
merging of the hybridizing forms and the
genetic assimilation of geographically re-
stricted species (Levin et al., 1996). Other
outcomes of the process may include the re-
inforcing of reproductive barriers through
selection for assortative mating (Dobzhan-
sky, 1970) or the production of more or less
fit introgressed genotypes that can colonize
a novel habitat relative to that of the two
parental species (Lewontin and Birch, 1966;
Rieseberg, 1991; Cruzan and Arnold, 1993).
The major possible evolutionary contribu-
tion of hybridization is the formation of
new hybrid species. This process has been
documented with various kinds of evi-
dence mainly in cases where polyploidy is
involved because of the advantages that
polyploidy may provide to the hybrid
genotypes (Grant, 1981; Arnold, 1992).
Much rarer is the documentation of hybrid
speciation at the diploid level (Rieseberg et
al., 1990; Rieseberg, 1991; Wendel et al.,
1991; Arnold, 1993; Wang and Szmidt, 1994;
Sang et al., 1995; Wolfe et al., 1998).

The occurrence of past and recent events
of hybridization is now well documented in
different groups of animals and especially
in vascular plants because of the large num-
ber of molecular markers available (Kane-
shiro, 1990; Arnold, 1992, 1997; Grant and
Grant, 1992; Dowling and DeMarais, 1993;
Rieseberg, 1997). Further evidence, how-
ever, is needed to clarify the prevalence of
hybridization (Ellstrand et al., 1997) and its
evolutionary consequences (Rieseberg and
Soltis, 1991; Rieseberg and Wendel, 1993;
Rieseberg et al., 1995, 1996a; Wendel et al.,
1995a; Arnold, 1997). Natural hybridization
and introgression (the gradual infiltration
of the genetic material of one species into
another as a consequence of hybridization
and repeated backcrossing; Anderson,
1949) may have different evolutionary con-
sequences (Arnold, 1992). One effect is neg-
ative in terms of diversity, namely, the
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Abstract.—Cladistic analyses of the nuclear ribosomal DNA (nrDNA) internal transcribed spacer
(ITS) sequences from 55 samples corresponding to 34 taxa in the genus Armeria reveal that ITS se-
quence diversity among and within species utterly conflicts with patterns of morphological similar-
ity. Three facts are apparent from the results here reported: (1) different samples of a single sub-
species, A. villosa subsp. longiaristata, appear in three of the five major clades; (2) samples of at least
one of the six subspecies of A. villosa appear in four of the five major clades; and (3) the composition
of major clades shows greater congruence with the geographic origin of plants than with the tradi-
tional systematic arrangement based primarily on morphology. Specifically, the clades here termed
Ia, II, III, and IV each encompass terminals restricted to geographically delimited areas. There are
alternative explanations for the ITS pattern, but the most likely one is that nucleotide positions sup-
porting the major clades are due, in some of the samples, to concerted evolution following horizon-
tal transfer (gene flow) rather than to recency of common ancestry. This interpretation is consistent
with previous systematic and experimental evidence and implies that reticulation in Armeria may
be extensive. Harlan and de Wet (1963, Evolution 17:497– 501) proposed the compilospecies concept to
account for situations in which a genetically “aggressive” species captures portions of the genome
of other sympatric species by means of extensive introgression. Evidence of extensive reticulation,
ecological diversification, and geographic pattern indicates that A. villosa may fit the compi-
lospecies concept, which is here supported on molecular grounds for the first time. {Armeria;
compilospecies; concerted evolution; hybridization; Plumbaginaceae; ribosomal DNA; reticulate
evolution.}
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To account for a situation where a “genet-
ically aggressive” species captures portions
of the genome of other sympatric species
by introgression, the concept of compi-
lospecies (from the Latin compilo, to plun-
der or to rob) was proposed (Harlan and de
Wet, 1963). Originally, the concept was ap-
plied to polyploid complexes in which a
tetraploid cytotype captured genes on a
regular basis from geographically restricted
peripheral species (Harlan and de Wet,
1963; Heiser, 1965; Stebbins, 1971). In subse-
quent years, the concept was ignored, most
likely because of a lack of conclusive sup-
porting evidence (Jackson, 1976; Lewis,
1980; Grant, 1981; Arnold, 1997). Other au-
thors mentioned the term either without ex-
plicitly endorsing it (Levin, 1971, 1978) or to
question it (Heiser, 1973; Favarger, 1984).
More recently, the compilospecies model
was invoked to explain patterns in He-
lianthus at the homoploid level (Rieseberg
and Soltis, 1991; Rieseberg et al., 1991;
Rieseberg and Brunsfeld, 1992) as well as in
Draba at the polyploid level (Brochmann,
1992). Previously, the concept was sug-
gested to account for eco-morpho-geo-
graphical patterns in Armeria villosa (Nieto
Feliner, 1987).

Armeria is primarily a holarctic genus,
whose center of diversity is the western
Mediterranean area. Sixty percent of , 120
taxa in this genus occur in the Iberian
Peninsula (Nieto Feliner, 1990). Virtually all
species are diploid (Moore, 1982; Castro-
viejo and Valdés-Bermejo, 1991) and, with a
few exceptions not represented in our sam-
pling, are obligate outcrossers, thanks to an
efficient mechanism of heteromorphic self-
incompatibility (Baker, 1966). The occur-
rence of extensive hybridization is consis-
tent with our previous studies using
various lines of evidence but lacking molec-
ular data (Nieto Feliner, 1987, 1988, 1997;
Nieto Feliner et al., 1996).

In recent years, nuclear ribosomal DNA
(nrDNA) internal transcribed spacers (ITS)
have been used as an efficient tool for phy-
logenetic studies and have also proven suc-
cessful in detecting hybridization events
(Rieseberg, 1991; Sang et al., 1995; Wendel
et al., 1995a; O’Kane et al., 1996). However,
an important gap is observed in the litera-
ture. Knowledge of within-species variabil-

ity of ITS sequences from natural popula-
tions is limited (Baldwin et al., 1995). The
vast majority of the published studies use
only one sequence per taxon, and therefore
the occurrence of polymorphisms within
species and its implications for phyloge-
netic analysis may be neglected (Ritland
and Eckenwalder, 1992). In our article, we
have undertaken a broad sampling within
A. villosa as compared to other species.

