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Abstract Endemic genera on oceanic islands often evolved
striking morphological and ecological differences among
species, with weak postzygotic reproductive isolation. Human
activities can lead to increased connectivity and can thereby
promote secondary contact and hybridization between pre-
viously isolated species. We studied this phenomenon in three
species of the genus Pericallis (Asteraceae) on Tenerife,
Canary Islands. A total of 53 populations was sampled,
including morphologically uniform as well as mixed popu-
lations containing morphologically diverse individuals. All
plants were analyzed both genetically using AFLP markers
and morphometrically. As expected, morphological analysis
clearly separated the plants from the uniform populations in
three clusters, with distinguishing characters corresponding to
those used in species identification. The three species were
also grouped into distinct genetic clusters in a STRUCTURE
analysis, although no private alleles were observed. Adding
the mixed population data to the analyses provided evidence
for extensive hybridization among species, predominantly
between P. cruenta and P. echinata, and between P. cruenta
and P. tussilaginis, and morphological and genetic signals
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were congruent. The mixed populations were geographically
located in between the uniform populations and were found in
road verges significantly more often than the uniform popu-
lations. The observed distribution strongly suggests that
hybridization between originally isolated species is recent,
promoted by secondary contact due to human disturbance and
the construction of roads.

Keywords AFLP - Conservation - Endemic plants -
Homoploid hybridization - Island biogeography - Pericallis

Introduction

Humans have a strong effect on evolution through their
influence on the landscape and the distribution patterns of
species. The consequences of human actions on landscape
connectivity are twofold. On the one hand, natural habitats
are increasingly being fragmented, which negatively
affects the population viability of many species (e.g.,
Young and Clarke 2000; Oostermeijer et al. 2003). On the
other hand, natural barriers that originally played an
important role in speciation processes are being broken
down by the creation of infrastructure (roads, waterways),
so that previously isolated sister species can hybridize after
establishing secondary contact (Rhymer and Simberloff
1996; Francisco-Ortega et al. 2000). There are several
examples of such anthropogenic hybridization. In Austra-
lia, disturbed habitats such as road verges bring together
previously isolated Banksia (Proteaceae) species and
disrupt phenological barriers, promoting hybridization
(Lamont et al. 2003). On Tenerife, Argyranthemum frutes-
cens and A. coronopifolium (Asteraceae) form hybrids along
roadsides and following the creation of tunnels connecting
previously isolated regions (Brochmann 1984). Extensive
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systems of water courses linking previously separated
headwaters have lead to bidirectional introgression in gal-
axiid fishes in New Zealand (Esa et al. 2000). Man-made
landscapes can also provide suitable novel habitats for the
establishment of newly formed hybrids. In Switzerland,
Cardamine insueta (Brassicaceae), originating from
hybridization between C. rivularis and C. amara, especially
invaded disturbed hay meadows (Urbanska et al. 1997). In
Germany, hybridization among species of Rorippa (Brass-
icaceae) occurs predominantly in man-made habitats such as
drainage ditches (Bleeker and Hurka 2001). In addition to
directly disrupting natural barriers, humans also increasingly
transport species across them (e.g., Hodkinson and Thomp-
son 1997; von der Lippe and Kowarik 2007; Wichmann et al.
2009), resulting in problems of invasiveness that frequently
involve hybridization between native and non-native
(or genetically modified crop) species (Schierenbeck and
Ellstrand 2009).

Oceanic islands are well known for harboring large
numbers of, often closely related, endemic species that are
the result of adaptive radiation (Schluter 2000). Due to the
specific geographical histories of the oceanic archipelagos,
island endemics are often highly specialized and have
extremely narrow geographic distributions (Baldwin et al.
1998; Francisco-Ortega et al. 2000; Emerson 2002). Unfor-
tunately, a high proportion of these species is threatened or
has already gone extinct because of anthropogenic activities.
Introduction of non-native species, habitat destruction
through deforestation and development of human infra-
structure are all well known to have a major impact on native
island biodiversity (Whittaker and Fernandez-Palacios
2007). Because of their often recent evolutionary origin,
island endemics tend to hybridize easily despite morpho-
logical and ecological differences (Baldwin et al. 1998;
Francisco-Ortega et al. 2000; Fjellheim et al. 2009). Post-
zygotic barriers are typically weak (Carlquist and Cole 1974;
Levin et al. 1996), and hybrids are often fertile so that
introgression can readily occur. The construction of roads
can have a particularly strong influence since they can con-
nect previously isolated populations and the road verges can
provide a habitat for the newly formed hybrids (Levin et al.
1996). The combination of the large impact of human
activities on oceanic islands and the weak reproductive
barriers between species makes island endemics especially
vulnerable to human-induced hybridization.

A genus that is potentially threatened by human-induced
hybridization is Pericallis D. Don in Sweet (Asteracae,
Senecioninae), whose distribution is limited to the Maca-
ronesian archipelago. On the Canary island of Tenerife,
three herbaceous species occur that originally exhibited
geographically or ecologically isolated distributions:
P. echinata (L. fil.) B. Nord., P. cruenta (L’Her.) Bolle and
P. tussilaginis (L’Her.) D. Don (Hohenester and Welss
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1993; Schonfelder and Schonfelder 1997; Bramwell and
Bramwell 2001). At present, however, many Pericallis
populations contain morphological intermediates among
these three species. Swenson and Manns (2003) describe
morphological intermediates between P. cruenta and
P. echinata, although there was no genetic verification of
their hybrid status since they did not include these mor-
phological intermediates in their phylogenetic study of the
genus. Furthermore, it remains unknown how the human
activities on Tenerife have contributed to the hybridization
between these Pericallis species.

