal changes in temperature,
radiation, and water availability: large, cross-shaped lilac flowers
in spring but small, rounded, white flowers in summer (Fig. 1;
Goémez eral., 2020). By studying the multidimensional floral
phenotypes, the phylogenetic relationships, and the pollination
niches of over 3000 Brassicaceae species, we demonstrate that
phenotypic plasticity causes this mustard species to produce a
phenotype that diverges from its ancestors and close relatives,
crosses into a new region of the ecological space, and converges
morphologically with distant Brassicaceae lineages belonging to
the same pollination niche. This finding may have striking impli-
cations for understanding how pollination systems may evolve in
generalist species.

Materials and Methods

Floral traits

Brassicaceae is one of the largest angiosperm families, with almost
4000 species grouped in 351 genera and 51 tribes (Kiefer ezal,

New Phytologist (2022) 233: 1479-1493
www.newphytologist.com

New
Phytologist

2014; Koch et al., 2018; Walden et al., 2020). We recorded from
the literature the following 31 floral traits in 3140 Brassicaceae
plant species belonging to 330 genera and 51 tribes: plant height;
flower display size; inflorescence architecture; presence of
apetalous flowers; number of symmetry axes of the corolla; orien-
tation of dominant symmetry axis of the corolla; corolla with
overlapped petals; corolla with multilobed petals; corolla with
visible sepals; petal length; sepal length; asymmetric petals; petal
limb length; length of long stamens; length of short stamens; sta-
men dimorphism; tetradynamous condition; visible anthers;
exserted stamens; number of stamens; concealed nectaries; petal
carotenoids; petal anthocyanins; presence of bullseyes; presence
of veins in the petals; coloured sepals; relative attractiveness of
petals vs sepals; petal hue; petal colour; sepal hue; sepal colour
(see Supporting Information Notes S1; Dataset S1 for details).
All of these traits have been proven to be important for interac-
tions with pollinators (Notes S1).

Family-wide floral morphospace

Using the original multidimensional trait-species matrix, we
built a floral morphospace. For this, we reduced the high-
dimensional matrix of floral traits to a two-dimensional space
using an ordination technique (Legendre & Legendre, 2012).
Because the floral traits included in this study were quantitative,
semi-quantitative and qualitative, we used ordination techniques
based on dissimilarity values. We first constructed a pairwise
square distance matrix of length equal to the number of species
included in the analysis (7=3140). We used the Gower dis-
tance, the number of mismatched traits over the number of
shared traits. This dissimilarity index is preferable to the raw
Euclidean distance when discrete and continuous traits co-occur
in the same dataset (Legendre & Legendre, 2012; Guillerme &
Cooper, 2018). To ensure an accurate description of the distri-
bution of the species in the morphospace, we first run a princi-
pal coordinate analysis (PCoA), a technique providing a low-
dimensional Euclidean representation of a set of objects whose
relationship is measured by any dissimilarity index. We cor-
rected for negative eigenvalues using the Cailliez procedure
(Legendre & Legendre, 2012). Afterwards, we used this metric

Fig. 1 Moricandia arvensis life habit.
Detailed view of plants and flowers of
M. arvensis in spring (a) and summer (b).
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configuration as the initial configuration to run a nonmetric
multidimensional scaling (NMDS) algorithm (Legendre &
Legendre, 2012), a method that further optimises the sample
distribution such that more variation in species composition is
represented by fewer ordination axes. Unlike methods that
attempt to maximise the variance or correspondence between
objects in an ordination, NMDS attempts to represent, as
closely as possible, the pairwise dissimilarity between objects in
a low-dimensional space (Legendre & Legendre, 2012). Objects
that are ordinated closer to one another are likely to be more
similar than those further apart (Legendre ezal, 2005). This
method is more robust than distance-based methods when the
original matrix includes variables of contrasting nature. Non-
metric multidimensional scaling is an iterative algorithm that
can fail to find the optimal solution. We decreased the potential
effect of falling in local optima by running the analysis with
5000 random starts and iterating each run 1 X 10° times (Mair
etal., 2016). The NMDS used a monotone regression minimiz-
ing Kruskal’s stress-1 (Kruskal, 1964a,b) and compared each
solution using Procrustes analysis, retaining that with the lowest
residual. Because many species did not share trait states, a con-
dition complicating ordination, we used szepacross dissimilarities,
a function that replaces dissimilarities with the shortest paths
stepping across intermediate sites, while regarding dissimilarities
above a threshold as missing data (De’ath, 1999). We used
weak tie treatment, allowing equal observed dissimilarities to
have different ficted values. The scores of the species in the final
ordination configuration were obtained using weighted averag-
ing. We checked whether the reduction in dimensionality main-
tained the between-species relationship by checking the stress of
the resulting ordination and calculating the goodness of fit for
points in nonmetric multidimensional scaling (Mair ezal,
2016). All ordinations were done using the R packages VEGAN
(Oksanen et al., 2013) and EcopisT (Goslee & Urban, 2007). It
is important to note that, although the transfer function from
observed dissimilarities to ordination distances is nonmetric, the
resulting NMDS configuration is Euclidean and rotation-
invariant (Oksanen, 2020).

Morphological disparity

The morphological disparities were calculated using indices
related to the distance between elements (Guillerme ez 4l., 2020a,
b). We first determined the disparity between the spring and
summer phenotype of M. arvensis as their Euclidean distance in
the floral morphospace (Guillerme ez al., 2020b). Afterwards, we
calculated the pairwise disparities between all species included in
our study using the same approach. To find out how intense the
plasticity-mediated disparity in M. arvensis is, we compared its
value with the disparity values observed at five different taxo-
nomic levels in our dataset: within species (Dataset S2), between
Moricandia species, between species of the same genera, between
species of different genera and between species of different tribes
(Dataset S1). Disparity values were calculated using the function
dispRity of the R package DISPRITY using the command centroid
(Guillerme, 2018). The statistical differences between the
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M. arvensis plasticity-mediated disparity and the disparity of each
taxonomic level were tested using Z-score tests.

Morphological divergence of the plastic phenotypes

Divergence in floral phenotype was estimated by calculating the
disparity of the two floral morphs of M. arvensis to its ancestors.
We determined the floral phenotype of the most recent common
ancestor (MRCA) by projecting a recent time-calibrated phy-
logeny of the genus Moricandia (Perfectti et al., 2017) onto the
morphospace. This phylogenetic analysis included all known
species belonging to the genus Moricandia (eight species), as well
as the sister genus Rytidocarpus and the close genus Eruca,
totalling 15 species, and was made using a nuclear (the internal
transcribed spacers of the ribosomal DNA) and two plastidial
regions (parts of the NADH dehydrogenase subunit F gene and
the trnT-trnF region). Because disparity analyses are sensitive to
the tree topology and the inferred branch lengths (Guillerme
et al., 2020a), we also calculated the divergence using three recent
time-scaled phylogenies that included information on M. arvensis
and other Moricandia (Gaynor eral, 2018; Smith & Brown,
2018; Huang ez al., 2020). The taxonomy of the species included
in each tree was checked and updated using the species checklist,
with accepted names provided by Brassibase (https://brassibase.
cos.uni-heidelberg.de/) (Koch ezal, 2012, 2018; Kiefer eral.,
2014; Walden ez al., 2020). Once we inferred the coordinates of
the MRCA in the morphospace according to each of the four
phylogenies, we calculated the disparity of all Moricandia species
and the two plastic phenotypes of M. arvensis to the MRCA.
Afterwards, we calculated the divergence of the two plastic phe-
notypes from the direct ancestor of M. arvensis. In addition, we
calculated the divergence from the direct ancestors of the rest of
the Brassicaceae species included in these four phylogenies. All
floral divergences were calculated using the command ances-
tral.dist of the function dispRity in the R package DISPRITY
(Guillerme, 2018).

Morphospatial variation in pollination niches

We compiled a massive database of 21212 records, comprising
456 031 visits by over 800 animal species from 19 taxonomical
orders and 276 families to 554 Brassicaceae species belonging to
39 tribes (Dataset S3). Information for the database came from
the literature, personal observations, online repositories and per-
sonal communications of several colleagues (Dataset S3;
Table S1). In those species studied by us (coded as UNIGEN
data origin in Dataset S3), we conducted flower visitor counts in
1-16 populations per plant species. We visited the populations
during the blooming peak, always at the same phenological stage
and between 11:00h and 17:00 h. During these visits, we
recorded the insects visiting the flowers for 2 h without differenti-
ating between individual plants. Insects were identified in the
field, and some specimens were captured for further identification
in the laboratory. We only recorded those insects contacting
anthers or stigma and making legitimate visits for at least part of
their foraging on flowers. We did not record petal-eating or
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nectar-thieving insects which did not make a legitimate visit. The
information obtained from the literature and online repositories
(coded as LITERATURE data origin in the Dataset S3) includes
records done during ecological studies, taxonomical studies and
naturalistic studies. The reference of every record is included in
the dataset.

