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Flowers of animal-pollinated plants are integrated structures shaped by the
action of pollinator-mediated selection. It is widely assumed that pollination specialization increases the magnitude of floral integration. However,
empirical evidence is still inconclusive. In this study, we explored the role of
pollinator diversity in shaping the evolution of corolla-shape integration in
Erysimum, a plant genus with generalized pollination systems. We quantified
floral integration in Erysimum using geometric morphometrics and explored
its evolution using phylogenetic comparative methods. Corolla-shape integration was low but significantly different from zero in all study species.
Spatial autocorrelation and phylogenetic signal in corolla-shape integration
were not detected. In addition, integration in Erysimum seems to have evolved
in a way that is consistent with Brownian motion, but with frequent convergent evolution. Corolla-shape integration was negatively associated with the
number of pollinators visiting the flowers of each Erysimum species. That is,
it was lower in those species having a more generalized pollination system.
This negative association may occur because the co-occurrence of many pollinators imposes conflicting selection and cancels out any consistent selection on
specific floral traits, preventing the evolution of highly integrated flowers.

1. Introduction
Flowers of animal-pollinated plants are complex structures that increase
fitness by promoting behavioural and morphological matching with pollinators
[1,2]. As in most complex structures, the efficacy of a flower in performing its
function depends on how accurately all its parts work together. According to
this idea, the role of natural selection in favouring the functional coordination
of the flower parts has long been acknowledged [3]. In particular, in animalpollinated plants, it is widely assumed that pollinators play a large role in
the evolution of not only floral traits but also floral integration [4– 13]. Pollinators, besides affecting the mean and variation of floral traits by exerting
directional and stabilizing selection, can also impose correlational selection
on certain combinations of floral traits [14,15]. The morphological integration
of flowers pollinated by animals is expected to be higher than the integration
of wind- and self-pollinated flowers [5– 7,10].
Ever since the first quantitative analysis on floral integration was performed, it was predicted that its magnitude would be larger in plant species
with specialized pollination systems [13]. It is widely assumed that, while
specialized pollination systems strengthen floral integration, generalized pollination systems weaken it, mostly because generalized plants undergo
frequent conflicting selection as a consequence of interacting simultaneously
with different pollinator functional groups having contrasting morphology,
preference and foraging behaviour. Under these circumstances, the local cooccurrence of several pollinator types imposing opposing selection cancels
the occurrence of consistent selection on specific floral traits, preventing the
evolution of highly integrated flowers [12]. Empirical evidence supporting
this early prediction is still scarce and somewhat contradictory. Whereas
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2. Material and methods
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(a) Study species
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We have studied 40 Erysimum species from Western and Central
Europe and Northwest Africa (electronic supplementary material,
table S1). They represent more than 85% of the species inhabiting
this region [29]. These Erysimum species inhabit a diverse array
of environments, from pure alpine habitats above the treeline in
the Alps, Sierra Nevada, Pyrenees or Atlas mountains, to oak
and pine forests in Mediterranean mountains, and lowland and
coastal habitats in Central Europe and North Africa.

(b) Phylogenetic relationships among Erysimum species
We collected fresh leaf material from one individual of each of 39
Erysimum species (electronic supplementary material, table S1;
E. cheiri was not included in the phylogenetic analysis) directly
in the field. In addition, we included E. passgalense from Iran in
the phylogenetic reconstruction. Leaf tissues were dried and conserved in silica gel until DNA extractions were performed, using
the GenElute Plant Genomic DNA miniprep Kit (Sigma-Aldrich)
and liquid nitrogen.
One nuclear and two chloroplast DNA regions were amplified
and sequenced. The nuclear sequence was composed by the
internal transcribed spacers (ITSs) of the ribosomal DNA (ITS1
and ITS2) and the 5.8 rDNA between both ITSs sequences, which
jointly span approximately 700 nucleotides. The chloroplast regions
involved 2003 nucleotides of the NADH dehydrogenase subunit F
(ndhF) gene and approximately 1200 nucleotides of the trnT-trnL
intergenic spacer. Details of the polymerase chain reactions, primers and sequencing have been previously described [30].
Sequences were uploaded to GenBank (accession numbers in the
electronic supplementary material, table S2).
Contigs were assembled, revised, aligned and concatenated
using Geneious 5 (created by Biomatters; available from
http://www.geneious.com/), with posterior manual inspection.
A region of indels and poly-A in the central part of the trnT-trnL
were identified and excluded using Gblocks server [31] with the
less stringent conditions.
We built the phylogenetic tree using Bayesian inference as
implemented in MRBAYES v. 3.2 [32]. We used E. passgalense as
outgroup. In addition, we confirmed the suitability of E. passgalense as outgroup using Arabidopsis thaliana and Moricandia
moricandioides as more distant outgroups (data not shown).
Different evolutionary models were fitted for each DNA region
(ITS1, ITS2, rDNA, ndhF and trnT-trnL) using MRMODELTEST
v. 2.3 [33]. The best fitted models were the JC for ITS1, the
K80 þ G for ITS2, the K80 for 5.8S, the GTR þ G for nadhF and
the F81 þ G for the trnT-trnL sequence. The Markov chain
Monte Carlo (MCMC) chains were run for 2  106 generations
in two independent runs. Every 500 generations a tree was
saved, resulting in 4000 trees for each run. We checked convergence using TRACER v. 1.5 [34] and discarded, as the burn-in
phase, the first 20% of the saved trees. The consensus tree was
obtained from the final set of 6400 trees.

