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Abstract. The Sphagnum subsecundum complex includes a group of closely related, morpho-
logically intergrading species in section Subsecunda. Nucleotide sequences from six genes (four
nuclear and two chloroplast) were obtained from 74 populations representing all the putative
species in this complex (S. denticulatum, S. inundatum, S. lescurii, S. subsecundum) to determine
if the morphologically-defined taxa represent genetically distinct units. Sampling included popu-
lations from North America, Europe, and Asia. Parsimony analyses resolved two major groups
of populations, one containing only North American plants (plus one from northern Russia) and
the other containing all but two of the European samples, a few from North America, and one
from Japan. Two of the four morphospecies occurred in both groups. Shimodaira-Hasegawa (SH)
tests indicate that monophyly of S. inundatum, S. subsecundum, and S. lescurii can be rejected,
whereas monophyly of S. denticulatum cannot be rejected with our data. Intragenic recombination
was detected in both groups of populations, but was substantially higher in the ‘‘American’’ group.
Because recombination calls into question the applicability of character-based phylogenetic meth-
ods, including parsimony, molecular similarity among populations was estimated using neighbor-
joining. Neighbor-joining also resolved geographically correlated groups and corroborated the
conclusion that morphologically defined species do not form genetically coherent groups. Groups
of populations more closely reflect geographic than morphological patterns.

Keywords. Allopolyploidy, ITS, moss phylogeny, polyploidy, recombination, Sphagnum in-
undatum, Sphagnum lescurii, Sphagnum subsecundum complex, trnG, trnL-trnF.

With some 200 species (Crum 2001), Sphagnum
L. is one of the world’s largest genera of mosses.
However, the total number of species is unknown,
and the species-level taxonomy of Sphagnum is ar-
guably one of the most contentious among moss
genera. Much of the taxonomic disagreement cen-
ters around the status of taxa within complexes of
closely related species; where one taxonomist
‘‘sees’’ a single species, another might see six or
eight. Most Sphagnum species fall within one of
four large monophyletic sections (or subgenera):
Sphagnum, Subsecunda, Cuspidata, and Acutifolia
(Shaw 2000; Shaw et al. 2003). Complexes of
closely related and morphologically similar taxa
surround S. imbricatum (section Sphagnum; Flat-

1 Corresponding author

berg 1986), S. recurvum (section Cuspidata; Såstad
1998), S. capillifolium (section Acutifolia; Mc-
Queen 1989; Cronberg 1994) and S. subsecundum
(section Subsecunda; Krzakowa & Melosik 2000),
and each of these groups remains taxonomically
controversial.

Relationships within the section Subsecunda are
especially problematic because the section is spe-
ciose worldwide, and because gametophyte mor-
phology appears to be highly plastic in response to
habitat conditions (Flatberg 1985; Goosens & De
Sloover 1981). Taxa within the S. subsecundum
complex are distinguished by size and shape of
stem and branch leaves, and by the extent to which
stem leaves are fibrillose and porose (Crum 1984;
Eddy 1977; Hill 1975; Melosik 2000b). Lindberg
(1882), for example, distinguished four species of
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section Subsecunda in Europe and North America,
but Warnstorf (1911) recognized 17 species in Eu-
rope and 36 species in North America. Isoviita
(1966) reduced this number to six for Europe while
Åberg (1937) recognized only three European spe-
cies. Taking the most conservative approach, An-
drews (1913) recognized a single North American
species in the group: S. subsecundum Nees. How-
ever, Andrews later (1959) acknowledged that
‘‘Sphagnum subsecundum Nees, taken in a broad
sense, has by universal agreement long been con-
sidered the most variable species of the genus.’’
Crum (1984) also recognized just S. subsecundum
at the specific level, but with nine varieties. Most
authors have separated at least those species having
a multistratose stem cortex; i.e., S. contortum
Schultz, S. platyphyllum (Lindb. ex Braithw.) Sull.
ex Warnst. and S. carolinianum Andrus, but the tax-
onomic status of taxa having a unistratose cortex
remains controversial. The latter group is referred
to here as the ‘‘S. subsecundum complex.’’

The S. subsecundum complex includes taxa that
have been distinguished at the specific (Flatberg
1985; Melosik 2000b; Russow 1894), subspecific
(Daniels & Eddy 1985; Eddy 1977), or varietal lev-
el (Crum 1984; Hill 1975; Rahman 1972). The sep-
aration of S. lescurii, S. denticulatum and S. inun-
datum as distinct species is not easy, in spite of the
fact that all these taxa seem to have their own mor-
phological (but mainly quantitative), ecological,
and distributional characteristics. Sphagnum inun-
datum Russow poses particular problems. The tax-
on was described by Russow (1894) as a species,
but Rahman (1972) considered it a variety of S.
subsecundum. Hill (1975), on the other hand, rec-
ognized it as a variety of S. auriculatum. Similarly,
the taxonomic position of the North American S.
lescurii Sull. remains unclear, as it has been related
both to European S. auriculatum (Andrus 1980;
Andrus & Vitt 1977; Crum & Anderson 1981;
Crum 1984) or S. inundatum (Flatberg 1985).