We thereby grouped all pollinators visiting the Brassicaceae
species into 43 functional groups using criteria of similarity in
body length, proboscis length, morphological match with the
flower, foraging behaviour, and feeding habits (Fenster ezal.,
2004; Gémez et al., 2015a, 2016; Table S2). We tested the auto-
correlation across the morphospace in the abundance of each of
these functional groups using a multivariate Mantel test. The
Pearson correlation method was used, and the statistical signifi-
cance was found after performing 999 bootstrap replicates
(Legendre & Legendre, 2012). The test was performed in the R
package VEGAN (Oksanen et al., 2013).

We determined the occurrence of different pollination niches
in the set of plant species included in this study using bipartite
modularity, a complex-network metric. Modularity has proven
to be a good proxy of interaction niches both in ecological net-
works, those including coexisting species or populations, as well
as in clade-oriented networks, those including species with
information coming from disparate and contrasting sources
(Gémez et al., 2010). We constructed a weighted bipartite net-
work, including pollinator data of four M. arvensis populations
during the spring and summer flowering. In this network, we
pooled the data from the different individuals in a population
and did not consider the time difference involved in sampling
across different species. We removed all plant species with <20
visits. We subsequently determined the modularity level in this
weighted bipartite network using the QUANBIMo algorithm
(Dormann & Strauss, 2014). This method uses a simulated
annealing Monte-Carlo approach to find the best division of
populations into modules. A maximum of 10'® Markov chain
Monte Carlo (MCMC) steps with a tolerance level = 1070 was
used in 100 iterations, retaining the iterations with the highest
likelihood value as the optimal modular configuration. We
tested whether our network was significantly more modular
than random networks by running the same algorithm in 100
random networks, with the same linkage density as the empiri-
cal one (Guimera & Amaral, 2005). Modularity significance
was tested for each iteration by comparing the empirical vs the
random modularity indices using a Z-score test (Dormann &
Strauss, 2014). After testing the modularity of our network, we
determined the number of modules (Newman, 2004). We sub-
sequently identified the pollinator functional groups defining
each module and the plant species ascribed to each module.
Modularity analysis was performed using the R package BIPAR-
TITE v.2.0 (Dormann etal, 2008). We quantified the niche
overlap between all pairs of Brassicaceae species using the
Czekanowski index of resource utilization, an index that mea-
sures the area of intersection of the resource utilization his-
tograms of each species pair (Feinsinger ez al, 1981). This index
was calculated using the function niche.overlap in the R package
spAA (Zhang & Zhang, 2013).
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Estimation of ancestral values of pollination niches

The ancestral states of the pollination niche were inferred for the
Moricandia lineage by simulated stochastic character mapping of
discrete traits with Bayesian posterior probability distribution
(Huelsenbeck ezal, 2003; Bollback, 2006). Three models of
character evolution (ER, equal Rates; SYM, symmetric; and
ARD, all rates different) were evaluated using the fizDiscrete func-
tion of the R package GEIGER (Harmon ezal, 2008). The best
model was selected using the Akaike Information Criterion
(AIC), and was used for stochastic character mapping. The poste-
rior distribution of the transition rate matrix was determined
using an MCMC simulation, and the stochastic mapping was
simulated 100 times. Stochastic character mapping was per-
formed using the make.simmap function and a plot of posterior
probabilities was mapped using the describe.simmap function in R
package pHYTOOLS (Revell, 2012). This analysis was performed
using the Perfectti eral (2017) phylogeny, the most accurate
phylogeny to date for Moricandia.

Morphological convergence

We used three different approaches to detect morphological con-
vergence, two based on the comparison of phenotypic and phylo-
genetic distances (Arbuckle ezal, 2014; Stayton, 2015) and the
other based on comparing the angles formed by two tested clades
from their most recent common ancestor with the expected angle
according to null evolutionary models (Castiglione ezal., 2019).
Because all of these analyses are sensitive to the number of tips in
the phylogeny and the inferred branch lengths, we tested for the
occurrence of morphological convergence using the three inde-
pendent, time-calibrated phylogenies described above (Gaynor
et al., 2018; Smith & Brown, 2018; Huang ez 4/, 2020).

Under the first approach, four distance-based measures of con-
vergence (C1-C4) were calculated between two lineages relative
to their distance at the point in evolutionary history where the
two lineages were maximally dissimilar (Stayton, 2015). C1
specifically measures the proportion of phenotypic distance
closed by evolution, ranging from 0 to 1 (where 1 indicates com-
plete convergence). To calculate C1, ancestral states are recon-
structed (via a Brownian motion model of evolution) for two or
more putatively convergent lineages, back to their most recent
common ancestor. The maximum phenotypic distance between
any pair of ancestors (Dmax) is calculated, and compared with
the phenotypic distance between the current putatively conver-
gent taxa (Dtip). The greater the difference between Dmax and
Dtip, the higher the index. C2 is the raw value of the difference
between the maximum and extant distance between the two lin-
eages. C3 is C2 scaled by the total evolution (sum of squared
ancestor-to-descendant changes) between the two lineages. C4 is
C2 scaled by the total evolution in the whole clade. These four
measures quantify incomplete convergence in multidimensional
space. The significance of these four metrics was found by run-
ning 1000 simulations for each comparison using Brownian
motion on a variance—covariance matrix based on data-derived
parameters, with convergence measures for each simulation
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calculated to determine whether the observed C value is greater
than that expected by chance. A priori focal groups forming the
basis of convergence tests were the two M. arvensis niches. These
analyses were performed using the R package cCONVEVOL (Stayton,
2018).

The second approach to measuring convergence used the
Wheatsheaf metric (Arbuckle ez al., 2014). This index generates
phenotypic (Euclidean) distances from any number of traits
across species and penalizes them by phylogenetic distance before
investigating similarity (in order to weight close phenotypic simi-
larity higher for distantly related species). It uses an & priori desig-
nation of convergent species, which are defined as species
belonging to a niche for which the traits are hypothesized to con-
verge. The method then calculates a ratio of the mean (penalized)
distances between all species to the mean (penalized) distances
between allegedly convergent species. The index detects whether
convergent species diverge more in phenotypic space from the
nonconvergent species and show a tighter clustering to each other
(Arbuckle eral, 2014). The significance of this index was found
by comparing the empirical values of the index with a distribu-
tion of simulated indices obtained by running 5000 bootstrap
simulations. These analyses were performed using the R package
wINDEX (Arbuckle & Minter, 2015).

The third approach to measuring convergence was based on
comparing the angles formed by two tested clades from their
most recent common ancestor with the expected angle according
to null evolutionary models (Castiglione ¢z al., 2019). Under the
‘state case’, search.conv computes the mean angle over all possible
combinations of species pairs using one species per state. Each
individual angle is divided by the patristic distance (the sum of
the lengths of the branches that link two nodes in a phylogenetic
tree) between the species. Significance is assessed by contrasting
this value with a family of 1000 random angles obtained by shuf-
fling the state across the species (Castiglione ezal., 2019). These
analyses were performed using the R package rRreHYLO (Raia ez al.,
2019).

Once we tested the occurrence of convergence in the M. arvensis
pollination niches, we assessed whether plasticity caused the evolu-
tion of morphological convergence in any of the two morphs of
this species. We first assessed the convergence region of the Mori-
candia lineage, the region that includes the species converging
morphologically to the Moricandia lineage. To do this, we found
the clades that had significantly smaller angles than the expected
angle according to null evolutionary models. These analyses were
performed using the R package RreHYLO (Raia ez al, 2019). After-
wards, we checked whether any of the two M. arvensis floral phe-
notypes entered the region of the phylomorphospace defined by
their pollination niches. We used the C5 index, a frequency-based
measure that quantifies and reports the number of convergent
events where lineages evolve into a specific region of morphospace
(crossing it from outside) (Stayton, 2015, 2018). C5 sums the
number of times through the evolution of a clade that lineages
cross into a convergent region of a phylomorphospace (the phylo-
genetic connections between taxa represented graphically in a plot
of morphological space). This analysis was performed using the
R package convEvOL (Stayton, 2018).
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Results

Floral morphospace of Brassicaceae

The resulting morphospace (Fig. 2a) was significantly correlated
with the initial PCoA configuration (7= 0.40, < 0.0001; Mantel
test) and was a good representation of the original relationship
among the species (R2 >0.95, Stress = 0.2; Fig. 2b). The distribu-
tion of the species across the morphospace was significantly asso-
ciated with different pollination traits (Fig. S1; Table S3). Species
in the central region were mostly medium-sized plants bearing a
moderate to high number of small, polysymmetric white flowers
with short corolla tubes, exposed nectaries and visible sepals (Figs
a, S1). Species in the bottom right corner were small or prostrate,
bearing minute flowers, often apetalous and with just two or four
stamens, whereas species located in the bottom left corner were
medium-sized plants with asymmetric flowers arranged in corym-
bous inflorescences. Plants with yellow flowers were located in
the right region of the morphospace. By contrast, large plants
with strongly tetradynamous androecium and large, veined, dis-
symmetrical to asymmetrical, pink to blue flowers with concealed
nectaries, long corolla tubes and bullseyes were located in the
upper left region (Figs 2a, S1).