We think the ITS region may provide
molecular evidence supporting an evolu-
tionary scenario within the genus Armeria
that fits the compilospecies concept. The
proposed compilospecies is A. villosa Gi-
rard, a southern Spanish endemic (Nieto
Feliner et al., 1996) in which six subspecies
have been recognized (Nieto Feliner, 1990).
Five of these subspecies are geographically
very restricted or even localized, whereas
subsp. longiaristata spans the whole distri-
butional range of the species.

MATERIALS AND METHODS

Sampling
The sampling was designed to include all

the taxa potentially involved in hybridiza-
tion events with A. villosa. To accomplish
this, we included in the study 55 samples
belonging in 34 species and subspecies of
Armeria, including those whose distribution
area contacts that of A. villosa (Appendix 1).
Of those 55 samples, 20 correspond to A.
villosa. The data set also contained all of the
Iberian and one of the two North African
representatives of section Macrocentron
Boiss., a small but morphologically well-
differentiated group with long-spurred ca-
lyces. What we here term Armeria “a” refers
to populations that were identified as A.
alpina (Devesa and Pinto da Silva, 1984).
Such identification was rejected with a sug-
gestion that the origin of such populations
could be a cross between A. villosa subsp.
longiaristata and another taxon (Nieto Fe-
liner, 1987). Taxonomy follows Nieto Fe-
liner (1990). In this treatment of Armeria, a
genus with low internal reproductive barri-
ers, the species rank is used for groups of
populations that maintain a diagnostic
combination of characters and some ecolog-
ical preferences in at least part of their geo-
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higher being , 30% greater than the other)
on both strands, and bases were comple-
mentary between both strands, e.g., K
(G+T) in 5’ ® 3’ and M (A+C) in 3’ ® 5’; (2)
when unequivocal noncomplementary base
pairs appear on the two complementary
strands (e.g., A in 5 9 ® 3 9 and C in 3 9 ® 5 9 ).
After excluding cases that matched any of
these two criteria across the data, only four
remained as ambiguities that presumably
resulted from bad readings; the four were
coded as “?”. All sequences have been sub-
mitted to the EMBL database; accession
numbers are listed in Appendix 1.

Phylogenetic Analyses

Parsimony analyses were conducted by
running PAUP 3.1.1 (Swofford, 1993). The
data set is available in the Systematic Biology
Website (http://www.utexas.edu/depts/
systbiol/). Character-states (A, C, G, T)
were treated as unordered, and polymor-
phisms—as well as gaps resulting from the
alignment—were treated as missing data.
Options used were MULPARS and TBR, for
tree searching, and ACCTRAN, for charac-
ter optimization. Heuristic searches (100
replicate searches with random taxon addi-
tion) were chosen to find the most-parsi-
monious trees in the different analyses.
Additionally, two other types of analysis
were made: a constrained analysis (“back-
bone” option in PAUP), to examine the
costs of forcing all A. villosa accessions to be
monophyletic, and a weighted parsimony
analysis using a stepmatrix based in the
transition/transversion ratio. Transition/
transversion ratios were obtained by using
MacClade (Maddison and Maddison, 1992)
with the “arbitrary resolution of poly-
tomies” option to overcome underestimates
resulting from unresolved polytomies.
MacClade was also used for mapping nu-
cleotide substitutions and indels. Bootstrap
analysis (100 replicates each with 10 ran-
dom taxon addition replicate starting trees)
was run on PAUP to assess relative branch
support. A Wilcoxon signed range (WSR)
test was run, using SPSS 7.5 for Windows
(SPSS Inc.), to compare the trees resulting
from the unconstrained analysis with those
in the constrained analysis. Selection of the
outgroup followed a phylogeny of Plumba-

graphic area. Subspecific rank is used for
populations that, morphologically, are
clearly linked to another entity even if the
link is due to introgression. Plants were col-
lected in the field or grown in the green-
house. Vouchers for morphometric studies
are deposited in the herbarium at the Real
Jardín Botánico in Madrid.

Molecular Biology

Extractions were made from leaf tissue
(fresh, frozen, silica-gel preserved, or
herbarium specimens) as described in
Doyle and Doyle (1987). Double-stranded
amplification of the ITS region was made
with primers ITS7A (White et al., 1990)
slightly modified by Panero and Plo-
vanovich-Jones (pers. comm.) (5 9 -GGAAG
GAGAAGTCGTAACAAGG-3 9 ) and ITS 4
(White et al., 1990). After amplification,
polymerase chain reaction (PCR) products
were purified with a Gene Clean-Up kit
(Boehringer Mannheim). Nucleotide se-
quences of both strands were determined
directly from PCR fragments by using the
dideoxy chain termination method (Sanger
et al., 1977). Sequencing primers were the
same as those used for amplification. Stan-
dard protocols of the manufacturer for Taq
DNA polymerase-initiated cycle-sequenc-
ing reactions with fluorescently labeled
dideoxynucleotide terminators (Applied
Biosystems) were followed. The sequencing
reactions were analyzed by using a Model
377 automated DNA sequencer (Applied
Biosystems) and chromatograms were ex-
amined with EditView (Applied Biosys-
tems). All the sequences were recorded in
both strands with a 100% overlap. Align-
ment of the resulting sequences was
straightforward and performed manually,
taking Psylliostachys suworowii as reference
taxon for site numbers. Although it makes
no difference to the analysis whether an IU-
PAC ambiguity symbol indicates a poor
signal or the presence of two bases in a
single site (individual single-nucleotide
polymorphisms), in our data matrix we re-
served those symbols for the latter situa-
tion. We have reported the occurrence of
single-nucleotide polymorphisms in either
of the following cases: (1) when double
peak signals occur in the same position (the
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ginaceae based on rbcL sequence data
(Lledó et al., 1998). According to these re-
sults, the genus Psylliostachys is sister to
Armeria, and the resulting clade has a
strong bootstrap support (80%) within the
subfamily Staticoideae. Genetic distance
values were calculated with the Kimura
two-parameter model and were used to
construct a neighbor-joining tree, by using
MEGA (Kumar et al., 1993), which was
compared with the parsimony trees.