In this study, we investigate morphological and genetic
differentiation among populations of P. echinata, P. cru-
enta and P. tussilaginis across their main distribution on
Tenerife. Using this information, we assess where and to
what extent hybridization among these species has occur-
red. Specifically, we ask:

1. To what extent are the three species morphologically
and genetically distinct?

2. Are plants that are morphologically intermediate or
exhibit mixed characteristics indeed hybrids and
therefore also genetically intermediate?

3. Can we use genetics to detect the geographic regions
in which the three species originally evolved?

4. Are the hybrids geographically positioned in between
the distribution areas of their parental species, and do
they indeed occur more frequently in road verges?

Materials and methods
Study species

The genus Pericallis comprises 14 species (Nordenstam
1978) and has been estimated to be 12—14 million years old
(Panero et al. 1999; Swenson and Manns 2003). Here, we
study three Pericallis species occurring on the island of
Tenerife, P. echinata, P. cruenta and P. tussilaginis.
P. cruenta is also found on La Gomera, Gran Canaria and El
Hierro, while P. tussilaginis is found on Gran Canaria.
P. echinata is endemic to Tenerife (Gobierno de Canarias
2011). Based on ITS sequences, it was shown that P. echi-
nata and P. cruenta belong to a well-supported subgroup
consisting only of herbaceous species. P. tussilaginis
belongs to a sister group that also contains some woody
species (Panero et al. 1999; Swenson and Manns 2003). The
species descriptions in recent floras (Hohenester and Welss
1993; Schonfelder and Schonfelder 1997; Bramwell and
Bramwell 2001) are mainly based on the system of Schultz
(1845-1846). This comprises differences in flower disc, leaf
and stem color, the presence of spines on the involucral
bracts and several leaf characteristics (Table 1).
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On Tenerife, the three species have limited, but partly
overlapping distributions. Both P. echinata and P. tussi-
laginis are described as typical for the (former) laurel forest
and its margins, although they extend upward into the pine
forest belt and downward into the lowland succulent shrub
zone (Table 1). Pericallis cruenta is characteristic for pine
forests (Hohenester and Welss 1993; Schonfelder and
Schonfelder 1997; Panero et al. 1999; Bramwell and
Bramwell 2001). In addition to their occurrence in natural
areas, all three species are frequently found in road verges
and the margins of small arable fields (Rivas-Martinez
et al. 1993). Natural population sizes may range from a few
up to several hundreds of individuals, while linear popu-
lations in road verges may contain thousands of plants. All
species are diploid and have a relatively high chromosome
number (2n = 60, Suda et al. 2003, 2005). Pollination
experiments in our greenhouse have showed that all three
species are predominantly outcrossing (R. Bregman and
J.C.M. den Nijs, unpublished data). The flowering time of
the three study species is partly overlapping (Table 1).

Sampling

From the island of Tenerife, we sampled a total of 53
Pericallis populations. Of these, 51 were sampled along a
belt transect covering the north side of the island from east
to west, and from low to high elevations. In addition, two
isolated populations of putative P. echinata were sampled
in the SW region around Roque del Conde. Together, the
sampling sites covered most of the known range of the
three species. Sampling sites covered various vegetation
zones, the succulent scrub zone (0-700 m), the evergreen
forest zone (400-1,500 m) and the lower pine forest zone
(1,200-2,000 m; Bramwell and Bramwell 2001) and
completely natural as well as human-disturbed habitats.
The choice of sampling locations was partly guided by
distributional information obtained from herbarium speci-
mens (Universidad de la Laguna, herbarium TFC). The
herbarium specimens were also used to familiarize our-
selves with the morphology of the three species and to aid
in the selection of diagnostic morphological characters.

Table 1 Morphology, ecology and distribution of Pericallis echinata, P. cruenta and P. tussilaginis (Hohenester and Welss 1993; Schonfelder
and Schonfelder 1997; Bramwell and Bramwell 2001; Gobierno de Canarias 2011; Banco de Datos de Biodiversidad de Canarias 2011)

Pericallis echinata

Pericallis cruenta

Pericallis tussilaginis

Morphology  Involucral With up to 20 small dark spines
bracts
Inflorescence 5-15 heads
Flower head Up to 2.5 cm across
Ray florets 11-14, pink
Flower disc  Usually yellow
Plant height  Up to 60 cm

Petioles Up to 5 appendages, not auriculate
Leaf upper Glabrous to pubescent
side
Leaf Lanate
underside
Ecology and Flowering Jan—April
distribution  time
Altitude (m) 50-500 m, in the S 500-900 m
Distribution ~ Mainly relatively moist conditions

in the laurel forest zone, but also
along road verges extending into
the succulent scrub and pine
forest zones. Mainly NW region
from Orotava to Teno. Very local
in S-Tenerife