Plasticity-mediated floral disparity

Moricandia arvensis, when blooming in spring (Fig. 1a), occupies
this later peripheral region of the morphospace, close to other
Moricandia species (black dots in Fig. 2a). However, during sum-
mertime, individuals of M. arvensis are shorter and produce
fewer, much smaller flowers with white, unveined and rounded
corollas with overlapped petals and green sepals that are mostly
arranged alone without forming inflorescences (Fig. 1b). Due to
this radical phenotypic change, the summer phenotype of M.
arvensis was located in a different, more central position of the
floral morphospace (Fig. 2a), far away from the region occupied
by any Moricandia species. As a consequence of this jump, the
morphological disparity between the spring and summer pheno-
types of M. arvensis, calculated as their distance in the mor-
phospace, was very high (0.264). In fact, it was much higher than
the average pairwise disparities among all studied Brassicaceae
species (0.155 £ 0.090, mean £ SE, 4912 545 pairwise dispari-
ties) and almost 50% of the largest observed disparity (0.55).
This outcome suggests that phenotypic plasticity prompts M.
arvensis to explore two distant regions of the Brassicaceae floral
morphospace almost simultaneously.

Although several polymorphic species showed considerable val-
ues of between-morph disparity, they were significantly smaller
than the disparity between spring and summer floral phenotypes
of M. arvensis (Z-score = 5.06, P<0.0001; TableS4). The
plasticity-mediated disparity of M. arvensis was significantly
higher than the disparity existing between Moricandia species
(0.057 £0.033, mean * 1 SE, Z-score = 6.27, P<0.0001;
Table S5) and between species belonging to the same genus
(0.069 £0.055, Zscore = 3.51, P<0.0002) (Fig.3). It was
marginally different from the disparity between species of
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Fig. 2 Brassicaceae floral morphospace.

(a) Floral morphospace of the Brassicaceae,
shown as the projection of 31 traits recorded
in 3140 species onto two nonmetric
multidimensional scaling (NMDS) axes. The
positions of the spring and summer
phenotypes of Moricandia arvensis are
linked by a thick, dashed line. We have also
indicated the position of the other

Moricandia species, marked as small black
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different genera but the same tribe (0.150 £ 0.085, Z-score =
1.34, P=0.089) and it was statistically similar to the disparity
occurring between species belonging to different tribes (0.167
0.087, Z-score = 1.11, P=0.133; Fig. 3).

Plasticity-mediated floral divergence

Disparities to the most recent common ancestor and to the direct
ancestors were much larger for the summer floral phenotype of
M. arvensis than for the spring phenotype and the other species
of Moricandia (Table 1). This result was consistent across phylo-
genies (Fig. 4a,b) Consequently, the spring phenotype did not
significantly diverge from either the MRCA of Moricandia (Z-
score = 0.36, P=0.36) or from its direct ancestor (Z-score =
—1.24, P=0.108). By contrast, the summer phenotype of M.
arvensis diverged significantly both from the Moricandia MRCA
(Z-score = 2.48, P=0.007) and from its direct ancestor (Z-score
= 1.77, P=0.038). Hence, the summer phenotype explores a
region of the floral morphospace located out of its phylogenetic
clade range (Fig. 4a). The ancestral disparity of the summer phe-
notype was even higher than the ancestral disparity of most other
Brassicaceae species (Fig. 4b).

Morphospatial variation in pollination niches

The plant—pollinator network included in this study was signifi-
cantly modular (Modularity = 0.385, P<0.0001) and identified
eight different pollination niches associated with different groups

New Phytologist (2022) 233: 1479-1493
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dots. (b) Shepard plot showing the goodness
of fit of the NMDS ordination.

of pollinators (Fig. S2) located in different regions of the mor-
phospace (F=44.4, P<0.001, R = 0.39; Adonis test; Fig. 5;
Table S6). Because different insects visited M. arvensis in spring
and summer (Table S7), this plant species shifted between pollina-
tion niches seasonally (Fig. 5). During spring, M. arvensis belonged
to a niche where the most frequent pollinators were long-tongued
bees, beeflies, and hawkmoths (pollination niche 5 in Fig. 5). This
pollination niche was also shared by the other Moricandia species
(Fig. 6) and by 60 out of the 500 species we were able to include
in this analysis (Fig. 5). By contrast, during summer, M. arvensis
belonged to a niche dominated by short-tongued bees (pollination
niche 3 in Fig. 5). This niche was shared with 116 other species.
This niche shift was substantial, since the overlap between the
spring and summer pollinator niches of M. arvensis (Czekanowski
overlap index = 0.35) was significantly lower than the niche over-
lap between congeneric species of Brassicaceae (0.57 & 0.42,
Z-score = —0.51, P=0.003).

Evolution of pollination niche in Moricandia lineage

The stochastic character mapping analysis suggests that the ances-
tral niche of the Moricandia lineage was pollination niche 5 (Fig.
6). This niche seems to be ancestral to the origin of the genus Mor-
icandia, since it is shared with the closest genera, Rytidocarpus and
Eruca (Fig. 6). Two shifts have occurred later during the evolution
of the Moricandia lineage, both towards pollination niche 3. One
has been made by Moricandia foetida, and the other shift is that
made by the summer phenotype of M. arvensis (Fig. 6).
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Fig. 3 Floral disparity. Magnitude of floral disparity between different
taxonomic levels of Brassicaceae species. The horizontal lines in the
boxplots denote the median values (50t percentile); the boxes contain the
25175 percentiles of the dataset; the whiskers mark the 5™ and 95t
percentiles; and values beyond these upper and lower bounds are
considered outliers, marked with dots. The number above each boxplot
shows the number of disparities per level. We have compared this value
with the disparity between spring and summer phenotypes of Moricandia
arvensis (comparisons with boxplots in red are statistically significant at P
<0.05, in orange are marginally significant at P<0.1, and in grey are not
significant).

Table 1 Floral divergence: floral disparity of each species of Moricandia
from the most recent common ancestor (MRCA) of the genus and from
the direct ancestor of each species, according to the Moricandia
phylogeny made by Perfectti et al. (2017).

Disparity to Disparity to
Species MRCA direct ancestor
Moricandia foetida 0.0396 0.1399
Moricandia moricandioides 0.0591 0.0373
Moricandia nitens 0.0417 0.0735
Moricandia rytidocarpoides 0.0258 0.1050
Moricandia sinaica 0.0276 0.1055
Moricandia spinosa 0.0196 0.2096
Moricandia suffruticosa 0.0639 0.2070
Moricandia arvensis spring 0.0808 0.0239
phenotype
M. arvensis summer phenotype 0.1951 0.2874

Plasticity-mediated floral convergence

The three methods gave similar results irrespective of the phy-
logeny used (Table 2). Brassicaceae species belonging to pollina-
tion niche 3 converged morphologically according to the
difference between the observed and expected angles from their

© 2021 The Authors
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(blue arrows in Fig. 7), but none was associated with the spring
phenotype of M. arvensis. By contrast, the C5 index consistently
detected that the summer phenotype of M. arvensis has converged
with the species belonging to pollination niche 3 (red arrow in

Fig. 7).

Discussion

Brassicaceae floral diversification

Brassicaceae is a plant family with a conserved floral bauplan con-
sisting of flowers with four sepals, four petals, six stamens, and
two carpels (Appel & Al-Shehbaz, 2003) that are easily recogniz-
able due to their cross-like appearance (Endress, 1992; Ronse de
Craene, 2010). The floral morphospace built here, including
>80% of the known Brassicaceae species, has revealed consider-
able diversity in floral forms due to the considerable variation in
morphological, architectural, and colour traits. We presume that
the magnitude of floral variation is even larger than that reported
here, since information on other floral traits, such as pollen pro-
duction, intrafloral phenology, morphology and number of nec-
taries, production and composition of nectar, and amount and
composition of floral scents and volatiles, is not available for
many of the species included in our study. Brassicaceae flowers
seem to have diversified considerably while the number of floral
organs has remained relatively invariant (Bowman ezal, 1999;
Goémez etal, 2016; Nikolov, 2019). The floral morphospace
resulting from this diversification process is dense and lacks large
empty regions. This suggests that Brassicaceae has explored many
of the possible floral morphospace regions during its evolution,
including those associated with the loss or gain of some floral
organs (Bowman eral, 1999; Lee eral, 2002; Méndez &
Goémez, 2006; Hameister etal, 2013; Nikolov, 2019). The

macroevolutionary processes shaping this floral diversification are
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Fig. 4 Floral divergence. (a) Phylomorphospace of the Moricandia species, using the phylogeny of Perfectti et al. (2017). (b) Floral disparity between each
of the two phenotypes (i.e. spring and summer) and the nearest ancestor, according to the four dated phylogenies used in this study (1, Perfectti etal.,
2017; 2, Smith & Brown, 2018; 3, Gaynor etal., 2018; 4, Huang et al., 2020). The horizontal lines in the boxplots denote the median values (50t
percentile) of the disparity of each Brassicaceae species included in each phylogeny and its direct ancestor; the boxes contain the 25"-75" percentiles; the
whiskers mark the 51 and 95t percentiles; and values beyond these upper and lower bounds are considered outliers, marked with dots.

difficult to deduce due to the absence of a well-solved family-
wide phylogeny comprising the species used in this study. Never-
theless, we could infer some of these processes by checking for
the position of related species in the morphospace. We found
that congeneric species were often widely spread across the mor-
phospace, whereas species from different genera and tribes were
located close together in the same regions. This pattern strongly
suggests frequent events of floral divergence and convergence
during the evolution of the family (Pie & Weitz, 2005; Chartier
etal., 2014). In fact, divergent, convergent, and parallel evolu-
tionary patterns seem to be frequent in Brassicaceae (Huang ez al.,
2016; Zhong et al., 2019; Rellstab ez al., 2020; Yang ez al., 2020
Bohutinska ez al., 2021a,b).