Taxonomic difficulties among species of sect.
Subsecunda have also led to nomenclatural confu-
sion. Some bryologists use the name S. auriculatum
for what others call S. denticulatum. Dirkse and
Isoviita (1986) argued that S. auriculatum and S.
denticulatum are synonyms and that the earlier
name, S. denticulatum, should be used. In contrast,
others (e.g., Flatberg 2002) thought that the type
specimen of S. denticulatum is in such poor shape
that it cannot be reliably identified, and the name
should therefore be rejected (Flatberg, pers.
comm.).

A number of authors have discussed putative
ecological differences between taxa in the S. sub-
secundum complex (e.g., Brzeg et al. 2000; Eddy
1977; Goosens & DeSloover 1981). Sphagnum sub-

secundum occurs across northern North America,
Europe, and Asia, and is also reported from South
America (Crum, pers. comm.) and Australasia,
south to New Guinea (Eddy 1977). The range of
Sphagnum inundatum is much the same as S. sub-
secundum, but according to Daniels and Eddy
(1985), it does not extend as far to the north and
east and is more common than S. subsecundum in
the British Isles. The geographic distributions of S.
denticulatum and S. lescurii are unclear because of
the taxonomic confusion surrounding them. Crum
(1984) considered those taxa [as S. subsecundum
var. rufescens (Nees & Hornsch.) Huebener] to be
widespread in eastern North America, south though
the West Indies and into northern South America.
He also attributed them to Japan, Australia, New
Zealand, and northern Africa. Recent work suggests
that at least some tropical and Southern Hemisphere
records belong to endemic taxa related to, but not
conspecific with, the Northern Hemisphere species
(e.g., Fife 1996). Eddy (1985) reported S. auricu-
latum (5 S. denticulatum) but not S. subsecundum
from northern Africa. Most European authors have
considered S. denticulatum as a species with pre-
dominantly oceanic tendencies in its distribution
(Eddy 1977; Hill et al. 1992; Isoviita 1966; Melosik
2000a; Ochyra 1995).

The purpose of this study is to assess genetic and
phylogenetic relationships among members of the
S. subsecundum complex using nucleotide sequenc-
es from six nuclear and chloroplast genes. Our sam-
ples include collections that conform to morpho-
logical concepts of S. subsecundum, S. inundatum,
S. denticulatum, and S. lescurii. By utilizing a rel-
atively narrow species concept in which we distin-
guish all four species, we were able to test whether
these names correspond to distinguishable groups
of multilocus haplotypes, and how these haplotypes
are related.

MATERIALS AND METHODS

Taxon sampling. The molecular data set included six-
ty-nine accessions, each identified as one of the four spe-
cies in the S. subsecundum complex. Five additional pop-
ulations representing other species of section Subsecunda
were included as outgroups, namely, S. capense Hornsch.
and S. cymbifolioides Breutel from Africa, and S. contor-
tum Schultz from North America. Of the 69 collections of
‘‘the complex,’’ 31 originated in Europe, 36 in North
America, and two from Asia (Japan and northern Russia).
Voucher specimens are deposited in DUKE unless other-
wise noted. In most cases, the six genomic regions (see
below) were sequenced directly, but when unambiguous
results were not obtained from direct sequencing, the re-
gions were cloned as in Shaw et al. (2003). Generally,
only a single clone was sequenced for each individual,
and when more than one clone was sequenced, the first
was arbitrarily chosen for inclusion in the phylogenetic
analysis.

Inferences about how the molecular results correspond
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to morphologically defined species depend, of course, on
how the species are identified. Three systematists who
specialize on Sphagnum examined the collections: L. E.
Anderson–Durham, North Carolina; and two of the au-
thors–I. Melosik and J. Shaw. Species identifications were
accomplished both subjectively using characters identified
as diagnostic by Crum and Anderson (1981), Flatberg
(2002), and Melosik (2000b), and by multivariate statis-
tical analyses of a larger sample of collections within
which most of these accessions were included (Melosik,
unpubl.). There was disagreement among the specialists
on the identity of some samples. In most cases the con-
sensus taxonomic interpretation was used, or one of us
(AJS) made the final determination. These disagreements
highlight taxonomic difficulties in the group and reflect
differing views about which morphological characters are
diagnostic when they provide contradictory evidence. Our
major conclusions are robust to these disagreements.
Specimen data, along with GenBank accession numbers,
are provided in Table 1.