Morphometric Analyses
For comparing the topology of the ITS

tree with the morphological evidence, a
principal component analysis, based on the
correlation matrix, was performed on 55
herbarium specimens corresponding to
each of the DNA samples (Appendix 1).
Each specimen comes from the same popu-
lation as the ITS except for accessions 15
and 31 (A. filicaulis and A. pubigera), which
were sampled for morphometry in adjacent
populations. Eighteen characters (Appen-
dix 2) were recorded. In addition, a discrim-
inant analysis using the same 18 variables
was performed, in which two groups were
considered: A. villosa accessions versus the
rest. Also, to check for the morphological
cohesiveness of A. villosa, we performed an
ANOVA of two variables in the two groups
considered in the discriminant analysis.
Analyses were conducted by using NTSYS-
pc (Rohlf, 1992) and SPSS 7.5 for Windows.

RESULTS

ITS sequences within Armeria show great
homogeneity. The total length of the aligned
ITS + 5.8S sequences with Psylliostachys su-
worowii as reference is 625 bp. The region
within Armeria ranges from 603 to 605 bp
(ITS-1: 202 to 204 bp; 5.8S: 157 bp; ITS-2: 244
bp). Of the seven indels resulting from the
alignment, only two (1 bp long) are present
among the members of the ingroup. Both
are in the ITS-1, and one of them is cladisti-
cally informative. Divergence within the in-
group, calculated with pairwise gap-dele-
tion, varies between 0 and 1.49% (ITS-1:
0–1.01%; ITS-2: 0–3.47%). The greatest di-
vergence is found between sample 18 (A.
bigerrensis subsp. losae) and samples 48 (A.
villosa subsp. longiaristata) and 22 (A. splen-

dens). Mean G+C content in ITS-1 and ITS-2
for Armeria was 48.3% and 48.8%, respec-
tively, increasing to 54.1% in the 5.8S
segment. The range of unambiguous tran-
sitions as inferred from the 15 most-parsi-
monious trees was 11–14 and that of trans-
version was 7–10, the average estimated
transition/transversion ratio being 1.38
(maximum 1.62, minimum 1.20). Overall, 47
variable sites were detected within the in-
group, of which 18 are potentially informa-
tive in the parsimony analysis.

Previous analyses of the data set, contain-
ing 55 samples plus the outgroup (“56 sam-
ples matrix”), resulted in 105 most-parsi-
monious trees of 103 steps. The consistency
index (CI), excluding uninformative char-
acters, was 0.84 and the retention index (RI)
was 0.96. Topology of the strict consensus
tree recognized three of the five major
clades discussed below and placed every-
thing else in a basal polytomy. Inspection of
those 103 trees showed that part of the lack
of resolution and the high number of
equally parsimonious reconstructions was
due to a single sample (sample 51 from A.
villosa subsp. longiaristata ), which presents
polymorphic sites for five of the informa-
tive positions (367, 388, 389, 517, and 599),
all of them supporting major clades (see be-
low). This sample jumps between different
branches in the most-parsimonious trees
and shows behavior typical of a recent hy-
brid (McDade, 1990). Because this sample
can be detected as a recent hybrid both by
the five relevant polymorphic positions and
by its effects on the most-parsimonious
trees, we removed it from the data set
(Humphries and Funk, 1984; Funk, 1985) to
see what would be the effects on the analy-
sis. A posteriori, it can be added to the trees
as a reticulation.

When the reduced data set, containing 54
samples plus the outgroup (“55 samples
matrix”) was analyzed, the number of
most-parsimonious trees dropped to 15, the
length and levels of homoplasy remaining
the same (103 steps, CI = 0.84, RI = 0.96).
The number of synapomorphies in the
most-parsimonious trees, excluding those
of the whole ingroup, varied between 14
and 15, as reported in PAUP. The number of
homoplastic characters varied between 3
and 4.
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FIGURE 1. (a) One of the 30 most-parsimonious trees based on nrDNA internal transcribed spacers (ITS1 + 
5.8S + ITS2) sequences of 54 samples of Armeria with Psylliostachys suworowii as outgroup (length = 103, CI (ex-
cluding uninformative characters) = 0.84, RI = 0.96). Numbers above branches indicate bootstrap values. Dashed
lines indicate branches collapsing in the strict consensus tree. Roman numerals identify the five major clades,
each of which is associated with a different symbol. Samples belonging in the compilospecies A. villosa are
shaded. Solid rectangles represent nonhomoplastic changes, thin bars indicate homoplastic changes (see Table 1).
The number in parenthesis in the basal node indicates the number of changes separating the outgroup from the
ingroup. (b) Geographic origin of the samples (both those sequenced and those studied morphometrically). To fa-
cilitate comparison with the ITS results, each sample is identified by its accession number (Appendix 1) and a
symbol corresponding to the major clade in the tree.



The topology in all the trees is consistent
in recognizing five major clades (bootstraps
between 60% and 93%), the 15 most-parsi-
monious trees differing only in terminal or
subterminal clades. Additionally, a sub-
clade of clade I (clade Ia), which is relevant
to our discussion, is highlighted (Fig. 1).
Character-state changes supporting the ma-
jor clades in all the most-parsimonious
trees are: site 388 (C ® T) and 389 (C ® T) for
clade I; site 550 (G ® T) for clade Ia; site 517
(G ® A) for clade I + II + III; site 169 (T ® A)
for clade II; sites 129 (C ® T), 471 (G ® A),
and 499 (G ® T) for clade III; sites 367
(A ® T) and 599 (G ® A) for clade IV; and
sites 378 (C ® T) and 387 (C ® T) for clade V
(Table 1). All of these 12 characters except 2
are nonhomoplastic. For site 378, A. velutina
and A. macrophylla (from clade I) share a T
with clade V. Also, A. hirta (also from clade
I) shows an additive polymorphism (C/T)
for this site. The homoplasy in the second
character (471) is due to two accessions of
A. villosa subsp. longiaristata (samples 48
and 49), which share character-state A with
members of clade III. These two accessions
are the closest geographically to the termi-
nals in clade III. Besides these substitutions
supporting major clades, an informative in-
sertion at site 93 (A for samples 22, 32, 39,
and 40) provides additional support for
clade III.

