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1 | INTRODUCTION

Comprising three extant families (Isoetaceae, Lycopodiaceae and
Selaginellaceae), the lycophytes hold an important phylogenetic
position sister to all other extant vascular plants (Wickett et al.,

2014). This ancient lineage has its origins in the Silurian (Garratt,
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Abstract

Aim: To infer divergence times and historical biogeography of the cosmopolitan
lycophyte family Lycopodiaceae.

Location: Worldwide.

Methods: We generated time-calibrated phylogenies of the Lycopodiaceae based
on six regions of chloroplast DNA using a node-dating approach implemented in
BEAST with eight fossil calibrations. To investigate effects of among-lineage substitu-
tion rate heterogeneity on divergence time estimation, we compared the perfor-
mance of two relaxed clock models: an uncorrelated lognormal clock model and a
random local clock (RLC) model. The historical biogeography of the family was
inferred using two Bayesian models implemented in BioGeoBEARS.

Results: Divergence time estimates for major groups of the Lycopodiaceae obtained
using the two substitution clock models differed substantially, and the RLC model
was a better fit. The Lycopodiaceae crown group age is estimated to be late Devo-
nian, and most deep divergence events date to the Carboniferous, with most extant
species diversity accumulating during the Cenozoic. The timing of divergences of
major clades in the Lycopodiaceae corresponds to the breakup of the Pangaean and
Gondwanan supercontinents. Long-distance dispersal events are relatively common,
but generally do not appear to be followed by subsequent radiations.

Main conclusions: Accounting for among-lineage substitution rate heterogeneity
improves divergence time estimates for the Lycopodiaceae. The family has a deep
evolutionary history, and continent-scale vicariance events in the Mesozoic appear
to have been associated with major cladogenesis events, with long-distance disper-

sal playing a relatively minor role.
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Tims, Rickards, Chambers, & Douglas, 1984; Rickards, 2000) and
was among the dominant life-forms in Earth's ecosystems through
the Carboniferous (DiMichele, Stein, & Bateman, 2001). Though
modern lycophyte diversity and ecological prominence pales in
comparison to that of their Palaeozoic relatives, and they are

today overshadowed by seed plants and ferns, understanding the
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evolutionary history of the group is important because it provides
insight into the timing and patterns of early land plant diversifica-
tion. Recent studies have examined the divergence timing and his-
torical biogeography of the Isoetaceae (Pereira, Labiak, Stutzel, &
Schulz, 2017) and Selaginellaceae (Klaus, Schulz, Bauer, & Sttzel,
2017; Weststrand, 2016); however, the only dated phylogeny of
the Lycopodiaceae (Wikstrom & Kenrick, 2001) was published
more than 15 years ago and did not include a biogeographical
analysis.

Though the Wikstrom and Kenrick study was an important
early application of divergence time estimation (DTE) and has pro-
vided insight into the timing of lycophyte diversification, it does
have significant limitations. First, fewer than 10% of described
Lycopodiaceae species were included in the phylogeny. Sparse
taxon sampling can lead to biased divergence time estimates
(Duchéne, Lanfear, & Ho, 2014; Linder, Hardy, & Rutschmann,
2005; Renner, 2005; Zheng & W.iens, 2015), especially in the
absence of sufficient fossils for node calibration, as is the case in
the Lycopodiaceae. Furthermore, among-lineage substitution rate
heterogeneity poses a significant challenge to DTE, especially when
models that assume some sort of a molecular clock are used
(Drummond & Suchard, 2010; Sanderson, 1997; Welch & Brom-
ham, 2005). Since the Wikstrom and Kenrick study was published,
methods that explicitly permit among-lineage rate heterogeneity
have been developed (Drummond, Ho, Phillips, & Rambaut, 2006;
Drummond & Rambaut, 2007; Drummond & Suchard, 2010; Ren-
ner, 2005); these have provided markedly different estimates of
divergence times in numerous clades of organisms (Bell, Soltis, &
Soltis, 2010; Douzery, Snell, Bapteste, Delsuc, & Philippe, 2004;
Magallén, Gémez-Acevedo, Sanchez-Reyes, & Hernandez-Hernan-
dez, 2015; Smith, Beaulieu, & Donoghue, 2010; Testo & Sundue,
2016). Given the demonstrated high rates of substitution in Selagi-
nella (Korall & Kenrick, 2004) and evidence (from molecular branch
lengths) of similarly elevated rates in some taxa in the Lycopodi-
aceae (Field, Testo, Bostock, Holtum, & Waycott, 2016), we expect
that more sophisticated dating analyses may improve estimates of
divergence times in the Lycopodiaceae as well.

The aim of this paper was to infer the evolutionary history of
the Lycopodiaceae with improved marker and taxon sampling and
more sophisticated analyses than were available to Wikstrom and
Kenrick (2001). We increase sampling within the Lycopodiaceae to
>50% of the family’s diversity, use sequence data from six chloro-
plast markers, and incorporate eight fossil calibrations to construct
our phylogeny and infer divergence times. To understand and miti-
gate the effects of among-lineage rate heterogeneity on our age
estimates, we carry out model comparison between two relaxed
molecular clock models implemented in BEAsT—an uncorrelated log-
normal clock (UCLN) and a random local clock (RLC)—and compare
date estimates obtained using each method. Finally, we infer the his-
torical biogeographical history of the Lycopodiaceae to place the
diversification of the family within the context of Earth’s complex
geologic history and to elucidate the relative roles of vicariance and
long-distance dispersal.

2 | MATERIALS AND METHODS

2.1 | Taxon sampling

Ingroup sampling included a total of 199 taxa, representing all 16
Lycopodiaceae genera (Pteridophyte Phylogeny Group |, 2016). Spe-
cies were sampled from all regions globally where significant species
richness has been described. In some cases, multiple accessions of a
given named taxon were included when that species was known to
be polyphyletic and comprised of multiple cryptic species; these
were treated as independent taxa in our analyses. Outgroups were
selected from the sister families Selaginellaceae and Isoetaceae as
well as representatives of the other major land plant lineages; repre-
sentatives of outgroups were selected with a focus on capturing the
deepest divergences in their corresponding clade.

2.2 | DNA extraction, amplification and sequencing

Total genomic DNA was extracted from silica-dried leaf material or
herbarium specimens using a standard CTAB extractions protocol
(Doyle & Doyle, 1987). PCR was performed in 25 pl mixtures of
12.5 pl Bullseye Tag mix (MIDSCI, St. Louis), 9 ul water, 1.25 pl each
of 10 mm forward and reverse primers, and 1 pl of 10-20 ng x pl~!
DNA. Six regions of chloroplast DNA (rbcL, psbA-trnH, rps4-trS, tmlL,
trnL-trnF and trnP-petG IGS) were amplified; amplification primers
and reaction conditions are provided in Table 1. All primers were
designed for this study based on publicly available chloroplast gen-
ome sequences. PCR products were purified using shrimp alkaline
phosphatase and subsequently diluted to 2 ng x ulfl. DNA
sequencing was performed in both forward and reverse directions
using BigDye chemistry on an ABI 3730xI DNA analyzer at Genewiz,
South Plainfield, New Jersey, USA and at Australian Genome
Research Facility, University of Queensland, Australia. Sequences
were assembled in Geneious 10.0.3 (Biomatters, Ltd.) and were visu-
ally inspected and manually edited as needed. Voucher information
and GenBank accession numbers are provided in Appendix S1 in the

Supporting Information.

2.3 | Divergence time analyses

Sequences for each region were aligned with the MAFFT (Katoh,
Misawa, Kuma, & Miyata, 2002) plugin in Geneious using a gap-open
penalty of 1.1-1.4 and an offset value of 0.123. We used jModelT-
est 2 (Darriba, Taboada, Doallo, & Posada, 2012) on each marker
partition to identify best-fitting substitution models for downstream
phylogenetic analyses (Table 1); the concatenated six marker dataset
was used for all subsequent analyses. To facilitate computation, we
generated a starting tree for all DTE analyses using a maximum likeli-
hood approach implemented in RAXML 8.2.10 (Stamatakis, 2006)
implemented in the Cipres Science Gateway portal (Miller, Pfeiffer, &
Schwartz, 2010). To generate the starting tree, the GTR+T" substitu-
tion model was employed across all partitions following the sugges-

tion of Stamatakis (2006), and the monophyly of seed plants, ferns
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TABLE 1 Nucleotide substitution model parameters for each marker used, primers used for PCR and sequencing, and PCR conditions. PCR
conditions include time in seconds on the top row and temperature in degrees Celsius on the bottom row of each cell

Marker Aligned length % missing Best model
petG-trnP 656 9% TIM1+1+G
psbA-trnH 419 23% K80+G
rbcl 1,417 56% TIM1++G
rps4-trnS 657 19% GTR+I+G
trnL 510 22% F81+G
trnL-trnF 862 30% GTR+I+G

and lycophytes was enforced. The resulting best tree was retained
for use in subsequent analyses; this tree is available in Appendix S2.

We performed all DTE analyses in Beast 2.4.5, using the Cipres
Science Gateway portal (Miller et al., 2010). For all analyses, the
matrix was partitioned by marker, and substitution models were
assigned to each partition following the results of our model test
analysis. We ran the analyses with trees linked and rates unlinked.
Because of a priori evidence of significant rate heterogeneity both
between the Lycopodiaceae and one of its sister families (Selaginel-
laceae) as well as within the Lycopodiaceae itself, special care was
taken to consider the effect of molecular clock models on DTE. We
compared the performance of two molecular clock models: an UCLN
model (Drummond et al., 2006), in which different rates are assigned
to each branch from a lognormal distribution of values, and a RLC
model (Drummond & Suchard, 2010), which allows for a set of dis-
tinct substitution rate regimes to be applied locally across a phy-
logeny. The UCLN model allows for substitution rates for each
branch in the phylogeny to be drawn from a single unimodal prior
distribution, whereas the RLC model works by proposing and com-
paring various regimes of local strict clocks; each of these clocks can
arise along any branch in the phylogeny and is applied to a set of
descendent branches. Evidence from both real and simulated data-
sets suggests that RLC models outperform UCLN models when sud-
den shifts in substitution rates occur across a phylogeny (Bellot &
Renner, 2014; Crisp, Hardy, & Cook, 2014; Dornburg, Brandley,
McGowen, & Near, 2012), but it may be a poor fit in cases where
rate variation is not punctuated along the phylogeny.