Several biotic and abiotic factors may have triggered the evo-
lution of floral diversity in Brassicaceae. Pollinators constitute
an important biotic factor that explains floral diversification in
many angiosperms (van der Niet & Johnson, 2012). It has
been previously shown that, despite exhibiting a generalist pol-
lination system, different Brassicaceae species are pollinated by
different sets of pollinators and exploit different pollination
niches (Wilson etal, 1999; Denisow, 2004; Gémez etal.,
2014, 2015a,b, 2016; Schlinkert eral, 2015; Gibson-Forty
etal., 2020). Pollinators have indeed contributed to the floral
divergence of some Brassicaceae species and clades (Gomez
etal., 2015b, 2016; Gervasi & Schiestl, 2017; Schiestl ez al,
2018; Ramos & Schiestl, 2019). How they have contributed to
the floral convergent and divergent evolution at the level of the
whole family is difficult to ascertain with the information at
hand. But the fact that pollination niches are not randomly dis-
tributed across the floral morphospace suggests that pollinators
may have played a role in the diversification pattern of

New Phytologist (2022) 233: 1479-1493
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Brassicaceae flowers. Our study suggests that, despite the
widespread generalization observed in the pollination systems
of Brassicaceae, species converging phenotypically interact with
similar pollinators. Further research is nevertheless necessary to
get an accurate conclusion.

Plastic floral divergence in M. arvensis

Moricandia is a small and morphologically uniform genus, with
most species displaying similar medium-to-large, cross-shaped
purple-to-pale lilac flowers (de Bolds, 1946; Tahir & Watts,
2011; Perfectti eral, 2017), with only two narrow endemic
species departing slightly from this floral pattern, M. foetida and
Moricandia rytidocarpoides (Perfectti et al., 2017). Consequently,
the magnitude of floral disparity among these species is small,
with all of them located in the same upper-left region of the
Brassicaceae floral morphospace. They all were also located very
close to the region where the most recent common ancestor of
the genus was presumably located. This suggests that during the
almost 7 Myr of evolution of the genus Moricandia (Perfectti
etal., 2017), floral divergence has been negligible. In contrast to
this phylogenetic conservatism, we found that the summer phe-
notype of M. arvensis was located in a completely different
region of the floral morphospace. This is not surprising, consid-
ering that the floral forms of this polyphenic species switch
between two extremes (Gomez ez al., 2020). Plasticity-mediated
movements across the morphospace have been reported for sev-
eral other organisms (Pfennig, 2021), like fish (Muschick ezal.,
2011; Lofeu ezal, 2021), ants (Oettler etal., 2019), nematodes
(Susoy ez al., 2015) and even plants (Barnett ezal, 2018). Our
case is remarkable because, in contrast to the findings of
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Fig. 5 Pollination niches. Morphospatial distribution of the eight
pollination niches detected in Brassicaceae. Insect silhouettes were drawn
by Divulgare (www.divulgare.net) and are reproduced under a Creative
Commons license (http://creativecommons.org/licenses/by-nc-sa/3.0).

previous studies, plasticity is expressed in M. arvensis within
individuals (Gémez etal, 2020), meaning that the plasticity-
mediated movement across the morphospace is made by single
individuals as the season changes. Moreover, the magnitude of

this plasticity-induced within-individual disparity was even
larger than that found between Moricandia species, and even
between species belonging to different genera or tribes. More
importantly, the plastic flowers of M. arvensis explored a region
of the floral morphospace outside its phylogenetic clade range,
diverging radically from the ancestral phenotype. Finally,
within-individual plasticity is expressed by most populations
across the whole geographical range of the species (Gémez ez al.,
2020; J. M. Gémez et al., unpublished). Altogether, these find-
ings suggest that plasticity mediates the pattern of floral diver-
gence in M. arvensis and contributes to expanding the area of
the floral morphospace explored by Moricandia. Studying this
process in other crucifers will help establish if it is exclusive of
Moricandia or, on the contrary, it is a motor of floral diversifi-
cation in Brassicaceae.

Plasticity-mediated floral divergence has allowed the summer
morph of M. arvensis to explore a new region of the ecological
space and to exploit a pollination niche that differs markedly
from that exploited by its closest relatives. The flowers of most
Moricandia species are pollinated by long-tongued bees (Apidae:
Anthophorini) and, to a lesser extent, by other long-tongued
insects (Dukas & Shmida, 1989; Kiichmeister eral, 1995;
Gonzdlez-Megias, 2016; Gémez et al., 2020). This niche is even
shared by their closest relatives, such as Rytidocarpus morican-
dioides or Eruca spp. (Gomez etal., 2016, 2020; Barazani et al.,
2019; Shakeel ezal, 2019), and was reconstructed as the most
likely pollination niche of the Moricandia ancestor. However, the
summer floral morph of M. arvensis is pollinated by a different
set of insects and belongs to a different pollination niche associ-
ated with short-tongued small and medium-size bees (GSmez
et al., 2020). Consequently, this morph exploits a different polli-
nation niche that has largely diverged from the ancestral Morican-
dia niche. We do not know yet whether the niche shift is
adaptive, with plants expressing during summer a set of floral
traits that attract efficient pollinators and maximize fitness, or is a
mere consequence of the change in floral phenotype, with the
pollinators visiting summer flowers being those attracted to the
type of flower displayed during summer. Interestingly, the sum-
mer pollination niche is also exploited by other co-generic

0.97

Fig. 6 Evolution of pollination niches.
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Table 2 Floral convergence of pollination niches: outcome of the analysis
of the occurrence of floral convergence among plants from niches 3 and 5.

Smith & Brown Gaynor etal. Huang et al.
(2018) (2018) (2020)
Phylogeny Value P Value P Value P
Niche 3
Angle 80.587 0.008 79.431 0.002 64.930 0.055
Angle/time 2350 0.719 1.645 0.397 4.023 0.815
(o] 0.373  0.000 0.472 0.000 0.415 0.000
C2 0.104  0.000 0.142  0.000 0.104  0.000
Cc3 0.141  0.000 0.166  0.000 0.219 0.000
Cc4 0.003 0.720 0.002 0.700 0.008 0.600
Wheatsheaf 0.830 0.986 0940 0.715 1.060 0.028
Niche 5
Angle 70.093 0.002 73.491 0.002 58.313 0.049
Angle/time 1.393 0.021 1.783 0.745 2474 0.011
(o] 0.356  0.000 0.472  0.000 0.240 0.000
C2 0.110 0.000 0.142 0.000 0.075 0.000
c3 0.128 0.000 0.166  0.000 0.118 0.000
c4 0.003 0.727 0.002 0.700 0.006 0.545
Wheatsheaf 1.120 0.673 1.170 0.094 0.920 0.978

Angle is the mean theta angle between all species belonging to the same
niche. Angle/time is the angle divided by time distance. The significance of
these angles has been found by comparing with a null model consisting of
shuffling each niche 1000 times across the tree tips and calculating a
distribution of random angles. C1 measures the proportion of phenotypic
distance closed by evolution, ranging from O to 1 (where 1 indicates
complete convergence). C2 is the raw value of the difference between the
maximum and extant distance between the lineages. C3 is C2 scaled by
the total evolution (sum of squared ancestor-to-descendant changes)
between the two lineages. C4 is C2 scaled by the total evolution in the
whole clade. The significance of C1-C2 was evaluated by running 1000
simulations for each comparison using Brownian-motion models.
Wheatsheaf is the ratio of the mean (penalized) distances between all
species to the mean (penalized) distances between allegedly convergent
species. Significance found by running 5000 bootstrapping simulations.
Significant values are shown in bold.

species, such as M. foetida. This species flowers during spring but
displays flowers resembling the summer flowers of M. arvensis
(Castroviejo, 1993) and, consequently, occupies an intermediate
position between the two morphs of M. arvensis (Table S5). This
is a piece of circumstantial evidence which suggests that the niche

New
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shift in M. arvensis is likely a consequence of the type of flower
exhibited during summer.

