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New insights on angiosperm crown age
based on Bayesian node dating and skyline
fossilized birth-death approaches

Xiaoya Ma1, Chi Zhang 2, Lingxiao Yang1, S. Blair Hedges 3 &
Bojian Zhong 1,4

Despite considerable work in recent years, pinpointing the time when
angiosperms originated has been challenging. However, the rapid develop-
ment of molecular clock methodology has provided new tools to resolve this
conundrum. In particular, the fossilized birth-death model establishes a rich
interplay between molecules and stratigraphy by incorporating fossils expli-
citly into dating analyses. In this study, we apply Bayesian node dating and the
skyline fossilized birth-death model, which differ in how the calibration is
applied, to estimate the crown age of angiosperms. Node dating analyses with
different calibration strategies show that the posterior distribution is strongly
constrained by the effective prior at the node of crown angiosperms, domi-
nated by the maximum age constraint. Using the skyline fossilized birth-death
model, we reveal that assigning different priors for origin time resulted in
similar crown ages for angiosperms. Moreover, the oldest fossils play a sig-
nificant role in time estimates, and the dating results are robust to sampling
assumptions of extant taxa. Our dating analyses indicate a largely Triassic
crown age (255–202Ma) for angiosperms, the period when mammals, dino-
saurs, and squamate reptiles first appeared, and highlight the potential of
morphological data to redefine the timeline of angiosperms.

Angiosperms, also known as flowering plants, are the most diverse,
widely distributed and adaptable group of all major lineages of plants.
The emergence of angiosperms was one of the most important evo-
lutionary events in the history of the Earth, forming the structural and
energetic basis of the vast majority of extant terrestrial biomes and
reshaping major ecosystems around the globe. In particular, the
diversification of angiosperms is an important driver of the decline or
expansion of other plant groups such as ferns and conifers1,2. The time
of origin of angiosperms also has a direct bearing on the discussion of
their geographical origin and on the understanding of their paleoen-
vironmental conditions3–5. A reliable evolutionary timeline of angios-
perms is needed to improve our understanding of how angiosperms

came to dominate terrestrial ecosystems, and to explain patterns of
diversity in other groups (e.g., insects and amphibians).

It is widely accepted that the earliest unequivocal fossils assign-
able to angiosperms appear in the early Cretaceous of northern
Gondwana, ~133–125 million years ago (Ma)4,6–8. However, many
molecular clock studies have pushed the origin of living angiosperms
(the crownage) back to the early Jurassic or even earlier9–11,mucholder
than fossil evidence. This age difference between molecular and fossil
data was referred as the “Jurassic gap”10, which hinders our under-
standing of angiosperm evolution. Importantly, current Bayesian dat-
ing analyses based on large numbers of nuclear genes are limited and
the taxon sampling is relatively sparse, and there has been no
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consensus on the crown age of angiosperms (e.g., 139–136Ma12,
199–167Ma13, 247–154Ma14, 255–222Ma11, 267–187Ma10).

Calibration is the key factor in molecular clock dating, typically
based on the fossil record or biogeographic events, converting the
distances from molecular data into absolute times and rates15. One
mainstream approach, referred to as node dating (ND), uses prob-
ability distributions (e.g., uniform or Cauchy distribution) to calibrate
one ormore internal nodes in the tree to estimate the ages of the other
nodes16,17, reflecting our knowledge of the amount of elapsed time.
Each calibration density is specified by the user to accommodate
uncertainty in the relationship of the node age to the age of the
reference fossil, taking into account processes such as fossilization,
recovery, andmorphological evolution. Although theNDapproachhas
beenwidely used in estimating angiosperm timescales11,12,18–21, there are
still some concerns about calibrating divergence time. Firstly, only the
oldest fossil can be useful in constructing the calibration prior for the
node in ND analyses. However, the existence of different morphos-
pecies for different parts of the plant makes it difficult to identify the
appropriate oldest fossils, with pollen being an extreme example.
Secondly, unlike the minimum bound in the calibration distribution,
the maximum bound is much less restrictive. When the maximum age
of a lineage divergence has not yet reached consensus, specifying
different maximum constraints could produce widely varying ages22.
Thirdly, the user-specified calibration priors typically deviate from the
prior that has effect in dating (called the effective prior or induced
prior), due to interactions among calibration densities and the
underlying tree and clock priors. Even though the tree prior can be
constructed conditional on the calibration densities, the truncation
effect resulting from the requirement that ancestral nodes be older
than descendant nodes, still contributes to the deviation23.