For all analyses, a birth-death tree prior was selected with a uni-
form prior from 0-10 for speciation rate and 0-1 for relative extinc-
tion rate; starting values were 1.0 for speciation and 0.5 for relative
extinction. For each analysis, we performed three separate MCMC
runs of 100 million generations and sampled every 40,000 genera-
tions, resulting in 2,500 trees per run and 7,500 trees in total. The
resulting log files were inspected for convergence and adequate
sampling using Tracer 1.6 (Drummond & Rambaut, 2007); ESS values

PCR conditions denat./

Primers anneal/exten
GATGTAGCGCAGCTTGGTAGC (f) 45/45/60
ATGGTTGAAGCTCTCTTATCCGG (r) 94/55/72
GTTATGCATGAACGTAATGCTC (f) 45/45/60
CGCGCATGGATTCACAATCC (r) 94/48/72
ATGTCACAAACGGAGACTAAAGC (f) 45/45/90
TCAGGACTCCACTTACTAGCTTCACG (r) 94/53/72
ATGTCCCGTTATCGAGGACCTC (f) 45/45/60
TTACCGAGGGTTCGAATCCCTC (r) 94/55/72
CGAAATCGGTAGACGCTACG (f) 45/45/60
GGGGATAGAGGGACTTGAAC (r) 94/52/72
GGTTCAAGTCCCTCTATCCC (f) 45/45/60
ATTTGAACTGGTGACACGAG (r) 94/55/72

all exceeded 200 and the first 20% of trees were discarded as burn-
in. A maximum credibility tree was generated from the remaining
6,000 trees. The fit of alternative clock models was compared by
performing path sampling analyses (Baele, Li, Drummond, Suchard, &
Lemey, 2013; Baele et al., 2012) and calculating Bayes factors. Both
the UCLN and RLC trees are provided in the Supporting Information,
as Appendices S3 and S4, respectively.

A node-dating approach incorporating eight fossils was used to
calibrate the timing of divergences across the land plant phylogeny.
In all cases, minimum ages assigned to fossils were based on the age
of the oldest stratigraphic layer from which the fossil is known. To
constrain the most recent common ancestor (MRCA) of land plants,
we took a conservative approach and assigned a uniform distribution
from 472-444 Ma, bridging the span of time between the oldest
likely land plant fossils (cryptospores from the Middle Ordovician of
Argentina; Rubinstein, Gerrienne, de la Puente, Astini, & Steemans,
2010) and the oldest fossils of certain affinity to the embryophyte
lineage (trilete spores from the Silurian in Sweden, Steemans et al.,
2009). All other fossil calibrations were provided lognormal prior dis-
tributions defined with the lower bound at the oldest age of the fos-
sil and p=3 and o =1, providing a prior shape that places the
highest probability at an age just older than the fossil and 95% of
the prior space within bounds of 100 Myr older than the fossil. We
chose this conservative application of priors to allow the fossil
record to constrain key divergence events in the land plant phy-
logeny, while allowing the possibility that lineages could predate
their appearance in the fossil record by a considerable amount.

The node marking the divergence of lycophytes and euphyllo-
phytes was constrained at a minimum age of 420 Ma based on the
lycophyte Baragwanathia longifolia, which dates to the Upper Silurian
(Garratt et al., 1984; Hueber, 1992). The node marking the diver-
gence of heterosporous and homosporous lycophytes was con-
strained to a minimum age of 385 Ma, based on Leclergia complexa,
which belongs to the stem lineage subtending Selaginellaceae and
Isoetaceae and is known from the Middle Devonian (Meyer-
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Berthaud, Fairon-Demaret, Steemans, Talent, & Gerrienne, 2003).
The crown node of the Selaginellaceae was given a minimum age of
311 Ma, based on Selaginella suissei, which dates to the mid-Pennsyl-
vanian and clearly belongs to the Selaginellaceae (Thomas, 1997).
The euphyllophyte crown node was assigned a minimum age of
385 Ma based on Ibyka, dating to the Middle Devonian (Skog &
Banks, 1973), which has affinities to the fern lineage (Kenrick &
Crane, 1997). The divergence of the Equisetales from the remainder
of the ferns was given a minimum age of 346 Ma, given the occur-
rence of the Equisetalean Archaeocalamites in the Lower Carbonifer-
ous (Bateman, 1991). The crown node of leptosporangiate ferns was
constrained at a minimum of 299 Ma, based on Grammatopteris,
which belongs to Osmundales and is known from the Lower Permian
(Skog, 2001). The seed plant crown node was given a minimum age
of 323 Ma, corresponding the occurrence of Cordaitalean fossils
from near the Lower-Upper Carboniferous boundary, which we
interpret as members of an early divergent gymnosperm lineage, fol-
lowing Crane (1985).

2.4 | Ancestral range estimation

We inferred the biogeographical history of the Lycopodiaceae using
the R package ‘BioGeoBEARS' (Matzke, 2013) using a dispersal-ex-
tinction—cladogenesis (DEC) model (Ree & Smith, 2008) on the maxi-
mum credibility tree from our RLC DTE analysis. We ran the analysis
with two variants of the DEC model, one with and one without the
“jump” parameter (j) of Matzke (2014); these models were compared
using a log-likelihood ratio test, and the better-fitting model was
selected. Species distributions were determined through examination
of floras (Mickel & Smith, 2004; @ligaard, 1995; Wagner & Beitel,
1992; Wu, Dong, & Raven, 2013), taxonomic treatments (@llgaard,
1989, 1992) and examination of herbarium specimens and scans
from the following herbaria: AAU, B, BHCB, BISH, BM, BO, BONN,
BR, BRI, CANB, CHR, CNS, COL, CR, E, Fl, GH, GOET, HAL, HO,
HUA, JCT, KLU, K, L, LD, LE, LINN, MEL, MICH, MO, NSW, NY, P,
PR, PRC, QRS, S, S-P, SING, TUD, U, UC, US, UPS, VT and W. Nine
biogeographical areas were included in the analysis: North America,
Central and tropical South America, south-eastern Brazil, temperate
South America, Eurasia, Africa and Madagascar, Eastern Asia, South-
east Asia and Oceania. These areas were chosen because they
reflect the biogeographical patterns observed in the Lycopodiaceae
and generally represent geologically distinct regions across most of
the family’s deep evolutionary history. We did not impose any limits
on the maximum number of areas that could be occupied by a given
taxon, and all combinations of areas were allowed, as one extant
species, Lycopodium clavatum, occupies all of them. To account for
change in geographic proximity of landmasses over time, we incor-
porated four different dispersal probability matrices in our analysis,
with each corresponding to nonoverlapping periods of time. The
time periods were defined as follows: more than 200, 200-100,
100-50 and 50-0 Ma; these time slices were chosen to reflect major
motifs of continental drift, including the disintegration of Pangaea,
the subsequent separation of both Laurasia and Gondwana, and the

gradual shift of the resulting continents to their current positions.
The bias towards finer division among more recent time slices is due
to the fact that most diversification within the family appears to
have occurred within the last 100 Myr. Attempts to run the analysis
with additional time slices caused the analysis to take several weeks
without approaching completion. The values provided in the disper-
sal matrices were based on rough estimates of the distance between
landmasses and, for the most recent time slice, the directions of pre-
vailing winds and general patterns of migration exhibited by wind-
dispersed plant groups. The values assigned are arbitrary (see Ree &
Smith, 2008) but represent our best estimates of relative dispersal
probabilities among regions at different time periods. Species distri-
butions and our dispersal matrices are provided as in the Supporting

Information as Appendices S5 and Sé respectively.

3 | RESULTS

3.1 | Divergence time estimation

Our ML best tree recovered phylogenetic relationships generally
concordant with those previously reported within the Lycopodiaceae
(Field et al., 2016) and within other major lineages, and the relation-
ships among major land plant lineages were consistent with those
recovered in recent large-scale analyses (Magallén, Hilu, & Quandt,
2013; Testo & Sundue, 2016; Wickett et al., 2014). Support values
in both the UCLN and RLC trees are generally high, except in some
recently divergent clades, where support in moderate to weak
(Appendices S3 and S4). Within the Lycopodiaceae, the only promi-
nent difference between our UCLN and RLC analyses was the posi-
tion of Phylloglossum (Huperzioideae); it was sister to the rest of the
Huperzioideae in our RLC analysis and sister to Huperzia in our
UCLN analysis. Our path sampling analyses indicated that the best-
fitting clock model was the RLC (AlnL = 70.06, BF = 13.7).

Our RLC analyses recovered three distinct substitution rate
regimes across the Lycopodiaceae, with mean regime rates ranging
from 1.3 x 1072 (95% HPD 1.1-1.45) substitutions site™* Myr~? in
Palhinhaea (Lycopodielloideae) to 2.1 x 10™* (95% HPD 2.05-2.32)

1 in Phlegmariurus (Huperzioideae). Apart

substitutions site ™! Myr~
from the background rate regime of the family, distinct elevated rate
regimes were found in subfamily Lycopodielloideae and in
Phylloglossum.