Plasticity-mediated floral convergence

Several studies have shown that plasticity may cause the colo-
nization of unfilled regions of the morphospace, contributing to
the emergence of morphological novelties (Muschick ezal,
2011; Levis etal, 2018; Lofeu ezal, 2021). In our case, because
Brassicaceae floral morphospace is dense and does not have
many empty regions, plasticity allowed M. arvensis to colonize a
region of the morphospace already occupied by other species.
Due to the extensive generalization of the Brassicaceae pollina-
tion systems, the colonization of this new morphospatial region
entailed the exploitation of a pollination niche already used by
many other cruciferous species. In fact, the summer pollination
niche was shared with almost twice the number of species as the
spring niche (116 vs 60 species). All of this had important con-
sequences for the pattern of floral evolution of M. arvensis. Our
convergence analyses show that, whereas the spring flowers of
M. arvensis evolved within the same pollination niche that it
occupies now, the summer flowers converged with the flowers
of other Brassicaceae exploiting the same summer niche. We
provide evidence which suggests that morphological conver-
gence may arise as a consequence of phenotypic plasticity pro-
moting the colonization of a niche mostly occupied by
unrelated species.

Convergent selection pressures exerted by efficient pollinators
are the main mechanism shaping the evolution of pollination
syndromes (Faegri & van der Pijl, 1980; Dellinger, 2020;
Phillips eral., 2020; Wessinger & Hileman, 2020). Our study
suggests that under certain circumstances, pollination syndromes
might evolve due to floral plasticity. Under this idea, floral traits
change due to external factors such as environmental stimuli,
biotic stressors, etc. (Rusman eral, 2019a,b; Gémez etal.,
2020; Ramos & Schiestl, 2020). When this process takes place
within dense morphospaces, plastic phenotypes may converge
with nonrelated flowers rather than arising as novelties. These
plastic flowers will be visited by pollinators attracted by this
new set of floral traits — presumably the same or similar pollina-
tors to those visiting the flowers located in the same region of

Table 3 Floral convergence of Moricandia: outcome of the analysis of morphological convergence between the Moricandia clade and the rest of clades

included in each time-calibrated phylogeny.

Oreal Oace distrrca Ratio P-value Moricandia clade Other convergent clades Niche(s)
Smith & Brown (2018)'s phylogeny

15.20 4.42 124.24 0.16 0.012 Moricandia genus Erysimum bicolor/scoparium 5
Gaynor et al. (2018)'s phylogeny

10.94 17.83 78.19 0.37 0.037 Moricandia genus E. bicolor/scoparium 5
Huang et al. (2020)'s phylogeny

7.09 0.55 22.05 0.35 0.002 Moricandia foetida + Moricandia moricandioides Erucaria clade + Cakile clade 3,5

9.38 12.44 24.01 0.91 0.029 M. foetida + M. moricandioides Zilla clade + Foleyola billotii 3,5

0ace, Mean angle between ancestral states between each pair of clades; 0,.o, mean angle over all possible combinations of pairs of species, taking one
species per clade; distmca, patristic distance (sum of branch length) between the most recent common ancestors of each pair of clades; Ratio, 0ace + Orear :
distyrca. We indicate the convergent clades and the pollination niches of the species from the convergent clades.
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Convergence into pollination niche 5

(d)

Smith & Brown’s phylogeny

Gaynor et al.’s phylogeny

Huang et al.’s phylogeny

Fig. 7 Plasticity-mediated floral convergence. (a—c) Convergent lineages crossing into the region of the morphospace delimited by the pollination niche of
Moricandia arvensis during spring (the shaded convex hull polygon) according to (a) Smith & Brown's phylogeny, (b) Gaynor et al.'s phylogeny, and

(c) Huang et al.'s phylogeny (phylogenies 2—4, respectively, in Supporting Information Table S8). (d—f) Convergent lineages crossing into the region of the
morphospace delimited by the pollination niche of M. arvensis during summer (the shaded convex hull polygon) according to (d) Smith & Brown's
phylogeny, (e) Gaynor etal.'s phylogeny, and (f) Huang et al.'s phylogeny. Red arrows indicate the plasticity-mediated convergence; blue arrows indicate
the convergence events of the other lineages. The small pink area in all panels is the region of the floral morphospace that includes the lineages that have
converged with the entire Moricandia clade according to each time-calibrated phylogeny.

the morphospace. That is, plasticity would prompt the quick
rise of a floral phenotype that converges with those of other
species interacting with similar pollinators. Here, and contrary
to the standard view on pollination syndrome evolution, shifts
in floral traits should precede shifts in pollinators. This prece-
dence has been observed in several generalist pollination systems
(Thomson & Wilson, 2008; Gémez et al, 2015b) and even in
some specialized systems where changes in some key traits are
enough to elicit pollination shifts (Castaneda-Zarate ezal.,
2021). We propose that floral plasticity may be an additional
factor which boosts the evolution of pollination syndromes in
generalist plants, as postulated by the plasticity-first hypothesis
(Levis & Pfennig, 2016). However, further information on how
frequent plasticity-mediated floral and pollination convergences
are in other plant groups is required to get an idea of the
importance of this phenomenon. In addition, it would also be
helpful to know whether the plastic phenotypes become geneti-
cally assimilated, giving rise to new morphs or species belonging
to new pollination systems. We hope that our study contributes

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

to the development of a promising line of research on the role
of floral plasticity in the evolution of flowers and plant—pollina-
tor interactions.

Acknowledgements

Authors thank Raquel Sinchez, Angel Caravantes, Isabel Sanchez
Almazo, Maria José Jorquera, and Ivan Rodriguez Arés for help-
ing us during several phases of the study. We also thank all con-
tributors to the pollinator database (Table S1) for kindly sending
us unpublished information on Brassicaceae floral visitors. This
research is supported by grants from the Spanish Ministry of
Science, Innovation and Universities (CGL2015-63827-P,
CGL2017-86626-C2-1-P, CGL2017-86626-C2-2-P, UNGR15-
CE-3315), Junta de Andalucia (P18-FR-3641, IE19_238 EEZA
CSIC), LIFE18 GIE/IT/000755, and Xunta de Galicia
(CITACA), including EU FEDER funds. This is a contribution
to the Research Unit Modeling Nature, funded by the Consejeria
de Economia, Conocimiento, Empresas y Universidad, and

New Phytologist (2022) 233: 1479-1493
www.newphytologist.com

85U8017 SUOWILWIOD 8A1Te81D B|edldde au Aq peusenob aJe Sspoie YO ‘88N Jo SN 10} Aeiq 18Ul UQ 48| UO (SUORIPUOD-PUB-SWLRIW0D" A3 1M Afe.d Ul juo//Sdny) SUORIPUOD pue swie | 8 88S *[£20z/2T/TE] uo ArigiTauliuo A8|IM TdN HeulH 020010 Aq 2082 T ydu/TTTT 0T/10p/w00 Ao imArelqijeul|uo-yduy/:sdny woy papeojumoq ‘€ ‘Z:



1490 Researc

European Regional Development Fund (ERDF), reference
SOMM17/6109/UGR.

Author contributions

JMG, AGM, EN, LN, FP and CA conceived the project. JMG,
AGM and EN collected the information on plant traits. JMG
collected the information on pollinators. J]MG performed the
analyses. JIMG, AGM, EN, LN, FP and CA reviewed the analyses

and wrote the manuscript.

ORCID

Cristina Armas () hteps://orcid.org/0000-0003-0356-8075
José M. Gémez () https://orcid.org/0000-0002-2487-4664
Adela Gonzalez-Megias (12} https://orcid.org/0000-0002-2292-
9334

Eduardo Narbona (2} hetps://orcid.org/0000-0003-1790-6821
https://orcid.org/0000-0002-8308-2237
hteps://orcid.org/0000-0002-5551-213X

Luis Navarro
Francisco Perfectti

Data availability

All data necessary to replicate the study’s findings is available in
the Supporting Information.

References

Appel O, Al-Shehbaz IA. 2003. Cruciferae. In: Kubitzki K, Bayer C, eds.
Flowering plants- dicotyledons. Berlin, Heidelberg, Germany: Springer, 75-174.

Arbuckle K, Bennett CM, Speed MP. 2014. A simple measure of the strength of
convergent evolution. Methods in Ecology and Evolution 5: 685-693.

Arbuckle K, Minter A. 2015. WINDEX: analyzing convergent evolution using the
Wheatsheaf index in R. Evolutionary Bioinformatics Online 11: EBO-S20968.

Barazani O, Erez T, Ogran A, Hanin N, Barzilai M, Dag A, Shafir S. 2019.
Natural variation in flower color and scent in populations of Eruca sativa
(Brassicaceae) affects pollination behavior of honey bees. Journal of Insect
Science 19: 6.

Barnett LL, Troth A, Willis JH. 2018. Plastic breeding system response to day
length in the California wildflower Mimulus douglasii. American Journal of
Botany 105: 779-787.

Bohutinskid M, Alston M, Monnahan P, Mandakova T, Bray S, Paajanen P,
Kolar F, Yant L. 2021a. Novelty and convergence in adaptation to whole
genome duplication. Molecular Biology and Evolution 38: 3910-3924.

Bohutinskd M, Vlcek J, Yair S, Laenen B, Konecna V, Fracassetti M, Slotte T,
Kolar F. 2021b. Genomic basis of parallel adaptation varies with divergence in
Arabidopsis and its relatives. Proceedings of the National Academy of Sciences,
USA118: ¢2022713118.

Bollback JP. 2006. StMmaP: stochastic character mapping of discrete traits on
phylogenies. BMC Bioinformatics7: 88.

de Bolds A. 1946. El género Moricandia en la Peninsula Ibérica. Anales del Jardin
Botanico de Madrid 6: 451-461.

