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Abstract.—Pleurocarpous mosses, characterized by lateral female gametangia and highly branched, interwoven stems,
comprise three orders and some 5000 species, or almost half of all moss diversity. Recent phylogenetic analyses
resolve the Ptychomniales as sister to the Hypnales plus Hookeriales. Species richness is highly asymmetric with
approximately 100 Ptychomniales, 750 Hookeriales, and 4400 Hypnales. Chloroplast DNA (cpDNA) sequences were
obtained to compare partitioning of molecular diversity among the orders with estimates of species richness, and to
test the hypothesis that either the Hookeriales or Hypnales underwent a period (or periods) of exceptionally rapid
diversification. Levels of biodiversity were quantified using explicitly historical ‘‘phylogenetic diversity’’ and non-
historical estimates of standing sequence diversity. Diversification rates were visualized using lineage-through-time
(LTT) plots, and statistical tests of alternative diversification models were performed using the methods of Paradis
(1997). The effects of incomplete sampling on the shape of LTT plots and performance of statistical tests were
investigated using simulated phylogenies with incomplete sampling. Despite amuch larger number of accepted species,
the Hypnales contain lower levels of (cpDNA) biodiversity than their sister group, the Hookeriales, based on all
molecular measures. Simulations confirm previous results that incomplete sampling yields diversification patterns that
appear to reflect a decreasing rate through time, even when the true phylogenies were simulated with constant rates.
Comparisons between simulated results and empirical data indicate that a constant rate of diversification cannot be
rejected for the Hookeriales. The Hypnales, however, appear to have undergone a period of exceptionally rapid

diversification for the earliest 20% of their history.
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There has been much recent interest in the use of molecular
phylogenies for inferring rates and patterns of diversification
(e.0., Nee et al. 1992, 19944, b; Guyer and Slowinski 1993;
Kirkpatrick and Slatkin 1993; Harvey et al. 1994; Sanderson
and Donoghue 1996; Mooers and Heard 1997; Paradis 1997,
1998a, b; Nee 2001; Mooers and Heard 2002). Molecular
phylogenies can reveal both the topology of ancestor-de-
scendent relationships, and the tempo of descent among mem-
bers of a monophyletic group. In comparison with paleon-
tological data, molecular phylogenies have the obvious ad-
vantage of applicability to groups lacking a fossil record.

It is clear that organismal diversification rates (speciation
minus extinction) have been variable both across lineages
and through time. ‘*Radiations’’ are generally defined in a
way that includes rapid cladogenesis from acommon ancestor
(Simpson 1953). Sometimes key innovations can beidentified
that are associated with rapid increases in diversification
rates. The unique pharyngial jaw of African ciclids, for ex-
ample, has been implicated as akey innovation that facilitated
explosive radiations of diversity in rift valley lakes (Schluter
2000). A number of approaches have been devel oped to detect
shifts in diversification rate, the choice of method to a large
extent depending on the type and extent of available evidence
(Sanderson and Donoghue 1996). Paradis (1997, 1998a, b)
introduced statistical methods for testing hypotheses about
rates of diversification within and between clades based on
branching times inferred from molecular phylogenies. For a

given clade, three aternative models of diversification rate
can be tested: constant though time (Paradis's model A),
gradually increasing or decreasing rates of diversification
(model B), or abrupt changes in rate such that two discretely
different rate estimates fit the empirical pattern most closely
(model C). The method developed by Paradis (1997) draws
an analogy between survival analyses and diversification, and
permits maximume-likelihood-based hypothesis testing of al-
ternative diversification patterns.

This paper describes an analysis of diversity and diversi-
fication in a major clade of mosses (Division Bryophyta).
Our general goals areto assessthe partitioning of biodiversity
between two major lineages that have been resolved as sister
groups by previous molecular analyses, and test the hypoth-
esis that one or both lineages underwent a rapid increase in
diversity during its history. As an alternative to comparing
levels of biodiversity in these groups by counting numbers
of species, we use two approaches that employ molecular
data to objectively quantify diversity. We compare such mo-
lecular estimates to species richness and show that they yield
very different inferences about the partitioning of biodiver-
sity among these moss groups.

With approximately 10,000 species, mosses (bryophytes)
comprise the second largest group of land plants, after the
highly successful angiosperms. Bryophytes lack lignified vas-
cular tissue and consequently have a very poor fossil record,
but phylogenetic analyses of both morphological and molec-
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Phylogram of pleurocarpous mosses based on DNA sequences from trnL-trnF and rps4 (cpDNA). The analysis was constrained

to the ordinal topology inferred from previous research (see text for additional details).

ular charactersindicate that they are one of the earliest branch-
ing lineages of land plants (Mishler and Churchill 1984; Ken-
rick and Crane 1997; Hedderson et al. 1998; Beckert et al.
1999; Nickrent et al. 2000). There are four main groups of
mosses, sometimes treated as classes within the Division Bry-
ophyta: Takakiopsida, Andreaobryopsida, Sphagnopsida, and
Bryopsida. The Bryopsida, or ‘‘true mosses,”’ include over
90% of moss diversity in terms of species numbers (Schofield
1985; Shaw and Goffinet 2000; Crum 2001).