Divergence date estimates varied between the RLC and UCLN
models (Figure 1). Dates obtained with the RLC model were gener-
ally older and had broader highest probability intervals, whereas the
UCLN model tended to provide the younger ages and narrower
highest probability intervals. Major differences in clade age estimates
between these models were most evident for the crown age of the
Lycopodiaceae, (mean age of 368.4 Ma [95% HPD 325-383 Ma]
under the RLC model and 308.8 Ma [95% HPD 248-333 Ma] under
the UCLN model) and among the subfamily Huperzioideae. The esti-
mates generated from the best-fitting (RLC) clock model indicate
that lycophytes diverged from the euphyllophyte lineage 431.5 Ma
(95% HPD 426-440 Ma), that the homosporous and heterosporous
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FIGURE 1 Comparison of divergence time estimates obtained using random local clock and uncorrelated lognormal clock models. Trees are
maximum credibility BeasT trees obtained from each model with median dates shown. Branch colours designate major land plant clades, and

coloured circles indicate the position of fossil node calibrations

lycophyte lineages diverged 403.3 Ma (95% HPD 394-414 Ma) and
that the crown age of the Lycopodiaceae was 368.4 Ma (95% HPD
326-389 MYA). Within the Lycopodiaceae, we estimate that the
crown age of subfamily Huperzioideae is 199.5 Ma (95% HPD 175-
223 Ma) and that the divergence of subfamilies Lycopodioideae and
Lycopodielloideae occurred at 293.6 Ma (95% HPD 262-320 Ma).
Divergence time estimates for genera range from 210.4 Ma (95%
HPD 202-236 Ma) for the split of Lycopodiastrum (Lycopodioideae)
from the rest of subfamily Lycopodioideae to 53.1 Ma (95% HPD
35-66 Ma) for the divergence between Austrolycopodium and Pseu-
dodiphasium (Lycopodioideae).

3.2 | Ancestral range estimation

Comparison of the DEC and DEC+j models implemented in BioGeo-
BEARS indicated that the inclusion of the j parameter resulted in a
more likely model (DEC InL = —447.02, DEC+ InL = —429.03,
A = 35.98, p = 0.023). Results obtained with the DEC+j model indi-
cate that the most likely ancestral range of the Lycopodiaceae is
North America+Eurasia+East Asia+Oceania, that the ancestral range
of subfamilies Lycopodioideae and Lycopodielloideae were Oceania
and that of subfamily Huperzioideae was East Asia+Southeast
Asia+Oceania. Within the Lycopodioideae, most lineages are wide-
spread in the north temperate region, though a clade comprising

Pseudolycopodium, Pseudodiphasium and Austrolycopodium diversified
in Oceania, with a subsequent long-distance dispersal event in Aus-
trolycopodium to southern South America. Subfamily Lycopodiel-
loideae appears to have radiated out of Oceania in the late Mesozoic,
with a generally north temperate affinity among Lycopodiella and
tropical/austral distributions in Lateristachys, Palhinhaea and Pseudoly-
copodiella. In the Huperzioideae, we recover an ancestral range of
Oceania for Phylloglossum, East Asia+tropical Asia for Huperzia and
Neotropics+East Asia+Africa+tropical Asia+Oceania for Phlegmariurus.
We recover several recent long-distance dispersal events between
austral regions in Huperzia, and many species are shared between
North America and East Asia. In Phlegmariurus, the divergence of its
two principal clades into the Neotropics and Palaeotropics occurred
during the lower Cretaceous (102 Ma); several subsequent long-dis-

tance dispersal events occurred between these regions.

4 | DISCUSSION

4.1 | Substitution rate heterogeneity and clock
model effects

We find evidence for two shifts in nucleotide substitution rate
across the Lycopodiaceae, in the subfamily Lycopodielloideae and

Phylloglossum. The shifts in substitution rate observed in these
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groups appear to be related to a transition in growth strategy, as
both taxa are characterized by short life cycles in comparison to
other members of the family. In particular, members of the subfamily
Lycopodielloideae and Phylloglossum possess partly or wholly surfi-
cial, photosynthetic gametophytes that are fast-growing in compar-
ison to the subterranean gametophytes found in other members of
the family. Though elevated rates of substitution are known to occur
in groups with fast generation times in plants (Clegg, Gaut, Learn, &
Morton, 1994; Gaut, Muse, Clark, & Clegg, 1992; Lanfear et al,
2013), ours is the first evidence of coordinated shifts in substitution
rates and gametophyte ecology. As gametophyte growth rates and
reproductive biology vary dramatically across both lycophytes (Bruce,
1976; Whittier, 1998) and ferns (Haufler et al., 2016; Nayar & Kaur,
1971; Raghavan, 1989; Sessa, Testo, & Watkins, 2016; Whittier,
1981), this finding has important implications for understanding the
variation in rates of molecular evolution observed across these
clades of taxa, all characterized by independent gametophyte life
phases. Further study of the correlation of gametophyte longevity
and nucleotide substitution rates is needed, but this effect may
explain the patterns of anomalous substitution rates in some fern
genera with either fast- (e.g. Ceratopteris; Hickok, Warne, & Fribourg,
1995) or slow-growing (e.g. Botrychium, Ophioglossum; Whittier,
1981) gametophytes.

We demonstrate a significant effect of clock model on estimates
of divergence times in the Lycopodiaceae (Figures 1 and 2), with a

I:' Random local clock

RLC model outperforming the UCLN clock model. Our finding of
improved performance of a RLC model is consistent with findings
from other groups that include lineages in which punctuated shifts in
molecular evolution rates are known, such as the monocot family
Xanthorrhoeaceae (Crisp et al., 2014) and cetaceans (Dornburg et al.,
2012). Given the strong effect of clock model on divergence time
estimates reported here and in other studies (Beaulieu, O’Meara,
Crane, & Donoghue, 2015; Crisp et al., 2014; Dornburg et al., 2012;
Wertheim & Sanderson, 2011), researchers should be cognizant of
potentially misleading inferences of divergence times stemming from
ill-fitting clock models, especially if their study group presents a pri-

ori evidence for among-lineage rate heterogeneity.

4.2 | Divergence time estimates

Considering estimates obtained from the RLC model, our divergence
time estimates for the Lycopodiaceae are generally younger than
those reported by Wikstrom and Kenrick (2001), though our esti-
mates for the initial divergences in the family are similar. Congruence
of our estimates and those of Wikstrom and Kenrick (2001) among
deep divergences may be primarily a function of similar fossil calibra-
tions constraining the backbone of both phylogenies; the influence
of fossil calibration choice on age estimates deep in the land plant
phylogeny has been demonstrated previously (Magallén, Sanderson,
& Soltis, 2005; Magalldn et al., 2013; Yang & Rannala, 2006). Among

I: Uncorrelated lognormal clock
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the internal nodes of the Lycopodiaceae, which were uncalibrated in
Wikstrom and Kenrick (2001), and constrained only at a single node
in our phylogeny, our dates diverge more conspicuously, though
direct comparisons are difficult to make due to much denser taxon
sampling in our study. Considering the crown ages for major clades
that were well-sampled in both studies, we report considerably
(c. 50-90 Myr) younger ages for all three subfamilies and most gen-
era. These differences may be due to the dramatic acceleration of
substitution rates found in subfamily Lycopodielloideae and Phyl-
loglossum, given that major among-lineage heterogeneity in rates of
molecular evolution can drive artificially old age estimates under
relaxed clock models (Beaulieu et al., 2015). The difference in place-
ment of Phylloglossum between our UCLN and RLC analyses may
also have an impact on estimates; our analyses with fixed topologies
indicated such an effect was minimal.

We recover the divergence of the homosporous and heterospor-
ous lycophytes to be during the early Devonian (median
age = 403 Ma). This age estimate is consistent with the hypothesis
of a relatively rapid diversification of the major embryophyte lineages
over approximately 50-75 Myr after the initial colonization of land
by plants, which is corroborated both by fossil (Crane, Herendeen, &
Friis, 2004; Kenrick & Crane, 1997) and molecular phylogenetic
(Bateman et al.,, 1998; Finet, Timme, Delwiche, & Marlétaz, 2010;
Magallén et al., 2013; Testo & Sundue, 2016) evidence. Consistent
with the findings of Wikstrom and Kenrick (2001), our estimates of
the divergences among subfamilies of the Lycopodiaceae date to the
Carboniferous and Permian, indicating that the initial diversification
of the family was underway well before the initial breakup of Pan-
gaea at approximately 175 Ma. The divergence of the three ecologi-
cally disparate genera comprising the Huperzioideae (Huperzia,
Phlegmariurus and Phylloglossum) coincided with the breakup of Pan-
gaea, with these three lineages splitting during the lower to middle
Jurassic. A critical innovation that appears to be attained during this
initial burst of lineage diversification and specialization within the
Lycopodiaceae is the evolution of epiphytism in Phlegmariurus, which
several analyses have indicated to be the ancestral growth habit of
the genus (Field et al., 2016). Assuming that epiphytism evolved in
Phlegmariurus coincidentally with the divergence of the genus or
shortly thereafter, this marks one of the earliest transitions to epi-
phytic growth known among vascular plants, along with filmy ferns
(Hennequin, Schuettpelz, Pryer, Ebihara, & Dubuisson, 2008). Other
early epiphytes, such as the ophioglossalean fern Botryopteris, grew
as trunk epiphytes on Marattiealean tree ferns (Rothwell, 1991); the
earliest epiphytic Phlegmariurus may have exhibited a similar growth
strategy. Given that vascular epiphytes were rare until the late Creta-
ceous (Benzing, 1990; Schuettpelz & Pryer, 2009; Taylor, Taylor, &
Krings, 2009; Watkins & Cardelus, 2012), the early radiation into and
persisting success in the epiphytic niche by Phlegmariurus is remark-
able. Altogether, it appears that the early divergence events in the
Lycopodiaceae correspond to a partitioning of ecological strategies
among the different subfamilies and genera of subfamily Huperzioi-
deae; much of the family's functional diversity appears to have been
attained early in its evolutionary history.