(c) Pollinator survey
We conducted pollinator counts in one to three georeferenced
populations per species in each of 35 species (electronic supplementary material, table S1; we did not obtain data from
E. incanum, E. linifolium, E. seipkae, E. sylvestre and E. virgatum).
We visited each population during bloom peak and recorded
the insects visiting the flowers, only counting those insects that
contacted anthers or stigma at least during part of their visit to
the flowers (i.e. they can act as pollinators). Previous studies in
some Iberian Erysimum indicate that a sample of 130 – 150 insects
provided an accurate estimate of the diversity of the pollinator
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some studies are consistent with it in detecting stronger floral
integration in specialist than in generalist plant species
[12,16], other studies have found unexpectedly tight floral
integration in plants with generalized pollination systems
[13,17]. These contradictory outcomes may partially be a consequence of having compared integration between unrelated
plant species and including covariation between traits not
belonging to the same functional module [5,18]. Functional
modules are composed of genetically integrated parts that
perform a joint function and work independently from
other modules [5,19,20]. Species from different lineages may
differ not only in functional integration (the integration of
functional modules), but also in developmental integration
(the covariation between morphological elements due to
developmental pattern) [18,19]. Because phylogenetically
related species have similar developmental pathways, exploring the correlated evolution of floral integration and
pollination generalization in a phylogenetic context would
help to unravel whether integration represents an adaptive
response to pollinators, or in contrast, it has originated by
non-adaptive processes [12,13,21,22]. The main question to
be solved from this perspective is if any macroevolutionary
change in the diversity of pollinators entails a concomitant
change in the magnitude of floral integration.
In this study, we explore the macroevolution of corollashape integration across a clade of pollination-generalist
species belonging to the genus Erysimum L. (Brassicaceae).
We use geometric morphometric tools to test whether
corolla-shape integration evolved as a consequence of
changes in pollinator diversity. We have studied corollashape integration rather than the integration of other
widely explored traits in Brassicaceae, such as style length,
anther exertion, etc., because there is a large amount of
empirical evidence showing that pollinators exert strong
selection on Erysimum corolla shape [23–28]. Erysimum
species are very generalist in their interaction with pollinators
[23 –25]. Despite this extreme pollination generalization,
the reproductive output of several species is limited by pollinator availability [25,26]. In addition, pollinators are main
agents of selection on Erysimum corolla shape [27]. They
exert not only directional or disruptive/stabilizing selection,
but also correlational selection on shape component covariation [27,28]. These findings indicate that pollinators have the
ability of selecting for corolla-shape integration in Erysimum.
However, different pollinators exert contrasting selection on
corolla shape through differential preference pattern and
morphological fit [28]. For example, whereas some bees
prefer to visit corollas with narrow and parallel petals, beeflies prefer corollas with rounded overlapped petals. Under
these circumstances, Erysimum species interacting with few
pollinators would probably show stronger corolla-shape integration than Erysimum species simultaneously visited by
many pollinator types. We hypothesize thereby that, despite
being pollination generalists, the magnitude of corolla-shape
integration in Erysimum will be negatively related with the
diversity of flower visitors due to an increase in the intensity
of conflicting selection. The specific goals of this study are:
(i) to estimate the magnitude of corolla-shape integration in
Erysimum species; (ii) to explore the evolutionary mode of
the corolla-shape integration; and (iii) to test the correlated
evolution between the magnitude of the corolla-shape integration and the diversity of pollinators visiting the flowers
in Erysimum.

(d) Magnitude of morphological integration in
corolla shape
To quantify the morphological integration of a complex, multidimensional trait such as the Erysimum corolla shape, we have
used geometric morphometric tools based on a landmark-based
methodology [38]. For this, we selected one flower at anthesis
per individual plant in each of 37 Erysimum species (table 1; see
the electronic supplementary material, table S1 for information
on sample size per Erysimum species; no data on E. incanum, E. seipkae and E. virgatum) and took a digital photo of the front view and
planar position. We defined 32 co-planar landmarks covering the
corolla shape and using midrib, primary and secondary veins
and petal extremes and connections (see [39] for a full description
of the methodology). From the two-dimensional coordinates of
landmarks, we extracted shape information and computed the
generalized orthogonal least-squares Procrustes averages using
the Generalized Procrustes Analysis (GPA) superposition
method. This analysis was performed in MorphoJ [40].
The morphological integration of the corolla shapes was computed for each Erysimum species by calculating the relative
variance of eigenvalues (EV) of the respective covariance matrix
of Procustes coordinates [41]. One aspect of integration is that variation is concentrated in one or a few of the available dimensions
[42]. As a consequence, there will be one or a few large and many
small EV for the covariance matrix of integrated data, but EV of
the covariance matrix will be more homogeneous for data lacking
integration. Following this logic, the variance of EV has been
used extensively to quantify integration in correlation matrices
of distance measurements [43] and is one of the best measures of
morphological integration [44]. In the context of geometric morphometrics, however, covariance matrices must be used, and EV were
standardized by the total shape variance to control for amongspecies differences in the amount of total shape variation [41].
The total variance of shape can be obtained by summing the variances of all Procrustes coordinates for each species. We tested the
statistical significance of shape integration by bootstrapping.