Of the five major clades, clade I is the
largest in number of samples and number of
species contained. Geographically, it in-
cludes plants from the southwestern, east-
ern, and central part of the Iberian Penin-
sula, plus the two accessions from Morocco.

Morphologically, it also contains a wide
sample of the diversity in the genus, includ-
ing one sample of A. villosa subsp. longiaris-
tata. Nested within clade I is clade Ia, which
contains accessions from two taxa that have
been the subject of previous studies (Nieto
Feliner et al., 1996) and are restricted to a re-
duced area in the western end of the An-
dalusian ranges. Clade II involves only ac-
cessions from the central part of the
Andalusian ranges. All of them belong to A.
villosa subsp. longiaristata except for what
we term Armeria “a” (sample 35). Clade III,
which is restricted to the Sierra Nevada
range in the eastern end of the Andalusian
massifs, includes accessions from three dif-
ferent species. It has the highest bootstrap
value, receiving support from three base
substitutions plus the indel mentioned
above. Clade IV includes samples from a ge-
ographically delimited area comprising the
massifs collectively known as the Subbaetic
ranges, northeast of Andalusia. It contains
accessions from three different subspecies of
A. villosa plus all samples of A. bourgaei
(three subspecies) and one of A. filicaulis.
Clade V contains four accessions from three
species, one of which, A. maritima, is the
most widespread in the genus, occurring in
Eurasia and the New World (Moore and
Yates, 1974; Lefèbvre and Vekemans, 1995).

Parsimony analysis under a transition:
transversion stepmatrix (1:1.38) reduced
the number of most-parsimonious trees
(now nine) but the topology of the strict
consensus remained identical.

The topology of the neighbor-joining tree
recognized the five major clades (and clade
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TABLE 1. Nucleotides of the ITS1 + 5.8S + ITS2 region supporting the major clades (in bold) resulting from a
parsimony analysis of 54 samples in Armeria.

Nucleotide number

Clades 93 129 169 367 378a 387 388 389 471a 499 517 550 599

Outgr. - A T A C C C C G G G G G

I - A T A C (T) C T T G G A G G

Ia - A T A C C T T G G A T G

II - A A A C C C C G G A G G

III A T T A C C C C A T A G G

IV - A T T C C C C G (A) G G G A

V - A T A T T C C G G G G G
aHomoplastic character in the most-parsimonious trees. Character states in parentheses mark the clade where the homoplastic

change also occurs.



graphic origin of the studied plants than
with the systematic arrangement based on
morphology; i.e., clades Ia, II, III, and IV
each encompasses terminals restricted to
geographically delimited areas (Fig. 1b). In
other words, there is a pattern of morpho-
logical similarity that overlies, and conflicts
with, ITS sequence diversity and an under-
lying geographical structure that fits the
ITS diversity. Several alternative, although
not equally likely, explanations for this pat-
tern are possible.

First, we might argue that the cladistic
analysis based on ITS reflects true relation-
ships and that the subspecies subordinated
under A. villosa are unrelated, their similar-
ity resulting from convergence. To consider
this explanation, we need first to examine
whether A. villosa s.l. is a morphologically
cohesive group. Before the systematic revi-
sion for the Iberian Peninsula (Nieto Fe-
liner, 1990), in which an infraspecific taxon-
omy for A. villosa was proposed, most
authors did not recognize any infraspecific
subdivision and so all the populations were
considered as a single entity (Lawrence,
1940; Pinto da Silva, 1972; Devesa, 1987),
implying that the group has morphologic
cohesiveness (but see Bernis, 1955, who did
recognize infraspecific taxa). This morpho-
logical cohesiveness can also be examined
with the multivariate analysis (sampling
adapted to that of ITS sequences). In the
plot of the specimens against the first three
principal component axes, most dots be-
longing to A. villosa cluster together (Fig. 2).
That some specimens, belonging in differ-
ent subspecies of A. villosa (subspp. villosa,
alcaracensis, and bernisii), lie relatively apart
reflects the fact that, despite being morpho-
logically close to the rest of the group, they
exhibit diagnostic characters. The different
accessions from the same subspecies are
close to each other (e.g., samples 41 and 42
of subsp. carratracensis, 39 and 40 of subsp.
bernisii), except for two (samples 50 and 53)
of subsp. longiaristata, which are apart with
respect to the first principal component
axis. However, principal component analy-
sis is not designed to produce discrete
groups (Marcus, 1990) when a relatively
heterogeneous sample, such as a whole
genus, is analyzed, and it should be com-
plemented with other analyses. Discrimi-

Ia) but differed slightly from the parsimony
trees in the basal arrangement. The basal
trichotomy for the ingroup in the parsi-
mony analysis (Fig. 1) was resolved by
placing clade V as sister to the rest and let-
ting the four remaining major clades form a
polytomy.

Results of the morphometric analysis
largely reflected the traditional systematic
arrangement of the species sampled (Fig.
2). In the plot of the 55 specimens against
the first three principal components axes
(explaining 41.2%, 13.8%, and 11.1% of the
variance, respectively), most dots corre-
sponding to any of the subspecies of A. vil-
losa (in black) tended to cluster.

DISCUSSION

Phylogenetic Approach and Reticulate
Evolution in Armeria

Two facts become apparent from the
cladistic analysis based on ITS sequences.
First, different subspecies of Armeria villosa,
and even different accessions of the same
subspecies, do not cluster in the same lin-
eage (Fig. 1a). Specifically, samples of A. vil-
losa subsp. longiaristata appear in three of
the five major clades, and samples of at
least one of the subspecies of A. villosa ap-
pear in four of the five major clades. Sec-
ond, composition of the five major clades
shows more congruence with the geo-
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fined by the first three principal component (PC) axes.
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nant analysis, using the same morphomet-
ric characters and considering two groups
(villosa vs. the rest of the taxa), correctly
classifies every specimen into its original
group (results not shown). At the univari-
ate level, the same two groups differ signifi-
cantly when ANOVAs of two variables
(length of calyx lobe including awn, and
lobe length to calyx length ratio) are per-
formed, thereby confirming that A. villosa is
morphologically cohesive.