ey

Though the initial diversification of the family occurred during
the Carboniferous and Permian, much of the family’s generic and
species richness accumulated considerably later. Apart from the early
divergences in subfamily Huperzioideae and the establishment of
some depauperon lineages (Donoghue & Sanderson, 2015) such as
Lycopodiastrum and Phylloglossum by the upper Triassic, most groups
diversified primarily during the Cretaceous and Cenozoic, coincident
with the rise of modern fern (Lehtonen et al., 2017; Schneider et al.,
2004; Schuettpelz & Pryer, 2009; Testo & Sundue, 2016), gym-
nosperm (Condamine, Nagalingum, Marshall, & Morlon, 2015; Naga-
lingum et al,, 2011; Saladin et al., 2017; Won, Renner, & Linder,
2006) and angiosperm (Magallén et al, 2013; Xi et al., 2012) lin-
eages. The rapid diversification of some of these groups, such as lep-
tosporangiate ferns (Schneider et al, 2004; Schuettpelz & Pryer,
2009; Watkins & Cardelds, 2012) and the angiosperm order Mal-
pighiales (Davis, Webb, Wurdack, Jaramillo, & Donoghue, 2005; Xi
et al., 2012) are clearly closely linked to the establishment of angios-
perm-dominated rain forests by the early Cretaceous; this appears to
be the case for some tropical and subtropical genera such as Phleg-
mariurus, Palhinhaea and Pseudodiphasium, but not for other groups,
such as Huperzia, Diphasiastrum and Diphasium, which appear to be
adapted primarily to open temperate and tropical alpine habitats.
Most species-level divergences are recent; having occurred within
the last 15 Myr.

4.3 | Historical biogeography

The biogeographical history of the Lycopodiaceae is complex, and
ancient vicariance events appear to have played the most important
role in shaping the group’s distribution (Figures 3 and 4). The initial
divergences within the family occurred while Earth’s landmasses
were united in Pangaea, and these lineages most likely were widely
distributed across the supercontinent. Early divergences within the
subfamilies Huperzioideae and Lycopodioideae correspond with the
initial breakup of Pangaea into the Laurasian and Gondwanan land-
masses during the early Jurassic; distributions of extant genera
clearly reflect this pattern (Figure 4). The primary divergence event
in the Lycopodielloideae split Lycopodiella, which has a primarily
Laurasian distribution, from the principally Gondwanan lineage com-
prising the genera Lateristachys, Palhinhaea and Pseudolycopodiella.
Similarly, the divergence of the Laurasian genus Huperzia from the
otherwise Gondwanan Huperzioideae is estimated to have occurred
in the mid-Jurassic, while Laurasia and Gondwana were separated
yet still proximate. Similar patterns of lineage splitting concordant
with the Pangaean breakup have been demonstrated for numerous
animal groups (San Mauro, Vences, Alcobendas, Zardoya, & Meyer,
2005; Springer, Murphy, Eizirik, & O'Brien, 2003; Wildman et al.,
2007), but appear to be exceedingly rare among plants; currently,
robust phylogenetic evidence for this pattern is only known from
the Cupressaceae (Mao et al., 2012) and Selaginellaceae (Klaus et al.,
2017; Weststrand, 2016). In addition to providing a rare example of
Pangaean vicariance in a plant family, the geographic affinity of
these deep divergences within the Lycopodiaceae is remarkable
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given the group’s high potential for long-distance dispersal, which
some authors (Vanderpoorten, Gradstein, Carine, & Devos, 2010;
Wolf, Schneider, & Ranker, 2001) suggest could obscure ancient
vicariance in groups of spore-dispersed plants. It is possible that
long-distance dispersal may have also contributed to the early diver-
sification history of the Lycopodiaceae, but we believe vicariance is
the primary phenomenon at play, due to the coordinated timing of
continent breakup and lineage divergence across the family.

The subsequent breakup of Gondwana also had an important
role in shaping the geographic distribution of Phlegmariurus, the most
species-rich genus in the Lycopodiaceae (Figure 4). Phlegmariurus
comprises two clades—one nearly entirely Palaeotropical, the other
almost entirely Neotropical—of approximately equal size, which
diverged an estimated 102 Ma. Our estimate of the timing of this
split is much younger than the lower Cretaceous estimate (184 Ma)
reported by Wikstrom and Kenrick (2001) and corresponds closely
with the final rifting of South America and Africa (Konig & Jokat,
2006; Seton et al., 2012). Both clades subsequently underwent
exceptional species diversification during the Cenozoic, apparently
radiating in angiosperm-dominated rain forests like most leptospo-
rangiate fern groups (Schneider et al, 2004; Schuettpelz & Pryer,
2009; Testo & Sundue, 2016). Unlike most emblematic Gondwanan
seed plant (e.g. Podocarpus, Quiroga, Mathiasen, Iglesias, Mill, &

Premoli, 2016; Nothofagus, Swenson, Hill, & McLoughlin, 2001; Pro-
teaceae, Barker, Weston, Rutschmann, & Sauquet, 2007) and fern
lineages (e.g. Cyatheaceae, Korall & Pryer, 2014; Trichomanes,
Dubuisson et al., 2003; Dicksoniaceae, Noben et al., 2017), there is
no evidence of migration between South America and Oceania
through Antarctica (a connection that persisted until the middle
Eocene; Wilf, Clneo, Escapa, Pol, & Woodburne, 2013) or of inter-
continental long-distance dispersal leading to subsequent diversifica-
tion events in Phlegmariurus. The inferred pattern of ancient
Gondwanan affinity within subfamily Huperzioideae may also be
influenced by the position of Phylloglossum in the phylogeny. The
phylogenetic position of this taxon is poorly supported in this and
earlier studies (Field et al., 2016; Wikstrom & Kenrick, 2001) and if
it were found to be sister to the rest of the subfamily rather than
sister to Huperzia, it is likely that the inferred ancestral distribution
of subfamily Huperzioideae would be East Asia+Oceania. This would
indicate that the broad range posited here for subfamily Huperzioi-
deae (Figure 4) may be a significant overestimate of a group with
stronger affinities to Gondwana and Eurasia.

This study confirms the finding of a recent phylogeny (Gissi,
2017), which documented the presence of an endemic clade of
Brazilian species nested within the Neotropical Phlegmariurus clade.

This group is estimated to have diverged from its closest relatives
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approximately 37 Ma (Figure 3), and has subsequently undergone
considerable diversification in the mountains and rain forests of
south-eastern Brazil. Unlike the tropical Andes, which formed pri-
marily beginning in the Miocene (Gregory-Wodzicki, 2000), the
mountain ranges of the Brazilian Highlands were established prior to
the divergence of this clade, eliminating the possibility that this clade
arose following a long-distance dispersal event from the Andes, as
has been documented in other plant groups (Luebert & Weigend,
2014; McHenry & Barrington, 2014; Safford, 1999). Instead, it
appears that this group radiated into these habitats from adjacent
lowland forests and subsequently became adapted to a diversity of
available habitat types in the region.

Compared to that of vicariance, the role of long-distance disper-
sal in shaping the diversity and distribution of the Lycopodiaceae is
apparently minor. Nonetheless, several long-distance dispersal events
have important implications for understanding the evolutionary his-
tory of some genera and warrant discussion. Recent trans-Austral
long-distance dispersal occurred in both Austrolycopodium and Huper-
zia (Figure 3), fitting a pattern commonly found in Austral plant
groups (Barker et al., 2007; Renner, Strijk, Strasberg, & Thébaud,
2010; Richardson, Chatrou, Mols, Erkens, & Pirie, 2004; Noben
et al., 2017). Long-distance dispersal is also responsible for both spe-
cies (Phlegmariurus saururus) and species pair (Phlegmariurus phylici-
folius and P. ophioglossoides) range disjunctions between the
Neotropics and southern Africa/Madagascar, as has been reported
for numerous fern and lycophyte genera by Moran and Smith
(2001). Interestingly, both P. phylicifolius (to at least 19° S) and P.
saururus (to at least 31° S) have ranges that extend further south in
the Andes than most other Neotropical Phlegmariurus; these south-
erly distributions may have permitted their (or their close relatives’)
dispersal to Africa via the prevailing westerly winds at south-tempe-
rate latitudes. Several long-distance dispersal events to south-east-
ern Brazil from the Andes have occurred since the Miocene; these
dispersals did not result in subsequent radiations (Figure 3). Long-
distance dispersal certainly has played an important role in the diver-
sification of Phlegmariurus in tropical Asia and Oceania (Field et al.,
2016), but the scale of these dispersal events is too fine to be
detected in our analyses, as they have mostly occurred within—

rather than between—the areas we defined in this study.

5 | CONCLUSIONS

This study improves our understanding of the evolutionary history of
the Lycopodiaceae by providing a densely sampled, time-calibrated
phylogeny and set of inferences for the family’s complex biogeo-
graphical history. We demonstrate the importance of considering
among-lineage rate heterogeneity when estimating lineage diver-
gence times, and provide clade age estimates that differ considerably
from previously published estimates. The Lycopodiaceae arose dur-
ing the Devonian and early divergence events in the family appear
to be associated with major geologic events, particularly the breakup
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of Pangaea and the subsequent rifting of Gondwana; most well-sup-
ported long-distance dispersal effects are recent and were followed
by limited subsequent diversification. Finally, though the family is
ancient, most of its extant species diversity accumulated during the
Cenozoic, coincident with the recent diversification of other major

land plant lineages.