Within Bryopsida, pleurocarpous mosses are defined by
lateral placement of female reproductive structures (arche-
gonia) along gametophyte stems (Bridel 1826-1827). Mono-
phyly of the pleurocarps is strongly supported by nuclear,
chloroplast, and mitochondrial DNA sequences (De Luna et

TaBLE1l. Taxonomic diversity of thethree orders of pleurocarpous
mosses according to the classification of Buck and Goffinet (2000).

Ptychomniales Hookeriales Hypnales
Species 100 743 4418
Genera 9 48 408
Families 2 6 44
Species sampled 21 (21%) 71 (10%) 149 (3.4%)
Genera sampled 7 (78%) 35 (73%) 85 (21%)

al. 1999; Newton et al. 2000; Goffinet et al. 2001; W. R.
Buck, C. J. Cox, B. Goffinet, S. Boles, and A. J. Shaw,
unpubl. ms.), and the clade is consistently resolved as arel-
atively recent derivation within the Bryopsida. Traditionally,
three orders of pleurocarpous mosses have been distin-
guished: Hookeriales, Leucodontales, and Hypnales. Buck et
al. (2000) showed that the Leucodontales, defined primarily
by erect sporophytes and reduced peristomes, are polyphy-
letic. These morphological features are usually associated
with epiphytism, and DNA data indicate that epiphytic spe-
cies with erect sporophytes and reduced peristomes have
evolved repeatedly from hypnalean ancestors. Recent anal-
yses based on nuclear (26s rDNA), chloroplast (rps4, trnL-
trnF), and mitochondrial (nad5) DNA sequences (W. R.
Buck, C. J. Cox, B. Goffinet, S. Boles, and A. J. Shaw,
unpubl. ms.) resolve three major lineages of pleurocarpous
mosses (Ptychomniales, Hypnales, and Hookeriales; Fig. 1).
The Hypnales account for about 80% of all pleurocarpous
mosses (Table 1), or almost 40% of all species of Bryopsida
(Croshy et al. 1999).

Previous attempts at resolving family relationships within
the Hypnales have been largely unsuccessful, in part because
branch lengths at the base of the hypnalian clade are very
short in molecular-based trees (Buck et al. 2000). Indeed,
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molecular diversity within the Hypnales seems to be gen-
erally low in comparison to other major clades of mosses
(Shaw et al. 2002). Variable regions such as the nuclear ri-
bosomal internal transcribed spacers (ITS) are often una-
lignable among congeneric species of many mosses, but may
be aligned across genera or even families of pleurocarps
(Shaw et al. 2002; Vanderpoorten et al. 2002).

The derived phylogenetic position within mosses, the very
short branches at the base of the pleurocarp clade, and the
generally low level of nucleotide diversity distinguishing
pleurocarpous taxa, suggest the possibility that this speciose
group represents arelatively recent and rapid radiation within
the mosses. Indeed, the starlike shape of pleurocarp clade
resolved in previous phylogenetic analyses (e.g., Buck et al.
2000) suggests that all of the extant families may have orig-
inated almost simultaneously. The Hypnales are especially
diverse in the Northern Hemisphere whereas the Hookeriales
and Ptychomniales are predominantly Southern Hemisphere
and tropical. The Hypnales contain almost 40 times the num-
ber of species as the Ptychomniales, and about six times the
number of hookerialian species (Table 1). Because sister
group relationships among these clades of pleurocarps are
strongly supported, we arein aposition to ask questions about
the partitioning of biodiversity among them, and patterns of
diversification within them. Our analyses focus on the Hyp-
nales and Hookeriales because they contain most of the spe-
cies of pleurocarps and are sister groups. Specifically, this
study was designed to answer the following questions. (1)
Does the partitioning of molecular diversity among orders of
pleurocarpous mosses parallel patterns of biodiversity in-
ferred from species numbers? (2) Has the rate of diversifi-
cation (speciation minus extinction) been constant through
timein the Hookeriales, and in the Hypnales? (3) If aconstant
diversification rate can be rejected (in one or both orders),
has the rate of diversification increased or decreased, and has
the change been gradual or discontinuous?

METHODS

Taxon Sampling and DNA Sequencing

The analyses of biodiversity and diversification were based
on 241 collections representing 127 genera (Appendix). Col-
lections represent aworl dwide sample without geographic bias
in favor of, for example, Northern Hemisphere or North Amer-
ican taxa. Voucher specimens are primarily in herbaria at the
Missouri Botanical Garden (MO) and the New Y ork Botanical
Garden (NY; Appendix). A total of 75 collectionswasincluded
in the previous analyses published by Buck et al. (2000) and
166 were newly sequenced for this study. We obtained se-
quences for two chloroplast DNA regions from each specimen:
the rps4 gene (Nadot et al. 1994) and the trnL-trnF region
(Taberlet et al. 1991). Sampling of gametophyte tissue, PCR
amplification, and sequencing were accomplished according
to the protocols described in Buck et al. (2000).