The next questions is, Could this cohe-
siveness be due to convergence? The
greater the similarity, the more compelling
the convergent explanation would be.
Therefore, we will concentrate on the wide-
spread subsp. longiaristata, from which
morphologically indistinguishable popula-
tions appear in different clades. Diagnostic
features for this subspecies include the fol-
lowing combination: short lanceolate ciliate
leaves, straw-colored awned involucral
bracts, almost fully scarious spikelet bracts,
long awns in calyx lobes (lobe length to ca-
lyx length ratio >0.3), and white corollas.
This set of features is related mostly to re-
productive organs but also to vegetative. Is
it possible that they have been acquired in-
dependently in three different areas through
convergence? It might be, but it is not very
likely that such a set of seemingly indepen-
dent characters have converged so pre-
cisely as to result in morphologically indis-
tinguishable plants.

A possible second explanation is to as-
sume, as in the first alternative, that the ITS
tree reflects true relationships but in addi-
tion that the subspecies subordinated un-
der A. villosa are disconnected genetic lin-
eages that have retained a plesiomorphic
phenotype. To address properly this inter-
pretation, we would need a cladistic analy-
sis based on another independent data set
on which to map or trace back those possi-
ble plesiomorphies. Unfortunately, the
morphological data in the genus are not
suitable for a cladistic analysis. A great por-
tion of the characters that distinguish
species are continuous and their ranges
overlap largely; thus, even if some type of
gap-coding were applied, the matrix would
be very inappropriate. Besides, high levels
of intraspecific variability require that a
large number of characters are coded as

polymorphic or missing. In fact, an unpub-
lished analysis we tried in a group (sect.
Macrocentron ) that possesses more qualita-
tive characters than average reveals much
incongruence. This complex morphological
pattern might have to do with the fifth pos-
sible explanation for the ITS tree (see
below).

Even in the absence of a cladistic analysis
based on a different data set, some consid-
erations on the possibility that characters
distinguishing A. villosa are plesiomorphic
can be made. The long awned calyx lobes,
departing from the parachute-like fruit-en-
closing calyx, are exceptional within Arme-
ria and absent in other genera. Likewise,
white corollas are much rarer or even ab-
sent in related genera such as Psylliostachys,
Acantholimon, Limoniastrum, or Limonium
(Rechinger and Schiman-Czeika, 1974;
Davis, 1982). Furthermore, if the characters
diagnosing A. villosa are plesiomorphic and
populations from different areas share
more-recent common ancestors with other
species, we should be able to find other
morphological characters shared by the dif-
ferent A. villosa populations and the other
species. For instance, some morphological
feature should be shared by all the termi-
nals of clade I. The discovery of any such
features, so far unknown, could give some
support to this possibility.

A third alternative is that the subspecies
of A. villosa are currently a genetically con-
nected group but have maintained large
amounts of genetic polymorphism relative
to other species, perhaps because of having
larger populations. Lineage sorting could
theoretically account for patterns like the
ITS in Armeria (Pamilo and Nei, 1988;
Doyle, 1992; Maddison, 1997). In fact, it can
explain many different situations.

For lineage sorting to explain discrepan-
cies between molecular evidence and, in
this case, morphological evidence, we need
two conditions. First, ancient polymor-
phisms must have co-occurred within A.
villosa. It seems unlikely with the current
levels of ITS diversity that one species
spanned almost the whole range of varia-
tion. However, let us assume that at the
base of our ITS tree, several ITS copies ex-
isted. Still, for lineage sorting to account for
our observations, we also need a second
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strained analysis. Furthermore, a WSR test
comparing the number of changes required
in the strict consensus of the most-parsimo-
nious trees from the unconstrained analysis
with those required in the strict consensus
of the constrained analysis (Mason-Gamer
and Kellog, 1996) gives highly significant
differences between the trees (P < 0.005).
This implies that monophyly of the dif-
ferent accessions of A. villosa for ITS is
unrealistic.

We have also tried other outgroups that
result in very little change in topology.
When two species of Limonium were used
(results not shown), the trichotomy in the
base was resolved by placing clade VI as
sister to the rest of Armeria as in the neigh-
bor-joining tree. However, with the support
that major clades receive in all the different
analyses we have performed, a different
rooting would not make a difference to the
central theme of this article. It is true that
the number of cladistically informative
characters in our data set is relatively low,
but this feature is coupled with the highly
consistent nature of the data.

The fifth and last alternative explanation
we can envisage is that all the subspecies
subordinated under A. villosa are a geneti-
cally connected group (warranting the label
“species”) but that they have differen-
tiated via introgression. This would imply
that nucleotide positions supporting the
major clades are due, at least in some of
the samples, to horizontal transfer (gene
flow) rather than to recency of common
ancestry.

This explanation could account for the
placement of the different geographically
restricted subspecies of A. villosa in differ-
ent clades by suggesting their origin from
hybridization between the widespread
subsp. longiaristata and some other sym-
patric taxa. Likewise, the placement of dif-
ferent specimens of subsp. longiaristata in
three clades could be explained by the same
process with other taxa, without resulting
in the formation of new subspecies. For in-
stance, the occurrence of one accession
(sample 50) of A. villosa subsp. longiaristata
in clade I could result from introgression
from A. hirta because they are close both ge-
ographically (Fig. 1) and in the morphomet-
ric space (Fig. 2). Within clade Ia, the hy-

condition, namely, random sorting of such
ancestral polymorphisms. In our case, this
implies four events of selective loss (or fail-
ure to sample), each one involving three ITS
copies: (1) loss of three ITS copies (those
presently occurring in clades II, III, and IV)
in terminals appearing in clade I; (2) loss of
the three ITS copies occurring in clades I,
III, and IV in terminals appearing in clade
II; (3) loss of the three ITS copies occurring
in clades I, II, and IV in terminals appearing
in clade III; and (4) loss of the three ITS
copies occurring in clades I, II, and III in
terminals appearing in clade IV. This is cer-
tainly possible but is it likely? If added to
this are the requirements that those clades
sharing an ITS contain different species and
that three of them are geographically very
restricted, lineage sorting remains as a pos-
sible explanation but we think not the most
likely one.