ACKNOWLEDGEMENTS

We thank Benjamin @ligaard (Aarhus University, Denmark) for help-
ful discussions on the Lycopodiaceae, especially in the American
tropics. Michael Sundue (University of Vermont, USA), Thais Almeida
(Universidade Federal do Oeste do Para, Brazil), Fernando Matos
(Universidade Federal do Oeste do Parand, Brazil), Bianca Canestraro
(Curitiba, Parana, Brazil) and Carl Rothfels (University of California,
Berkeley, USA) for providing material used in this work. Ingi Agnars-
son (University of Vermont, USA), Cathy Paris (University of Ver-
mont, USA) and Jill Preston (University of Vermont, USA) provided
helpful comments on an earlier draft of this manuscript. This work
was funded by a National Science Foundation Doctoral Dissertation
Improvement Grant (DEB-1601502) awarded to the first and senior
authors. ARF’s involvement was supported by an Australian Biologi-
cal Resource Study grant RFL215-34 and a Queensland-Smithsonian
Fellowship 2017.

ORCID

Weston Testo http://orcid.org/0000-0003-3194-5763

REFERENCES

Baele, G., Lemey, P., Bedford, T., Rambaut, A., Suchard, M. A,, & Alek-
seyenko, A. V. (2012). Improving the accuracy of demographic and
molecular clock model comparison while accommodating phyloge-
netic uncertainty. Molecular Biology and Evolution, 29, 2157-2167.
https://doi.org/10.1093/molbev/mss084

Baele, G., Li, W. L. S., Drummond, A. J,, Suchard, M. A, & Lemey, P.
(2013). Accurate model selection of relaxed molecular clocks in Baye-
sian phylogenetics. Molecular Biology and Evolution, 30, 239-243.

Barker, N. P, Weston, P. H., Rutschmann, F., & Sauquet, H. (2007).
Molecular dating of the “Gondwanan” plant family Proteaceae is only
partially congruent with the timing of the break-up of Gondwana.
Journal of Biogeography, 34, 2012-2027. https://doi.org/10.1111/j.
1365-2699.2007.01749.x

Bateman, R. M. (1991). Palaeobiological and phylogenetic implications of
anatomically-preserved archaeocalamites from the Dinantian of
Oxroad Bay and Loch Humphrey Burn, southern Scotland. Palaeonto-
graphica Abteilung B, 223, 1-59.

Bateman, R. M., Crane, P., DiMichele, W., Kenrick, P. R., Rowe, N., Speck,
T., & Stein, W. E. (1998). Early evolution of land plants: Phylogeny,
physiology, and ecology of the primary terrestrial radiation. Annual
Review of Ecology and Systematics, 29, 263-292. https://doi.org/10.
1146/annurev.ecolsys.29.1.263

Beaulieu, J. M., O'Meara, B. C., Crane, P., & Donoghue, M. J. (2015).
Heterogeneous rates of molecular evolution and diversification could
explain the Triassic age estimate for angiosperms. Systematic Biology,
64, 869-878. https://doi.org/10.1093/sysbio/syv027

Bell, C. D., Soltis, D. E., & Soltis, P. S. (2010). The age and diversification
of the angiosperms re-revisited. American Journal of Botany, 97,
1296-1303. https://doi.org/10.3732/ajb.0900346

Bellot, S., & Renner, S. S. (2014). Exploring new dating approaches for
parasites: The worldwide Apodanthaceae (Cucurbitales) as an exam-
ple. Molecular Phylogenetics and Evolution, 80, 1-10. https://doi.org/
10.1016/j.ympev.2014.07.005

Benzing, D. H. (1990). Vascular epiphytes: General biology and related
biota. Cambridge, UK: Cambridge University Press. https://doi.org/
10.1017/CB0O9780511525438

Bruce, J. G. (1976). Gametophytes and subgeneric concepts in Lycopo-
dium. American Journal of Botany, 63, 919-924. https://doi.org/10.
1002/j.1537-2197.1976.tb13172.x

Clegg, M. T., Gaut, B. S., Learn, G. H., & Morton, B. R. (1994). Rates and
patterns of chloroplast DNA evolution. Proceedings of the National
Academy of Sciences, 91, 6795-6801. https://doi.org/10.1073/pnas.
91.15.6795

Condamine, F. L., Nagalingum, N. S., Marshall, C. R., & Morlon, H. (2015).
Origin and diversification of living cycads: A cautionary tale on the
impact of the branching process prior in Bayesian molecular dating.
BMC Evolutionary Biology, 15, 65. https://doi.org/10.1186/s12862-
015-0347-8

Crane, P. R. (1985). Phylogenetic relationships in seed plants. Cladistics,
1, 329-348. https://doi.org/10.1111/j.1096-0031.1985.tb00432.x

Crane, P. R, Herendeen, P., & Friis, E. M. (2004). Fossils and plant phy-
logeny. American Journal of Botany, 91, 1683-1699. https://doi.org/
10.3732/ajb.91.10.1683

Crisp, M. D., Hardy, N. B., & Cook, L. G. (2014). Clock model makes a
large difference to age estimates of long-stemmed clades with
no internal calibration: A test using Australian grasstrees. BMC
Evolutionary Biology, 14, 263. https://doi.org/10.1186/s12862-014-
0263-3

Darriba, D., Taboada, G. L., Doallo, R., & Posada, D. (2012). jModelTest 2:
More models, new heuristics and parallel computing. Nature Methods,
9, 772-772. https://doi.org/10.1038/nmeth.2109

Davis, C. C., Webb, C. O., Wurdack, K. J., Jaramillo, C. A., & Donoghue,
M. J. (2005). Explosive radiation of Malpighiales supports a mid-Cre-
taceous origin of modern tropical rain forests. The American Natural-
ist, 165, E36-E65. https://doi.org/10.1086/428296

DiMichele, W. A, Stein, W. E., & Bateman, R. M. (2001). Ecological sort-
ing of vascular plant classes during the Paleozoic evolutionary radia-
tion. In W. D. Allmon & D. J. Bottjer (Eds.), Evolutionary paleoecology:
The ecological context of macroevolutionary change (pp. 285-335).
New York: Columbia University Press.

Donoghue, M. J., & Sanderson, M. J. (2015). Confluence, synnovation,
and depauperons in plant diversification. New Phytologist, 207, 260—
274. https://doi.org/10.1111/nph.13367

Dornburg, A., Brandley, M. C., McGowen, M. R,, & Near, T. J. (2012).
Relaxed clocks and inferences of heterogeneous patterns of nucleo-
tide substitution and divergence time estimates across whales and
dolphins (Mammalia: Cetacea). Molecular Biology and Evolution, 29,
721-736. https://doi.org/10.1093/molbev/msr228

Douzery, E. J. P., Snell, E. A, Bapteste, E., Delsuc, F., & Philippe, H.
(2004). The timing of eukaryotic evolution: Does a relaxed molecular
clock reconcile proteins and fossils? Proceedings of the National Acad-
emy of Sciences of the United States of America, 101, 15386-15391.
https://doi.org/10.1073/pnas.0403984101

Doyle, J., & Doyle, J. (1987). Genomic plant DNA preparation from fresh
tissue - the CTAB method. Phytochemical Bulletin, 19, 11.

Drummond, A. J., Ho, S. Y. W., Phillips, M. J., & Rambaut, A. (2006).
Relaxed phylogenetics and dating with confidence. PLOS Biology, 4,
e88. https://doi.org/10.1371/journal.pbio.0040088

Drummond, A. J., & Rambaut, A. (2007). BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evolutionary Biology, 7, 214.
https://doi.org/10.1186/1471-2148-7-214


http://orcid.org/0000-0003-3194-5763
http://orcid.org/0000-0003-3194-5763
http://orcid.org/0000-0003-3194-5763
https://doi.org/10.1093/molbev/mss084
https://doi.org/10.1111/j.1365-2699.2007.01749.x
https://doi.org/10.1111/j.1365-2699.2007.01749.x
https://doi.org/10.1146/annurev.ecolsys.29.1.263
https://doi.org/10.1146/annurev.ecolsys.29.1.263
https://doi.org/10.1093/sysbio/syv027
https://doi.org/10.3732/ajb.0900346
https://doi.org/10.1016/j.ympev.2014.07.005
https://doi.org/10.1016/j.ympev.2014.07.005
https://doi.org/10.1017/CBO9780511525438
https://doi.org/10.1017/CBO9780511525438
https://doi.org/10.1002/j.1537-2197.1976.tb13172.x
https://doi.org/10.1002/j.1537-2197.1976.tb13172.x
https://doi.org/10.1073/pnas.91.15.6795
https://doi.org/10.1073/pnas.91.15.6795
https://doi.org/10.1186/s12862-015-0347-8
https://doi.org/10.1186/s12862-015-0347-8
https://doi.org/10.1111/j.1096-0031.1985.tb00432.x
https://doi.org/10.3732/ajb.91.10.1683
https://doi.org/10.3732/ajb.91.10.1683
https://doi.org/10.1186/s12862-014-0263-3
https://doi.org/10.1186/s12862-014-0263-3
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1086/428296
https://doi.org/10.1111/nph.13367
https://doi.org/10.1093/molbev/msr228
https://doi.org/10.1073/pnas.0403984101
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1186/1471-2148-7-214

TESTO ET AL

Drummond, A. J., & Suchard, M. A. (2010). Bayesian random local clocks,
or one rate to rule them all. BMC Biology, 8, 114. https://doi.org/10.
1186/1741-7007-8-114

Dubuisson, J., Hennequin, S., Douzery, E. J. P., Cranfill, R. B., Smith, A. R,,
& Pryer, K. M. (2003). rbcL phylogeny of the fern genus Trichomanes
(Hymenophyllaceae), with special reference to Neotropical taxa. Inter-
national Journal of Plant Sciences, 164, 753-761. https://doi.org/10.
1086/377059