Genomic sequencing. Nucleotide sequences were ob-
tained from six loci. From the chloroplast genome, we
sequenced transfer RNAGly (UCC) (hereafter, trnG), and
the trnL (UAA) 59 exon—trnF(GAA) intergenic spacer
(trnL). Nuclear sequences were obtained from the ITS1–
5.8S–ITS2 region (ITS). Three anonymous regions, as-
sumed to be nuclear, were sequenced using primers de-
signed for loci identified from an analysis of RAPDs (ran-
dom amplified polymorphic DNA) in Sphagnum. Primer
sequences for amplifying and sequencing trnG are provid-
ed in Pacak and Szweykowska (2003). Amplification and
sequencing protocols, and the other primers utilized in this
study, are described in Shaw et al. (2003).

Phylogenetic analyses. A first round of analyses was
conducted under maximum parsimony (MP) and Bayesian
statistical inference. Equally-weighted parsimony analyses
were conducted with 300 random taxon-addition repli-
cates and TBR branch swapping, saving as many as 50
trees per replicate. Branch swapping was then conducted
on these trees, saving as many as 20,000 total trees. Sup-
port for nodes was assessed by 300 non-parametric boot-
strap replicates each with ten random taxon-addition rep-
licates, saving 500 trees per replicate.

The most appropriate substitution model for the data
was determined by hierarchical likelihood ratio tests with
the aid of MrModeltest 1.1b (Nylander 2002). The model
was utilized for a homogeneous Bayesian analysis using
MrBayes3 (Huelsenbeck & Ronquist 2002). We also un-
dertook a heterogeneous Bayesian analysis of the data in
which the optimal substitution model was determined in-
dependently for each of the six regions. Consensus trees
reconstructed from the collection of trees contained in the
95% posterior probability space of the Bayesian analyses
were largely unresolved, reflecting conflicts among (and
within) genomic regions. These trees are not presented.
We describe our attempt to accomplish Bayesian analyses
of the data set, even though presentable results were not
obtained, because our failure may well reflect recombi-
nation in the study taxa. The Bayesian reconstructions will
not be discussed further.

Hypotheses of monophyly for the four morphospecies
were evaluated using Shimodaira-Hasegawa (SH) tests,
implemented in PAUP (Swofford 2001). Ten randomly se-
lected trees obtained from the unconstrained maximum
parsimony analysis were compared to 100 trees recovered
from analyses in which each species was constrained (se-
quentially) as monophyletic. Significance of the SH tests
were assessed using Rell optimization with 1,000 boot-
strap replicates.

Because recombination was detected in all four nuclear
loci (see below), molecular similarities among the samples
were also assessed using neighbor joining, implemented
in PAUP. Uncorrected distances were used to cluster the
samples, and support for groups was assessed by 5,000
bootstrap replicates.

Parsimony and Bayesian analyses were undertaken for
each locus separately, and for various two and three locus
combinations. Trees derived from these analyses were un-
resolved and uniformative, and are not presented.

Population genetics and recombination. Descriptive
genetic statistics (including Tajima’s D; Tajima 1989) and
analysis of molecular variance (AMOVA) were imple-
mented using ARLEQUIN (Schneider et al. 2000). Out-
group samples (four) were excluded from the genetic anal-
yses. The AMOVAs estimated partitioning of molecular
variation within and among two geographically correlated
clades resolved by the parsimony analysis, and also within
and among four clusters of genetically differentiated pop-
ulations identified by neighbor-joining (Table 3). For the
AMOVA that partitioned molecular variation within and
between the two groups identified under parsimony, two
ingroup populations that were not included in either of the
two major clades were excluded so that the AMOVA was
based on 67 populations. The second AMOVA, which
partitioned variation within and among the four groups
identified by neighbor-joining, included all 69 ingroup
populations.

Population-level intragenic recombination was estimat-
ed separately for the groups identified by parsimony (N
5 2) and neighbor-joining (N 5 4) using SITES (Hey &
Wakeley 1997) on a locus by locus basis. The test for
recombination implemented in SITES is based on the
four-gamete test of Hudson and Kaplan (1985). Recom-
bination is implied when two sites are incongruent; i.e.,
when all four possible gametic combinations exist in the
data. At least one recombination event must have occurred
within an interval bounded by two incongruent sites.
Gamma (g) (Hey & Wakeley 1997) provides an estimate
of the population recombination rate, 2Nc (for a popula-
tion of haploids), where c is the crossing over rate for the
sequenced region per generation. Also calculated is the
ratio of number of recombination events per mutation (c/
m), derived by dividing gamma (Nec) by theta (u 5 2Nem
for haploids). This ratio gives an estimate of the relative
contribution of recombination and mutation to molecular
diversity on a per site basis.

