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Establishing the timescale of early land plant evolution is essential
for testing hypotheses on the coevolution of land plants and
Earth’s System. The sparseness of early land plant megafossils and
stratigraphic controls on their distribution make the fossil record
an unreliable guide, leaving only the molecular clock. However,
the application of molecular clock methodology is challenged by
the current impasse in attempts to resolve the evolutionary rela-
tionships among the living bryophytes and tracheophytes. Here,
we establish a timescale for early land plant evolution that inte-
grates over topological uncertainty by exploring the impact of
competing hypotheses on bryophyte � tracheophyte relationships,
among other variables, on divergence time estimation. We codify
37 fossil calibrations for Viridiplantae following best practice. We
apply these calibrations in a Bayesian relaxed molecular clock anal-
ysis of a phylogenomic dataset encompassing the diversity of
Embryophyta and their relatives within Viridiplantae. Topology
and dataset sizes have little impact on age estimates, with greater
differences among alternative clock models and calibration strat-
egies. For all analyses, a Cambrian origin of Embryophyta is re-
covered with highest probability. The estimated ages for crown
tracheophytes range from Late Ordovician to late Silurian. This
timescale implies an early establishment of terrestrial ecosystems
by land plants that is in close accord with recent estimates for the
origin of terrestrial animal lineages. Biogeochemical models that
are constrained by the fossil record of early land plants, or attempt
to explain their impact, must consider the implications of a much
earlier, middle Cambrian –Early Ordovician, origin.
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The establishment of plant life on land is one of the most
significant evolutionary episodes in Earth history. Terrestrial

colonization has been attributed to a series of major innovations
in plant body plans, anatomy, and biochemistry that impacted
increasingly upon global biogeochemical cycles through the Pa-
leozoic. In some models, an increase in biomass over the conti-
nents, firstly by cryptogamic ground covers followed by larger
vascular plants, enhanced rates of silicate weathering and carbon
burial that drove major perturbations in the long-term carbon
cycle (1, 2), resulting in substantial drops in atmospheric CO2
levels (3–6) (but see ref. 7) and increased oxygenesis (8). It also
led to new habitats for animals (9) and fungi (10), major changes
to soil types (11), and sediment stability that influenced river
systems and landscapes (12). Attempts at testing these hypoth-
eses on the coevolution of land plants (embryophytes) and the
Earth System have been curtailed by a lack of consensus on the
relationships among living plants, the timescale of their evolu-
tion, and the timing of origin of key body plan innovations (13).
Although the megafossil record provides unequivocal evidence
of plant life on land, the early fossil record is too sparse and
biased by the nonuniformity of the rock record (13) to directly
inform the timing and sequence of character acquisition in the
assembly of plant body plans. Therefore, in attempting to derive
a timescale for phytoterrestrialization of the planet, we have no

recourse but to molecular clock methodology, employing the
known fossil record to calibrate and constrain molecular evolu-
tion to time. Unfortunately, the relationships among the four
principal lineages of land plants, namely, hornworts, liverworts,
mosses, and tracheophytes, are unresolved, with almost every
possible solution currently considered viable (14). In attempting
to establish a robust timeline of land plant evolution, here we
explore the impact of these conflicting phylogenetic hypotheses
on divergence time estimates of key embryophyte clades.

Early morphology-based cladistic analyses of extant land
plants suggested that the bryophytes are paraphyletic, but yielded
conflicting topologies (15–17). Molecular phylogenies have been
no more certain, with some analyses supporting liverworts as the
sister to all other land plants (18), with either mosses (19–21) (Fig.
1F), hornworts (22–27) (Fig. 1E), or a moss� hornwort clade (28)
(Fig. 1G) as the sister group to the vascular plants. Variants on
these topologies have been suggested, such as a liverwort� moss
clade as the sister group to the remaining land plants (29) (Fig.
1D). More recently, the debate has concentrated upon two hy-
potheses: hornworts as the sister to all other land plants (14, 30–34)
(Fig. 1B) or monophyletic bryophytes sister to the tracheophytes
(14, 35, 36) (Fig. 1A). Transcriptome-level datasets support both

Significance

Establishing the timescale of early land plant evolution is es-
sential to testing hypotheses on the coevolution of land plants
and Earth ’s System. Here, we establish a timescale for early
land plant evolution that integrates over competing hypothe-
ses on bryophyte � tracheophyte relationships. We estimate
land plants to have emerged in a middle Cambrian –Early
Ordovocian interval, and vascular plants to have emerged in
the Late Ordovician � Silurian. This timescale implies an early
establishment of terrestrial ecosystems by land plants that is in
close accord with recent estimates for the origin of terrestrial
animal lineages. Biogeochemical models that are constrained
by the fossil record of early land plants, or attempt to explain
their impact, must consider a much earlier, middle Cambrian –
Early Ordovician, origin.