Duchéne, S., Lanfear, R., & Ho, S. Y. W. (2014). The impact of calibration
and clock-model choice on molecular estimates of divergence times.
Molecular Phylogenetics and Evolution, 78, 277-289. https://doi.org/
10.1016/j.ympev.2014.05.032

Field, A. R., Testo, W., Bostock, P. D., Holtum, J. A. M., & Waycott, M.
(2016). Molecular phylogenetics and the morphology of the Lycopo-
diaceae subfamily Huperzioideae supports three genera: Huperzia,
Phlegmariurus and Phylloglossum. Molecular Phylogenetics and Evolu-
tion, 94, 635-657. https://doi.org/10.1016/j.ympev.2015.09.024

Finet, C., Timme, R. E., Delwiche, C. F., & Marlétaz, F. (2010). Multigene
phylogeny of the green lineage reveals the origin and diversification
of land plants. Current Biology, 20, 2217-2222. https://doi.org/10.
1016/j.cub.2010.11.035

Garratt, M. J,, Tims, J. D., Rickards, R. B., Chambers, T. C., & Douglas, J.
G. (1984). The appearance of Baragwanathia (Lycophytina) in the Sil-
urian. Botanical Journal of the Linnean Society, 89, 355-358. https://d
0i.0rg/10.1111/j.1095-8339.1984.th02566.x

Gaut, B. S., Muse, S. V., Clark, W. D., & Clegg, M. T. (1992). Relative
rates of nucleotide substitution at the rbcL locus of monocotyle-
donous plants. Journal of Molecular Evolution, 35, 292-303. https://d
0i.org/10.1007/BF00161167

Gissi, D. S. (2017). Phylogeny of Phlegmariurus (Lycopodiaceae) focusing on
Brazilian endemic species. Master’s thesis, Universidade de Sao Paulo,
Sao Paulo, Brazil.

Gregory-Wodzicki, K. M. (2000). Uplift history of the Central and North-
ern Andes: A review. GSA Bulletin, 112, 1091-1105. https://doi.org/
10.1130/0016-7606(2000)112&It;1091:UHOTCA&gt;2.0.CO;2

Haufler, C. H., Pryer, K. M., Schuettpelz, E., Sessa, E. B., Farrar, D. R,
Moran, R,, ... Windham, M. D. (2016). Sex and the single gameto-
phyte: Revising the homosporous vascular plant life cycle in light of
contemporary research. BioScience, 66, 928-937. https://doi.org/10.
1093/biosci/biw108

Hennequin, S., Schuettpelz, E., Pryer, K. M., Ebihara, A., & Dubuisson, J.
(2008). Divergence times and the evolution of epiphytism in filmy
ferns (Hymenophyllaceae) Revisited. International Journal of Plant
Sciences, 169, 1278-1287. https://doi.org/10.1086/591983

Hickok, L. G., Warne, T. R., & Fribourg, R. S. (1995). The biology of the
fern Ceratopteris and its use as a model system. International Journal
of Plant Sciences, 156, 332-345. https://doi.org/10.1086/297255

Hueber, F. M. (1992). Thoughts on the early Lycopsids and Zosterophylls.
Annals of the Missouri Botanical Garden, 79, 474-499. https://doi.org/
10.2307/2399751

Katoh, K., Misawa, K., Kuma, K., & Miyata, T. (2002). MAFFT: A novel
method for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Research, 30, 3059-3066. https://doi.org/10.
1093/nar/gkf436

Kenrick, P., & Crane, P. (1997). The origin and early diversification of land
plants: A cladistic study. Washington, D. C.: Smithsonian Institute
Press.

Klaus, K. V., Schulz, C., Bauer, D. S., & Stitzel, T. (2017). Historical bio-
geography of the ancient lycophyte genus Selaginella: Early adapta-
tion to xeric habitats on Pangea. Cladistics, 33, 469-480. https://doi.
org/10.1111/cla.12184

Konig, M., & Jokat, W. (2006). The Mesozoic breakup of the Weddell
Sea. Journal of Geophysical Research: Solid Earth, 111, B12102.

Korall, P., & Kenrick, P. (2004). The phylogenetic history of Selaginel-
laceae based on DNA sequences from the plastid and nucleus:

M ey

Extreme substitution rates and rate heterogeneity. Molecular Phyloge-
netics and Evolution, 31, 852-864. https://doi.org/10.1016/j.ympev.
2003.10.014

Korall, P., & Pryer, K. M. (2014). Global biogeography of scaly tree ferns
(Cyatheaceae): Evidence for Gondwanan vicariance and limited trans-
oceanic dispersal. Journal of Biogeography, 41, 402-413. https://doi.
org/10.1111/jbi.12222

Lanfear, R., Ho, S. Y. W,, Jonathan Davies, T., Moles, A. T., Aarssen, L.,
Swenson, N. G., ... Allen, A. P. (2013). Taller plants have lower rates
of molecular evolution. Nature Communications; London, 4, 1879.
https://doi.org/10.1038/ncomms2836

Lehtonen, S., Silvestro, D., Karger, D. N., Scotese, C., Tuomisto, H., Kess-
ler, M., ... Antonelli, A. (2017). Environmentally driven extinction and
opportunistic origination explain fern diversification patterns. Scien-
tific Reports, 7, 4831. https://doi.org/10.1038/s41598-017-05263-7

Linder, H. P., Hardy, C. R, & Rutschmann, F. (2005). Taxon sampling
effects in molecular clock dating: An example from the African Res-
tionaceae. Molecular Phylogenetics and Evolution, 35, 569-582.
https://doi.org/10.1016/j.ympev.2004.12.006

Luebert, F., & Weigend, M. (2014). Phylogenetic insights into Andean
plant diversification. Frontiers in Ecology and Evolution, 2, 1-17.

Magallén, S., Gomez-Acevedo, S., Sanchez-Reyes, L. L., & Hernandez-
Hernandez, T. (2015). A metacalibrated time-tree documents the
early rise of flowering plant phylogenetic diversity. New Phytologist,
207, 437-453. https://doi.org/10.1111/nph.13264

Magallén, S., Hilu, K. W., & Quandt, D. (2013). Land plant evolutionary
timeline: Gene effects are secondary to fossil constraints in relaxed
clock estimation of age and substitution rates. American Journal of
Botany, 100, 556-573. https://doi.org/10.3732/ajb.1200416

Magallén, S. A., Sanderson, M. J., & Soltis, P. (2005). Angiosperm diver-
gence times: The effect of genes, codon positions, and time con-
straints. Evolution, 59, 1653-1670. https://doi.org/10.1111/j.0014-
3820.2005.tb01816.x

Mao, K., Milne, R. I., Zhang, L., Peng, Y., Liu, J., Thomas, P., ... Renner, S.
S. (2012). Distribution of living Cupressaceae reflects the breakup of
Pangea. Proceedings of the National Academy of Sciences, 109, 7793
7798. https://doi.org/10.1073/pnas.1114319109

Matzke, N. J. (2013). Probabilistic historical biogeography: New models for
founder-event speciation, imperfect detection, and fossils allow improved
accuracy and model-testing. PhD thesis, University of California,
Berkeley, CA.

Matzke, N. J. (2014). Model selection in historical biogeography reveals
that founder-event speciation is a crucial process in island clades.
Systematic Biology, 63, 951-970. https://doi.org/10.1093/sysbio/
syu056

McHenry, M. A,, & Barrington, D. S. (2014). Phylogeny and biogeography
of exindusiate Andean Polystichum (Dryopteridaceae). American
Journal of Botany, 101, 365-375. https://doi.org/10.3732/ajb.
1300191

Meyer-Berthaud, B., Fairon-Demaret, M., Steemans, P., Talent, J., & Ger-
rienne, P. (2003). The plant Leclercgia (Lycopsida) in Gondwana: Impli-
cations for reconstructing Middle Devonian palaeogeography.
Geological Magazine, 140, 119-130. https://doi.org/10.1017/
S0016756802007276

Mickel, J., & Smith, A. R. (2004) Pteridophytes of Mexico. Bronx, NY: New
York Botanical Garden Press.

Miller, M. A., Pfeiffer, W., & Schwartz, T. (2010). Creating the CIPRES
Science Gateway for inference of large phylogenetic trees. Gateway
Computing Environments Workshop (GCE), 2010, 1-8.