An important assumption of this approach is that the
data conform to the infinite sites model; that is, that mu-
tations have occurred no more than once at each site. Oth-
erwise, incongruence could result from parallel evolution
because of multiple hits, and SITES does not give an ac-
curate estimate of recombination in such cases (Hey &
Wakeley 1997). The number of sites segregating more
than two nucleotides provides an indication of the extent
to which multiple hits may have occurred. These numbers
are presented, along with recombination estimates, in Ta-
bles 4 and 5.

RESULTS

Parsimony analyses. The aligned nucleotide
matrix included 74 taxa and 4,379 characters, of
which 3,886 were monomorphic, 248 were auta-
pomorphic, and 245 were parsimony informative.
The breakdown of nucleotide variation among loci
is provided in Table 2. The nuclear ribosomal ITS
region included more than twice as many singletons
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TABLE 2. Gene regions included in phylogenetic anal-
yses of the S. subsecundum complex, their lengths, num-
bers of autapomorphic and informative sites.

Locus Length
Autapomorphic

sites
Informative

sites

ITS 773 70 30
RapdA 1,099 54 84
RapdB 605 64 64
RapdF 544 37 47
trnG 722 11 11
trnL 636 12 12

FIGURE 1. Maximum parsimony strict consensus tree showing genealogical relationships among populations in the
Sphagnum subsecundum complex. Nonparametric bootstrap values of .50% are shown above branches. D 5 S. den-
ticulatum, I 5 S. inundatum, L 5 S. lescurii, S 5 S. subsecundum.

(autapomorphic sites) than polymorphisms that
were shared among two or more accessions (par-
simony informative sites). The RAPD loci, which
were also variable, contained as many or more in-
formative than autapomorphic sites. As expected,
the two chloroplast loci (trnG, trnL) contained less
nucleotide variation than the nuclear loci (Table 2).

20,000 equally most-parsimonious trees of 931
steps were recovered from the phylogenetic analy-
ses. The trees had a CI of 0.570, an RI of 0.794,
and an RC of 0.453. The strict consensus of these
trees is shown as Figure 1. The S. subsecundum
complex plus S. contortum form a monophyletic
group with 100% bootstrap support, but popula-
tions of the four species that comprise the complex,
identified morphologically, are scattered and do not
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TABLE 3. Analysis of molecular variation (AMOVA)
between the two major clades in the S. subsecundum com-
plex resolved by parsimony analysis, and among the four
clusters identified by neighbor-joining. The first analysis
includes only those 67 populations that were grouped
within the two clades shown in FIG. 1; seven populations
(including outgroups) that are outside those clades are not
included. In the second analysis, all 69 ingroup samples
were included.

Source df S.S. V.C.
% of

variation

Parsimony analysis
Between clades 1 320.943 8.008 13.08
Within clades 65 3,459.446 53.222 86.92
Total 66 3,780.388 61.230

Neighbor-joining
Among clusters 3 554.083 10.214 36.69
Within clusters 65 1,145.642 17.625 63.31
Total 68 1,699.725 27.839

group together as monophyletic units. Few groups
of populations were supported with high bootstrap
values, but two major groups were resolved within
the complex. Only two populations of S. denticu-
latum, from Scotland and Poland, fell outside these
two groups (#266 and #129; Fig. 1). With those
exceptions, all the European populations fell into
one group, which also included North American
populations from California, Michigan, Nova Sco-
tia, and Ontario; hereafter, referred to as the ‘‘Eu-
ropean group.’’ A population from Japan was also
included in this group. The other group of popu-
lations included all the remaining North American
populations; hereafter, the ‘‘North American
group.’’ A population from Russia grouped with the
American populations.

Populations of S. subsecundum and S. inundatum
occurred in both geographic groups (Fig. 1). Within
the North American and European groups, a few
smaller well-supported subgroups were resolved,
and in some cases these are related to geography.
One subgroup within the European group includes
populations from Poland, Norway, and the Neth-
erlands, and one within the North American group
includes populations from the eastern part of the
continent: Newfoundland, Pennsylvania, Delaware,
and Virginia. A weakly supported group includes
populations from northwestern North America
(Alaska, British Columbia) and Russia. On the oth-
er hand, a strongly supported cluster of populations
in the European group includes plants from Poland,
Finland, California, and Michigan (Fig. 1). In some
cases, collections from widely separated localities
share a well-supported sister group relationship
[e.g., S. subsecundum (#261) from Spain and S. in-
undatum (#15) from Poland]. What little grouping
of morphospecies exists in the tree is confounded
with geography.

SH tests rejected monophyly for S. subsecundum
(p , 0.001), S. inundatum (p , 0.001), and S. les-
curii (p , 0.05), but monophyly of S. denticulatum
could not be rejected. The first two species are rep-
resented in both the North American and European
groups whereas S. lescurii and S. denticulatum are
restricted (in our sample) to one or the other (North
America and Europe, respectively).