Occasionally with few spines

7-20 heads

About 2 cm across
Not documented
Purple

Not documented

Occasionally with appendages,
auriculate at the base

Pubescent
Pink-carmine tomentose
April-May

700-1,500 m

Relatively moist pine forest zones
and replacement vegetations
along road verges in the NE
(Orotava, Aguamansa). Also
present on El Hierro, Gran
Canaria and La Gomera

Usually glabrous

2-4 heads

3-5 cm across
10-14, pink
Pale yellowish
Up to 50 cm

None, leaves sessile, amplexicaul,
lanceolate

Pubescent
White tomentose
Jan—April

200-800 m

Usually moist conditions in laurel
forests, cliffs and road verges.
Along the latter extending into
succulent scrub and pine forest.
N-coast mainly on Anaga
peninsula, but extending W to
Icod de los Vinos. Also near
Guimar (S-Tenerife) and on Gran
Canaria

Characters that were used in the field to assign individuals to one of the species or a putative hybrid are shown in boldface

@ Springer



1122

T. Hengstum et al.

The exact locations of the sampling sites and whether or
not they were located in a road verge are listed in Table S1
(online supplementary material).

In each population we first surveyed the morphological
range that was present. We then collected five individuals
that represented the morphological variation of the popu-
lation to maximize variability in our sample. Plants were
identified in the field using the species’ descriptions and
keys of the Floras of Tenerife (Table 1). On the basis of
these identifications, a population was labeled as “uni-
form” when all plants belonged to a single taxon or
“mixed” when not all plants could be unambiguously
assigned to one of the three species. A sample of young
leaf material was stored in a small zip-loc bag with silica
gel for later DNA extraction and AFLP analysis. In total,
we sampled 265 individuals from 53 populations. The
series of populations comprised 11 uniform populations of
P. tussilaginis, 11 of P. cruenta and 15 of P. echinata.
Sixteen “mixed” populations contained one or more indi-
viduals with character states that were intermediate
between two or three of the study species.

Morphological analysis

We used a set of 17 morphological variables, including 8
floral and 9 vegetative characters (Table 2; Fig. 1). The
number of flower heads was counted from above the last
node with an attached leaf of >1 cm. The color of the ray
flowers was determined using the color book by Kornerup
and Wanscher (1967). Numerical flower traits (diameter of
the flower disc, length of the ray flowers, width of the ray
flowers and number of spines per involucral bract) were
based on the average of measurements on five flower heads
randomly selected from the inflorescence. Leaf characters
were measured on the fifth leaf, counting from the tip of the
inflorescence. Stem characteristics were measured at the
position where this fifth leaf was attached. Three primary
measurements were transformed to ratios (see legend
Fig. 1) to obtain shape estimates: heart shape of the leaf
blade, relative auricle size and auricle shape (Fig. 1). A
stereomicroscope was used for counting the number of
spines per involucral bract and the number of hairs per unit
surface on the upper side of the leaf. In order to normalize
the data, some of the morphological variables were log-
transformed.

DNA isolation

Total plant DNA was extracted from approximately 15 mg
dried leaf material using the cetyltrimethyl ammonium
bromide (CTAB) method (Doyle and Doyle 1987). DNA
samples that resulted in poor preamplification DNA were
isolated a second time using an Invitek Invisorb Spin Plant
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Table 2 List of morphological characters and their transformation
used in the morphometric analysis

Trait Axis 1 Axis 2
Color underside leaf: green (0), bicolored (1), 0.914 0.012
purple (2)
Color of flower disc: cream (0), bicolored (1), 0.901 -0.061
purple (2)
Number of flower heads 0.849 0.126
Hairiness stem: absent (0), sparse (1), dense (2) 0.801 —0.065
Hairs on 0.5 cm? upper side of leaf (log) 0.788 —0.316
Diameter of flower disc (log) —0.733 —0.508
Hairiness underside leaf: absent (0), sparse (1), 0.72 —-0.253
dense (2)
Width of ray florets (log) —0.675 —0.501
Color of stem: green, bicolored, purple 0.652 0.033
Length of ray florets (log) —0.59 —.643
Auricle shape —0.318 0.205
Heart shape of leaf (log) 0.299 0.652
Number of spines at involucral bract —0.18 0.847
Number of leaf appendages -0.127  0.53
Color of ray florets 0.106  0.054
Shape of spines: spiny (0), elongated (1), hairy tip —0.083 0.864
@)
Relative auricle size 0.058 —0.859

Component loadings (sorted by absolute values of axis 1) give the
correspondence between principal component scores and original
characters. See Fig. 1 for an explanation of the leaf characters used

Mini Kit. DNA concentrations were measured on a
NanoDrop ND-1000 spectrophotometer and standardized
in TEq; 20 ng/pl.