Moran, R. C.,, & Smith, A. R. (2001). Phytogeographic relationships
between Neotropical and African-Madagascan pteridophytes. Britto-
nia, 53, 304-351. https://doi.org/10.1007/BF02812704

Nagalingum, N. S., Marshall, C. R.,, Quental, T. B., Rai, H. S,, Little, D. P.,
& Mathews, S. (2011). Recent synchronous radiation of a living fossil.
Science, 334, 796-799. https://doi.org/10.1126/science.1209926


https://doi.org/10.1186/1741-7007-8-114
https://doi.org/10.1186/1741-7007-8-114
https://doi.org/10.1086/377059
https://doi.org/10.1086/377059
https://doi.org/10.1016/j.ympev.2014.05.032
https://doi.org/10.1016/j.ympev.2014.05.032
https://doi.org/10.1016/j.ympev.2015.09.024
https://doi.org/10.1016/j.cub.2010.11.035
https://doi.org/10.1016/j.cub.2010.11.035
https://doi.org/10.1111/j.1095-8339.1984.tb02566.x
https://doi.org/10.1111/j.1095-8339.1984.tb02566.x
https://doi.org/10.1007/BF00161167
https://doi.org/10.1007/BF00161167
https://doi.org/10.1130/0016-7606(2000)112<1091:UHOTCA>2.0.CO;2
https://doi.org/10.1130/0016-7606(2000)112<1091:UHOTCA>2.0.CO;2
https://doi.org/10.1093/biosci/biw108
https://doi.org/10.1093/biosci/biw108
https://doi.org/10.1086/591983
https://doi.org/10.1086/297255
https://doi.org/10.2307/2399751
https://doi.org/10.2307/2399751
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1111/cla.12184
https://doi.org/10.1111/cla.12184
https://doi.org/10.1016/j.ympev.2003.10.014
https://doi.org/10.1016/j.ympev.2003.10.014
https://doi.org/10.1111/jbi.12222
https://doi.org/10.1111/jbi.12222
https://doi.org/10.1038/ncomms2836
https://doi.org/10.1038/s41598-017-05263-7
https://doi.org/10.1016/j.ympev.2004.12.006
https://doi.org/10.1111/nph.13264
https://doi.org/10.3732/ajb.1200416
https://doi.org/10.1111/j.0014-3820.2005.tb01816.x
https://doi.org/10.1111/j.0014-3820.2005.tb01816.x
https://doi.org/10.1073/pnas.1114319109
https://doi.org/10.1093/sysbio/syu056
https://doi.org/10.1093/sysbio/syu056
https://doi.org/10.3732/ajb.1300191
https://doi.org/10.3732/ajb.1300191
https://doi.org/10.1017/S0016756802007276
https://doi.org/10.1017/S0016756802007276
https://doi.org/10.1007/BF02812704
https://doi.org/10.1126/science.1209926

TESTO ET AL

2 Lwicev- EED

Nayar, B. K., & Kaur, S. (1971). Gametophytes of homosporous ferns. The
Botanical Review, 37, 295. https://doi.org/10.1007/BF02859157

Noben, S., Kessler, M., Quandt, D., Weigand, A., Wicke, S., Krug, M., &
Lehnert, M. (2017). Biogeography of the Gondwanan tree fern fam-
ily Dicksoniaceae—A tale of vicariance, dispersal and extinction. Journal
of Biogeography, 44, 2648-2659. https://doi.org/10.1111/jbi.13056

Qligaard, B. (1989). Index of the Lycopodiaceae. Copenhagen, Denmark:
Royal Danish Society of Sciences and Letters.

@Dllgaard, B. (1992). Neotropical Lycopodiaceae-an overview. Annals of
the Missouri Botanical Garden, 79, 687-717. https://doi.org/10.2307/
2399760

@Dligaard, B. (1995). Lycopodiaceae. In R. C. Moran & R. Riba (Eds.), Flora
Mesoamericana, Vol. 1. Psilotaceae a Salviniaceae (pp. 5-22). Mexico
City, Mexico: Universidad Nacional Auténoma de Mexico.

Pereira, J. B. S., Labiak, P. H., Stiitzel, T., & Schulz, C. (2017). Origin and
biogeography of the ancient genus Isoétes with focus on the
Neotropics. Botanical Journal of the Linnean Society, 185, 253-271.
https://doi.org/10.1093/botlinnean/box057

PPG | (2016). A community-derived classification for extant lycophytes
and ferns. Journal of Systematics and Evolution, 54, 563-603.

Quiroga, M. P., Mathiasen, P., Iglesias, A., Mill, R. R., & Premoli, A. C.
(2016). Molecular and fossil evidence disentangle the biogeographical
history of Podocarpus, a key genus in plant geography. Journal of Bio-
geography, 43, 372-383. https://doi.org/10.1111/jbi.12630

Raghavan, V. (1989). Developmental biology of fern gametophytes. Cam-
bridge, UK: Cambridge University Press. https://doi.org/10.1017/
CB09780511529757

Ree, R. H., & Smith, S. A. (2008). Maximum Likelihood inference of geo-
graphic range evolution by dispersal, local extinction, and cladogene-
sis.  Systematic  Biology, 57, 4-14. https://doi.org/10.1080/
10635150701883881

Renner, S. S. (2005). Relaxed molecular clocks for dating historical plant
dispersal events. Trends in Plant Science, 10, 550-558. https://doi.
org/10.1016/j.tplants.2005.09.010

Renner, S. S, Strijk, J. S., Strasberg, D., & Thébaud, C. (2010). Biogeography
of the Monimiaceae (Laurales): A role for East Gondwana and long-dis-
tance dispersal, but not West Gondwana. Journal of Biogeography, 37,
1227-1238. https://doi.org/10.1111/j.1365-2699.2010.02319.x

Richardson, J. E., Chatrou, L. W., Mols, J. B, Erkens, R. H. J., & Pirie, M.
D. (2004). Historical biogeography of two cosmopolitan families of
flowering plants: Annonaceae and Rhamnaceae. Philosophical Transac-
tions of the Royal Society of London B: Biological Sciences, 359, 1495-
1508. https://doi.org/10.1098/rsth.2004.1537

Rickards, R. B. (2000). The age of the earliest club mosses: The Silurian
Baragwanathia flora in Victoria, Australia. Geological Magazine, 137,
207-209. https://doi.org/10.1017/50016756800003800

Rothwell, G. W. (1991). Botryopteris forensis (Botryopteridaceae), a trunk
epiphyte of the tree fern Psaronius. American Journal of Botany, 78,
782-788. https://doi.org/10.1002/j.1537-2197.1991.tb 14479 x

Rubinstein, C. V., Gerrienne, P., de la Puente, G. S., Astini, R. A,, & Stee-
mans, P. (2010). Early Middle Ordovician evidence for land plants in
Argentina (eastern Gondwana). New Phytologist, 188, 365-369.
https://doi.org/10.1111/j.1469-8137.2010.03433.x

Safford, H. (1999). Brazilian Paramos |. An introduction to the physical
environment and vegetation of the campos de altitude. Journal of Bio-
geography, 26, 693-712. https://doi.org/10.1046/j.1365-2699.1999.
00313.x

Saladin, B., Leslie, A. B., Wiest, R. O, Litsios, G., Conti, E., Salamin, N., &
Zimmermann, N. E. (2017). Fossils matter: Improved estimates of
divergence times in Pinus reveal older diversification. BMC Evolution-
ary Biology, 17, 95. https://doi.org/10.1186/s12862-017-0941-z

San Mauro, D., Vences, M., Alcobendas, M., Zardoya, R., & Meyer, A.
(2005). Initial diversification of living amphibians predated the
breakup of Pangaea. The American Naturalist, 165, 590-599. https://d
0i.org/10.1086/429523

Sanderson, M. J. (1997). A nonparametric approach to estimating diver-
gence times in the absence of rate constancy. Molecular Biology and
Evolution, 14, 1218-1218. https://doi.org/10.1093/oxfordjourna
Is.molbev.a025731

Schneider, H., Schuettpelz, E., Pryer, K. M., Cranfill, R., Magallén, S., &
Lupia, R. (2004). Ferns diversified in the shadow of angiosperms. Nat-
ure; London, 428, 553-557. https://doi.org/10.1038/nature02361

Schuettpelz, E., & Pryer, K. M. (2009). Evidence for a Cenozoic radiation
of ferns in an angiosperm-dominated canopy. Proceedings of the
National Academy of Sciences, 106, 11200-11205. https://doi.org/10.
1073/pnas.0811136106

Sessa, E. B., Testo, W. L, & Watkins, J. E. (2016). On the widespread
capacity for, and functional significance of, extreme inbreeding in ferns.
New Phytologist, 211, 1108-1119. https://doi.org/10.1111/nph.13985

Seton, M., Miiller, R. D., Zahirovic, S., Gaina, C., Torsvik, T., Shephard, G.,

. Chandler, M. (2012). Global continental and ocean basin recon-
structions since 200 Ma. Earth-Science Reviews, 113, 212-270.
https://doi.org/10.1016/j.earscirev.2012.03.002

Skog, J. E. (2001). Biogeography of Mesozoic leptosporangiate ferns
related to extant ferns. Brittonia, 53, 236-269. https://doi.org/10.
1007/BF02812701

Skog, J. E., & Banks, H. P. (1973). Ibyka amphikoma, gen. et sp. n., a new
protoarticulate precursor from the Late Middle Devonian of New
York State. American Journal of Botany, 60, 366-380. https://doi.org/
10.1002/j.1537-2197.1973.tb05937 .x

Smith, S. A., Beaulieu, J. M., & Donoghue, M. J. (2010). An uncorrelated
relaxed-clock analysis suggests an earlier origin for flowering plants.
Proceedings of the National Academy of Sciences, 107, 5897-5902.
https://doi.org/10.1073/pnas.1001225107

Springer, M. S., Murphy, W. J., Eizirik, E., & O’Brien, S. J. (2003). Placental
mammal diversification and the Cretaceous-Tertiary boundary. Pro-
ceedings of the National Academy of Sciences, 100, 1056-1061.
https://doi.org/10.1073/pnas.0334222100

Stamatakis, A. (2006). RAXML-VI-HPC: Maximum likelihood-based phylo-
genetic analyses with thousands of taxa and mixed models. Bioinfor-
matics, 22, 2688-2690. https://doi.org/10.1093/bioinformatics/
btl446

Steemans, P., Hérissé, A. L., Melvin, J., Miller, M. A, Paris, F., Verniers, J.,
& Wellman, C. H. (2009). Origin and radiation of the earliest vascular
land plants. Science, 324, 353-353. https://doi.org/10.1126/science.
1169659

Swenson, U., Hill, R. S., & McLoughlin, S. (2001). Biogeography of
Nothofagus supports the sequence of Gondwanan break-up. Taxon,
50, 1025-1041. https://doi.org/10.2307/1224719

Taylor, E. L., Taylor, T. N., & Krings, M. (2009) Paleobotany: The biology
and evolution of fossil plants. San Diego, CA: Academic Press.