Furthermore, the probability that gene
copies fail to coalesce depends on popula-
tion size (Pamilo and Nei, 1988); the larger
the population size, the greater the chances
that intraspecific polymorphisms exist. In a
genus like Armeria with low internal repro-
ductive barriers (see below), such a favor-
able condition for lineage sorting to occur
would also facilitate the occurrence of other
mechanisms resulting in the observed pat-
tern. In the Iberian peninsula, where the
most diversity is concentrated and sym-
patric situations are frequent, the larger
population size would also imply greater
chances for gene flow to occur. Therefore, if
lineage sorting can theoretically account for
our ITS trees, the chance that it is the only
cause is low.

Still a fourth possible explanation is that
the ITS tree is estimated incorrectly, i.e., that
the A. villosa accessions are monophyletic
for this data set. However, the cost in terms
of parsimony of forcing all villosa accessions
to be monophyletic in a constrained analy-
sis make this possibility untenable. Ten
more steps for the most-parsimonious trees
(only 18 characters are potentially informa-
tive for the ingroup), CI excluding uninfor-
mative characters decreasing to 0.6 (as com-
pared to 0.84), the number of trees itself
(519 vs. 15), and a polytomy involving
everything else except A. villosa accessions
are the comparative features of this con-
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pothesis of the origin of A. villosa subsp. car-
ratracensis from a cross between A. colorata
and A. villosa subsp. longiaristata (Nieto Fe-
liner et al., 1996) is compatible with the ITS
sequence data, but further independent evi-
dence is needed and the subject will be dis-
cussed elsewhere. We have no morphologi-
cal clues about the possible origin of the
other subspecies of the A. villosa group: A.
villosa subsp. villosa, a dwarf plant restricted
to a single mountain peak. The fact that the
only sample from this rare plant appears to-
gether with subsp. carratracensis and A. col-
orata within clade Ia (Fig. 1) might suggest
that subsp. villosa instead of subsp. longiaris-
tata is, in fact, the progenitor of subsp. carra-
tracensis. But this possibility does not fit the
previous morphological evidence (Nieto Fe-
liner et al., 1996) nor the preliminary RAPD
data (unpubl.). Besides, populations from
subsp. longiaristata are closer geographically
to subsp. carratracensis than is subsp. villosa.
The occurrence of three species sharing the
same ITS sequence within clade IV also can
be explained in terms of hybridization. On
morphological and ecological grounds, the
subspecies of villosa in this clade (subsp.
bernisii) was hypothesized to have arisen
from a cross between A. villosa subsp. longia-
ristata and A. filicaulis (Nieto Feliner, 1990), a
possibility consistent with the ITS data pre-
sented here. Another putative hybrid taxon
appears to be constituted by the popula-
tions of A. filicaulis from Sierra Nevada.
These populations differ not only in ITS
from the single accession from another part
of its distribution area (sample 31) but also
in morphological features (Nieto Feliner,
1990; Nieto Feliner et al., 1998). Both the
molecular and morphological character dis-
tributions are compatible with the hypothe-
sis that the Sierra Nevada populations of A.
filicaulis originated from hybridization be-
tween A. splendens and other forms of A. fili-
caulis. Clade IV contains the greatest num-
ber of accessions of the A. villosa group. The
taxon or taxa that, according to this fifth
possible interpretation, could ultimately be
responsible for the ITS sequence in this
clade remains uncertain.

This interpretation of ITS cladograms, in
terms of hybridization/introgression, has
previous support from independent evi-
dence. This can be summarized in two

points. First, internal reproductive barriers
are very weak and thus allow for interspe-
cific gene flow. The formation and persis-
tence of complex hybrids whenever popula-
tions come in contact are also facilitated by
the effective restoration of pollen viability
through backcrossing, although this is not
always necessary: Some artificial F1 hybrids
display an average pollen stainability >90%.
Experimental crosses resulting in these fea-
tures included 9 of the 34 taxa sampled in
the present study from clades I, Ia, IV and V,
including A. villosa subsp. longiaristata and
subsp. carratracensis (Nieto Feliner et al.,
1996; Nieto Feliner, 1997). Second, in the
same reports, it was also noted that some
quantitative characters under multigenic
control (e.g., length of calyx lobe, but several
others as well) are reliable expressions of in-
termediate genotypes. To the extent that this
finding minimizes the effect of phenotypic
plasticity in morphological variability, it
gives some support to reports of hybridiza-
tion within Armeria in the literature (Bernis,
1954; Lefèbvre, 1969; Arrigoni, 1970; Philipp,
1974) as well as to reports of intrapopulation
heterogeneity for morphological characters
(Lefèbvre, 1969; Arrigoni, 1970; Philipp,
1974; Nieto Feliner, 1993) also explained in
terms of hybridization.

Nevertheless, a question may arise con-
cerning the point of the morphological co-
hesiveness of A. villosa (Fig. 2). If the differ-
ent ITS types within A. villosa subsp.
longiaristata are due to hybridization with
other taxa, how can the species be so mor-
phologically cohesive? A simple answer
would be to suppose that backcrossing has
always occurred towards subsp. longiaris-
tata, but, if so, why would the ITS types,
supposedly acquired through hybridiza-
tion with other taxa, have been retained?
Our suggestion would be that biased con-
certed evolution could account for this ap-
parent discrepancy.

In this respect, the occurrence of poly-
morphic sites may be a problem. Sample 51
of A. villosa subsp. longiaristata, showing
polymorphisms for five of the informative
sites, represents a clear additive pattern
with respect to extant taxa. In fact, because
those sites are precisely the ones in which
clade IV (where the sample geographically
belongs) differs from clade I, it is reason-
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artificial hybrids between A. villosa subsp.
longiaristata (from clade IV) and A. colorata
and from two generations of backcrosses. If
we score only those sites that differ be-
tween the two parental sequences and are
supporting any of the major clades in the
cladistic analysis based on ITS, there turns
out to be homogenization in the six nu-
cleotide sites satisfying both conditions.
This effect was apparent in F2 hybrids and
in the backcrosses.