Bowman JL, Briiggemann H, Lee JY, Mummenhoff K. 1999. Evolutionary
changes in floral structure within Lepidium L. (Brassicaceae). International
Journal of Plant Sciences 160: 917-929.

Campbell DR, Sosenski P, Raguso RA. 2019. Phenotypic plasticity of floral
volatiles in response to increasing drought stress. Annals of Botany 123: 601—
610.

Castaneda-Zarate M, Johnson SD, van der Niet T. 2021. Food reward chemistry
explains a novel pollinator shift and vestigialization of long floral spurs in an

orchid. Current Biology 31: 238-246.

New Phytologist (2022) 233: 1479-1493
www.newphytologist.com

New
Phytologist

Castiglione S, Serio C, Tamagnini D, Melchionna M, Mondanaro A, Di
Febbraro M, Profico A, Piras P, Barattolo F, Raia P. 2019. A new, fast
method to search for morphological convergence with shape data. PLoS ONE
14: €0226949.

Castroviejo S. 1993. Flora Ibérica IV, Cruciferae-Monotropaceae. Madrid, Spain:
Consejo Superior de Investigaciones Cientificas.

Chartier M, Jabbour F, Gerber S, Mitteroecker P, Sauquet H, von Balthazar M,
Staedler Y, Crane PR, Schonenberger J. 2014. The floral morphospace-a
modern comparative approach to study angiosperm evolution. New Phyrologist
204: 841-853.

Chartier M, Lofstrand S, von Balthazar M, Gerber S, Jabbour F, Sauquet H,
Schonenberger J. 2017. How (much) do flowers vary? Unbalanced disparity
among flower functional modules and a mosaic pattern of morphospace
occupation in the order Ericales. Proceedings of the Royal Society B: Biological
Sciences 284: 20170066.

De’ath G. 1999. Extended dissimilarity: a method of robust estimation of
ecological distances from high beta diversity data. Plant Ecology 144: 191-199.

Dellinger AS. 2020. Pollination syndromes in the 21* century: where do we
stand and where may we go? New Phyrologist 228: 1193—-1213.

Dellinger AS, Pérez-Barrales R, Michelangeli FA, Penneys DS, Fernandez-
Fernandez DM, Schonenberger J. 2021. Low bee visitation rates explain
pollinator shifts to vertebrates in tropical mountains. New Phytologist 231: 864—
877.

Denisow B. 2004. Dynamics of blooming and insect visits on several
(Brassicaceae = Cruciferae Juss.) species. Journal of Apicultural Science 48: 13—
22.

Dormann CF, Gruber B, Friind J. 2008. Introducing the BIPARTITE package:
analysing ecological networks. R News 8: 8—11.

Dormann CF, Strauss R. 2014. A method for detecting modules in quantitative
bipartite networks. Methods in Ecology and Evolution 5: 90-98.

Dukas R, Shmida A. 1989. Correlation between the color, size and shape of
Israeli crucifer flowers and relationships to pollinators. Ozkos 54: 281-286.

Endress PK. 1992. Evolution and floral diversity: the phylogenetic surroundings
of Arabidopsis and Antirrhinum. International Journal of Plant Sciences 153:
S106-S122.

Endress PK. 2011. Evolutionary diversification of the flowers in angiosperms.
American Journal of Botany 98: 370-396.

Faegri K, Van Der Pijl L. 1980. Principles of pollination ecology. Oxford, UK:
Elsevier.

Feinsinger P, Spears EE, Poole RW. 1981. A simple measure of niche breadth.
Ecology 62: 27-32.

Fenster CB, Armbruster WS, Wilson P, Dudash MR, Thomson JD. 2004.
Pollination syndromes and floral specialization. Annual Review of Ecology,
Evolution and Systematics 35: 375—403.

Gaynor ML, Ng J, Laport RG. 2018. Phylogenetic structure of plant
communities: are polyploids distantly related to co-occurring diploids? Fronziers
in Ecology and Evolution 6: 52.

Gervasi DDL, Schiestl FP. 2017. Real-time divergent evolution in plants driven
by pollinators. Nature Communications 8: 1-8.

Gibson-Forty EV, Tielborger K, Seifan M. 2020. Equivocal evidence for a
change in balance between selfing and pollinator-mediated reproduction in
annual Brassicaceae growing along a rainfall gradient. Journal of Systematics and
Evolution. doi: 10.1111/jse.12637.

Goémez JM, Munoz-Pajares AJ, Abdelaziz M, Lorite J, Perfectti F. 2014.
Evolution of pollination niches and floral divergence in the generalist plant
Erysimum mediohispanicum. Annals of Borany 113: 237-249.

Gémez JM, Perfectti F, Abdelaziz M, Lorite ], Munoz-Pajares AJ, Valverde J.
2015a. Evolution of pollination niches in a generalist plant clade. New
Phytologist 205: 440—453.

Gémez JM, Perfectti F, Armas C, Narbona E, Gonzdlez-Megias A, Navarro L,
DeSoto L, Torices R. 2020. Within-individual phenotypic plasticity in flowers
fosters pollination niche shift. Nature Communications 11: 4019.

Gémez JM, Perfectti F, Lorite J. 2015b. The role of pollinators in floral
diversification in a clade of generalist flowers. Evolution 69: 863-878.

Gomez JM, Torices R, Lorite J, Klingenberg CP, Perfectti F. 2016. The role of
pollinators in the evolution of corolla shape variation, disparity and integration

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

85U8017 SUOWIWOD 8A1Ie81D 3edldde au Aq pausenob aJe Sejoie YO ‘@SN Jo S8 10} Akeiq1 78Ul UQ A1 UO (SUORIPUOO-pUe-SWLR/W0o" A3 1M AfeIq 1 [put|uo//Sdny) SUORIPUOD pue sw.e | 8Ly 88s *[£20z/2T/TE] uo AriqiTauliuo A8IM ‘TdN HeulH 030010 W Aq 2082T ydu/TTTT OT/I0pAW0D A8 | im Aseiqipuluo ydu//sdny wouy pepeojumoqd ‘€ ‘ZZ0Z ‘LET869YT


https://orcid.org/0000-0003-0356-8075
https://orcid.org/0000-0003-0356-8075
https://orcid.org/0000-0003-0356-8075
https://orcid.org/0000-0002-2487-4664
https://orcid.org/0000-0002-2487-4664
https://orcid.org/0000-0002-2487-4664
https://orcid.org/0000-0002-2292-9334
https://orcid.org/0000-0002-2292-9334
https://orcid.org/0000-0002-2292-9334
https://orcid.org/0000-0003-1790-6821
https://orcid.org/0000-0003-1790-6821
https://orcid.org/0000-0003-1790-6821
https://orcid.org/0000-0002-8308-2237
https://orcid.org/0000-0002-8308-2237
https://orcid.org/0000-0002-8308-2237
https://orcid.org/0000-0002-5551-213X
https://orcid.org/0000-0002-5551-213X
https://orcid.org/0000-0002-5551-213X
https://doi.org/10.1111/jse.12637

New
Phytologist

in a highly diversified plant family with a conserved floral bauplan. Annals of
Botany 117: 889-904.

Gémez JM, Verdi M, Perfectti F. 2010. Ecological interactions are
evolutionarily conserved across the entire tree of life. Nature465: 918-921.

Gonzilez-Megias A. 2016. Within-and trans-generational effects of herbivores
and detritivores on plant performance and reproduction. Journal of Animal
Ecology 85: 283-290.

Goslee SC, Urban DL. 2007. The Ecobist package for dissimilarity-based
analysis of ecological data. Journal of Statistical Software 22: 1-19.

Guillerme T. 2018. pispriTY: a modular R package for measuring disparity.
Methods in Ecology and Evolution 9: 1755-1763.

Guillerme T, Cooper N. 2018. Time for a rethink: time sub-sampling methods
in disparity-through-time analyses. Palacontology 61: 481-493.

Guillerme T, Cooper N, Brusatte SL, Davis KE, Jackson AL, Gerber S,
Goswami A, Healy K, Hopkins M], Jones MEH ez al. 2020a. Disparities in
the analysis of morphological disparity. Biology Letters 16: 20200199.

Guillerme T, Puttick MN, Marcy AE, Weisbecker V. 2020b. Shifting spaces:
which disparity or dissimilarity measurement best summarize occupancy in
multidimensional spaces? Ecology and Evolution 10: 7261-7275.

Guimera R, Amaral LAN. 2005. Functional cartography of complex metabolic
networks. Nature 433: 895-900.

Hameister S, Nutt P, Theiflen G, Neuffer B. 2013. Mapping a floral trait in
Shepherds purse — ‘Stamenoid petals’ in natural populations of Capsella bursa-
pastoris (L.) Medik. Flora208: 641-647.

Harder LD, Johnson SD. 2005. Adaptive plasticity of floral display size in
animal-pollinated plants. Proceedings of the Royal Society B: Biological Sciences
272:2651-2657.

Harmon L], Weir JT, Brock CD, Glor RE, Challenger W. 2008. GEIGER:
investigating evolutionary radiations. Bioinformatics 24: 129-131.