Population genetics of clades resolved by par-
simony. An analysis of molecular variance
(AMOVA) conducted on the 67 populations that
were included by parsimony analyses in either the
North American or European groups indicates that
approximately 13% of the total sequence variation
can be attributed to differentiation between the two
geographically correlated groups (Table 3). This is
(statistically) significant differentiation, although
87% of the total molecular variation occurred
among samples within the groups.

On a locus-by-locus basis, there appears to be no
consistent difference in nucleotide diversity (esti-
mated as u) between the North American and Eu-
ropean groups (Table 4). There is, however, a sub-
stantial difference in estimated levels of intragenic
recombination. Recombination was detected within
each of the four nuclear genes, but no recombina-
tion was found in the chloroplast loci. The latter
was expected, although the lack of evidence for re-
combination could also be the result of relatively
low nucleotide polymorphism at these loci. A total
of 19 recombination intervals were detected in the
North American group, versus seven for the Euro-
pean group. Similarly, estimates of gamma (g) for
the North American populations were consistently
higher than for the European populations, in some
cases by 700% or more (Table 4). Based on com-
bined data from the six genes, Tajima’s D was sig-
nificantly negative for the North American clade (D
5 21.480, p , 0.05) but did not differ from zero
for the European clade (D 5 20.175, p . 0.05).
The ratio of gamma (g) to theta (u) was less than
1 for all loci in both groups, indicating that recom-
bination contributes less to nucleotide diversity on
a per site basis than does mutation. Only a few of
the 493 variable nucleotide sites segregated more
than two nucleotides (Table 4), suggesting that
while multiple hits have occurred, this does not ap-
pear to be a substantial problem for estimating re-
combination within these sequences.

Neighbor-joining analyses. The neighbor-join-
ing tree also resolved geographically correlated
groups. Most European populations clustered in
two groups: Europe I and Europe II (Fig. 2). The
former includes only European populations while
the latter includes, in addition to European popu-
lations, one sample each from Japan and Ontario,
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TABLE 4. Molecular diversity (theta – u), the number
of detectable recombination intervals, population-level re-
combination (g), the ratio of recombinational to mutation-
al variability on a per site basis, and the number of nu-
cleotides segregating .3 nucleotides (nts), in two clades
within the Sphagnum subsecundum complex.

‘‘Europe’’
‘‘North

America’’

ITS u 0.01000 0.00928
# intervals 2 4
g 0.000607 0.001205
g/u 0.0492 0.0618
.3 nts 0 1

RapdA u 0.01242 0.01590
# intervals 3 6
g 0.000782 0.005445
g/u 0.0502 0.2618
.3 nts 4 3

RapdB u 0.02113 0.01500
# intervals 1 4
g 0.001150 0.004228
g/u 0.0363 0.1541
.3 nts 2 3

RapdF u 0.01088 0.01062
# intervals 1 5
g 0.003792 0.016962
g/u 0.1391 0.6289
.3 nts 1 2

trnL u 0.00392 0.00329
# intervals 0 0
g 0.0000 0.0000
g/u 0.0000 0.0000
.3 nts 0 0

trnG u 0.00293 0.00290
# intervals 0 0
g 0.0000 0.0000
g/u 0.0000 0.0000
.3 nts 0 0

Canada. The America I cluster consists of popula-
tions from the southeastern United States (with a
western outlier from Kansas); one Polish popula-
tion is genetically similar to these populations (Fig.
2). The America II cluster is more geographically
heterogeneous, with accessions from across North
America. The America II cluster also includes four
accessions from Poland and Finland. A well-sup-
ported subgroup contains only populations from
northwestern North America (British Columbia,
Alaska) and adjacent Russia.

Compared to parsimony, neighbor-joining re-
vealed somewhat greater genetic similarity among
accessions that were identified as the same mor-
phospecies. For example, North American and Eu-
ropean plants that were identified as S. subsecun-
dum grouped mainly in one cluster, albeit with pop-
ulations from the two continents forming two sep-
arate subgroups. Nevertheless, plants that conform
to S. subsecundum morphology, from Spain (#261),
Japan (#255), and Norway (#259), grouped outside
these clusters, and are more genetically similar to

accessions identified as S. inundatum and S. denti-
culatum. In addition, the Ontario accession (#218),
which was also identified as S. subsecundum,
grouped with European plants identified as S. in-
undatum. A similar picture emerges with regard to
the other morphologically defined species in the S.
subsecundum complex; some of the populations of
a particular morphotype grouped together, but none
formed exclusive groups (Fig. 2). Thus, a group of
North American populations identified as S. inun-
datum form a cluster, but this group is distinct from
S. inundatum in Europe. Similarly, plants identified
as S. lescurii group mainly in one cluster, but other
accessions (#s 213, 231, 235, 235) are more genet-
ically similar to plants identified as other species.