AFLP analysis

We used AFLP analysis (Vos et al. 1995) for genotyping
all individuals. Though AFLPs are dominant anonymous
markers and therefore have some drawbacks, they have
been successfully used to detect hybridization and admix-
ture (Blair and Hufbauer 2010; Mraz et al. 2011). AFLPs
are a good choice for taxa like Pericallis for which little
prior genomic information is available (Bonin et al. 2007).
The AFLPs were performed using the Invitrogen AFLP
Analysis System I and Invitrogen AFLP Starter Primer Kit.
However, we slightly changed the protocol provided by the
company as follows. Ligation took place at room temper-
ature for 1 h. Afterwards the samples were placed over-
night in a water bath gradually decreasing from room
temperature to 4 °C. PCR reactions were carried out in a
PTC 200 thermocycler (MJ Research). Preselective
amplification consisted of 24 cycles of 94 °C for 30 s,
56 °C for 30 s, 72 °C for 60 s, followed by 5 min at 72 °C
and 5 min at 4 °C. The PCR product was diluted 50 times
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leaf length

leaf width

]rcleft depth

petiole length

auricle width

Fig. 1 Overview of morphological leaf characters used in the
analyses. Heart shape of the leaf blade was calculated as the ratio
of cleft depth to leaf length, relative auricle size as the ratio of auricle
length to petiole + auricle length and auricle shape as the ratio of
auricle width to length

in TEq; buffer. The preamplification product was loaded
onto an agarose gel to assess its quality. The PCR for
selective amplification contained 1 x PCR buffer [HT
Biotechnology: 100 mM Tris-HCI, pH 9.0, 15 mM MgCl,,
500 mM KCl, 1 % Triton X-100, 0.1 % (w/v) stabiliser],
0.1 mM of each dNTP, 0.15 pM of each primer and
0.04 units/pl Taq DNA polymerase (HT Biotechnology) in
10 pl reaction volume. The PCR of the selective amplifi-
cation was hot-started at 94 °C for 1 min, followed by 12
cycles starting with 94 °C for 30 s, 65 °C for 30 s, and
72 °C for 60 s and stepping down the annealing tempera-
ture by 0.7 °C every cycle, and another 24 cycles of 94 °C
for 30 s, 56 °C for 30 s, 72 °C for 30 s, again finishing
with 5 min at 72 °C and 5 min at 4 °C.

From 18 tested primer combinations we selected two
pairs (MSE-CAT/Eco-AGC and MSE-CAT/Eco-ATC) that
gave sufficient variation between the samples and a suit-
able number of well-separated fragments. The number of
markers was 185 in MSE-CAT/Eco-AGC and 179 in MSE-
CAT/Eco-ATC. We selected 35 markers of MSE-CAT/
Eco-AGC and 18 of MSE-CAT/Eco-ATC that were poly-
morphic and could be readily identified on all gels. We
separated the selective amplification products on a Gene
ReadIR 4200 Analyzer (Li-Cor, Inc.).

We minimized genotyping errors by adhering to the
recommendations given by Bonin et al. (2004). For
instance, the AFLP fragments were visually scored as
present (1) or absent (0) independently by two persons.
Furthermore, low quality DNA samples and weakly
amplified samples were discarded; the number of suc-
cessfully genotyped individuals per population is listed in
Table S1 (online supplementary material). The AFLP
matrix has been published in the Demiurge database
(http://www.demiurge-project.org/matrix_digests/30).

Statistical analysis

Morphological variation was analyzed by means of prin-
cipal component analysis (PCA) based on a correlation
matrix, using SPSS 11.0 for Windows. To test the robust-
ness of the PCA to the inclusion of ordinal variables (see
Table 2), we performed the PCA both with and without
those variables included. Both analyses showed the same
general pattern, so we only present the analysis with both
ordinal and continuous characters included. We performed
a principal coordinate analysis (PCoA) on the AFLP data
using the program PAST (Hammer et al. 2001), based on
the Gower similarity index (Gower 1966). Genetic differ-
entiation among the uniform populations was calculated for
all three species separately and among species in a hier-
archical analysis with the populations clustered within
species. We calculated both Fgr and F’g7, which is a
standardized analogue of Fgr that is independent of the
within-population diversity (Meirmans and Hedrick 2011).
The values of the F-statistics were calculated using the
program Genodive (Meirmans and Van Tienderen 2004),
and the significance was tested using 999 permutations.
To analyze the kinship of the three species and to
quantify the ancestry of the putative hybrids we ran the
admixture model of the program STRUCTURE 2.2 (Pritchard
et al. 2000; Falush et al., 2003), using 53 polymorphic
markers following the recommendations for dominant
markers from Falush et al. (2007). Although STRUCTURE is
best known for its ability to discern the number of popu-
lation clusters (but see Kalinowski 2011), it can also be
used as a powerful tool to detect admixture when the
number of species is known in advance (Vaha and Primmer
2006; Thompson et al. 2010), as is the case here. Since
three species have been described we started by running the
analysis with K = 3 using the AFLP data of the uniform
populations only to see if the morphologically defined
species were also genetically separated. We set the itera-
tion and start parameters to their default values (with a
burnin of 100,000 steps followed by a Monte Carlo Markov
chain of 100,000 steps), and used the admixture model
without providing any a priori information on the origin of
the samples. Since the taxonomic status of the two isolated

@ Springer


http://www.demiurge-project.org/matrix_digests/30

1124

T. Hengstum et al.

Roque del Conde populations from the Southwest was
uncertain, we excluded these from the initial STRUCTURE
analysis. We tested whether these populations were iden-
tified as a distinct cluster by setting K = 4, again without
providing a priori information on population or species.
Finally, to identify genetically intermediate individuals in
mixed populations we again employed the admixture
model with K = 4, but now providing the program a priori
with information on the three clusters identified in the first
step, i.e., the three uniform populations (using the Popinfo
setting). No information was given to the program on the
identity of plants collected in mixed populations or the
Roque del Conde individuals following the approach to
identify hybrids in a simulation study of Vaha and Primmer
(2006). The results from STRUCTURE were verified by clus-
tering the data using spatial Bayesian clustering imple-
mented in Tess (Francois et al. 2006) and the AMOVA
based clustering implemented in Genodive (Meirmans and
Van Tienderen 2004), which identified the same population
clusters (results not shown).