Hervias-Parejo S, Heleno R, Nogales M, Olesen JM, Traveset A. 2019.
Divergence in floral trait preferences between nonflower-specialized
birds and insects on the Galapagos. American Journal of Botany 106: 540—
546.

Huang C-H, Sun R, Hu YI, Zeng L, Zhang N, Cai L, Zhang Q, Koch MA, Al-
Shehbaz I, Edger PP ez al. 2016. Resolution of Brassicaceae phylogeny using
nuclear genes uncovers nested radiations and supports convergent
morphological evolution. Molecular Biology and Evolution 33: 394—412.

Huang XC, German DA, Koch MA. 2020. Temporal patterns of diversification
in Brassicaceae demonstrate decoupling of rate shifts and mesopolyploidization
events. Annals of Borany 125: 29—47.

Huelsenbeck JP, Nielsen R, Bollback JP. 2003. Stochastic mapping of
morphological characters. Systematic Biology 52: 131—158.

Kiefer M, Schmickl R, German DA, Mandakova T, Lysak MA, Al-Shehbaz IA,
Franzke A, Mummenbhoff K, Stamatakis A, Koch MA. 2014. BrassIBASE:
introduction to a novel knowledge database on Brassicaceae evolution. Plant
and Cell Physiology 55: €3.

Koch MA, German DA, Kiefer M, Franzke A. 2018. Database taxonomics as key
to modern plant biology. Trends in Plant Sciences 23: 4-6.

Koch MA, Kiefer M, German DA, Al-Shehbaz IA, Franzke A, Mummenhoff K,
Schmickl R. 2012. BrassiBAsE: tools and biological resources to study
characters and traits in the Brassicaceae—v.1.1. Taxon 61: 1001-1009.

Kriebel R, Drew B, Gonzalez-Gallegos JG, Celep F, Heeg L, Mahdjoub MM,
Sytsma KJ. 2020. Pollinator shifts, contingent evolution, and evolutionary
constraint drive floral disparity in Sa/via (Lamiaceae): evidence from
morphometrics and phylogenetic comparative methods. Evolution 74: 1335—
1355.

Kruskal JB. 1964a. Multidimensional scaling by optimizing goodness-of-fit to a
nonmetric hypothesis. Psychometrika 29: 1-28.

Kruskal JB. 1964b. Nonmetric multidimensional scaling: a numerical method.
Psychometrika 29: 115-129.

Kiichmeister H, Shmida A, Gottsberger G. 1995. Phenology and pollination
ecology of the desert plant Moricandia nitens (Brassicaceae) in the Negev, Israel.
Advances in Geoecology 28: 157-171.

Lagomarsino LP, Condamine FL, Antonelli A, Mulch A, Cavis CC. 2016. The
abiotic and biotic drivers of rapid diversification in Andean bellflowers
(Campanulaceae). New Phytologist 2010: 1430-1442.

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

Research® 149

Lee JY, Mummenhoff K, Bowman JL. 2002. Allopolyploidization and evolution
of species with reduced floral structures in Lepidium L. (Brassicaceae).
Proceedings of the National Academy of Sciences, USA 99: 16835-16840.

Legendre P, Borcard D, Peres-Neto PR. 2005. Analyzing beta diversity:
partitioning the spatial variation of community composition data. Ecological
Monographs75: 435-450.

Legendre P, Legendre L. 2012. Numerical ecology. Oxford, UK: Elsevier.

Levis NA, Isdaner AJ, Pfennig DW. 2018. Morphological novelty emerges from
pre-existing phenotypic plasticity. Nature Ecology and Evolution 2: 1289-1297.

Levis NA, Pfennig DW. 2016. Evaluating “plasticity-first” evolution in nature:
key criteria and empirical approaches. Trends in Ecology and Evolution 31: 563—
574.

Lloyd DG, Barrett SC. 1996. Floral biology: studies on floral evolution in animal-
pollinated plants. New York, NY, USA: Chapman and Hall.

Lofeu L, Anelli V, Straker LC, Kohlsdorf T. 2021. Developmental plasticity
reveals hidden fish phenotypes and enables morphospace diversification.
Evolution75: 1170-1188.

Losos JB. 2011. Convergence, adaptation, and constraint. Evolution 65: 1827—
1840.

Mair P, Borg I, Rusch T. 2016. Goodness-of-fit assessment in multidimensional
scaling and unfolding. Multivariate Behavioral Research 51: 772-789.

Méndez M, Gomez JM. 2006. Phenotypic gender in Hormathophylla spinosa
(Brassicaceae), a perfect hermaphrodite with tetradynamous flowers, is variable.
Plant Systematics and Evolution 262: 225-237.

Muschick M, Barluenga M, Salzburger W, Meyer A. 2011. Adaptive phenotypic
plasticity in the Midas cichlid fish pharyngeal jaw and its relevance in adaptive
radiation. BMC Evolutionary Biology 11: 1-12.

Newman ME]. 2004. Analysis of weighted networks. Physical Review E70:
56131.

Nikolov LA. 2019. Brassicaceae flowers: diversity amid uniformity. Journal of
Experimental Biology 70: 2623-2635.

Nosil P. 2012. Ecological speciation. Oxford, UK: Oxford University Press.

Oettler J, Platschek T, Schmidt C, Rajakumar R, Favé M], Abderrahman K,
Heinze J, Abouheif E. 2019. Interruption points in the wing gene regulatory
network underlying wing polyphenism evolved independently in male and
female morphs in Cardiocondyla ants. Journal of Experimental Zoology Part B:
Molecular and Developmental Evolution 332: 7-16.

Oksanen J. 2020. VEGAN 2.5-7: an introduction to ordination. URL http://cran.
r-project.org/web/packages/vegan/vignettes/introvegan. pdf.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’hara RB,
Simpson GL, Solymos P, Stevens MHH, Wagner H. 2013. Package VEGAN
Community ecology package, v.2.1-195. URL https://cran.r-project.org,
hetps://github.com/vegandevs/vegan.

Ollerton J, Alarcén R, Waser NM, Price MV, Watts S, Cranmer L, Hingston A,
Peter CI, Rotenberry J. 2009. A global test of the pollination syndrome
hypothesis. Annals of Botany 103: 1471-1480.

Ollerton J, Watts S. 2000. Phenotype space and floral typology: towards an
objective assessment of pollination syndromes. Det Norske Videnskaps-Akademi.
L. Matematisk-naturvidenskapelige Klasse. Skrifter, Ny Serie 39: 149-159.

Pearce T. 2011. Convergence and parallelism in evolution: a Neo-Gouldian
account. The British Journal for the Philosophy of Science 63: 429-448.

Perfectti F, Gomez JM, Gonzalez-Megias A, Abdelaziz M, Lorite J. 2017.
Molecular phylogeny and evolutionary history of Moricandia DC
(Brassicaceae). Peer]5: €3964.

Peter CI, Johnson SD. 2014. A pollinator shift explains floral divergence in an
orchid species complex in South Africa. Annals of Botany 113: 277-288.

Pfennig DW. 2021. Phenotypic plasticity, evolution, causes, consequences,
controversies. Boca Raton, FL, USA: CRC Press.

Phillips RD, Peakall R, van der Niet T, Johnson SD. 2020. Niche perspectives
on plant-pollinator interactions. Trends in Plant Sciences 25: 779-793.

Pie MR, Weitz JS. 2005. A null model of morphospace occupation. The
American Naturalist 166: E1-E13.

Pigot AL, Sheard C, Miller ET, Bregman TP, Freeman BG, Roll U, Seddon N,
Trisos CH, Weeks BC, Tobias JA. 2020. Macroevolutionary convergence
connects morphological form to ecological function in birds. Nature Ecology
and Evolution 4: 230-239.

New Phytologist (2022) 233: 1479-1493
www.newphytologist.com

258911 SUOLILIOD SANERID B[l fdde aU Ad PaLieA0B @12 SDILE YO 25N J0 S3NJ 10 AIIqIT BUIUO /3|1 UO (SUOTIPUOD-PUE-SWLSILIOD A3 I AIR.1q1BU 1U0//Schily) SUONIPUOD) PLE SULLB 18U 295 [£202/2T/TE] U0 ARIqITBUIIUO AB1IM “TdN LUIH 000010 A £082T UdU/TTTT OT/I0p/LI0D" A3 |1 ALRIq1RU 1 IUOcu//SdNy WO} pepeolumoq 'S ‘z20e: 860y



http://cran.r-project.org/web/packages/vegan/vignettes/introvegan.pdf
http://cran.r-project.org/web/packages/vegan/vignettes/introvegan.pdf
https://cran.r-project.org
https://github.com/vegandevs/vegan

1492 Research

Raia P, Castiglione S, Serio C, Mondanaro A, Melchionna M, Di Febbraro M.
2019. RRrHYLO: phylogenetic ridge regression methods for comparative
studies. Methods in Ecology and Evolution 9: 974-983.

Ramos SE, Schiestl FP. 2019. Rapid plant evolution driven by the interaction of
pollination and herbivory. Science 364: 193-196.