Population genetics of groups resolved by neigh-
bor-joining. An AMOVA, in which molecular
variation was partitioned within and among the four
geographically correlated groups revealed by
neighbor-joining, indicates that differentiation
among the groups accounts for approximately 37%
of the total variation (Table 3). Although this level
of molecular differentiation is highly significant,
67% of the molecular variation in the complex oc-
curs within clusters.

A general pattern across loci is that the Europe
I cluster contains less nucleotide variation than do
the other three groups (Table 5). This cluster con-
sists mainly of a group of genetically uniform Pol-
ish populations, with four additional samples from
Spain and the Netherlands. The America II cluster,
in contrast, contains a geographically disparate
group of populations that are also genetically het-
erogeneous. Within that group, two subgroups are
resolved by neighbor-joining, and these appear to
differ in levels of genetic diversity (Fig. 2). The
two other clusters of populations, Europe II and
America I, tend to have intermediate levels of ge-
netic diversity.

The America II group appears to be character-
ized by higher levels of intragenic recombination
than do the other groups (Table 5). This is evi-
denced both by the numbers of recombination in-
tervals inferred from the four gamete tests, and by
estimates of gamma, the population recombination
rate. However, because nucleotide diversity is gen-
erally higher within the America II group than in
the other groups, recombination appears to contrib-
ute less than mutation to molecular diversity on a
per site basis. Indeed, for no locus does recombi-
nation appear to contribute more than mutation in
the America II group, whereas the ratio, g/u, is
greater than one for several loci in the other pop-
ulations (Table 5).

DISCUSSION

Genealogical relationships among plants of the
S. subsecundum complex based on multilocus DNA
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FIGURE 2. Neighbor-joining tree based on uncorrected distances showing genetic similarity among populations in
the Sphagnum subsecundum complex. Nonparametric bootstrap values of .50% are shown above branches. D 5 S.
denticulatum, I 5 S. inundatum, L 5 S. lescurii, S 5 S. subsecundum.

sequence data do not support the separation of tra-
ditional morphospecies within this group. Each of
the four species is non-monophyletic in the uncon-
strained parsimony tree, which has some cladistic
structure that is correlated more with geography
than with morphology. Parsimony analyses re-
solved two major groups within the complex, one
that contains only North American collections, and
one that contains all (except two) of the European
collections, plus an Asian sample and a few North
American plants from scattered localities. The Eu-
ropean group includes plants that have been iden-
tified as S. subsecundum, S. inundatum, and S. den-
ticulatum, while the North American group in-
cludes S. subsecundum, S. inundatum, and S. les-
curii. The implication of this pattern is that North
American plants conforming to the morphology of

S. inundatum are more closely related to North
American plants identified as other species that are
morphologically distinct, than to S. inundatum in-
dividuals in Europe.

Explicit, character-based approaches to phylog-
eny reconstruction, including parsimony, assume
strictly divergent evolutionary processes without
lineage reticulation. Because evidence of intragenic
recombination was observed in the present study,
neighbor-joining analyses were undertaken to com-
plement parsimony-based phylogenetic approaches.
Although neighbor-joining and other distance meth-
ods are sometimes utilized to resolve phylogenetic,
i.e., genealogical, relationships, our neighbor-join-
ing analysis was conducted to reveal patterns of
genetic similarity, which may or may not reflect
strictly genealogical relationships.
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TABLE 5. Molecular diversity (theta – u), the number of detectable recombination intervals, population-level re-
combination (g), the ratio of recombinational to mutational variability on a per site basis, and the number of nucleotides
segregating .3 nucleotides (nts), in four clusters of populations identified within the Sphagnum subsecundum complex
using neighbor-joining analysis. NA means that the data were insufficient for estimation.

Europe-1 Europe-2 N.America-1 America-2

ITS u 0.00079 0.00834 0.00626 0.01255
# intervals 0 0 0 4
g NA NA NA 0.001964
g/u NA NA NA 0.1088
.3 nts 0 1 0 1

RapdA u 0.00187 0.00446 0.00713 0.01750
# intervals 2 1 3 5
g 0.009564 NA 0.006928 0.007733
g/u 1.8114 NA 0.7444 0.3302
.3 nts 0 0 0 6

RapdB u 0.00297 0.02494 0.01467 0.01820
# intervals 0 1 0 3
g NA 0.001666 0.000000 0.007841
g/u NA 0.0634 0.0000 0.2638
.3 nts 0 0 0 4