Phylogenetic Analyses

The conclusion that pleurocarpous mosses comprise three
major clades, the Hookeriales, Ptychomniales, and Hypnales,
comes from analyses of 99 pleurocarpous taxa from which
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four loci were sequenced: rps4 and trnL-trnF from the chlo-
roplast genome, 26S nuclear ribosomal DNA, and nad5 from
the mitochondrial genome (W. R. Buck, C. J. Cox, B. Gof-
finet, S. Boles, and A. J. Shaw, unpubl. ms.). Data used in
the present paper represent a larger taxon sample (241 ac-
cessions) but with sequence data from only the two chloro-
plast regions. Sequences from trnL-trnF and rps4 alone are
insufficient to completely resolve sister-group relationships
at the ordinal level within pleurocarps, but parsimony anal-
yses of our two-gene dataset do not contradict the topology
shown in Figure 1. Furthermore, this topology is not in con-
flict with previously published analyses of phylogenetic re-
lationships within pleurocarpous mosses (Buck et al. 2000;
Goffinet et al. 2001). Nonparametric bootstrap support and
Bayesian posterior probabilities for clades in the topology
shown in Figure 1 are very strong with respect to the three
taxonomic orders, hence the two-gene phylogenetic analyses
presented here were constrained to the ordinal relationships
established independently by the four-gene analyses.

The 241-taxon, two-gene dataset, constrained to the ordinal
topology supported by previous research, was analyzed under
equally weighted parsimony implemented in PAUP 4.0b10
(Swofford 2001). Heuristic searches were conducted, saving
up to 60 most-parsimonious (MP) trees from each of 300 ran-
dom sequence addition replicates with TBR branch swapping.
A single arbitrarily chosen, fully resolved, most-parsimonious
tree (henceforth the object tree) was used for subsequent anal-
yses of phylogenetic diversity and diversification patterns.

Due to the size of the dataset, tree searching under max-
imum likelihood was not practical. Analyses of other MP
trees indicate that our conclusions are robust to the relatively
minor topological differences among trees, but systematic
study of the effects of phylogenetic uncertainty on inferences
about patterns of diversity and diversification might prove
worthwhile in future studies.

Biodiversity Estimates

One estimate of the ‘‘biodiversity’’ represented by the
Hookeriales and Hypnales is the total number of species in
each order (Table 1). We obtained complementary estimates
that do not depend on taxonomic concepts by estimating lev-
els of molecular diversity in thetwo chloroplast DNA regions
sampled for this study. ‘‘ Phylogenetic diversity’’ (PD; Faith
1992) was estimated as the sum of branch lengths in the
subtree connecting members of each taxonomic order. Phy-
logenetic diversity quantifies the amount of (chloroplast
DNA) evolution that has occurred in each of the two orders,
and was estimated using PAUP by the following procedure.
Branch lengths of the object tree were estimated under max-
imum likelihood under a general time-reversible (GTR) mod-
el with a proportion of invariant sites and rate heterogeneity
among sites specified by a gamma distribution approximated
by four discrete categories. Choice of this substitution model
was based on likelihood ratio tests facilitated by MrModeltest
version 1.1b (Nylander 2002). The sum of all branch Iengths
in the object tree constitutes the total PD contained in our
sample of pleurocarps. Partitioning of PD between the Hook-
eriales and Hypnales was estimated by deleting all taxa other
than those in the clade of interest, and branch lengths were
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again summed for the remaining subsample without reoptim-
izing branch lengths. Individual clade PD estimates were ex-
pressed as percentages of total pleurocarp PD. Stem lineages
were not included in PD calculations.

Comparisons between clade estimates of PD are affected
by differing taxon complements. Our sample included 149
Hypnales, 71 Hookeriales, and 29 Ptychomniales. To make
direct comparisons between the Hookeriales and Hypnales,
we subsampled 71 hypnalian taxa at random (using the Wich-
mann and Hill algorithm asimplemented in Python 2.2.1 (van
Rossum 2002). PD was recalculated on each of 100 subsam-
ples so that we could estimate the mean and standard devi-
ation of hypnalian PD based on a sample size equivalent to
the hookerialian sample. The effect of phylogenetic uncer-
tainty on PD estimation was explored by repeating PD es-
timates on each of 20 equally parsimonious trees PD esti-
mates were almost identical and are not presented. Estimates
derived from incrementally longer trees were not conducted
but this aspect of phylogenetic uncertainty may warrant ex-
ploration in the future.

Although we estimated PD in the ptychomnialian data par-
tition, we did not attempt to estimate hookerialian and hyp-
nalian PD with equivalent sample sizes because our pty-
chomnialian sample was small (29 taxa), and also because
the appropriate phylogenetic comparison would be Ptychom-
niales versus Hookeriales plus Hypnales (Fig. 1).