Testo, W., & Sundue, M. (2016). A 4000-species dataset provides new
insight into the evolution of ferns. Molecular Phylogenetics and Evolu-
tion, 105, 200-211. https://doi.org/10.1016/j.ympev.2016.09.003

Thomas, B. A. (1997). Upper Carboniferous herbaceous lycopsids. Review
of Palaeobotany and Palynology, 95, 129-153. https://doi.org/10.
1016/50034-6667(96)00032-2

Vanderpoorten, A., Gradstein, S. R., Carine, M. A, & Devos, N. (2010).
The ghosts of Gondwana and Laurasia in modern liverwort distribu-
tions. Biological Reviews, 85, 471-487.

Wagner, W. H., & Beitel, J. M. (1992). Generic classification of modern
North American Lycopodiaceae. Annals of the Missouri Botanical Gar-
den, 79, 676-686. https://doi.org/10.2307/2399759

Watkins, J. E., & Cardelds, C. L. (2012). Ferns in an angiosperm world:
Cretaceous radiation into the epiphytic niche and diversification on
the forest floor. International Journal of Plant Sciences, 173, 695-710.
https://doi.org/10.1086/665974

Welch, J. J., & Bromham, L. (2005). Molecular dating when rates vary.
Trends in Ecology & Evolution, 20, 320-327. https://doi.org/10.1016/j.
tree.2005.02.007


https://doi.org/10.1007/BF02859157
https://doi.org/10.1111/jbi.13056
https://doi.org/10.2307/2399760
https://doi.org/10.2307/2399760
https://doi.org/10.1093/botlinnean/box057
https://doi.org/10.1111/jbi.12630
https://doi.org/10.1017/CBO9780511529757
https://doi.org/10.1017/CBO9780511529757
https://doi.org/10.1080/10635150701883881
https://doi.org/10.1080/10635150701883881
https://doi.org/10.1016/j.tplants.2005.09.010
https://doi.org/10.1016/j.tplants.2005.09.010
https://doi.org/10.1111/j.1365-2699.2010.02319.x
https://doi.org/10.1098/rstb.2004.1537
https://doi.org/10.1017/S0016756800003800
https://doi.org/10.1002/j.1537-2197.1991.tb14479.x
https://doi.org/10.1111/j.1469-8137.2010.03433.x
https://doi.org/10.1046/j.1365-2699.1999.00313.x
https://doi.org/10.1046/j.1365-2699.1999.00313.x
https://doi.org/10.1186/s12862-017-0941-z
https://doi.org/10.1086/429523
https://doi.org/10.1086/429523
https://doi.org/10.1093/oxfordjournals.molbev.a025731
https://doi.org/10.1093/oxfordjournals.molbev.a025731
https://doi.org/10.1038/nature02361
https://doi.org/10.1073/pnas.0811136106
https://doi.org/10.1073/pnas.0811136106
https://doi.org/10.1111/nph.13985
https://doi.org/10.1016/j.earscirev.2012.03.002
https://doi.org/10.1007/BF02812701
https://doi.org/10.1007/BF02812701
https://doi.org/10.1002/j.1537-2197.1973.tb05937.x
https://doi.org/10.1002/j.1537-2197.1973.tb05937.x
https://doi.org/10.1073/pnas.1001225107
https://doi.org/10.1073/pnas.0334222100
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1126/science.1169659
https://doi.org/10.1126/science.1169659
https://doi.org/10.2307/1224719
https://doi.org/10.1016/j.ympev.2016.09.003
https://doi.org/10.1016/S0034-6667(96)00032-2
https://doi.org/10.1016/S0034-6667(96)00032-2
https://doi.org/10.2307/2399759
https://doi.org/10.1086/665974
https://doi.org/10.1016/j.tree.2005.02.007
https://doi.org/10.1016/j.tree.2005.02.007

TESTO ET AL

Wertheim, J. O., & Sanderson, M. J. (2011). Estimating diversification
rates: How useful are divergence times? Evolution, 65, 309-320.
https://doi.org/10.1111/j.1558-5646.2010.01159.x

Weststrand, S. (2016). Spikemoss patterns: Systematics and historical bio-
geography of Selaginellaceae. PhD thesis, Uppsala, Sweden: Uppsala
University.

Whittier, P. (1981). Spore Germination and Young Gametophyte Devel-
opment of Botrychium and Ophioglossum in Axenic Culture. American
Fern Journal, 71, 13-19. https://doi.org/10.2307/1546671

Whittier, P. (1998). Germination of spores of the Lycopodiaceae in axenic
culture. American Fern Journal, 88, 106-113. https://doi.org/10.2307/
1547683

Wickett, N. J., Mirarab, S., Nguyen, N., Warnow, T., Carpenter, E., &
Matasci, N., ... Leebens-Mack, J. (2014). Phylotranscriptomic analysis
of the origin and early diversification of land plants. Proceedings of
the National Academy of Sciences, 111, E4859-E4868. https://doi.
org/10.1073/pnas.1323926111

Wikstrom, N., & Kenrick, P. (2001). Evolution of Lycopodiaceae (Lycop-
sida): Estimating divergence times from rbcL gene sequences by use
of nonparametric rate smoothing. Molecular Phylogenetics and Evolu-
tion, 19, 177-186. https://doi.org/10.1006/mpev.2001.0936

Wildman, D. E., Uddin, M., Opazo, J. C,, Liu, G., Lefort, V., Guindon, S., ...
Goodman, M. (2007). Genomics, biogeography, and the diversification
of placental mammals. Proceedings of the National Academy of Sciences,
104, 14395-14400. https://doi.org/10.1073/pnas.0704342104

Wilf, P., Clneo, N. R,, Escapa, I. H., Pol, D., & Woodburne, M. O. (2013).
Splendid and seldom isolated: The paleobiogeography of Patagonia.
Annual Review of Earth and Planetary Sciences, 41, 561-603. https://d
oi.org/10.1146/annurev-earth-050212-124217

Wolf, P. G., Schneider, H., & Ranker, T. A. (2001). Geographic distribu-
tions of homosporous ferns: Does dispersal obscure evidence of
vicariance? Journal of Biogeography, 28, 263-270. https://doi.org/10.
1046/j.1365-2699.2001.00531.x

Won, H., Renner, S. S., & Linder, P. (2006). Dating dispersal and radiation
in the gymnosperm Gnetum (Gnetales)—clock calibration when out-
group relationships are uncertain. Systematic Biology, 55, 610-622.
https://doi.org/10.1080/10635150600812619

Wau, Z., Dong, H., & Raven, P. (2013). Flora of China, Vol. 2-3, Lycopodi-
aceae through Polypodiaceae. Beijing, China: Science Press.

Xi, Z., Ruhfel, B. R., Schaefer, H., Amorim, A. M., Sugumaran, M., Wur-
dack, K. J,, ... Davis, C. C. (2012). Phylogenomics and a posteriori
data partitioning resolve the Cretaceous angiosperm radiation Mal-
pighiales. Proceedings of the National Academy of Sciences, 109,
17519-17524. https://doi.org/10.1073/pnas.1205818109

Yang, Z., & Rannala, B. (2006). Bayesian estimation of species divergence
times under a molecular clock using multiple fossil calibrations with
soft bounds. Molecular Biology and Evolution, 23, 212-226. https://d
0i.org/10.1093/molbev/msj024

EEME v

Zheng, Y., & Wiens, J. J. (2015). Do missing data influence the accuracy
of divergence-time estimation with BEAST? Molecular Phylogenetics
and Evolution, 85, 41-49. https://doi.org/10.1016/j.ympev.2015.02.
002

BIOSKETCHES

Weston Testo is a postdoctoral research associate at the Univer-
sity of Florida, USA. He is interested in the evolution and func-
tional ecology of ferns and lycophytes, especially in the
American tropics.

Ashley Raymond Field is a Senior Botanist at the Queensland
Herbarium and the Australian Tropical Herbarium, Australia. His
research investigates the evolution, biodiversity and conservation
of Oceanian ferns and lycophytes with a special focus on the
diversification of Phlegmariurus (Lycopodiaceae).

David Barrington is a professor of plant biology at the University
of Vermont, USA. His research interests are principally focused
on the evolution and historical biogeography of ferns, especially
the genus Polystichum (Dryopteridaceae).

Author contributions: W.T. and D.B. developed the project idea;
W.T. and A.F. collected material in the field and performed labo-
ratory work; W.T. analysed the data and led the writing.

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Testo W, Field A, Barrington D.
Overcoming among-lineage rate heterogeneity to infer the
divergence times and biogeography of the clubmoss family
Lycopodiaceae. J Biogeogr. 2018;00:1-13. https://doi.org/
10.1111/jbi.13373


https://doi.org/10.1111/j.1558-5646.2010.01159.x
https://doi.org/10.2307/1546671
https://doi.org/10.2307/1547683
https://doi.org/10.2307/1547683
https://doi.org/10.1073/pnas.1323926111
https://doi.org/10.1073/pnas.1323926111
https://doi.org/10.1006/mpev.2001.0936
https://doi.org/10.1073/pnas.0704342104
https://doi.org/10.1146/annurev-earth-050212-124217
https://doi.org/10.1146/annurev-earth-050212-124217
https://doi.org/10.1046/j.1365-2699.2001.00531.x
https://doi.org/10.1046/j.1365-2699.2001.00531.x
https://doi.org/10.1080/10635150600812619
https://doi.org/10.1073/pnas.1205818109
https://doi.org/10.1093/molbev/msj024
https://doi.org/10.1093/molbev/msj024
https://doi.org/10.1016/j.ympev.2015.02.002
https://doi.org/10.1016/j.ympev.2015.02.002
https://doi.org/10.1111/jbi.13373
https://doi.org/10.1111/jbi.13373