RapdF u 0.00626 0.00728 0.00744 0.01318
# intervals 0 2 1 2
g NA 0.018250 0.018954 0.011104
g/u NA 1.7765 2.2384 0.4247
.3 nts 0 0 0 2

trnL u 0.00000 0.00260 0.00254 0.00264
# intervals 0 0 0 0
g NA NA 0.00000 0.00000
g/u NA NA 0.00000 0.00000
.3 nts 0 0 0 0

trnG u 0.00000 0.00208 0.00345 0.00453
# intervals 0 0 0 0
g NA 0.00000 0.00000 0.00000
g/u NA 0.00000 0.00000 0.00000
.3 nts 0 0 0 0

Results of the neighbor joining analyses, in gen-
eral, support the major inferences gained from par-
simony: populations that conform to the same mor-
phospecies do not form strictly exclusive groups,
and genetic similarity among populations is more
closely related to geographic proximity (at least on
a continental scale) than to morphology. Geograph-
ically-correlated subgroups resolved by parsimony
are also revealed by neighbor-joining. For example,
neighbor-joining identified a group of S. subsecun-
dum populations from British Columbia, Alaska,
northern Russia, and a group of S. lescurii popu-
lations from the eastern United States. A group of
genetically similar plants from Virginia, Delaware,
Pennsylvania, and Newfoundland includes plants
that were identified morphologically as S. inunda-
tum and S. lescurii. On the other hand, a well-sup-
ported group of S. subsecundum populations, as-
signed to that species on the basis of their mor-
phology, included plants from California, Michi-
gan, Finland, and Poland.

The major difference between the parsimony and
neighbor-joining trees is that neighbor-joining does
not resolve the North American and European
groups as two exclusive assemblages, as did the

parsimony analysis. If both trees are viewed in a
genealogical framework, parsimony resolved the
European and North American populations as mu-
tually monophyletic sister groups whereas under
neighbor-joining, the North American and Europe-
an assemblages are both para- or polyphyletic.

Analyses of recombination suggest geographi-
cally-correlated differences in reproductive biology
within the S. subsecundum complex. The two major
groups of populations identified by parsimony in-
dicate that recombination is substantially higher in
the North American than in the European group. A
total of 19 recombination intervals were detected
among sequences in the American group, versus
seven for the European group. Differences in esti-
mated values for gamma (g) parallel these results.
Comparable, geographically-correlated differences
in recombination are indicated by genetic analyses
of the groups of populations identified by neighbor-
joining, and suggest that the biggest difference per-
tains to the Europe I and North America II groups.

The frequency of sexual reproduction, evidenced
by sporophyte formation, is variable across the ge-
nus Sphagnum (Cronberg 1993). Sporophytes are
rare in many species and it generally assumed that



2005] 373SHAW ET AL.: EVOLUTION IN SPHAGNUM SUBSECUNDUM COMPLEX

asexual propagation must be important. Sporo-
phytes are not common in any of the species in the
S. subsecundum complex and are unknown in some
of the taxa in some areas of Europe (Cronberg
1993). Evidence of intragenic recombination even
among European plants indicates at least some sex-
uality, but sexual reproduction may be more prev-
alent in North America than in Europe. Field stud-
ies are needed to assess the relative frequency of
sporophyte formation in North American versus
European populations, and more intensive genetic
analyses may reveal further differences in popula-
tion genetic structure. These taxa are not among the
major peat-forming Sphagna of boreal regions but
are common components of more mineral-rich fens
throughout North America, Europe, and northern
Asia.

The disconnect between groups of populations
identified from molecular data, and species identi-
fied by morphological characters, could have sev-
eral explanations. If the morphospecies are of re-
cent origin, there may have been insufficient time
for infraspecific coalescence of nucleotide sequenc-
es. If the sequenced loci are strictly neutral, ex-
pected coalescence times depend on population size
and structure in the ancestral species, metapopula-
tion processes, and other changes in population size
since the taxa were isolated (Edwards & Beeli
2000; Hudson & Coyne 2002; Pannell 2003; Ran-
nala & Yang 2003; Rosenberg 2003; Vogl et al.
2003). Diversifying and directional selection in-
crease and decrease, respectively, expected coales-
cence times for particular loci. At 5.298N genera-
tions after divergence, 99% of the loci in newly
isolated species are expected to attain infraspecific
monophyly (Rosenberg 2003). If the effective pop-
ulation size (N) is large and the generations are
long-lived, this can amount to many thousands of
years. Stenøien and Såstad (1999) attributed the
lack of divergence between American and Euro-
pean populations of Sphagnum angustifolium (Rus-
sow) C. Jens. to large population sizes and conse-
quent low rates of genetic drift.