The clustering of individuals based on the AFLP data
using STRUCTURE was compared to the results of a clustering
analysis of the morphological data using the fuzzy c-means
algorithm (Dunn 1973). Fuzzy c-means is a clustering
technique in which every individual can belong to one or
more clusters. The results are comparable to the results of a
STRUCTURE analysis, but where STRUCTURE uses an explicit
genetic model, the fuzzy c-means algorithm uses a model-
free least-squares approach that makes it suitable for
multiple types of data. For fuzzy c-means clustering of the
morphological data set, the individuals were clustered into
three groups. For this analysis we first removed the indi-
viduals from the Roque del Conde populations that in the
STRUCTURE analysis also formed a separate group. We used
the characters from Table 2 with the exception of the shape
of the spines that was the only non-ordinal categorical trait.
The clustering was performed in the statistical framework

R (R Development core team, 2010), using the function
“cmeans” from the “el071” package (Dimitriadou et al.
2010). Pearson correlations (one-sided) were calculated
among genetic and morphological assignments for each of
the three species.

All sampling sites were classified into those that were
located in the verge of a paved road and those that were
not. Two by two contingency tables were created to
compare the frequencies of road verge locations among
the mixed and the uniform populations. Significance of
the contingency tables was tested using a Fisher exact
test, with a sequential Bonferroni correction for multiple
testing.

Results
Morphology: principal component analysis

We found three clearly separated groups for P. echinata,
P. cruenta and P. tussilaginis. In contrast, the individuals
from “mixed” populations form a nearly continuous pat-
tern of variation within and between the three clusters
(Fig. 2a). The first principal component separated P. tus-
silaginis and P. echinata from P. cruenta. Characters
contributing to this axis were the color of the underside of
the leaves and the flower discs, the hairiness of the stem
and leaves, the number of flower heads and the diameter
of the flower disc (Table 2). The second axis separated
P. echinata from P. cruenta and P. tussilaginis, on the
basis of the number of spines on the involucral bracts, the
shape of the spines and the relative auricle size (Table 2).
Subsequent axes provided no useful information regarding
the differences among the species (data not shown).
The Roque del Conde individuals were placed within the
P. echinata cluster and between the P. echinata and the
P. tussilaginis clusters (Fig. 2a).

Fig. 2 a Principal component

. a B P echinata 34 b
analysis based on 17 (@) o powema 1) .
. . tussilaginis
morphological characters from < A . Roque el Conde mom
. . . | I mixed LR
Pericallis echinata, P. cruenta W . e
and P. tussilaginis. b Principal 9 i y -: Q S -y " S "
coordinate analysis based on 53 @ N = o & - . e
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-4 2 0 2 4 0.4 0.2 0.0 0.2
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AFLP data: principal coordinate analysis

None of the individual AFLP markers was diagnostic for a
single species, and 38 of the markers (72 %) were poly-
morphic in all three study species. Five markers (9 %) were
never found in P. cruenta, and one marker (2 %) was never
found in P. echinata. Furthermore, nine markers (17 %)
were always present in P. cruenta.

The PCoA based on 53 AFLP markers (Fig. 2b) is lar-
gely similar to the morphological analysis (Fig. 2a). Three
groups can clearly be identified for the uniform popula-
tions, showing separation of the unambiguously identified
individuals of P. echinata, P. cruenta and P. tussilaginis.
However, compared to the PCA, the variation within
P. echinata in the PCoA is considerably larger.

Inference of population structure

The analysis of the uniform populations showed indeed
that the morphological species were also genetically well
separated (Fig. 3a), with only a few exceptions for which

cluster 3 cluster 2 M cluster 1

(a) 100%

cluster score
B {2}
o o
x X

(P. echinata) (P. cruenta)

cluster 3

(b) cluster 4

cluster score

(P. echinata) (P. cruenta)

(C) cluster 4

cluster score

1 2
(P. cruenta)

(P. echinata)

Fig. 3 Bayesian assignment of individuals to three (a) and four
(b and c) clusters by sTRUCTURE. Each bar represents one individual
plant. Individuals are ordered by sampling site, using the morpho-
logically inferred taxonomic status of the populations: (/) uniform
populations of Pericallis echinata, (2) uniform P. cruenta, (3)
uniform P. tussilaginis, (4) Roque del Conde plants and (5) mixed
populations with Pericallis echinata, P. cruenta and tussilaginis

(P. tussilaginis)

cluster 3

B

(P. tussilaginis)

the genetic assignment differed from the identification
based on morphological measurements. The first cluster
predominantly contained plants from the uniform P. echi-
nata populations, the second consisted of all P. cruenta
populations and the third of all P. tussilaginis populations.
The clusters representing P. cruenta and P. tussilaginis
were more homogeneous than that of P. echinata, which
showed more variation among plants in their assignment to
one of the three clusters. The separation of the three species
was confirmed using F-statistics; in a hierarchical analysis
where populations were grouped within species, the
among-species differentiation was strong with a F 7 value
of 0.182 (P = 0.001, 999 permutations). However, as
shown in Table 3, there was also significant differentiation
within species for P. cruenta (Fsy = 0.204, P = 0.001)
and P. echinata (Fgr = 0.073, P = 0.001), but not for
P. tussilaginis (Fsy = 0.034, P = 0.062).