An attractive alternative approach, named tip dating or total-
evidence dating, directly includes fossils as terminal taxa in the tree24,
thus obviating the need to specify calibration densities that are often
assigned based on arbitrary criteria. Unlike ND analyses, tip dating
allows for inclusion of all available fossils from a specific group, rather
than only referring to the oldest one, and thus can take advantage of
abundant time information. As the tree prior in the tip-dating
approach, the fossilized birth-death (FBD) model represents a sig-
nificant improvement over the uniform tree model, since the uniform
tree prior has no birth, death, and sampling rate parameters, and it is
usually considered a vague or uninformative prior24–26. The FBDmodel
provides a coherentmechanistic description of species diversification,
fossil preservation, and taxa sampling processes that produced the
tree27,28. Recent advances extend the FBD model to allow the specia-
tion, extinction, and fossil recovery rates to vary over time in a
piecewise-constant manner26,29, referred as skyline FBD (SFBD) model.
Furthermore, the SFBD model was extended to accommodate diver-
sified sampling for larger, species-rich clades30, which could correct
overestimation of divergence times resulting from violations of the
random-sampling assumption26,31. Moreover, the SFBD model with
many time epochs has recently proved to be robust to violations of
sampling assumptions30. Despite the enthusiastic reception of the FBD
process25,32–35, no studies have so far used the FBD model to estimate
the origin time of angiosperms.

In this work, we expand the taxon sampling to use more angios-
perm fossils to infer the timeline of angiosperms. Specifically, we focus
on two questions: (1) the longstanding debate on the crown age of
angiosperms; and (2) determining differences in divergence time
estimation between the SFBD andND approaches. The SFBD approach
we use here differs from total evidence dating (TED) because no
morphological characters are used. Instead, it relies on a fixed tree
topology including fossils, and the effective prior on divergence times
is induced by the SFBD process. To investigate key factors on diver-
gence time estimation, we explore several calibrating strategies in ND
analyses; while in SFBD analyses, we evaluate the impacts of fossil

sampling, sampling strategy, density of extant species, and priors on
theorigin time.Our studynot onlyprovides the foundation for a better
understanding of the patterns of angiosperm diversification and the
evolution of key traits, but also yields valuable insights for estimating
divergence times using the FBD model.

Results
We reconstructed a well–supported phylogenetic tree using a con-
catenated supermatrix including 324 nuclear genes from 670 angios-
perm taxa and 78 species of gymnosperms (Supplementary Fig. 1).
Along the backbone of the phylogeny, Amborellales was strongly
supported as the sister lineage to all other angiosperms, followed
successively by Nymphaeales and Austrobaileyales (Supplementary
Fig. 1). We found eudicots and magnoliids to be sister groups with full
support, and Chloranthales was the closest relative of eudicots-
magnoliids (Supplementary Fig. 1). A sister relationship between the
Ceratophyllales and monocots also had high support (Supplemen-
tary Fig. 1).

As the full molecular dataset is computational intractable for the
subsequent dating analyses, we subsampled taxa at the genus level of
eudicots, monocots, and gymnosperms, but retained the diversity of
all sampled families, resulting in 349 angiosperm species and 15
gymnosperm species as an outgroup.

Impacts of maximum bound on time estimates in the node
dating approach
In the ND analyses, we firstly assessed the relative fit of two relaxed-
clockmodels to our data usingBayes factors. The results indicated that
the independent-ratesmodel had a highermarginal likelihood than the
autocorrelated-ratesmodel (Supplementary Data 1).We then explored
whether maximum bounds are responsible for the age disparity of
angiosperms using the independent-rates model. Based on the 114
fossil calibrations, we employed five fossil calibration strategies (see
Methods for details) to accommodate different maximum bounds of
crown angiosperms, mesangiosperms, and eudicots. To have a better
understanding of the general impact of priors on posteriors, we
compared the user-specified priors, effective (induced) priors, and
posteriors for these three nodes.