Because of high levels of variation and rapid co-
alescence times, animal mitochondrial DNA has
been utilized extensively to investigate phylogenet-
ic and phylogeographic relationships within and be-
tween closely related species, yet almost one quar-
ter of investigated species appear to be nonmono-
phyletic (Funk and Omland 2003). It is perhaps
therefore not surprising that closely related mor-
phospecies in the S. subsecundum complex appear
to be poly- and/or paraphyletic. Nevertheless, the
results of this study can be compared to those from
several other empirical studies of Sphagnum spe-
cies. Shaw et al. (2005), using the same set of loci
employed for the present study, found that most

morphospecies in Sphagnum sect. Acutifolia are de-
monstrably monophyletic. Some individual samples
appeared to be genetic admixtures, yet despite these
mixed samples almost all the traditionally recog-
nized species contained a core of populations that
were resolved (and well supported) as monophy-
letic. Indeed, some controversial species that are
barely distinct morphologically were surprisingly
distinct in terms of DNA sequences. Shaw et al.
(2004) found that three other species of Sphagnum
sect. Subsecunda are demonstrably monophyletic at
each of the loci utilized in the present study, as well
as in combined analyses. An additional informative
study of closely related species of sect. Subsecunda
(Zhou, Menzel & Shaw, unpubl.) compared two
morphotypes that have generally been considered
conspecific (S. macrophyllum var. macrophyllum
Bernh. ex Brid. and S. macrophyllum var. floridan-
um Austin) and found that these two morphologi-
cally similar taxa are mutually monophyletic using
a subset of the loci included in the present study.
These studies raise the expectation that if morpho-
species in the S. subsecundum complex have di-
vergent genealogical histories, the present data set
is likely to provide supportive evidence. That is,
judging from other groups within Sphagnum, these
loci provide sufficient signal to resolve closely re-
lated taxa. Although it can (always) be argued that
the species may be resolved with additional se-
quence data, it is clear that these taxa are not com-
parable in a phylogenetic sense to many other spe-
cies of Sphagnum.

One possibility is that species in the S. subse-
cundum complex may be of more recent origin
compared to other Sphagnum species. Alternative-
ly, there may be too much ‘‘interspecific’’ inter-
breeding for the morphospecies to attain mutual
monophyly. There is also the possibility that mor-
phological differences between the taxa represent
environmental modifications without a genetic ba-
sis, or that genetic differences underlying the mor-
photypes have arisen in parallel. In either case, it
would appear that the species have been ‘‘over-
split’’ and do not represent phylogenetically distinct
entities.

In contrast to the true mosses (class Bryopsida),
chromosome numbers are relatively invariant in
Sphagnum. Only two gametophytic numbers are
known: n 5 19 1 m and n 5 38 1 m (Newton
1993). Both numbers occur in the S. subsecundum
complex and polyploidy may at least partly under-
lie incongruence between morphology and DNA-
based genealogical relationships. Although counts
are relatively few, and multiple populations of each
taxon still need to be investigated, a haploid (n 5
19) chromosome complement has been reported for
a Finnish collection and six Polish samples of S.
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subsecundum (Sliwinska et al. 2000; Sorsa 1956)
and two North Carolina populations of S. lescurii
[as S. subsecundum; Bryan 1955 (specimens in
DUKE)]. However, more recent photometric anal-
yses (Melosik, unpublished) of genome size in S.
lescurii indicate that this species is gametophyti-
cally diploid (i.e., n 5 38). Sphagnum inundatum
and S. denticulatum have diploid gametophytes (n
5 38) (Holmen 1955 and Smith & Newton 1968,
respectively). Temsch et al. (1998) used photometry
to assess ploidy levels in 30 Sphagna based on
DNA content and reported that S. denticulatum is
haploid. However, subsequent analyses of seven
samples indicate that S. denticulatum is diploid
(Temsch, pers. comm.). Sliwinska et al. (2000) also
inferred from photometric analyses that six samples
of S. denticulatum from Poland had n 5 38.

Various hypotheses of allopolyploid origins have
been advanced for the diploids, S. denticulatum
(e.g., Hill 1975) and S. inundatum (Maass & Har-
vey 1973). Sphagnum subsecundum is thought to
be one likely parent, but a putative second parent
has not been identified and little concrete evidence
exists to support allopolyploid origins for either
species (although possibly correct). Eddy (1977)
suggested that S. inundatum evolved from S. sub-
secundum, probably though autodiploidy. If the
diploids (S. denticulatum, S. inundatum, S. lescuii)
are allopolyploids, this could explain the lack of
differentiation between them, and between them
and the haploids, at the molecular level. Moreover,
the allopolyploids could have arisen more than
once, explaining the apparent polyphyly based on
DNA sequences. The allopolyploids in Europe ap-
pear to have a separate origin(s) from those in
North America. In addition, the allopolyploid hy-
pothesis does not explain the manner in which even
the haploid species (S. subsecundum) is non-mono-
phyletic in our analyses. Nevertheless, chromosome
numbers and additional genetic data may clarify the
systematic and evolutionary status of morphospe-
cies in the S. subsecundum complex.
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