(e) Evolution of corolla-shape integration
We explored the evolutionary models better describing the evolution of corolla-shape integration in Erysimum. In particular, we
tested whether the evolution of corolla-shape integration was
associated with a directional trend or with an optimal value. For
this, we compared the likelihood of a model assuming a Brownian
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belonging mostly to the family Lygaeidae and Pentatomidae
(outstanding Eurydema spp.; these insects also act as sapsuckers);
(18) thrips: small Thysanoptera collecting pollen within the flowers; (19) grasshoppers: pollen-collecting Orthoptera inmatures;
and (20) others: some species of snakeflies, earwigs, etc., that
visit the flowers to collect both pollen and nectar.
We described the diversity of the flower visitor fauna of the
studied plants, both at insect species and functional group levels,
using two complementary indices: (1) Pollinator richness (Sobs),
calculated as the overall number of flower visitor species or functional groups recorded in the flowers of each plant species. To
control for sampling effort, we used the average number of
insect species visiting the flowers of each species per population.
(2) Pollinator diversity, calculated as Hurlbert’s PIE, the probability that two randomly sampled insects from the community
pertain to two different species or functional groups. This is an
evenness index that incorporates the frequency of visitation of
functional and taxonomic groups of insects and combines the
two mechanistic factors affecting diversity: dominance and
species abundance. These indices were generated using the
‘addpart’ function in R package stratigraph [37].
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assemblage [28]. To standardize sampling effort, we tried to visit
each population for the same amount of time, always trying to
reach that minimum number of recorded insects. Overall, we
sampled each population for 2.5 –3 h. Unfortunately, it was
impossible to reach this amount of floral visitors in a few populations where insects were especially scarce. However, we kept
these populations in our study because we observed that their
removal did not change our main outcomes. Pollinators were
identified in the field, and some specimens were captured for
further identification in the laboratory.
We grouped the insects visiting Erysimum flowers in functional groups [35]. We define a ‘functional group’ as those
insects that interact with the flowers in a similar manner.
Basically, we used criteria of similarity in body length, proboscis length, foraging behaviour and feeding habits [36].
Thus, taxonomically related species were sometimes placed in
different functional groups. We established 20 functional
groups: (1) long-tongued large bees: mostly nectar-collecting
bees greater than or equal to 10 mm in body length belonging
to the families Anthophoridae (mostly Anthophora spp.) and
Apidae (Apis mellifera and several Bombus spp.); (2) shorttongued large bees: mostly pollen- and nectar-collecting females
greater than 10 mm belonging primarily to the families Halictidae (Lasioglossum spp., Halictus spp.), Megachilidae (Osmia
spp.), Colletidae (Colletes spp.) and Andrenidae (Andrena spp.);
(3) short-tongued medium-sized bees: mostly pollen- and
nectar-collecting females between 5 and 10 mm also belonging
to the families Halictidae (Lasioglossum spp., Halictus spp.) and
Andrenidae (Andrena spp.); (4) short-tongued small bees:
mostly pollen- and nectar-collecting females less than 5 mm—
although they were pollinators, they could act as nectar thieves
and belonged primarily to the families Halictidae (Lasioglossum
spp.), Colletidae (Hyleaus spp.), Andrenidae (Andrena spp.),
Apidae Xylocopinae (Ceratina spp.) and Apidae Nomidinae
(Nomada spp.); (5) short-tongued extra-small bees: mostly
pollen- and nectar-collecting females less than 2 mm—although
they were pollinators, they could act as nectar thieves and
belonged primarily to the families Halictidae (Lasioglossum
spp.) and Colletidae (Hyleaus spp.); (6) ants: both orthodox
pollinators and nectar thieves belonging mostly to the genera
Formica, Camponotus, Proformica, Plagiolepis and Leptothorax;
(7) large wasps: large aculeate wasps, parasitic wasps, and kleptoparasitic bees collecting only nectar (mostly Polistes spp.);
(8) small wasps: small parasitic wasps belonging to Chalcidoidea
and Ichneumonoidea, collecting only nectar, and acting both as
pollinators and nectar thieves; (9) bee-flies: long-tongued nectarcollecting flies while hovering and belonging to the families
Bombyliidae (mostly Bombylius spp.) and Nemestrinidae; (10)
hoverflies: nectar- and pollen-collecting Syrphidae and shorttongued Bombyliidae; (11) large flies: nectar-collecting flies
greater than 5 mm, mostly belonging to the families Muscidae,
Calliphoridae, Tabanidae, Scatophagidae and Anthomyiidae;
(12) small flies: nectar-collecting flies less than 5 mm mostly
belonging to families Muscidae, Anthomyiidae, Mycetophilidae,
Empididae, Bibionidae, Drosophilidae and Stratiomyidae (these
flies, although pollinating the flowers, may also act as nectar
thieves); (13) large beetles: including species collecting pollen
mostly belonging to the families Scarabaeidae and Alleculidae;
(14) small beetles: including species collecting nectar and/or
pollen while entering completely into the flower, mostly belonging to the families Melyridae (Malachidae and Dasytidae),
Cleridae, Oedemeridae, Nitidulidae, Elateridae, Bruchidae,
Buprestidae, Phalacridae and Chrysomelidae; (15) butterflies:
mostly Rhopalocera belonging to the families Nymphalidae
and Pieridae plus some diurnal moths belonging to the family
Sphingidae, all nectar collectors; (16) moths: small nectarcollecting Lepidoptera mostly belonging to the families Adelidae
and Incurvariidae; (17) bugs: nectar-collecting Hemiptera

Table 1. Summary of the magnitude in corolla-shape and pollinator diversity of the study species. PC, principal component.
pollinator
functional groups

Sobs/
pop.