Nonhistorical estimates of molecular biodiversity (i.e., in-
dependent of phylogeny) in each of the three orders of pleu-
rocarps were obtained using Arlequin (Schneider et al. 2000).
Molecular diversity was estimated as the absolute numbers
of polymorphic sites among haplotypes within each partition,
0., derived from the mean number of pairwise differences
among haplotypes (Tajima 1983), and 6, based on the num-
ber of polymorphic sites and the sample size (Watterson
1975). Nucleotide diversity was also estimated on a per site
basis for each partition to account for differencesin sequence
lengths (8./n, where n is the number of sites).

Diversification Rates

Rates of diversification were quantified using lineage-
through-time (LTT) plots, which illustrate the accumulation
of lineages over time for the object tree. The object tree was
significantly nonclocklike (likelihood ratio test; df = LRT
= 676.78, df = 239 P <« 0.001), hence substitution rates and
time are confounded as causal mechanisms underlying branch
lengths. We used Sanderson’s (1997) nonparametric rate
smoothing (NPRS), implemented in his program, r8s (ver.
1.05 beta), to tease these two factors apart. The method min-
imizes changes in local substitution rate on the phylogenetic
tree such that rates are ‘*smoothed’’ across the whole tree.
It is based conceptually on the assumption that substitution
rates are heritable and therefore autocorrelated, a reasonable
but unconfirmed hypothesis in most cases (Sanderson 2001).
Rate smoothing allows branch Iengths to be used as proxies
for absolute time in the absence of a molecular clock.

The following procedure was used to generate LTT plots
for the Hookeriales and Hypnales. A NPRS tree for the Hook-
eriales plus Hypnales clade was generated by pruning Pty-
chomniales from the object tree and setting the root node, or
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most recent common ancestor (MRCA), to 100 time units.
The Powell algorithm under the NPRS model was used to
optimize branch lengths with 10 random initializations, each
with 10 repeated perturbations. The number of lineages
through time in the NPRS tree was calculated in GENIE
(Pybus and Rambaut 2002) and plotted in Gnuplot (Williams
and Kelly 1999). The same methodology was used to cal-
culate LTT plots for the Hypnales and Hookeriales clades
separately by the reciprocal pruning of taxa

The program DIVERSI version 0.20.0 (Paradis 2000) was
used to investigate patterns of diversification in the Hypnales
and Hookeriales. Three alternative models were tested: model
A specifies aconstant rate of diversification (i.e., the expected
number of lineages increases at a constant exponential rate);
model B specifies that diversification rate has increased or
decreased gradually over time; and model C specifies that a
change in diversification rate has occurred such that two dif-
ferent rates, distinguished by an abrupt shift at some point
in the past, best fit the evidence. For model B, the parameter,
B, is less than one when diversification rate increases grad-
ually through time and is greater than one when the rate
decreases through time (Paradis 1997, 2000). Alternative
models are evaluated using LRT and/or the Akaike infor-
mation criterion (AIC; Paradis 1997). The LRT isappropriate
for evaluating models A versus B and A versus C because
model A is nested within both models B and C. No such
nested relationship exists between models B and C, so using
a chi-square distribution to test significance of the LRT is
inappropriate. Another approach for testing alternative mod-
elsisthe AIC, another likelihood-based metric with explicit
penalties for the number of model parameters. The AIC must
be used to evaluate non-nested models (Paradis 1998a, 2000).
The numbers of lineages-through-time data cal culated in GE-
NIE (see above) were converted to the DIVERSI format with
appropriate corrections for polytomies (see Paradis 2000).

Tests of different diversification models assume that sam-
pling within cladesis essentially exhaustive at the species|evel
(Pybus and Harvey 2000). Our sampling within both the Hook-
eriales and Hypnales is very incomplete at the species level,
and indeed, even at the generic level (Table 1). To test the
effect of sampling on the profile of the LTT plots and the
statistical tests of DIVERSI, we implemented the following
simulations independently for the Hookeriales and Hypnales.
Our phylogenetic sample of Hookeriales consisted of 71 taxa,
or approximately 10% of the total hookerialian species. We
used PHYLOGEN (Rambaut 2002) to generate 100 replicate
phylogenies under a constant diversification rate (birth:death
= 2:1) with 743 extant taxa (the total number of species rec-
ognized in the order), then randomly pruned all but 71 taxa
from the resulting trees and constructed LTT plots from these
subsamples using the methodology outlined above. This was
intended to simulate a constant diversification rate phylogeny
for the Hookeriales, with subsequent random sampling of 10%
of terminals for diversification analyses. The procedure was
repeated 1000 times to generate a mean LTT curve with 95%
confidence intervals. A similar procedure was conducted for
the Hypnales, but in that case we generated constant birth/
death phylogenies with 4418 extant taxa, and randomly pruned
all but 141 taxafrom thetreesto generate LTT plotssimulating
our roughly 4% sampling of hypnalian taxa. We evaluated our
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TaBLE 2. Number of samples (n) included in this study (% of total
in parentheses) and phylogenetic diversity (PD) based on the sum
of the branch lengths of each partition, with sum expressed as per-
centages of total tree length, for three orders of pleurocarpous moss-
es. The bottom entry is the mean PD (= SD) for 100 replicate
subsamples of 71 randomly selected Hypnales.

n PD
Ptychomniales 21 (9%) 12%
Hookeriales 71 (29%) 48%
Hypnales 149 (62%) 40%
Hypnales 71 23 = 1.5%

empirical LTT plots by comparison with the simulated curves
and their 95% confidence intervals. In addition, we used DIV -
ERSI to fit the best diversification model (A, B, or C, asabove)
to each of the 1000 pruned, simulated phylogenies to assess
the robustness of the statistical algorithms in DIVERSI to
incomplete sampling.