Low homoplasy levels obtained in our
parsimony analyses (Fig. 1a) might also be
related to a high degree of concerted evolu-
tion (Sanderson and Doyle, 1992). Alterna-
tively, low rates of molecular evolution, re-
cent divergences, or both can also result in
low homoplasy. But none of those two fea-
tures by themselves explain the geographic
structure of the data. If combined with lin-
eage sorting, we would still have to assume
the selective losses of ITS types outlined
above. It thus appears that low rates may be
one of the intervening forces, but not the
only one. On the other hand, if low rates of
molecular evolution or recent divergences
(or both) were combined with introgres-
sion, we would expect that additive poly-
morphic patterns would tend to persist un-
less sequence homogenization is active.
Therefore, concerted evolution is a signifi-
cant piece in the fifth explanation for the
ITS pattern.

From the above argumentation, we think
the explanation for the ITS pattern involv-
ing extensive gene flow is more likely than
the others. Certainly, it is also more chal-
lenging and, because the evidence is not ab-
solutely conclusive, needs to be confirmed
by future studies; in particular, sequences
from a chloroplast gene (currently in
progress) would be helpful. We point out
that, even if extensive hybridization/in-
trogression were not the main cause behind
the ITS data, the geographical structure
of the ITS sequence diversity and the
overlying discordant morphological pat-
tern is interesting in itself, regardless of the
explanation.

Armeria villosa as a Compilospecies
Assuming the fifth explanation is the

most likely of those entertained has several

able to suppose that it is a hybrid between
A. villosa subsp. longiaristata from clade IV
and some other species from clade I. There-
fore, the sample could be added as a reticu-
lation to the trees. Other polymorphisms
following a clear additive pattern, as inter-
preted in the sequence chromatograms, are
sites 378 (C/T) and 442 (C/G) for sample 9
of A. hirta, site 517 (A/G) for samples 49
and 52 of A. villosa longiaristata, and site 578
(A/C) for sample 45 of A. villosa longiaris-
tata. The two polymorphic sites for sample
9 of A. hirta suggest introgression either
from A. macrophylla or A. velutina, both of
them sympatric to A. hirta and exhibiting
the “rare” nucleotide (378T, 442C) involved
in those two polymorphisms. Sample 49 of
A. villosa longiaristata may have introgres-
sion from clade III, because this is not only
consistent with polymorphism in site 517
but also with that in site 471 (Table 1). Sam-
ple 52 exhibits several other polymorphic
sites, although only the one in site 517
shows an additive pattern with respect to
our data set. This sample is likely to be a
hybrid or introgressed individual. The
polymorphic site 578 (A/C) for sample 45
of A. villosa longiaristata is unexpected and
probably irrelevant, because the only C in
our data set occurs in Psylliostachys.

However, this number of additive poly-
morphisms is few compared with those in
other cases where hybridization is involved
(Sang et al., 1995; Campbell et al., 1997).
Therefore, for the hybridization/introgres-
sion scenario to be plausible, homogeniza-
tion of hybrid sequences should proceed
actively. Putative hybrids in Gossypium
(Wendel et al., 1995b), Saxifraga (Broch-
mann et al., 1996), and the silversword al-
liance (Baldwin and Robichaux, 1995) are
reported to undergo rapid concerted evolu-
tion, whereas retardation of this mecha-
nism and thus a preservation of polymor-
phisms along the tandem copies of ITS are
reported in groups where apomixis and
particularly polyploidy are involved (Kim
and Jansen, 1994; Sang et al., 1995; Camp-
bell et al., 1997). In Armeria, where almost
all species are diploid, we could expect that
concerted evolution after hybridization
proceeds rapidly. In this regard, we have
unpublished data that support such expec-
tations. We have examined sequences from
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implications. One of the possible outcomes
of extensive gene flow is a compilospecies.
Despite the fact that the term was originally
proposed for tetraploids and that Stebbins
even used the concept in a diagram of
what he considered a “typical polyploid
complex” (Stebbins, 1971), the concept was
explicitly considered applicable for crosses
at the diploid level (Harlan and de Wet,
1963).

On the basis of the ITS analysis, and mor-
phological, ecological, and distributional
evidence, we suggest that A. villosa can be
considered a compilospecies. Our proposi-
tion rests on the following arguments. First,
A. villosa subsp. longiaristata is the most
widespread of the six subspecies, its area
spanning the whole distributional range of
the species, which covers a large proportion
of the hilly territories in Andalusia (Nieto
Feliner et al., 1996). Second, the remaining
five subspecies are geographically marginal
and restricted (even local except for subsp.
bernisii). Third, these five subspecies are
morphologically close to subsp. longiaristata
but differ from it in sets of characters that,
in three of them, are found in sympatric
taxa not belonging in the A. villosa group.
Those three sympatric taxa are A. colorata
for subsp. carratracensis, A. filicaulis subsp.
nevadensis for subsp. bernisii, and A. alboi
(not sampled in this study) for subsp. al-
caracensis (Nieto Feliner, 1987; Nieto Feliner
et al., 1996). Fourth, ecological require-
ments of the three putative germplasm
donors as compared with these three sub-
species are consistent with the hypothesis
of hybridization and introgression (see be-
low). Fifth, ITS profiles are heavily depen-
dent on the geographic area, thus suggest-
ing the possibility that the similarities
among sequences are partly due to gene
flow. Sixth, in two cases, hypothetical gene
flow from the donors into the subspecies of
A. villosa (subsp. carratracensis and subsp.
bernisii) is consistent with the ITS sequences
of both the donors (A. colorata and A. fili-
caulis subsp. nevadensis, respectively) and
the two subspecies. For the third one pro-
posed (A. villosa subsp. alcaracensis ), we
lack data for comparison.

The possible occurrence of such a model is
striking and its implications on the species
concept noteworthy (see below). Nonethe-

less, even if the compilospecies model does
fit to some extent the evolutionary scenario
in Armeria, we do not claim it to be a fre-
quent model in angiosperms.