Hurlbert
PIE

Sobs

Hurlbert
PIE

shape
integration

E. baeticum baeticum

43.00

0.026

0.118

78

26

0.969

18

0.784

E. baeticum bastetanum
E. bicolor

32.49
36.65

0.032
0.025

0.086
0.171

56
19

22
19

0.488
0.540

19
8

0.488
0.486

E. bonannianum
E. cazorlense

32.66
42.13

0.025
0.032

0.121
0.226

43
17

22
17

0.919
0.848

15
13

0.864
0.821

E. cheiranthoides
E. cheiri

40.94
43.99

0.021
0.036

0.169
0.156

20
42

20
21

0.767
0.970

11
8

0.697
0.573

E. collisparsum

43.99

0.026

0.216

14

14

0.854

8

0.710

E. crassistylum
E. crepidifolium

30.88
42.95

0.025
0.039

0.072
0.261

19
25

11
13

0.791
0.897

7
14

0.691
0.870

E. duriaei
E. etnense

33.09
30.18

0.025
0.030

0.150
0.144

30
33

15
17

0.937
0.905

10
14

0.646
0.884

E. ﬁtzii

39.85

0.028

0.092

39

20

0.866

14

0.762

E. geisleri
E. gomezcampoi

44.97
45.94

0.028
0.033

0.208
0.134

42
18

21
16

0.943
0.760

18
8

0.898
0.659

E. gorbeanum
E. jugicola

58.08
44.14

0.027
0.031

0.315
0.225

14
31

14
16

0.756
0.929

10
13

0.677
0.865

E. lagascae
E. linifolium

42.72
40.68

0.035
0.037

0.145
0.297

29

15

0.620

13

0.442

E. mediohispanicum

35.07

0.044

0.124

120

17

0.965

19

0.841

E. metlesicsii
E. merxmuelleri

43.68
31.18

0.021
0.030

0.178
0.072

16
72

16
36

0.722
0.943

6
19

0.538
0.882

E. myriophyllum
E. nervosum

48.09
31.85

0.033
0.027

0.140
0.072

36
43

18
22

0.507
0.887

14
15

0.357
0.701

E. nevadense

34.41

0.025

0.073

127

25

0.963

20

0.821

E. odoratum
E. penyalarense

39.04
32.37

0.026
0.033

0.086
0.198

49
34

25
17

0.938
0.884

18
10

0.845
0.704

E. popovii
E. pseudorhaeticum

42.13
35.33

0.041
0.027

0.148
0.079

30
35

15
18

0.813
0.904

10
15

0.745
0.783

E. rhaeticum
E. riphaeanum

57.23
50.06

0.027
0.034

0.167
0.163

41
34

21
17

0.880
0.929

14
17

0.777
0.865

E. rondae

31.46

0.035

0.089

26

26

0.858

13

0.742

E. ruscinonense
E. scoparium

51.42
36.65

0.041
0.025

0.204
0.171

51
60

26
14

0.776
0.933

17
13

0.547
0.825

E. semperﬂorens
E. sylvestre

43.00
43.32

0.042
0.041

0.152
0.159

20

20

0.909

11

0.809

E. wilczekianum

30.42

0.019

0.045

27

14

0.900

13

0.850

more probable in larger branches and the rate of evolution is constant over time [45]. The trend model is a diffusion model
assuming linear trend in rates, towards larger or smaller rates,
through time [46]. The drift model is a model assuming a directional component, a trend towards smaller or larger values [46].
The OU model assumes that the trait has an optimum value
[45,47]. Different mechanisms are assumed to cause each of these
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species

shape
variance
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pollinator species
% variance
explained
by ﬁrst PC

motion (BM) evolution mode (BM model) of the corolla-shape integration with models assuming an evolutionary trend in its rate
(trend model) and magnitude of evolution (drift model), and
with another model assuming an optimal peak in the evolution
of corolla-shape integration (Orstein–Uhlenbeck model, OU)
[45]. The BM model assumes that the changes in the value of a
trait are independent of previous changes, larger changes are

no.
ﬂoral
visitors

4

We explored the correlated evolution of corolla-shape integration
and pollinator richness (Sobs) and diversity (Hurlbert’s PIE) using
phylogenetic generalized least-square (PGLS) models [45].
Because the sampling effort varied across Erysimum species (electronic supplementary material, table S1), we used the number of
pollinator species visiting each Erysimum species per population
as the pollinator richness estimate. In addition, we also explored
the correlated evolution of corolla-shape integration and the
abundance of each pollinator functional group per plant species
by performing a PGLS model including as independent variables
the abundance of each functional group representing more than
5% of the total visits. To control for among-Erysimum differences
in sampling effort, we included as covariate in the PGLS the

3. Results
(a) Phylogenetic relationships among Erysimum species
The phylogenetic analysis suggests that E. incanum and the
North-African alpine species E. wilczekianum are basal to
the rest of the studied species of Erysimum (electronic supplementary material, figure S1). There are two well-supported
clades among the remaining species of Erysimum. A first monophyletic clade includes Erysimum species from the Alps
(E. sylvestre), Italian Peninsula, Sicily and Moroccan Rif
Mountains (E. riphaeanum) (electronic supplementary material,
figure S1). The other clade includes the species from the Iberian
Peninsula and the Macaronesia and the two remaining
North-African wallflowers (electronic supplementary material,
figure S1). This latter clade is subdivided into several wellsupported subclades (electronic supplementary material,
figure S1).