Author contributions: D.E., P.K., S.P., C.H.W., Z.Y., H.S., and P.C.J.D. designed research;
J.L.M., M.N.P., J.C., H.S., and P.C.J.D. performed research; J.L.M., M.N.P., J.C., D.E., P.K.,
S.P., C.H.W., Z.Y., H.S., and P.C.J.D. analyzed data; and J.L.M., M.N.P., D.E., P.K., S.P.,
C.H.W., Z.Y., H.S., and P.C.J.D. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

Data deposition: All input trees and alignments are available on Figshare ( https://dx.doi.
org/10.6084/m9.figshare.5573032 ).
1J.L.M. and M.N.P. contributed equally to this work.
2To whom correspondence may be addressed. Email: Phil.Donoghue@bristol.ac.uk or
harald@xtbg.ac.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1719588115/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1719588115 PNAS Latest Articles | 1 of 10

E
V

O
LU

T
IO

N
E

A
R

T
H

,
A

T
M

O
S

P
H

E
R

IC
,

A
N

D
P

LA
N

E
T

A
R

Y
S

C
IE

N
C

E
S

P
N

A
S

P
LU

S



topologies (14), but sequence heterogeneity makes inferring rela-
tionships among these early land plants difficult (36).

Here we attempt to establish a timescale of early land plant
evolution that integrates over the contested topological rela-
tionships among bryophytes and tracheophytes. To achieve this,
we constructed 37 fossil calibrations with minimum and soft

maximum constraints, following best practice (37). This re-
quires that calibrations are established on the basis of (i ) a
specific fossil specimen reposited in a publicly accessible col-
lection, (ii ) an apomorphy-based justification of clade as-
signment, (iii ) reconciliation of morphological and molecular
phylogenetic context of clade assignment, (iv) geographic and
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Fig. 1. The seven alternative hypotheses considered in the dating analyses. ( A) Monophyletic bryophytes; ( B) liverwort –moss sister clade to tracheophytes; ( C)
mosses, liverworts, and hornworts as successive sister lineages to tracheophytes; ( D) a moss–liverwort sister clade to other embryophytes; ( E) hornworts,
mosses, and liverworts as successive sister lineages to tracheophytes; (F) mosses, hornworts, and liverworts as successive sister lineages to tracheophytes; and
(G) a moss–hornwort sister clade to tracheophytes.

Table 1. Summary of the analyses performed employing the seven alternative hypotheses, removal of the embryophyte constraints,
and trimming dataset size

Node distribution

Uniform

Skew-t 850,000 Cauchy 850,000Dataset 850,000 1.7 million 435,000 290,000 19,000 2,000 850,000 1.7 million †

Dataset no.
A Monophyletic � � � � � � � � � �
B Hornworts � sister � � � � � � � � � �
C Hornworts � liverworts � mosses � X X X X X X X X X
D Liverworts � mosses� sister � X X X X X X X X X
E Liverworts � mosses� hornworts � X X X X X X X X X
F Liverworts � hornworts � mosses � X X X X X X X X X
G Liverworts � sister � X X X X X X X X X

Monophyletic (embryophytes only) X � X X X X X X X X
Hornworts � sister (embryophytes only) X � X X X X X X X X
Monophyletic ( Chara–embryophytes) X � X X X X X X X X
Hornworts � sister (Chara–embryophytes) X � X X X X X X X X