REsuLTS
Phylogenetic Reconstruction

The dataset contained 955 characters, of which 388 were
parsimony informative and 141 others were autapomorphic.
The heuristic maximum parsimony search yielded 6500 trees
of 2427 steps, with a consistency index of 0.330 and retention
index of 0.747. The phylogram of one of the MP trees (the
object tree), with branch lengths estimated under maximum
likelihood (Fig. 1), shows obvious differences in clade shape
between the Ptychomniales, Hookeriales, and Hypnales. The
hypnalian clade is almost comb-shaped; major lineages
(which correspond to families) appear to have arisen simul-

A. J. SHAW ET AL.

taneously because the basal internodes are so short. In con-
trast, branch lengths near the base of the Hookeriales and
Ptychomniales are obviously longer (Fig. 1).

Biodiversity

Partitioning of phylogenetic diversity among the three or-
ders of pleurocarpous mosses, as estimated from our sample
of 241 collections, is shown in Table 2. The Ptychomniales
accounted for 9% of our samples and 12% of the PD. The
Hookeriales accounted for only 29% of our samples, but com-
prised 48% of the PD, whereas the Hypnales made up 62%
of the samples but only 40% of the PD. The distribution of
branch lengths in the Hypnales is strongly skewed toward very
short lengths, and much less so in the Hookeriales (Fig. 2).
The lower PD in Hypnales compared to Hookerialesis clearly
not afunction of differing sample sizes since we sampled many
more Hypnales than Hookeriales (149 vs. 71). On average, PD
estimated from 100 replicate samples of 71 Hypnales was 23%
(£1.5% SD) of the total pleurocarp diversity, about half of
the PD of 71 hookerialian species. These numbers indicate
that, on average, branch lengths in the Hypnal es are about half
as long as branch lengths in the Hookeriales. The only reason
we obtained roughly comparable estimates for PD for the two
orders (40 vs. 48%) in our sample of DNA sequences was that
we included twice as many Hypnales.

The Hookeriales had a higher number of polymorphic nu-
cleotides than did the Hypnal es despite the much larger sam-
ple size of Hypnales (Table 3). Similarly, the Hookeriales
contain higher diversity than Hypnales in terms of 6g, 6.,
and nucleotide diversity. In fact, even the smallest order,
Ptychomniales, is more diverse than Hypnales as estimated
by 6., and nucleotide diversity. Standard deviations for these

Distribution of branch lengths:
Hookeriales vs. Hypnales
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Fic. 2. Distribution of branch lengths in the Hookeriales and Hypnales, from the cpDNA tree shown in Fig. 1.
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TaBLE 3. Molecular diversity within three orders of pleurocarpous mosses. Numbers in parentheses after each ordinal name are sample

sizes.
Polymorphic Nucleotide
sites 0s 0. diversity
Ptychomniales (21) 183 50.87 = 17.22 37.27 = 18.85 0.040 = 0.021
Hookeriales (71) 360 74.47 = 19.40 51.14 + 2481 0.056 = 0.027
Hypnales (149) 346 62.03 = 14.25 27.83 = 13.56 0.030 + 0.015

estimates are overlapping among the orders, but these trends,
especially therelatively low diversity found within Hypnales,
are consistent with the PD estimates. All estimates of mo-
lecular diversity are at odds with levels of biodiversity based
on species richness.

Diversification Patterns and Rates

The NPRS tree is shown in Figure 3. Statistical analyses
of an LTT plot for Hookeriales, derived from the NPRS tree,
suggests that model B, a gradually changing rate of diver-
sification, fits the data better than model A (constant rate;
Table 4; Fig. 4). A positive value for B (1.416) indicates that
the rate of diversification has decreased over time, in agree-
ment with an apparent reduction in slope of the LTT plot
(Fig. 5). The relative fit of models B versus C depends on

when during history a discrete shift in diversification rate is
proposed (Fig. 4). There is some indication that model C fits
the data almost as well as model B if a shift in rate is hy-
pothesized to have occurred between 20 and 30 times units
after the origin of the Hookeriales, but for no point in time
is model C favored (Fig. 4).

Lineage-through-time plots from simulated phylogenies
(with 10% sampling of extant taxa and constant diversifi-
cation rate) indicate that the inference of a decreasing di-
versification rate in the Hookeriales, either gradually or with
a discrete inflection point, could be an artifact of our incom-
plete sampling. Although diversification was simulated under
a constant rate, the mean LTT curve and its 95% CI exhibit
a decreasing slope and the empirical curve for Hookeriales
falls almost completely within the confidence interval (Fig.