(b) Pollinator diversity
We recorded a total 13 724 flower visits to the studied populations, comprising 1393 pairwise insect–plant interactions
from 746 insect species belonging to 99 families and eight
orders (electronic supplementary material, appendix S1).
The top 10 most abundant flower visitors were the longtongue large bees Anthophora aestivalis (Anthophoridae;
524 records), A. alluaudi (373 records) and A. leucophaea
(335 records); the bee-flies Bombylius major (Bombyliidae;
517 records) and B. fulvescens (399 records); the beetles
Meligethes maurus (Nitidulidae; 474 records), M. aeneus (473
records) and Dasytes subaeneus (Melyridae; 230 records); the
ant Plagiolepis schmitzii (Formicidae; 569 records) and the
butterfly Vanessa cardui (Nymphalidae; 202 records).
All Erysimum species were very generalist. The average
number of insect species visiting their flowers per plant
population was 19 + 5, ranging between 11 in E. crassistylum
and 36 in E. merxmuelleri (table 1), whereas the average
number of functional groups visiting the Erysimum flowers
was 13 + 4, ranging between six in E. metlesicsii and 20
in E. nevadense (table 1). That is, no Erysimum species was
visited by just one or two functional groups of insects, and
they cannot thereby be classified as bee-fly-pollinated species,

5
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(f ) Correlated evolution between corolla-shape
integration and pollinator diversity

number of individual plants analysed per species. Furthermore,
we included as explanatory variables the longitude and latitude
of each population, to control for spatial dependence [52,56]. We
used this approach, rather than spatially controlled residuals, following a suggestion made by Freckleton [57]. We allow both l
and d transformation to be optimized by maximum likelihood
while fitting the model. Lambda (l ) scales the internal branches
moving from 1 and 0 in a way that when l is 1 the tree is
returned unchanged (BM model), and when l is 0 the internal
branches become smallest and all the branches emanate from a
common node in a star phylogeny [49]. Delta (d) transforms
the node heights of the phylogeny in a way that when d . 1 it
increases the length of external nodes and thus models a scenario
where rates of evolution increase through time, whereas d , 1
decreases the length of external nodes and thus models a scenario where rates of evolution decrease through time [49]; d ¼ 1
is a BM model and the tree is returned unchanged. Furthermore,
we considered the phylogenetic uncertainty by repeating the
PGLS for each of the 6400 phylogenetic trees. All the analyses
were performed using the R package caper 0.2 [58].

rstb.royalsocietypublishing.org

evolutionary models. Whereas the BM mode of evolution may
be the result of either neutral evolution or randomly fluctuating selection, the OU mode may result from stabilizing selection
and the trend and above all the drift mode may be a consequence
of directional selection [45,48]. These analyses were performed
using the ‘fitContinuous’ command in the R package geiger
1.99–1 [46]. To incorporate phylogenetic uncertainty, we repeated
all these analyses for each of the 6400 phylogenetic trees obtained
by Bayesian inference, after exclusion of the trees generated in the
burn-in phase.
We tested the association between Erysimum phylogeny and
both the pollinator diversity and corolla-shape integration by estimating their phylogenetic signals using both Blomberg’s K and
Pagel’s l [49–51]). Blomberg’s K expresses the strength of phylogenetic signal as the ratio of the mean squared error of the tip data
(MSE0) measured from the phylogenetic corrected mean and the
mean squared error based on the variance–covariance matrix
derived from the given phylogeny under the assumption of BM
(MSE) [50,51]. In a case in which the similarity of trait values is
well predicted by the phylogeny, MSE will be small and thus
MSE0/MSE large. Pagel’s l is a tree transformation that assesses
the degree of phylogenetic signal within the trait by multiplying
the internal branches of the tree by values ranging between 0
and 1. A l of 1 indicates a BM model, and the tree is returned
with its branch lengths untransformed. A l of 0 indicates no
patterning as the tree is collapsed to a single large polytomy,
a star phylogeny [45]. These analyses were performed using the
‘phylosig’ function in the R package phytool 0.2–14 [52].
To illustrate the phylogenetic signal and evolution mode of
corolla-shape integration, we built up a traitgram [53]. Traitgrams
arrange species along a continuous trait axis (the x-axis) and connect them with their underlying phylogenetic tree (time on the
y-axis) [51]. Internal node positions correspond to ancestral states
obtained by maximum likelihood. Node depths reflect phylogenetic branch lengths [53]. Traitgram was performed in the
R package paleotree 1.8.1 [54].
We also estimated the ancestral states of the corolla-shape integration incorporating the phylogenetic uncertainty. For that, we
performed the analyses with the set of 6400 phylogenetic trees.
Ancestral states were estimated both by maximum likelihood
and by Bayesian methods. Maximum-likelihood ancestral state
reconstruction was done with the ‘getAncStates’ function in the
R package geiger 1.3–1 [46]. This function estimates ancestral character states for continuous characters under a BM model. Bayesian
ancestral state reconstruction was done using the ‘anc.Bayes’ function implemented in the R package phytool 0.2–14 [52]. This
function uses Bayesian MCMC to sample from the posterior probability for the states at internal nodes in the tree. The posterior
probabilities for each character state at each internal node were
obtained with the ‘ace’ command in R packages ape 3.0–6 [55]
and phytool 0.2–14 [52].

The average proportion of shape variance explained by the first
principal component (PC), pooling all species, was 40.3 + 7.2%
(N ¼ 37 spp.). However, there was across-species variation in
this value, ranging between 30.2% in E. etnense and 58.1% in
E. gorbeanum (table 1), with an across-species coefficient of variation of 18.1%. Corolla-shape variance was 0.031 + 0.006,
ranging between 0.019 in E. wilczekianum and 0.044 in
E. mediohispanicum (across-species coefficient of variation,
CV ¼ 20.6%) (electronic supplementary material, figure S2).
The average magnitude of corolla-shape integration, when
pooling all Erysimum species, was 0.15 + 0.06 (table 1). The
integration value was significant for all Erysimum species
except E. wilczekianum at a , 0.05 according to a bootstrapping
resampling. As found in previous variables, corolla integration also varied between species, ranging between 0.04 in
E. wilczekianum and 0.31 in E. gorbeanum (across-species
CV ¼ 42.0%; table 1).
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Figure 1. Traitgram showing the changes in the magnitude of corolla-shape
integration in relation to the phylogenetic relatedness of the Erysimum
species.
is evolving in each Erysimum species in a phylogenetically
independent way. Accordingly, the traitgram shows many
crossings in corolla-shape integration values (figure 1).
The corolla-shape integrations of ancestral nodes were
estimated by maximum-likelihood and Bayesian inference analyses, and both methods showed similar results. As observed in
figure 2, these two methods estimated that the corolla-shape
integration of ancestral nodes was 0.14. In addition, the integration of the internal nodes ranged between 0.14 and 0.17
(electronic supplementary material, tables S3 and S4). This is
a small variation, taking into account that the corolla-shape
integration of the studied Erysimum species ranged between
0.04 and 0.31. This finding agrees with previous results
and suggests that most changes in corolla-shape integration
have probably occurred very fast and close to the tips of the
phylogenetic tree.