Strategies 1 and 2 inferred a Carboniferous origin of crown
angiosperms (strategy 1: 366–313.2Ma; strategy 2: 365–304.9Ma; 95%
highest posterior density (HPD) interval), a Carboniferous–Permian
diversification of mesangiosperms, and a Permian–Jurassic origin of
eudicots (Supplementary Figs. 2 and 3). When reducing the maximum
bound to 247.2Ma for crown angiosperms and mesangiosperms, we
obtained younger crown ages of angiosperms (strategy 3:
255.9–219.7Ma; strategy 4: 292.0–249.5Ma) and mesangiosperms. We
also noted that changing fromanarrowuniformdistribution (strategy 3)
to amorediffuseCauchydistribution (strategy4) for crowneudicots not
only varied its own age estimate, but also pushed the crown age of
angiosperms to be older (Fig. 1, Supplementary Figs. 4 and 5). By further
reducing the maximum constraint in strategy 5, we obtained a much
younger age of 147.2–140.9Ma for crown angiosperms (Supplementary
Figs. 6 and 7). The HPD intervals were quite narrow for the three nodes,
indicating that the calibrations were too restrictive and the maximum
constraint might be too young.

Moreover, we found that the effective prior has amuch older and
narrower age range than the calibration range for crown angiosperms
(Fig. 1). Particularly in strategies 1–4, the effective prior assigns less
than 5% probability of age within 50Myr of the oldest fossil. In
extreme cases, most prior density was in the tail of the specified prior
(e.g., strategy 2). These results indicated that without molecular data,
the effective priors donot result in a crown age for angiosperms in the
early Cretaceous. In other words, the effective prior structure
excludes the user-specified prior assigned for the crown node of
angiosperms. Analyses with molecular data revealed posterior
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Fig. 1 | Comparison of the three probability distributions for the age of crown
angiosperms,mesangiosperms, andeudicots in theNDapproach:user-specified
prior (black), effectiveprior (purple), andposterior (orange). Strategy 1: Uniform
distribution (125, 365.63) was specified for nodes of crown angiosperms, mesan-
giosperms, and eudicots; strategy 2: Cauchy distribution was used on nodes of
crown angiosperms, mesangiosperms, and eudicots; strategy 3: the soft maximum
ages were changed from 365.63Ma to 247.2Ma for nodes of crown angiosperms

and mesangiosperms, and the soft maximum age of 128.63Ma was used on the
node of crown eudicots; strategy 4: the nodes of crown angiosperms and mesan-
giosperms were assigned 247.2Ma, and the node of crown eudicots was specified
Cauchy distribution; strategy 5: the maximum constraints of crown angiosperms
andmesangiospermswere assigned 139.35Ma, and the nodeof crown eudicotswas
specified Cauchy distribution. Source data are provided as a Source Data file.
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distributions that nearly overlap with the effective priors for angios-
perms (strategies 1–3), implying that there is a strong dependence of
the posterior estimates on the effective priors. Interestingly, the
posteriors estimated in strategies 4–5 deviated from their effective
priors (Fig. 1 and Supplementary Fig. 7). Additionally, we found that
varying the birth and death rates in the five strategies did not affect
the time estimations (Supplementary Fig. 8). Overall, our results
indicated that the divergence times of angiosperm lineages were
highly sensitive to the maximum constraints of the calibrated nodes.
There is not yet any consensus on the evolutionary history of
angiosperms among these calibrating strategies.

Given that the phylogenetic relationships of the five groups
(Ceratophyllales, Chloranthales, magnoliids, monocots and eudicots)
of mesangiosperms are still uncertain10,11,20,36, we evaluated the impact
of alternative phylogenetic hypotheses based on calibration strategy 4
(Supplementary Fig. 9A). The estimated divergence times of crown
angiosperms,mesangiosperms,monocots, and eudicots inferred from
different topological relationships were almost identical (Supple-
mentary Fig. 9B). These results indicated that different phylogenetic
relationships had little effect on the estimated ages of angiosperms,
probably because there is equal support for the various relationships
among the genes.