To investigate the status of the Roque del Conde pop-
ulations, the second analysis was performed with these
putative P. echinata populations added to the data set,
setting the number of clusters to K = 4 (Fig. 3b). The

80%
20%
0% ;._‘J_I.L_ul
1 2 3

(P. tussilaginis)

cluster2 M cluster 1

100%
90%
80%
70%
60%
50%
40%
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0% o dde sis |
1 2 3 4

(Roque del Conde)

cluster 2 M cluster 1

3 4 5
(Roque del Conde) (mixed)

characters. For plots a and b, no a priori information was used on the
identity of the species. For plot ¢ the identities of cluster /-3 were
given using POPINFO option. The colors represent STRUCTURE’S assign-
ment of individual plants to the different clusters. The dark blue
cluster assignment is associated with identification as P. echinata,
green with P. cruenta and light blue with P. tussilaginis (all plots),
yellow to the Roque del Conde individuals (plot b and ¢)
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Fig. 4 Relationship between the morphological and genetic clusterp
assignment. The analysis, tested with Pearson’s correlation coefficient
(df = 192), shows that plants from uniform populations cluster in two
corners: the upper right corner of each graph contains individuals
with high genetic and morphological assignment scores for a P.
echinata, b P. cruenta and c P. tussilaginis; the lower left corner of
each diagram comprises the individuals with low genetic and
morphological assignment scores, i.e., from uniform populations of
the other species. Individuals scoring intermediately for the genetic as
well as morphological clustering analyses mostly come from ‘mixed’
populations (open symbols). All correlations remained significant
(P < 0.001) when only the individuals from mixed populations were
considered (df = 66)

Table 3 Values of Fgrand F’gr calculated for all three species, using
only the individuals from uniform populations

Species For CI25% CI975% F’sr P value
P. tussilaginis  0.034  —0.007 0.078 0.047  0.062
P. cruenta 0.204 0.136 0.263 0.233  0.001
P. echinata 0.073 0.033 0.116 0.095 0.001

Included is also the 95 % confidence interval of Fgr, calculated by
bootstrapping over loci

genetic constitution of the Roque del Conde populations
appeared to be sufficiently unique to lead to a separate
cluster in the analysis, although there is some overlap with
the other sites of P. echinata.

The final STRUCTURE analysis (Fig. 3c) concentrated on
the identification of the genetic makeup of plants in mixed
populations. By using a priori information on the identity
of the three different species in the uniform populations
(using the popinfo option in STRUCTURE) the position of
individuals of the mixed populations could be assessed (cf.
Vaha and Primmer 2006). The Roque del Conde individ-
uals again surfaced as a separate cluster in this analysis.
Within the mixed populations we found admixed as well as
genetically pure individuals. The admixed individuals were
genetic mixtures of the parental species P. echinata/cru-
enta and P. cruenta/tussilaginis. A few individuals were
complex hybrids containing genetic material from all three
parental species. Thus, mixed populations can contain both
plants from the different parental species as well as inter-
mediate, putative hybrid genotypes (Fig. 3c).

The morphological fuzzy c-means clustering analysis
assigns each sampled individual a probability of belonging
to each cluster (representing a species). The scores were
highly significantly correlated with those of the STRUCTURE
analysis for all three species (Fig. 4a—). When the analysis
was performed on data of the suspected hybrids only
(df = 66), the correlation coefficients were lower, but still
highly significant (R* = 0.40, P <0.001, R*=0.57,
P <0.001 and R* = 0.40, P <0.001 for P. echinata,
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P. cruenta and P. tussilaginis, respectively). This analysis
demonstrates that the hybrid indices based on morpholog-
ical and genetic data are mostly congruent. Despite this
congruence, there were some individuals, especially in
P. echinata, that were indicated as admixed by STRUCTURE,
but were recorded as morphologically pure. However,
when the population assignment was used as priors in the
Bayesian analysis, those individuals were also genetically
pure (Fig. 3c).

Location and disturbance of mixed populations

Placement of the results of the STRUCTURE analysis on the
geographical map of Tenerife visualizes the core distribu-
tion areas of the three study species and the hybrid zones
(Fig. 5). The P. echinata core area is located in the Teno
mountains in the NW region of Tenerife, between 50 and
approximately 900 m elevation. The core area of P. cruenta
is located in the forest zones between approximately 700
and 1,500 m in the N central region. The P. tussilaginis core
area is located in the Anaga mountain range in the NE of the
island, between approximately 200 and 800 m. In between
these core distribution areas, we mostly find mixed popu-
lations, generally between 500 and 1,000 m above sea level.
Some populations of P. tussilaginis and P. echinata occur

Fig. 5 Geographical map of
Tenerife showing the
approximate sampling locations
and the population mean of the
Bayesian assignment scores
assuming the existence of four
clusters, calculated with
STRUCTURE on the basis of AFLP
data (see Fig. 3c). The arrows
indicate the position of the core
distribution areas of Pericallis
echinata, P. cruenta and

P. tussilaginis according to
Bramwell and Bramwell (2001).
Grey circles outline the Teno,
Anaga and Roque del Conde
mountain ranges. Sample
numbers above or below each
bar correspond with the
numbers in Table S1 (online
supplementary material)

P echinata

ROQUE /5

0 5 10 km

beyond the species’ core distribution areas (e.g., popula-
tions 16 and 20, and 34 and 38, respectively).