=1

e
— Hookeriales
— |
_l L
i
g Fypnales
[———=
—
————
———
0 20 40 60 80 100

Time since root
Fic. 3. Phylogenetic tree derived from nonparametric rate smoothing (Sanderson 1997) of tree shown in Fig. 1.



2232

TaBLE 4. Likelihoods associated with alternative models of di-
versification in the Hookeriales and Hypnales. Model B provides
the best fit for Hookeriales. Model C provides the best fit for Hyp-
nales; models A and B are not significantly different. The likelihood
of model C depends on the hypothesized breakpoint so it is not
compared in this table. See Figure 5.

Hookeriales Hypnales
Model A —276.930 —516.417
Model B —271.780 —516.278
1040 Hypnales
1038
1036 / \/
1034
1032
O 1030
I
1028
1026 —————- Model A
— Model B
1024 Model C
1022 trypmo-—p———T—T—— T T T
10 20 30 40 50 60 70 80 90 100
Time since origin (units)
Hookeriales
562
560 ]
558 4
|
556
554 J
QO 552
a 550 4
548 4
5464 L Model A
544 4 — Model B
542 4 Model C
540

T T 1
10 20 30 40 50 60 70 80 90 100
Time since origin (units)

Fic. 4. Akaike information criterion (AIC) values for diversifi-
cation models A, B, and C. Model A implies a constant (exponen-
tial) rate of diversification, model B a gradually changing rate, and
model C a pattern with two different rates of diversification. The
lowest AIC value identifies the best model. The AICs for models
A and B do not depend on time and are constant through phylo-
genetic history (x-axis). The AIC for model C depends on the hy-
pothesized breakpoint in diversification rate. The line for model C
was smoothed from DIVERSI analyses modeling the breakpoint
every five units of time.
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Fic. 5. Lineage-through-time (LTT) plots for the Hookeriales and
Hypnales, with the results from simulated phylogenies with incom-
plete sampling. See text for additional explanation of the simula-
tions and construction of LTT plots.

5). Both the LRTs and the AIC confirm that these simulated
curves best fit amodel of decreasing diversification rate over
time (Table 5). With this level of incomplete sampling, it is
not possible to reject any of the three models of diversifi-
cation. The fact that the empirical LTT curve falls within the
95% CI of simulations is consistent with the interpretation
that diversification of Hookeriales has been constant.

The LTT plot derived from the smoothed NPRS tree for
Hypnales, in contrast, exhibits a very steep initial slope, fol-
lowed by a relatively abrupt change to a much more gentle
positive slope (Fig. 5). Both the LRT and AIC, implemented
in DIVERSI, indicate that model C, with two discrete rates
of diversification separated by an inflection point, provides
abest fit for the data (Table 5). Across the whole of hypnalian
history, model C providesthe best fit when an inflection point
is hypothesized early or late in the chronology (Fig. 4).

Lineage-through-time plots from simulated phylogenies of
hypnalian diversity exhibit agradually decreasing slope (Fig.
5), as expected based on theoretical considerations. The em-
pirical curve falls outside the 95% CI between 15 and 40
time units after the origin, and also from 80 time units up to
the present. Likelihood-ratio-tests and the AIC suggest that
model B provides a best fit to the simulated data (Table 5).
As only 3% of the simulated trees are best fit by model C,
the fit of model C to our empirical Hypnales data is not an
artifact of incomplete sampling. Even with 4% sampling of
extant taxa from our simulated phylogenies, fewer than 5%
of the LTT plots fit model C. Instead, as in the hookerialian
simulations, incomplete sampling confounds models A and
B, but does not lead to falsely accepting model C.
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TaBLe 5. Fit of alternative diversification models to lineage-
through-time (LTT) plotsderived from simulated phylogenetic trees
sampled to mimic the incomplete sampling employed in the sample
of real taxa. All simulations were run with a constant diversification
rate; speciation = 0.2, extinction = 0.1. Hookeriales—1000 trees
with LTT plots derived from 71 extant (terminal) taxa sampled
randomly from a clade with 743 taxa. Hypnales—1000 trees with
LTT plots derived from 149 extant (terminal) taxa sampled ran-
domly from a clade with 4418 taxa. Statistics are the percent of
trees for which that model was favored.

LRT AlIC
Hookeriales
Model A vs. B A: 0.8 A: 0.0
B: 99.2 B: 87.3
Model A vs. C A: 12.6 C:12.7
C. 874
Hypnales
Model A vs. B A: 0.0 A: 0.0
B: 100.0 B: 97.4
Model A vs. C A: 0.0 C: 26
C: 100
Discussion

Phylogenetic analyses support the hypothesis that the Hyp-
nales underwent a period of relatively rapid diversification
early in their history. This conclusion appears to be robust
despite our incomplete taxon sampling within the Hypnales.
Simulations with comparable levels of incomplete sampling
showed that sampling artifacts is unlikely to produce the
pattern of diversification observed in the hypnalian data. The
model of diversification that provides a best fit to the data
specifies an early period, approximately 20% of the total
history of Hypnales, in which the increase in lineages was
relatively rapid, followed by an abrupt decrease in rate and
a longer period of reduced diversification. There may have
been a further slow-down in rate relatively recently, but this
is not nearly as obvious as the earlier change after the initial
radiation. The later stages of diversification, occupying at
least 80% of the history of Hypnales, appear to be charac-
terized by a constant rate of diversification in which the num-
ber of lineages grew exponentially.