Impacts of extant and fossil sampling schemes on time esti-
mates under the skyline fossilized birth-death approach
To make direct use of the fossil occurrences rather than relying on
controversial node calibrations to date the divergence times, we
applied the SFBD approach assuming either random or diversified
sampling of extant taxa, using 166 fossils and 349 extant angiosperm
species. The results showed that the crown age of angiosperms under

the diversified sampling (254.9–201.6Ma) was similar to the random
sampling (253.8–206.6Ma) (Fig. 2A; Supplementary Figs. 10 and 11).
The crown ages of major groups of angiosperms produced similar
results, for instance, the mesangiosperms were estimated at
208.9–163.3Ma under diversified sampling and 208.2–175.4Ma under
random sampling (Fig. 2A). Similarly, for shallow phylogenetic levels,
the age intervals across most families under both sampling strategies
were consistent (Supplementary Fig. 12). The effective priors under the
two sampling strategies were generally older and had wider intervals
(random sampling: 277.3–146.1Ma; diversified sampling:
249.4–132.1Ma) than posteriors for the crown ages of angiosperms.
Meanwhile, we explored the effects of overestimated sampling frac-
tion (at family level) on time estimations under the two sampling
schemes, and found the effects were generally limited (Fig. 2B). To
investigate whether the observed distribution of fossil ages was con-
sistent with that implied by the SFBD model, we sampled fossil ages
given posterior estimates of divergence times and SFBD rates. Overall,
the generated fossils had wider age intervals than the observed fossil
ages under diversified sampling and random sampling (Fig. 2C). In
addition, two sampled stem-group angiosperm fossil ages do not fall
within the observed age range, likely because the fossils close to the
root are more sensitive to origin time. Despite unavoidable uncer-
tainties, the sampled fossil ages were moderately correlated with the
observed data (Fig. 2C), implying that the selected fossils are compa-
tible with the SFBD model in use.

As the SFBD process was conditioned on the origin time (tor), we
further considered the impact of the choice of different priors for the
origin on divergence time estimation. The dating results showed that
the crownageof angiospermswasmuch less sensitive to themaximum
age on the tor than under ND approach (Fig. 3). When the maximum
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Fig. 2 | Comparison of divergence times under different sampling schemes and
sampling fractions, as well as observed and sampled fossil ages in the
SFBD model. A Time estimates of crown angiosperms and major groups under
random and diversified sampling schemes. Node ages are plotted as the posterior
medians, with horizontal bars representing 95% highest posterior density intervals.
BTimeestimates of crown angiosperms andmajor groups inferred under ρ =0.001
(species level, orange) andρ =0.67 (family level, pink). Eachanalysiswas conducted

twice. C Simulated fossil ages given posterior medians of divergence times and
SFBD rates under the SFBDmodel. The age was obtained from posterior predictive
simulations by fixing the divergence times in the MCC tree and assuming that all
fossils were tip fossils. A total of 166 observed fossil ages, plotted against times
sampled under the SFBD model. Simulated fossil ages are presented as the esti-
mated 95% HPD intervals and median time. Source data are provided as a Source
Data file.
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value of tor was specified as 247.2Ma, the crown age of angiosperms
was restricted to this interval (diversified sampling: 242.6–197.1Ma;
random sampling: 242.4–213.2Ma); while using an offset-exponential
prior with mean of 240.63Ma and offset of 125Ma, the estimated time
was similar with the main analyses (i.e., tor~U(125, 365.63)) (Fig. 3).