The mixed populations were more often found in road
verges than the uniform populations (Fisher’s exact test
P = 0.0021). Of the mixed populations 88 % (14 out of
16) were located in road verges, whereas of the uniform
populations on average only 40 % were found in road
verges (14 out of 35). We also compared the frequency of
road verge populations of the mixed and uniform popula-
tions separately for the three species. There was a signifi-
cant difference between the 16 mixed populations and the
P. echinata populations (excluding the 2 Roque del Conde
populations; 5 out of 13; 38 %; P = 0.016) and also
between the mixed and P. cruenta populations (2 out of 11;
18 %; P < 0.001). However, there was no significant dif-
ference between the mixed populations and the P. russi-
laginis populations (7 out of 11; 64 %; P = 0.19).

Discussion

Hybridization in Pericallis

The clearly separated morphological clusters we found for
P. echinata, P. tussilaginis and P. cruenta were in

B P echinata
"] P. cruenta
P. tussilaginis

Roque del Conde
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accordance with the results from the genetic analyses; the
PCoA, sTRUCTURE analysis and F-statistics all show a high
degree of differentiation among the three species. Indi-
viduals originating from mixed populations contained pure
as well as morphologically and genetically intermediate
plants, and were accordingly distributed within and
between the clusters of the putative parental species. The
presence of morphological and genetic intermediates
between P. echinata and P. cruenta and between P. cru-
enta and P. tussilaginis supports the hypothesis that there is
ongoing hybridization between these species. This has been
confirmed by experimental crosses between the species
where they were fully interfertile (R. Bregman and J. C. M.
den Nijs, unpublished data). The admixture analysis using
STRUCTURE showed that the mixed populations comprised
individuals with varying degrees of admixture between
parent species. These populations contained not only
putative F1 individuals that showed approximately 50 %
admixture between two species, but also backcrossed
individuals and even some individuals that showed
admixture between all three parental species. Such com-
plex patterns of hybridization are usually interpreted as
evidence that hybridization has been going on for several
generations (Lepais et al. 2009; Thompson et al. 2010).

In our morphometric analysis, the Roque del Conde
individuals previously ascribed to P. echinata were clearly
different from the plants from the P. echinata core area.
Morphologically, these individuals were intermediate
between the P. echinata and P. tussilaginis clusters. For
example, these plants had the spines on the involucral
bracts typical for P. echinata, but also leaf auricles similar
to the ones of P. tussilaginis. The genetic support for this is
mixed, and we can only speculate about the evolutionary
origin of these populations. In the genotypic assignment by
STRUCTURE with four clusters they were not admixed, but
rather formed their own distinct cluster. This suggests that
they may represent a distinct taxon, possibly with an
ancestral status since the Roque del Conde region belongs
to the geologically oldest part of Tenerife (discussed
below). On the other hand, when STRUCTURE was run with
three clusters, the populations were admixed with a 53 %
contribution of P. echinata and a 29 % contribution of
P. tussilaginis (results not shown). This suggests that they
may represent an isolated lineage derived from P. echinata,
possibly introgressed with P. tussilaginis, that has experi-
enced genetic drift in the absence of (further) gene flow.
Therefore, the exact taxonomic status of the Roque del
Conde populations remains to be settled.

Hybridization and anthropogenic disturbance

Our analyses revealed that mixed populations were more
often found in road verges than uniform populations. Roads
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are known to promote hybridization by both serving as cor-
ridors for seed and pollen dispersal and by providing open
habitat for the newly formed hybrids to colonize (Anderson
1948; Levin et al. 1996). On the Canary Islands, the infra-
structure has radically improved since the 1950s (Pott et al.
2003). Currently, the Canary Islands have the highest road
density of all the European oceanic islands (6 km km_z),
which strongly affects the remaining laurel and pine forest
ecosystems (Delgado et al. 2007). However, the relationship
between the mixed populations and the road verges was not
absolute; some mixed populations were found outside road
verges in other types of disturbed habitat such as arable
fields. Conversely, uniform populations, especially for
P. tussilaginis, were also found in road verges.