All input topologies are based on the 290,718-nucleotide dataset, except for the Chara-embryophytes topology, which is based on the likelihood
phylogeny of 1.7 million nucleotides.
†A correlated model was used to estimate substitution rates on branches rather than the uncorrelated model used in all other analyses.
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stratigraphic provenance, and (v) justification of geochronological
age interpretation. Thus defined, these calibrations were com-
bined with existing genetic data (14) in a Bayesian relaxed mo-
lecular clock analysis in which we also explored the impact of
genetic dataset size and competing calibration strategies, as well as

alternative substitution models, on divergence time estimates
(Table 1). We find that topology and dataset size have minimal
impact on age estimates, but slightly more variance in clade age
estimates occurred when using alternative calibration strate-
gies. We conclude that embryophytes emerged within a middle
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Fig. 2. Age estimates for the seven topologies used in analyses, highlighting the 95% HPD age uncertainty for embryophytes and tracheophytes. Age es-
timates are shown for ( A) monophyletic bryophytes, ( B) hornworts � sister, (C) hornworts � liverworts � mosses, (D) liverworts � mosses� sister, (E) liverworts �
mosses� hornworts, ( F) liverworts � hornworts � mosses, and (G) liverworts � sister.

Table 2. The 95% HPD age estimates for of embryophytes and tracheophytes from divergence
time analyses using the seven alternative topologies

Topology Embryophytes, Ma Tracheophytes, Ma

Dataset no.
A Monophyletic 514.8 –473.5 450.8–431.2
B Hornworts � sister 515.2–482.1 450.8–430.4
C Hornworts � liverworts � mosses 515.2–483.3 450.7–419.3
D Liverworts � mosses� sister 514.9–477.7 450.8–431.1
E Liverworts � mosses� hornworts 515.1 –480.8 450.7–427.9
F Liverworts � hornworts � mosses 515.1–483.2 450.7–428.5
G Liverworts � sister 514.9–478.4 450.8–428.2
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Cambrian to Early Ordovician interval and, regardless of to-
pology, all four major lineages of land plants had diverged by
the late Silurian. These dates are older than those used in the
latest biogeochemical models (6, 8), and thus our results have
implications for simulations of atmospheric chemistry and cli-
mate during the Paleozoic.

Results
Topology. The competing hypotheses of relationships among
bryophytes and tracheophytes all produce congruent age esti-
mates across the phylogeny (Fig. 2 and Tables 2 and 3). Age es-
timates of key nodes (Embryophyta, Tracheophyta) are very similar
regardless of the underlying topology (Fig. 2 and Tables 2 and 3).
At the full range of uncertainty across topologies, the 95% highest
posterior density (HPD) of ages for the embryophyte node ranges
from the mid-Cambrian (Series 2; 515.2 Ma) to Early Ordovician
(473.5 Ma) (Table 2), with the bulk of the distributions in the
Cambrian (Fig. 2). There is a slightly higher variance in the esti-
mated age of tracheophytes betweenthe different topologies, but
there is overlap in all of the 95% HPD age ranges (Fig. 2 and
Tables 2 and 3). Estimates for the age of crown tracheophytes
range from Late Ordovician (Katian; 450.8 Ma) to the latest Si-
lurian (419.3 Ma).

The two main hypotheses of early land plant relationships
(monophyletic bryophytes and hornworts-sister) give congru-
ent estimates for all nodes across the tree (Fig. 3 and Table 3).
For example, the age estimates based on the two topologies are
similar for Viridiplantae (972.4 Ma to 669.9 Ma), Streptophyta
(890.9 Ma to 629.1 Ma), and Angiospermae (246.6 Ma to
195.4 Ma).

Dataset Size.Infinite site plots describe the relationship between
clade age and uncertainty (95% HPD of clade age estimates). As
the volume of sequence data increases, it is anticipated that clade
age estimates should converge on a straight line, with residual
dispersion reflecting uncertainty in calibrations that cannot be
overcome by additional sequence data (38). We explored the
impact of dataset size based on the monophyletic bryophytes
topology, trimming the original dataset (1.7 million nucleotides)

based on taxon completeness by 50%, 75%, 99%, and 99.9%. As
expected, the resulting infinite sites plots reveal greater un-
certainty (<R2) associated with the smallest datasets (Fig. 4) and
greatest disparity between the smallest and largest datasets (SI
Appendix, Fig. S5). However, these differences are small, and,
generally, the infinite sites plots indicate that the clade age es-
timates are effectively insensitive to three orders of difference in
the number of nucleotides used in the analysis.