Furthermore, we explored the effects of fossil sampling on esti-
mating divergence times using four sampling strategies. Our results
showed that when only including the oldest fossils (strategy A), the
crown-group angiosperm time is largely in agreement with that esti-
mated using all fossils (random sampling: 239.2–177Ma; diversified

sampling: 253.7–194.1Ma) (Table 1 and Supplementary Figs. 13 and 14).
In contrast, the corresponding age estimate from strategy B was rela-
tively young (random sampling: 194.9–138.6Ma; diversified sampling:
191.3–151Ma) (Table 1, Supplementary Figs. 15 and 16). Removing fos-
sils from stem-group angiosperms (strategy C) led to dramatically
younger estimates of the crown age of angiosperms (156.7–151.3Ma)
and the major lineages under random sampling, while slightly older
estimates under diversified sampling (Table 1, Supplementary
Figs. 17 and 18). When the outgroup taxa with fossils were included
(strategy D), we observed a much older crown age of angiosperms

Random sampling, tor~U(125, 365.63)
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Fig. 3 | Comparison of divergence time estimates of crown angiosperms and
major clades using ND approach and the SFBD model under diversified and
random sampling strategies. In the SFBD analyses, posterior times were inferred
from the main analyses under uniform prior (125, 365.63) for origin time tor, and
from comparative analyses under uniform prior (125, 247.2) and offset-exponential

prior (125, 240.63). In theND analyses, the five calibration strategies settings for the
nodes of the crown angiosperms, mesangiosperms, and eudicots are shown in
Fig. 1. Circles represent posterior medians in the SFBD model and rhombuses
represent posterior means in the ND analyses; lines represent 95% HPD intervals.
Each analysis was conducted twice. Source data are provided as a Source Data file.

Table 1 | Divergence time (median values and 95% highest posterior density intervals) obtained under random and diversified
sampling schemes under SFBD model using different strategies

Nodes Main analyses Strategy A Strategy B Strategy C Strategy D

Angiosperms crown (Ma) random 253.8–206.6 239.2–177.0 194.9–138.6 156.7–151.3 277.3–225.3

diversified 254.9–201.6 253.7–194.1 191.3–151.0 270.1–210.2 281.0–228.5

Mesangiosperms crown (Ma) random 208.2–175.4 186.5–155.8 152.5–121.4 150.7–141.6 233.8–187.4

diversified 208.9–163.3 207.2–171.3 162.0–123.8 233.8–177.1 234.6–192.2

Monocots crown (Ma) random 181.6–148.4 164.1–132.8 135.3–105.0 140.4–125.0 203.4–157.9

diversified 183.8–142.9 182.5–146.7 145.4–107.7 205.3–148.7 204.9–167.0

Magnoliids crown (Ma) random 176.6–139.6 162.0–129.3 133.2–108.6 143.3–128.0 190.7–145.1

diversified 176.0–137.0 178.2–135.6 139.7–109.7 195.4–141.0 196.9–148.8

Eudicots crown (Ma) random 178.1–154.3 166.8–139.2 131.6–110.4 141.2–130.7 201.5–164.5

diversified 182.6–146.9 182.4–154.4 141.0–109.8 207.3–158.3 201.3–170.3

Main analyses: 166 fossils and 349 extant angiosperm species; Strategy A: 106 fossils represent the oldest fossils in each clade; Strategy B: 60 fossils represent the exclusion of the oldest fossil from
each clade; Strategy C: 160 fossils are remaining after the removal of the stem group of angiosperm fossils; Strategy D: inclusion of outgroup for a total of 186 fossils.
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(random sampling: 277.3–225.3Ma; diversified sampling:
281–228.5Ma) (Table 1, Supplementary Figs. 19 and 20). This is possi-
bly due to different diversification and sampling patterns between the
outgroup and angiosperms, which are not accommodated in the
SFBD model.

Evolutionary timescale of angiosperms
Using the two dating approaches, our results indicate that divergence
times of angiosperms are sensitive to calibrations. However, we found
that for the major groups of angiosperms, the width of the HPD
intervals was similar between SFBD and ND approaches (~50Ma)
(Fig. 3), implying that the two methods are equally capable of esti-
mating precision. There is no doubt that both approaches are under-
going continual refinement and have their own advantages and
weaknesses. It is clear that the crown age of angiosperms depends on
underlying assumptions about the fossil record and that there is still no
consensus on maximum bounds in the ND approach. Given this, and
our finding that assignment of different priors for the origin in the
SFBD model resulted in relatively consistent crown ages of angios-
perms compared to the ND approach (Fig. 3), we considered using the
date estimates across SFBD main analyses under two sampling
schemes to interpret the evolutionary history of angiosperms.