(d) Evolution mode of corolla-shape integration

(e) Correlated evolution between corolla-shape
integration and pollinator diversity

There is no evidence of a directional trend in the rate or magnitude of the evolution of corolla-shape integration, as there
was no phylogenetic tree (N ¼ 6400 trees) where the data
fitted better to a trend (lnL ¼ 39.8 + 2.3; AIC ¼ 273.7 + 4.6)
or drift model (lnL ¼ 49.9 + 0.1; AIC ¼ 291.6 + 0.3) than to
a BM model (lnL ¼ 49.8 + 0.1; AIC ¼ 293.6 + 0.1). In
addition, no evidence exists of an optimal value in the
evolution of the corolla-shape integration, since there
was no single tree obtaining a significant p-value associated with the difference in log likelihoods between OU
(lnL ¼ 50.5 + 0.2; AIC ¼ 295.1 + 0.5) and BM models.
Nevertheless, our results suggest that the evolution of corolla-shape integration does not fit to a pure BM model,
because there was no phylogenetic signal in the morphological integration of Erysimum corolla shape. The absence
of phylogenetic signal was apparent whether tested with
Blomberg’ K (0.22 + 0.05, all p-values . 0.05, 6400 trees) or
Pagel’s l (0.0006 + 0.01, all p-values . 0.05, 6400 trees). The
extremely small value of l even suggests that integration

There was a consistently negative relationship between
the number of insect species visiting the flowers of each
Erysimum species and the integration of their corolla shape
(estimate ¼ 20.05 + 0.006, N ¼ 6400 phylogenetic trees and
34 species, excluding E. cheiri, E. linifolium, E. virgatum, E. seipkae,
E. sylvestre and E. incanum; figure 3a). In fact, only in three out of
the 6400 phylogenetic trees was there a positive relationship
between pollinator richness and corolla-shape integration
(figure 3b). In addition, the relationship between corolla-shape
integration and pollinator richness was significant at p , 0.05
in 5066 trees (79%) and marginally significant at p , 0.1 in
6390 trees (99.8%; figure 3b). The average value of l was
0.001 + 0.033, significantly differing from 1 ( p-value ¼ 0.001 +
0.01) but not from zero ( p-value ¼ 0.99 + 0.03). The average
value of d was 0.51 + 0.29, significantly differing from 1
( p-value testing l departure from 1 ¼ 0.02 + 0.09) as well as
from zero ( p-value testing l departure from 0 ¼ 0.0001 + 0.0000).
By contrast, we did not find significant relationship between
corolla-shape integration and Hurlbert’s PIE estimate of
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butterfly-pollinated species, etc. (electronic supplementary
material, appendix S1).
Furthermore, pollinator assemblage was still very diverse
when taking into account not only the number of species or
functional groups at flowers but also their relative abundances. The average Hurlbert’s PIE of insect species was
0.84 + 0.13, ranging between 0.54 in E. bicolor and 0.97 in
E. baeticum baeticum and E. cheiri (table 1). Similarly, the
average Hurlbert’s PIE of insect functional groups was
0.74 + 0.14, ranging between 0.36 in E. myriophyllum and 0.90
in E. geisleri. That is, a decrease in taxonomic, specific diversity
of pollinators was not due to a decrease in the functional
groups of the floral visitors. There was not functional specialization in the pool of species used in this study.
We did not find spatial autocorrelation either in the richness (r ¼ 20.13, p ¼ 0.980, Mantel test) or diversity (r ¼ 0.07,
p ¼ 0.990, Mantel test) of insect species. There was not either
phylogenetic signal in the richness (Blomberg’s K ¼ 0.106,
p ¼ 0.901; Pagel’s l ¼ 0.0001, p ¼ 0.999) or diversity (Blomberg’s
K ¼ 0.139, Pagel’s p ¼ 0.866; l ¼ 0.0001, p ¼ 0.999) of insect
species (similar outcomes with insect functional groups, data
not shown).
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Figure 2. Ancestral reconstruction of corolla-shape integration by means of maximum-likelihood and Bayesian inference. In all cases, ancestral reconstruction has been performed on the 6400 phylogenetic trees. The histograms represent the
Bayesian reconstruction of the corolla-shape integration across the 6400 phylogenetic trees in some internal nodes. (Online version in colour.)
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Figure 3. (a) Relationship between corolla-shape integration and pollinator
richness (expressed as number of flower visitor species per plant population).
Line is conventional (non-phylogenetic) least-squares linear regression.
(b) Distribution of the values of the PGLS coefficients relating corolla-shape integration and pollinator richness in the collection of 6400 phylogenetic trees.
The probability values of the subset of PGLS models are: p , 0.05, p , 0.1
and p . 0.1.
pollinator diversity both at species (estimate ¼ 20.001 + 0.001,
all p-values . 1; l ¼ 0.83 + 0.05, d ¼ 0.92 + 0.29; N ¼ 34
species and 6400 phylogenetic trees) or functional group level
(estimate ¼ 20.02 + 0.01, all p-values . 1; l ¼ 0.0002 + 0.01,
d ¼ 0.71 + 0.31; N ¼ 34 species and 6400 phylogenetic trees),
although in both cases the relationship was negative.
There was no strong relationship between the relative
abundance of major flower visitor functional groups (those
accounting for more than 5% of the flower visits per plant
species) and corolla-shape integration across Erysimum species
(table 2). However, the effect of all these major pollinator functional groups and corolla integration was positive. That is,
the magnitude of corolla integration increases when the
pollinator assemblage is dominated by a particular functional
group, irrespective of its identity or pollination efficiency.