Dating Strategies. Across all alternative dating strategies, the age
estimate for crown Embryophyta ranges from 583.1 Ma to 470.0 Ma
(Fig. 5 and Table 4), which is larger than the range across the
different topologies (515.2 Ma to 473.5 Ma). The greatest variance
is seen when the embryophyte constraint is removed, resulting in
older age estimates in the hornworts–sister topology, with an age
distribution that stretches into the Proterozoic (to the middle
Ediacaran), compared with the bulk of the distributions that fall
within the Cambrian for all other age estimates (Fig. 5).

We employed different parametric distributions (uniform,
Cauchy, skew-t) to express the prior probability of divergence
timing relative to the minimum and soft maximum constraints.
This often has a dramatic impact on divergence time estimates
(39–41); however, different prior distributions have minimal
impact on age estimates for embryophytes. The largest differ-
ence is seen with the younger age estimates produced using
the skew-t distribution (Fig. 5), but both the skew-t and Cauchy
models produce younger mean estimates for embryophytes
compared with the uniform distribution (Fig. 5). Similarly, there
is a younger estimated age for tracheophytes with the skew-t and
Cauchy models compared with the uniform distribution (Fig. 5).
The age of the tracheophyte node ranges from 472.2 Ma to
422.4 Ma across all alternative dating strategies.

Discussion
Our results demonstrate that divergence time analyses of early
land plant evolution are largely insensitive to tree topology and
dataset size; however, they show some sensitivity to calibration
strategy and, in particular, the calibration on crown Embryo-
phyta. This clearly demonstrates the informative nature of the
calibration on crown Embryophyta, which is comparatively nar-
row in its temporal range (515.5 Ma to 469.0 Ma). The soft
maximum constraint on the age of this clade is based on the
maximum age of the oldest-possible nonmarine palynomorphs,
encompassing all possible total-group embryophyte records (SI
Appendix). Land plant spores are encountered commonly among
marine palynomorph assemblages, and they have the same fossil-
ization and sampling potential as acritarchs. However, the oldest-
possible embryophyte records are preceded stratigraphically by
thick sequences bearing only marine palynomorphs. These marine
palynomorphs demonstrate that the conditions required for pre-
serving embryophyte remains obtained and, thus, the absence of
land plant spores constitutes evidence that embryophytes were not
present at this time (42). Thus, we discount the results of the di-
vergence time analyses in which the embryophyte calibration is not
employed. Similarly, the skew-t and Cauchy distributions, which
reflect a nonuniform probability of divergence timing between the
minimum and maximum constraints, suggest younger clade ages.
However, these nonuniform distributions are unduly informative,
since we have no insight or additional evidence that might inform
the probability of the time of divergence between minimum and
maximum constraints. Hence, we reject the ensuing results in favor
of those based on a uniform distribution which reflects equal
probability of divergence timing between minimum and maximum
constraints. Since the remaining sources of uncertainty have little
impact, a holistic timescale encompassing all relevant uncertainties
is, effectively, that represented in Fig. 2. It is difficult to foresee
how higher precision can be achieved while also maintaining
accuracy. We have shown that additional sequence data and

Table 3. The 95% HPD age estimates for named nodes in the
analyses using the two main topologies of early land plants
(monophyletic, hornworts � sister)

Clade Monophyletic, Ma Hornworts � sister, Ma

Viridiplantae 972.4 –669.9 968.0–676.7
Streptophyta 890.9 –629.1 875.4–637.4
Embryophyta 514.8 –473.5 515.2–482.1
Bryophytes 506.4–460.3 N/A
Marchantiophyta 443.6 –405.3 442.0–405.3
Marchantiopsida 354.9 –228.0 357.9–228.0
Bryophyta 448.6 –344.3 443.0–343.4
Tracheophyta 450.8 –431.2 450.8–430.4
Lycopodiophyta 432.5 –392.8 431.2–392.8
Euphyllophyta 437.6 –402.2 435.7–402.2
Monilophyta 411.5 –384.9 409.3–384.9
Spermatophyta 365.0 –330.9 365.0–329.8
Acrogymnospermae 337.2 –308.4 335.9–308.4
Pinopsida 301.3–172.4 302.8–172.1
Angiospermae 246.5 –197.5 246.6–195.4
Mesangiospermae 180.4 –139.5 177.6–139.2
Magnoliids 149.9 –118.9 149.1–119.1
Piperales 103.7–51.4 106.7–50.6
Eudicotyledoneae 125.0 –119.7 124.2–119.7
Monocotyledoneae 128.5 –114.5 128.5–114.6

N/A, not applicable.
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