Although this model might follow evenly
from the assumption of the fifth explana-
tion, it should also make sense ecologically.
In this respect, it can be argued that a com-
pilospecies in a genus of obligate out-
crossers, with extremely weak internal re-
productive barriers, might represent an
alternative avenue for differentiation. It has
been suggested, particularly for island sce-
narios, that failure to develop reproductive
barriers facilitates the influx of genes
through hybridization (Gillet, 1972; Fran-
cisco-Ortega et al., 1996). Species can colo-
nize novel habitats through introgression
with other sympatric congeners that have
different ecological requirements. In this
way, depending on the degree of assimila-
tion of foreign genes, new genotypes can
arise that differ from the core species both
in ecological requirements and in morpho-
logical features.

In Armeria, we can infer a possible adap-
tive advantage in the putative hybrid origin
of A. villosa subsp. carratracensis from a
cross between subsp. longiaristata and A.
colorata. Because A. colorata occurs exclu-
sively on serpentine soils and subsp. longia-
ristata on limestone soils, the cross between
these two taxa may have allowed the wide-
spread subspecies (i.e., the compilospecies)
to acquire tolerance to serpentine and thus
occupy a new habitat through the forma-
tion of the new subspecies, subsp. carratra-
censis. Likewise, ecological differentiation
of subsp. bernisii, as compared with the
widespread subsp. longiaristata, has appar-
ently occurred in the direction of colonizing
higher altitudes and siliceous substrates.
This differentiation may have proceeded
through introgression from the high-alti-
tude silicicolous endemic A. splendens.

Our data do not imply that all the intro-
gression events detected result in adaptive
advantages. Some of those events may be
chance consequences of the evolutionary
history of the two taxa involved in a given
instance of gene flow. However, the whole
scenario is better explained in adaptive
terms. In particular, the exclusive occur-
rence of the subspecies carratracensis and
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geographical area. In any case, we agree
with Arnold’s (1997:21) statement that “it is
of extreme importance that we do not let
definitions . . . limit investigations into the
evolutionary importance of the process of
natural hybridization.”

Recent studies (Sang et al., 1995; Buckler
and Holtsford, 1996) have warned about
the use of ITS in phylogenetic reconstruc-
tion when reticulate evolution and con-
certed evolution are present. In this paper
we present what we consider insightful re-
sults based on an accurate sampling of nat-
ural populations combined with detailed
morphological knowledge of the group in-
volved. Detection of reticulate evolution in
phylogenetically oriented studies is seri-
ously hampered by the fact that there are no
fully reliable predictable patterns (Riese-
berg and Ellstrand, 1993; McDade, 1995).
As a consequence, reticulation is inferred
from discrepancies between analyses that
were based on different data sets, in partic-
ular different genes (Rieseberg et al.,
1996b). Reticulation is thus invoked only
when other sources of such discrepancies
are dismissed. One of the reasons we think
the results presented may be relevant is that
a single gene, with an underlying geo-
graphic structure and previous experimen-
tal and morphological evidence, provides
credible, although perhaps not conclusive,
arguments for reticulation. This is consis-
tent with the claim of Baldwin et al. (1995)
that ITS can provide direct evidence of
reticulate evolution. Therefore, the compi-
lospecies model, here supported on molec-
ular data for the first time, illustrates the
importance of a “phylogenetic approach”
in studies of natural hybridization (Nieto
Feliner and Fuertes Aguilar, 1998).
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bernisii in ecologically differentiated areas
with respect to the widespread subsp. lon-
giaristata, coupled with the ITS data, is an
argument for the adaptive advantage of
their presumed origin and thus for the com-
pilospecies model.

The original proposition of the concept
attributed a “genetically aggressive” be-
havior to the compilospecies (Harlan and
de Wet, 1963). In groups like Armeria, with
weak internal reproductive barriers, we
think such aggressiveness could be rather a
consequence of a larger distribution that
provides more sympatric situations. In fact,
we think that other species with relatively
large distribution areas, such as A. trans-
montana and A. filicaulis, may resemble the
model as well.

Our reappraisal of the compilospecies
model is congruent with the conceptually
relevant findings of Rieseberg et al. (1996a)
in Helianthus, in which interactions be-
tween the genes of hybridizing parents con-
strain the genomic composition of the hy-
brids (both natural and artificial). That the
genome of the hybrid lineages is, to a
greater or lesser extent, being selected
clearly increases the chances that the intro-
gressants produced within the frame of a
compilospecies persist in that ecogeo-
graphic milieu.

One of the main implications of the com-
pilospecies model, as proposed for Armeria,
is the species concept. In a genus where ex-
tensive gene flow may take place, the biolog-
ical species concept is inadequate. The fact
that a group of morphologically and ecologi-
cally differentiated entities are capable of in-
terbreeding occurs in various groups within
vascular plants (Quercus, Pinus, Iris, Geum,
Aquilegia; Grant, 1981). In this regard, Arme-
ria may be a syngameon in biosystematic
terms, but we do not think adopting a repro-
ductive criterion for species recognition
would be appropriate or practical in this
genus. Our use of taxonomic ranks is admit-
tedly arbitrary (Nieto Feliner, 1987), but re-
ducing the genus to a single taxonomic
species is no better. A considerable amount
of morphological variation is geographically
structured and sorted in such a way that
roughly half of the , 120 species are recog-
nized by common botanists, although some
of them are recognized only in parts of their
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APPENDIX 2. MORPHOMETRIC VARIABLES

Character no. Description

1 Leaf length

2 Ratio leaf length to leaf width

3 Scape length

4 Diameter of the scape at base

5 Diameter of the involucre

6 Ratio of the involucral diameter to the length of the involucral sheath

7 Number of involucral bracts

8 Length of inner involucral bracts

9 Ratio of the shortest to the longest involucral bracts

10 Width of inner involucral bracts

11 Length of spikelet bracts

12 Ratio of the length of spikelet bracts to the length of inner involucral bracts

13 Calyx length

14 Ratio of calyx lobe length (including awn) to total calyx length

15 Calyx tube length

16 Ratio of calyx tube length to calyx limb length

17 Length of calyx pedicel scar

18 Petal color