No such early period of rapid diversification is evident for
the Hookeriales, which is the sister group to Hypnales and
therefore of the same age. An abrupt change in diversification
rate (model C) cannot be statistically rejected, but evidence
for a pattern of hookerialian diversification that departs from
rate constancy is absent. Internodal branches areless strongly
skewed toward very short lengths in the Hookeriales, and
analyses of the LTT plot derived from the rate-smoothed tree
best fits a model of gradually decreasing diversification rate
over time. In this case, however, simulations suggest that the
apparent pattern of decreasing diversification is likely an ar-
tifact of incomplete sampling.

Taxon sampling is a crucial factor to consider in any study
of diversification rates based on LTT plots derived from mo-
lecular phylogenies (Nee et a. 1994; Pybus and Harvey 2000).
Two issues require consideration: completeness of sampling
and randomness of sampling. Our simulations confirm pre-
vious results (Harvey and Nee 1994) that lineages with a his-
tory of constant diversification yield LTT plots that mimic a
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gradually decreasing rate of diversification when taxon sam-
pling is incomplete. Considering a constant rate of diversifi-
cation as the null hypothesis, this could lead to Type | errors
using the statistical approach of Paradis (1997, 1998b). In fact,
the null hypothesis under a constant rate of diversification with
incomplete sampling should be model B, a gradually decreas-
ing rate. Our simulated phylogenies most commonly fit this
model, as inferred from both LRTs and the AIC.

Our simulations explicitly incorporate the effects of sam-
pling completeness, and we argue that despite extremely in-
complete sampling of Hookeriales and Hypnales, we can re-
ject constant diversification in the latter. Nevertheless, this
issue of sampling completeness warrants additional study. In
particular, discussions of sampling completeness have fo-
cused on species (e.g., Pybus and Harvey 2000). We question
the focus on species since these units are often subjectively
defined, and many (most?) species have phylogenetically
structured populations comprising them. Just what does con-
stitute ‘*exhaustive’’ sampling, and to what extent (and in
what ways) does infraspecific sampling affect inferences
about diversification patterns?

Phylogenetic randomness of sampling is a separate issue.
If taxon sampling is conducted in an overdispersed manner
so that deep clades are preferentially represented, as is gen-
erally the case in molecular systematic studies, early diverg-
ing lineages will be overrepresented in the data. This could
result in the appearance of an early period of high diversi-
fication rate, corresponding to the time when such deep lin-
eages originated. Indeed, this criticism could be leveled
against the current study. However, deep lineages that di-
versified early in the history of pleurocarps mostly corre-
spond to families (and clades even more inclusive than fam-
ilies) rather than to genera. The latter tend to diverge closer
to the tips of the phylogeny on which our analyses were
based. It is apparent from the shape of the phylogenetic tree
on which our pleurocarp analyses were conducted that the
sudden increase in hypnalian clades occurred at the extreme
base of this lineage, not at the level at which genera are
resolved. Our sampling criteria did not consider the distri-
bution of sampled families; hence, our representation of fam-
ilies was arbitrary. Overdispersed sampling at the generic
level could not yield the relatively rapid increase in lineages
so close to the base of the hypnalian clade.

Although the choice of taxa included in this study may
have had some effect on the shapes of the LTT plots, we
argue that this effect would have been roughly equivalent for
the Hookeriales and Hypnales, and would not be substantial
enough to invalidate our conclusions. Nevertheless, the ef-
fects of phylogenetically nonrandom sampling clearly war-
rant further study through simulations and experimental prun-
ing of taxa from real datasets.

Despite the rapid diversification of Hypnales, the Hooker-
iales have undergone more chloroplast molecular evolution
(higher PD) and have higher levels of standing nucleotide
diversity. This pattern contrasts with the correlation between
rate of rbcL evolution and species richness found in angio-
sperms (Barraclough et al. 1996). The Hypnales have almost
six times the number of species as Hookeriales, yet have less
diversity at the chloroplast DNA sequence level. It is unlikely
that species concepts are applied in a systematically different



2234

manner in the two orders to a degree sufficient to explain this
discrepancy. Although the Hypnales form a large clade with
more than 4000 species, these taxa are very closely related on
a molecular level, and the pattern of dissimilar morphology
coupled with homogeneity at the sequence level is striking
and suggestive of adaptive radiation. This research provides
astriking example of the fact that species are not all equivalent
with regard to ‘*biodiversity value.”” The results suggest that
aternative metrics for quantifying biodiversity are useful to
complement estimates based on species richness.