Ramos SE, Schiestl FP. 2020. Herbivory and pollination impact on the evolution
of herbivore-induced plasticity in defense- and floral traits. Evolution Letters 3:
1-14.

Rellstab C, Zoller S, Sailer C, Tedder A, Gugerli F, Shimizu KK, Holderegger
R, Widmer A, Fischer MC. 2020. Genomic signatures of convergent
adaptation to Alpine environments in three Brassicaceae species. Molecular
Ecology 29: 4350-4365.

Revell LJ. 2012. pHYTOOLS: an R package for phylogenetic comparative biology
(and other things). Methods in Ecology and Evolution 3: 217-223.

Ronse de Craene LP. 2010. Floral diagrams: an aid ro understanding floral
morphology and evolution. Cambridge, UK: Cambridge University Press.

Rusman Q, Lucas-Barbosa D, Poelman EH, Dicke M. 2019a. Ecology of plastic
flowers. Trends in Plant Science 24: 725-740.

Rusman Q, Poelman EH, Nowrin F, Polder G, Lucas-Barbosa D. 2019b. Floral
plasticity: herbivore-species-specific-induced changes in flower traits with
contrasting effects on pollinator visitation. Plant, Cell & Environment 42:
1882-1896.

Schiestl FP, Balmer A, Gervasi DDL. 2018. Real-time evolution
supports a unique trajectory for generalized pollination. Evolution 72: 2653—
2668.

Schlinkert H, Westphal C, Clough Y, Laszlé Z, Ludwig M, Tscharntke T.
2015. Plant size as determinant of species richness of herbivores, natural
enemies and pollinators across 21 Brassicaceae species. PLoS ONE 10:
e0135928.

Schluter D. 2000. 7he ecology of adaptive radiation. Oxford, UK: Oxford
University Press.

Serrano-Serrano ML, Rolland J, Clark JL, Salamin N, Perret M. 2017.
Hummingbird pollination and the diversification of angiosperms: an old and
successful association in Gesneriaceae. Proceedings of the Royal Society B:
Biological Sciences 284: 2016816.

Shakeel M, Ali H, Ahmad S, Said F, Khan KA, Bashir MA, Anjum SI, Islam W,
Ghramh HA, Ansari M]J et al. 2019. Insect pollinators diversity and abundance
in Eruca sativa Mill. (arugula) and Brassica rapa L. (field mustard) crops. Saudi
Journal of Biological Sciences 26: 1704-1709.

Simoes M, Breitkreuz L, Alvarado M, Baca S, Cooper JC, Heins L, Herzog K,
Lieberman BS. 2016. The evolving theory of evolutionary radiations. Trends in
Ecology and Evolution 31: 27-34.

Smith SD, Ané C, Baum DA. 2008. The role of pollinator shifts in the floral
diversification of lochroma (Solanaceae). Evolution 62: 793—806.

Smith SA, Brown JW. 2018. Constructing a broadly inclusive seed plant
phylogeny. American Journal of Botany 105: 302-314.

Smith SD, Kriebel R. 2018. Convergent evolution of floral shape tied to
pollinator shifts in Iochrominae (Solanaceae). Evolution 72: 688—697.

Stayton CT. 2015. The definition, recognition, and interpretation of convergent
evolution, and two new measures for quantifying and assessing the significance
of convergence. Evolution 69: 2140-2153.

Stayton CT. 2018. CoNVEVOL: quantifies and assesses the significance of convergent
evolution. R package v.1.0. URL http://cran.r-project.org/web/packages/
convevol/index.html.

Stayton CT. 2020. Are our phylomorphospace plots so terribly tangled? An
investigation of disorder in data simulated under adaptive and nonadaptive
models. Current Zoology 66: 565-574.

Sultan S. 2015. Organism and environment: ecological development, niche
construction, and adaption. New York, NY, USA: Oxford University Press.

Susoy V, Ragsdale EJ, Kanzaki N, Sommer RJ. 2015. Rapid diversification
associated with a macroevolutionary pulse of developmental plasticity. eLife 4:
€05463.

Tahir M, Watts R. 2011. Moricandia. In: Kole C, ed. Wild crop relatives: genomic
and breeding resources. Berlin, Heidelberg, Germany: Springer, 191-198.

Thomson JD, Wilson P. 2008. Explaining evolutionary shifts between bee and
hummingbird pollination: convergence, divergence, and directionality.
International Journal of Plant Sciences 169: 23-38.

New Phytologist (2022) 233: 1479-1493
www.newphytologist.com

New
Phytologist

Van der Niet T, Johnson SD. 2012. Phylogenetic evidence for pollinator-driven
diversification of angiosperms. Trends in Ecology and Evolution 27: 353-361.

Van der Niet T, Peakall R, Johnson SD. 2014. Pollinator-driven ecological
speciation in plants: new evidence and future perspectives. Annals of Botany
113: 199-211.

Walden N, German DA, Wolf EM, Kiefer M, Rigault P, Huang X-C, Kiefer C,
Schmickl R, Franzke A, Neuffer B ez al. 2020. Nested whole-genome
duplications coincide with diversification and high morphological disparity in
Brassicaceae. Nature Communications 11: 3795.

Wessinger CA, Hileman LC. 2020. Parallelism in flower evolution and
development. Annual Review of Ecology, Evolution and Systematics 51: 387-408.

West-Eberhard MJ. 2003. Developmental plasticity and evolution. New York, NY,
USA: Oxford University Press.

‘Whittall JB, Hodges S. 2007. Pollinator shifts drive increasingly long nectar
spurs in columbine flowers. Nature 44: 706-709.

Wilson RL, Abel CA, Luhman RL. 1999. Comparing three bee species for
controlled pollination of selected Brassicaceae. Journal of the lowa Academy of
Science 106: 1-3.

‘Winemiller KO, Fitzgerald DB, Bower LM, Pianka ER. 2015. Functional traits,
convergent evolution, and periodic tables of niches. Ecology Letters 18: 737—
751.

Yang J, Li Z, Lian ], Qi G, Shi P, He ], Hu Z, Zhang M. 2020. Brassicaceac
transcriptomes reveal convergent evolution of super-accumulation of sinigrin.
Communications Biology 3: 1-8.

Zhang J, Zhang MJ. 2013. Package spaa’. R package v.1. URL https://CRAN.
R-project.org/package=spaa.

Zhong L, Liu H, Ru D, Hu H, Hu Q. 2019. Population genomic evidence for
radiative divergence of four Orychophragmus (Brassicaceae) species in eastern
Asia. Botanical Journal of the Linnean Society 191: 18-29.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Dataset S1 Brassicaceae trait matrix.
Dataset S2 Intraspecific trait matrix.
Dataset S3 Pollinators.?

Fig. S1 Association among the 31 pollination traits of 3140 Bras-
sicaceae species.

Fig. $2 Modularity analysis.

Notes S1 Description of floral traits related to pollinator attrac-
tion used to generate the floral morphospace in Brassicaceae.

Table S1 List of ecologists who kindly shared unpublished infor-

mation on Brassicaceae pollinators.

Table S2 Brief description of the functional groups of the insects
visiting the flowers of the studied species.

Table S3 Fitting of the floral traits onto the nonmetric multidi-
mensional scaling (NMDS) vectors.

Table S4 Disparity between each of the 38 morphs included in
our dataset.

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

85U8017 SUOWIWOD 8A1Ie81D 3edldde au Aq pausenob aJe Sejoie YO ‘@SN Jo S8 10} Akeiq1 78Ul UQ A1 UO (SUORIPUOO-pUe-SWLR/W0o" A3 1M AfeIq 1 [put|uo//Sdny) SUORIPUOD pue sw.e | 8Ly 88s *[£20z/2T/TE] uo AriqiTauliuo A8IM ‘TdN HeulH 030010 W Aq 2082T ydu/TTTT OT/I0pAW0D A8 | im Aseiqipuluo ydu//sdny wouy pepeojumoqd ‘€ ‘ZZ0Z ‘LET869YT


http://cran.r-project.org/web/packages/convevol/index.html
http://cran.r-project.org/web/packages/convevol/index.html
https://CRAN.R-project.org/package=spaa
https://CRAN.R-project.org/package=spaa

New
Phytologist

Table S5 Disparity between each of the eight species of the Mori-
candia genus.

Table S6 Significance of the Mantel tests checking for spatial
autocorrelation across the morphospace of the pollinator func-
tional groups.

Table §7 Differences between the two Moricandia arvensis phe-
notypes in the visitation frequency of every pollinator functional

group.

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

Research™ 1493

Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist (2022) 233: 1479-1493
www.newphytologist.com

869YT

85U8017 SUOWIWOD A0 3|edldde au Aq peusenob aJe Sajoie YO ‘@SN Jo 8N 10} AReiq1 78Ul UQ A1 UO (SUORIPUOD-PUe-SWLR/W0O" A3 1M AfeIq Ul |uo//Sdny) SUORIPUOD pue swie | 8y 88s *[£20z/2T/TE] uo AriqiTauliuo A8]IM “TdN HeulH 030010 W Aq 2082T Ydu/TTTT'OT/I0pA0D A8 im Areiqpuluo ydu//sdny wouy pepeojumod ‘¢ 'z