4. Discussion
(a) The magnitude of floral integration in a
supergeneralist plant clade
Our results suggest that corollas in Erysimum are integrated
traits. Erysimum pollinators exert intense selection on their
floral traits. In particular, pollinators generate complex patterns
of selection on Erysimum corolla shape [27]. Pollinators do not
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only select for individual shape components (relative warps
or PCs), but also exert correlational selection that affects both
the covariation between these components as well as the
whole corolla shape as a single multidimensional trait [27].
These findings suggest that pollinators may theoretically
shape the evolution of corolla integration in Erysimum. The corolla’s contribution to fitness depends on its ability to attract
efficient pollinators or to improve their per-visit effectiveness.
This function depends highly on the coordinated activity of
the different parts of the corolla in order to resemble more
precisely the corolla shape favoured by the pollinators. That
is, the corolla in Erysimum, as presumably in all angiosperms,
functions as a single, albeit complex, trait.
Nevertheless, the magnitude of corolla-shape integration
was very low in Erysimum compared with other angiosperms
[10,59]. This is remarkable, because the shape of the corolla
undoubtedly works as a single trait. Rosas-Guerrero et al.
[12] have recently shown that floral traits involved in pollinator
attraction tend to show lower integration than those traits
related to pollen placement and pick-up. In addition, other
traits have proved to be highly integrated in Brassicaceae,
such as style length, stamen length, etc. [60]. So, there is
some possibility that we are underestimating integration in
Erysimum flowers by exploring it in a naturally low-integrated
trait. Several reasons may explain why we found so low an
integration magnitude in Erysimum corolla shape.
First, whereas all previous studies have calculated floral
integration focusing on standard linear traits, we have calculated integration using a geometric morphometric approach.
In this respect, the magnitude of integration found for
Erysimum is similar to that found in other geometric morphometric studies [41,61]. In fact, the proportion of the total
variation in corolla shape explained by the first PC (up to
57% in some species) is similar to that found in highly
integrated structures, such as plant leaves [62], hominin
dentition [61] or bird cranium [63].
Second, all Erysimum species considered in this study were
extremely generalist in their interactions with pollinators (see
also [24,25]). The number and diversity of insects visiting their
flowers was very high even within plant populations. Plants
from a single population interacted simultaneously with several
functional groups of flower visitors. Owing to the differences in
morphology, foraging behaviour and preference pattern, this
diversity of pollinators surely prompts the occurrence of conflicting selection on corolla shape. For example, whereas large bees
favour corollas with narrow and parallel petals, bee-flies prefer
corollas with rounded overlapped petals such as in E. mediohispanicum [64]. Although pollinators differ in pollination
effectiveness [36], even low-efficiency functional groups, such
as beetles, are able to exert significant selection on corolla
shape [27]. In fact, as observed in table 2, there was a positive
relationship between corolla-shape integration and the
abundance of every type of pollinator, even low-efficiency
pollinators. This suggests that increasing the abundance of a
given pollinator type will entail an increase in floral integration,
irrespective of the effectiveness of that pollinator type. Under
these circumstances, the local co-occurrence of several pollinator
functional groups cancels out the occurrence of consistent selection on a single type of corolla, preventing the evolution of
highly integrated corollas.
A third reason why corolla shape may display a low level of
integration in Erysimum may be related to being visited
by inaccurate pollinators that provide inconsistent selection

estimate + s.d. [95% CI]

p-value + s.d. [95% CI]

p < 0.05 (%)

p < 0.1 (%)

long-tongued large bees
short-tongued large

0.001 + 0.0003 [0.001 – 0.0012]
0.001 + 0.0004 [0.00007 – 0.0001]

0.221 + 0.112 [0.216 – 0.226]
0.802 + 0.152 [0.795 – 0.809]

4.8
0.3

10.8
0.4

and medium bees
short-tongued small

0.002 + 0.0003 [0.0019 – 0.0020]

0.115 + 0.079 [0.111 – 0.118]

8.7

44.7

ants
bee-ﬂies

0.001 + 0.0003 [0.0008 – 0.0009]
0.001 + 0.0005 [0.0010 – 0.0011]

0.447 + 0.132 [0.441 – 0.543]
0.436 + 0.188 [0.427 – 0.444]

1.1
2.5

2.2
5.5

hoverﬂies
large and small beetles

0.001 + 0.0008 [0.0005 – 0.0006]
0.001 + 0.0006 [0.0012 – 0.0013]

0.706 + 0.211 [0.700 – 0.716]
0.238 + 0.154 [0.232 – 0.246]

2.2
3.4

3.0
10.7

butterﬂies

0.001 + 0.0005 [0.0013 – 0.0014]

0.305 + 0.129 [0.299 – 0.311]

2.2

6.5

and extra-small bees

or that are unable to precisely collect pollen from anthers
and deliver it to stigma. In this sense, functional groups of
pollinators differ in effectiveness at least in some Erysimum
species. So, in E. mediohispanicum, bees are more efficient
than flies and beetles [36]. We think, however, that this is
not a main reason explaining low integration in Erysimum
corollas since we found a relationship between proportion
of visits and integration level even for low-efficiency
pollinators (table 2).