There has been much discussion about general patterns of
diversification during the history of life, especially in the
paleobiology literature (e.g., Raup 1972; Sepkoski 1984; Ja-
blonski 1991; Benton 1997). Three generalized models de-
scribing the increase in biological diversity have been con-
trasted: additive, exponential, and logistic, although in re-
ality, patterns are made more complex by events such as mass
extinctions, differences in rates of speciation and extinction
among lineages, and the fact that no one pattern characterizes
the whole of evolutionary time (Benton 1997). Marine in-
vertebrates, for example, appear to have undergone several
more or less discrete stages of diversification (Sepkoski
1984). Both terrestrial tetrapods and vascular land plants
show patterns that suggest exponential increasesin diversity
over time, with rapid increases in the relatively recent past
(Niklas et al. 1985; Benton 1997). Such diversity-over-time
curves for major heterogeneous groups of organisms of
course reflect the averages of patterns characterizing many
individual subgroups.

Evidence of changesin diversification rate over timewithin
a particular lineage comes from both paleontological data
and analyses of modern groups. Classic ‘‘adaptive radia-
tions'’ are generally characterized by exceptionally rapid pe-
riods of diversification (Simpson 1953; Givnish and Sytsma
1997; Schluter 2000). Horses went through three phases|ead-
ing to current levels of diversity: rapid radiation, stationarity,
and decline (Hulbert 1993). The radiation phase, with high
speciation and low extinction rates, lasted about 17% of the
last 18 million years (MY) of equine history (Hulbert 1993).
Cichlid fishes of Lake Victoria exhibit an excess of new
lineages in the recent past, but the radiation is also borne on
along stem that implieslow speciation and/or high extinction
early in their history (Schluter 2000).

The California silverswords (Asteraceae) are one of the
most outstanding examples of an adaptive radiation in plants.
Baldwin and Sanderson (1998) estimated an age for the com-
mon ancestor of the Hawaiian silversword alliance and their
sister group, the California tarweeds, as 15 MY. The sil-
verswords occur on a long branch and the common ancestor
of all living Hawaiian species was estimated to have existed
5.2 MY ago. Although Baldwin and Sanderson (1998) could
not exclude the possibility that the long stem branch reflected
extinction of early diverging species, it seems more likely
that there really was a spurt of rapid speciation in the last
five million years. The absolute diversification rate estimated
for the Hawaiian silverswords (0.56 = 0.17 species per MY)
is comparable to that estimated for neogene horses. Baldwin
and Sanderson (1998) did not explicitly test the hypothesis
that diversification rate in the silverswords has been constant
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over the last five MY, but the shape of the LTT plot they
presented appears consistent with constant diversification.

There is no evidence of an initial period of slow diversi-
fication in the history of hypnalian mosses. The presence of
a significant stem clade might suggest a substantial period
of now-extinct ancestry prior to the radiation of extant Hyp-
nales, but the branches separating Ptychomniales, Hookeri-
ales, and Hypnales are very short. The radiation of Hypnales
appears to have been initiated very early in history of the
clade and the phase of rapid diversification continued for
about 20% of their history. The base of the hypnalian clade
is still phylogenetically unresolved, precisely because of the
rapid diversification and consequent short branch lengths. As
aresult it is impossible at this point to identify the earliest
diverging groups and the ecological and morphological fea-
tures associated with the radiation. The pleurocarpous habit
itself, including lateral gametangia and procumbent, spread-
ing growth form, unites the Ptychomniales, Hookerial es, and
Hypnales, and therefore appeared before the hypnalian ra-
diation. Most pleurocarps are characteristic of shaded wood-
land habitats, but so are some acrocarpous mosses, and such
forest habitats are shared by members of all three orders of
pleurocarps. Such atransition istherefore unlikely to underlie
the diversification of Hypnales.

The absolute time course of moss diversification is un-
known, but it is well established that the pleurocarps rep-
resent a derived clade, and that the Hypnales are derived
within the pleurocarps. Thus, the hypnalian radiation may
have been relatively recent. Buck (1991) and Kurschner and
Parolly (1999) suggested that the diversification of pleuro-
carps may have been temporally coincident with the rise to
dominance of angiosperms, since most pleurocarp diversity
occurs within angiosperm-dominated forests. Indeed, many
hypnalian taxa are epiphytic on angiosperms and rarely occur
on gymnosperms or other large trachophytes. It is possible
that the radiation of Hypnales is related to the origin of an-
giosperms as host trees. Thisis ahypothesisthat can be tested
as phylogenetic resolution of the major moss lineages in-
creases; it is not clear at present whether Hypnales at the
base of the clade are terrestrial or epiphytic. Current infor-
mation, however, suggeststhat the ‘“ angi osperm connection’’
applies equally well to all pleurocarps, rather than to the
Hypnales alone. Clearly, the Hookeriales and Ptychomniales
did not respond to the rise of angiosperms with a rapid ra-
diation of speciesdiversity. Moreover, host specificity islim-
ited in epiphytic mosses. Although any key geological, eco-
logical, or morphological innovation associated with the hyp-
nalian radiation is currently obscure, it does seem clear that,
like many major groups of organisms, the hypnalian pleu-
rocarps underwent arelatively rapid radiation during an early
stage of their history.
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