The pattern that emerges is that within the three core
areas almost all populations are pure, even the ones located
in road verges. In between those core areas, mixed popu-
lations are more frequent and are mostly located in road
verges. This pattern strongly suggests that the construction
of the roads gave rise to a secondary contact between the
three core areas, resulting in a hybrid swarm of the three
species. We hypothesize that P. cruenta used to be geo-
graphically and ecologically separated from P. echinata and
P. tussilaginis by its occurrence in the pine forest zone at
higher elevations. The population structure of P. cruenta
was also clearly different from that of the other two species
indicated by a much higher value of Fgy. Still, the value of
0.204 that was found for P. cruenta was lower than the
average value of 0.281 that was found over multiple species
of the Canarian flora (Francisco-Ortega et al. 2000; but see
Caujapé-Castells 2010). This may be explained by the fact
that wind dispersal of seeds is more restricted in the forest
habitat of P. cruenta than in the more open habitats of
P. echinata and P. tussilaginis. Road verges through forests
and deforested areas open up the landscape and provide
suitable habitat for P. echinata, allowing it to extend its
range upwards and overlap with that of P. cruenta. The
human-disturbed areas are colonized by P. cruenta x
P. echinata hybrids from Teno to N central Tenerife and
P. cruenta x P. tussilaginis hybrids from N central Tene-
rife to Anaga. On Tenerife, it has previously been shown
that road sides provide a suitable habitat for a hybrid swarm
consisting of five different Argyranthemum species
(Brochmann 1984; Francisco-Ortega et al. 2000). However,
for Argyranthemum it is not clear whether the hybrids
manage to expand from the road verges into the surrounding
habitat (Francisco-Ortega et al. 2000). For Pericallis, such
an expansion is obviously taking place since we found
multiple admixed individuals outside the road verges.

Ongoing hybridization may lead to the permanent
introgression of genes from one species into the other and
may in extreme cases even result in a complete mixing of
genomes (Levin et al. 1996; Rhymer and Simberloff 1996).
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Whether this will occur in Pericallis depends largely on
whether the hybrid swarm will extend into the three core
areas. Some of our results indicate that this is already
happening: though the core areas still mostly consist of
pure individuals, some of the individuals within the core
areas show clear signs of admixture. This is for example
the case for P. tussilaginis where there was one individual
that showed both genetic and morphological signs of
admixture. Another individual was genetically admixed but
morphologically pure. In P. echinata, the patterns were
more complex since there were multiple individuals with
genetic signs of admixture even though they were mor-
phologically indistinguishable from the other P. echinata
individuals. Some of the mixed populations occur very
close to the core areas. This is for example the case in
populations 33 and 51, which are located in road verges
near the hearts of the P. echinata and P. cruenta core areas,
respectively. This further suggests that the roads can work
as corridors that connect the core areas and promote
hybridization. If the ongoing hybridization would result in
a complete merging of the three Pericallis species, this
would mean a further genetic erosion of the biodiversity of
the Canary Islands (Francisco-Ortega et al. 2000).

The evolution of Pericallis in the context
of the geological history of Tenerife

A phylogenetic study on Pericallis (Swenson and Manns
2003), based on ITS1 and ITS2 sequence data, showed the
genus is of relatively recent evolutionary origin, but nev-
ertheless shows a large morphological diversity. As with
many adaptive radiations on oceanic islands (Okada et al.
1997; Bohle et al. 1996; Helfgott et al. 2000), it can be
expected that the evolution of the genus is tightly linked
with the geographic history of the archipelago. Until
approximately 2 million years ago, Tenerife consisted of
three separate volcanic islands, called Teno, Anaga and
Roque del Conde. Between 1.9 and 0.2 Mya, these three
islands were connected by lava flows emerging from the
Canadas volcano (the precursor of the present Mt. Teide)
and represent the geologically oldest parts of Tenerife
(Ancochea et al. 1990; Thirlwall et al. 2000). Because
P. echinata has its core distribution area in Teno, whereas
P. tussilaginis mainly occurs on Anaga, it is tempting to
speculate that these species originated on these precursor
islands. The P. cruenta core area is situated on much
younger volcanic depositions in the region where around
0.8 Mya a chain of basaltic emission centers connected the
Teide volcano with Anaga (Ancochea et al. 1990). This
suggests that the colonization of Tenerife by this species
has occurred relatively recently.

The Roque del Conde populations are located in the
oldest region (11.6 Mya, Ancochea et al. 1990; Thirlwall

et al. 2000) of the three precursor islands. Von Gaisberg and
Stiersdorfer (2005) found that the highest numbers of
endemics on the Canary island of El Hierro occur on such
ancient geological outcrops. The outcrops that were not
covered by more recent lava flows might have functioned as
species refugia. The phylogeographic pattern of vicariant
sister species affiliated with the Anaga and Teno massifs has
also been reported for several animal species on Tenerife
(reviewed in Juan et al. 2000). However, the unique mor-
phology and genetic composition of the Roque del Conde
populations might also be explained by founder events. The
importance of such founder effects on the distribution of
genetic variation in a Canarian endemic has been shown by
Garcia-Verdugo et al. (2010). Further molecular studies
may shed light on the precise phylogenetic relations
between the species, testing hypotheses that the three spe-
cies either evolved in complete isolation, or that the Roque
del Conde population is basal to all three other species.

Conclusions

We provide substantial morphological and genetic evi-
dence for ongoing hybridization between P. cruenta and
P. echinata as well as between P. cruenta and P. tussi-
laginis. The distribution of hybrid populations in road
verges in between the parental core areas indicates that
hybridization was promoted by secondary contact caused
by human activities. This process may eventually threaten
the existence of the three species and counteract the pro-
cess of evolutionary radiation.
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