(b) How does corolla-shape integration evolve in
Erysimum?
No macroevolutionary trend was found in the evolution of Erysimum corolla-shape integration, as the models assuming linear
trend in the rates and values of Erysimum corolla-shape integration performed poorer than the BM model. This finding
suggests that the current evolution of corolla-shape integration
in Erysimum cannot be explained by invoking long-term,
across-species directional selection. Similarly, it seems that corolla-shape integration has not evolved towards a single
optimal peak in Erysimum, since the OU model also performed
worse than the BM model. It seems that the selective factors
driving the evolution of corolla-shape integration in Erysimum
have not been temporally consistent. Both the Bayesian and
maximum likelihood ancestral reconstructions of corollashape integration suggest that the evolution of this trait has
happened very recently in Erysimum. Most internal nodes,
even shallower nodes, were reconstructed as having an
integration level ranging between 0.14 and 0.17, whereas corolla-shape integration of current species well exceeded these
bounds (0.04–0.32). Evidence of rapid evolution has grown
in recent times [65]. For example, the size of the World’s largest
flower, Rafflesia arnoldii, has apparently evolved very recently
[66]. Our study suggests that rapid evolution may involve
not only trait values but also trait integration.
The BM mode of trait evolution may be produced by several
processes, such as neutral evolution caused by random drift,
punctuated change with long static periods interrupted by
abrupt changes in trait values, or fluctuating directional selection where the optimal value of the trait may change among

species as a consequence of changes in selective scenarios
[45,48]. However, pure BM evolution is associated with high
phylogenetic signal [53]. In addition, different mechanisms produce different values of phylogenetic signal. In particular,
neutral evolution fuelled by genetic drift tends to produce
strong phylogenetic signal [52]. However, we found very low
phylogenetic signal in Erysimum corolla-shape integration, 0.22
quantified as Blomberg’s K and 0.0006 as Pagel’s l. So, we presume that other factors rather than genetic drift have driven the
evolution of this trait. Low phylogenetic signal in floral integration patterns has been associated with the action of natural
selection imposed by pollinators [7]. Revell et al. [67] found,
through simulation studies, that phylogenetic signal is consistently low under punctuated divergent selection, that is, when
daughter lineages evolve to two different optima after every
bifurcation. This process may happen when the two daughter
lineages face different selective scenarios. Under these circumstances, recurrent short-term divergent selection may cause a
macroevolutionary pattern of convergent evolution associated
with low phylogenetic signal [53]. According to this, the high
frequency of branch crossing found in the traitgram (figure 1)
suggests the occurrence of frequent convergent evolution in
corolla-shape integration [53]. Some factors mediating corollashape integration have presumably changed along the Erysimum
clade in a fluctuating way, causing the observed pattern of
convergence in this trait.
Pollinators are main agents driving floral integration.
There is a growing body of empirical evidence suggesting
that flowers are indeed highly integrated in specialist plant
species [5,8,10– 12]. In this sense, Rosas-Guerrero et al. [12]
have recently reported that integration magnitude sharply
decreases from specialist to generalist species in Ipomoea.
We found a similar pattern along the Erysimum genus. As
mentioned above, Erysimum species are pollinated by a very
diverse myriad of insects and, consequently, express a very
low magnitude of floral integration. However, despite this
rampant generalization, the magnitude of corolla-shape integration was negatively associated with the number and
diversity of pollinators visiting the flowers of each Erysimum
species. That is, even although corolla-shape integration was
consistently low in Erysimum, it was lower in those species
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Table 2. Effect of the relative abundance of each ﬂower visitor functional group on the corolla-shape integration in Erysimum considering phylogenetic
uncertainty (6400 phylogenetic trees). Only those functional groups accounting for more than 5% of the visits per plant species were included in the analysis.
The mean + 1 s.d. [95% CIs] of the PGLS coefﬁcients between each functional group and integration from the 6400 phylogenetic trees are shown. Also shown
is the percentage of phylogenetic trees obtaining signiﬁcant coefﬁcients at p , 0.05 and p , 0.1.

pollinator assemblages and decreasing in those others
evolving towards more generalized pollination systems.
Altogether, our study suggests that pollinators play a role
in the evolution of floral integration in this generalist plant
clade. Further evidence is necessary to conclude whether the
pattern found in this study is idiosyncratic of the Erysimum
genus or can also occur in other plant clades with generalized
pollination systems.
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64. Gómez JM, Bosch J, Perfectti F, Fernandez JD,
Abdelaziz M, Camacho JPM. 2008 Spatial variation
in selection on corolla shape in a generalist plant is
promoted by the preference patterns of its local
pollinators. Proc. R. Soc. B 275, 2241–2249.
(doi:10.1098/rspb.2008.0512)
65. Thompson JN. 2009 Which ecologically important
traits are most likely to evolve rapidly? Oikos 118,
1281–1283. (doi:10.1111/j.1600-0706.2009.17835.x)
66. Davis CC. 2008 Floral evolution: dramatic size
change was recent and rapid in the world’s largest
flowers. Curr. Biol. 18, R1102–R1104. (doi:10.1016/
j.cub.2008.10.011)
67. Revell LJ, Harmon LJ, Collar DC. 2008 Phylogenetic
signal, evolutionary process, and rate. Syst. Biol. 57,
591–601. (doi:10.1080/10635150802302427)

11

Phil. Trans. R. Soc. B 369: 20130257

26.

38. Zelditch ML, Swiderski DL, Sheets HD. 2012
Geometric morphometrics for biologists: a primer.
Amsterdam, The Netherlands: Elsevier.
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