The SFBD analyses supported that crown-group angiosperms ori-
ginated at 254.9–201.6Ma (Fig. 4 and Supplementary Figs. 21 and 22).
The crown groupmesangiosperms originated in the late Triassic to late
Jurassic (208.9–163.3Ma). Apart from Amborellales, Nymphaeales and
Austrobaileyales (namely ANA grade) diverged at 249–192.3Ma and
227.2–175.8Ma, respectively. The estimated timeline suggests that
crown-group magnoliids arose in the early Jurassic to early Cretaceous
(176.6–137Ma). The Piperales and Canellales diverged at 162.1–111.1Ma,
Magnoliales and Laurales split at 155.9–126.4Ma, with all four orders of
magnoliids originating in the Cretaceous. We inferred that the crown-
groupmonocots also aroseduring the early Jurassic to early Cretaceous
(183.8–142.9Ma). Within the monocots, the Acorales were the earliest
to diverge, followed by the Alismatales splitting at 150.7–111.2Ma.
Furthermore, several radiations have occurred among the commelinids
during the Cretaceous (128.8–103.3Ma: Poales; 122.7–94.7Ma: Com-
melinales and Zingiberales; 98.8–76.4Ma: Zingiberales) (Fig. 4 and
Supplementary Figs. 21 and 22).

We inferred an age of 182.6–146.9Ma for crown eudicots. The
orders corresponding to ~88% (31/35) of the core eudicots originated
from the Aptian to the K-Pg (Cretaceous-Paleogene) boundary
(125–66Ma) in the Cretaceous (Fig. 4). This age range corresponds
closely with the extensive angiosperm fossil record of this period
(Supplementary Information), which implies that the Cretaceous was
an important period in shaping the morphological diversity of
angiosperms. This period has also been reported as a critical time for
the co-evolution of angiospermswith insects, birds, andmammals37–40,
which are key components of contemporary terrestrial biodiversity.
Among the nine species-rich families of beetles (>10,000 species),
seven of them originated in the Cretaceous and feed on plants or
decomposing plant materials and woody tissues41. The recent dis-
coveryof a remarkablywell-preserved short-wingedflower beetle from
mid-Cretaceous amber offers direct evidence of pollen-feeding in a
Cretaceous beetle42. This amber was associated with pollen aggrega-
tions and coprolites consisting mainly of pollen, confirming that
diverse beetle lineages visited early-diverging lineages of angiosperms
in the Cretaceous. By examining the evidence for matching dates of
origination of crown angiosperms and key insect pollinator lineages,
the study highlighted the importance of the K-Pg extinction event in
the context of angiospermand insect co-speciation37. These results not
only contribute to the elucidation of the origin and evolution of
angiosperms, but also provide a theoretical basis for understanding
key questions such as the diversification of other lineages that have co-
evolved with angiosperms.

Discussion
The crown age of angiosperms mostly depends on underlying
assumptions about the fossil record in the node dating
approach
A puzzling range of angiosperm crown ages, from early Cretaceous to
Permian, have been reported across many ND analyses10–13,21. In addi-
tion to the varying amounts of molecular data, different maximum
bounds were used for the calibration of the node of crown-group
angiosperms in these studies12,13,18. For example, the recent study43

dated the angiosperm tree with two different maximum constraints at
the angiosperm crown node, and showed that these different con-
straints greatly affected age estimates across angiosperms. In our ND
analyses, we showed that different maximum bounds conferred con-
siderable influence on inferring the crown age of angiosperms. For
instance, when the maximum bound was relaxed from 139.35 to
365.63Ma, the crown age of angiosperms changed fromCretaceous to
Carboniferous (Strategy 1 and 5 in Fig. 1). Recently, Budd and Mann44

revealed that the dependence of posterior estimates on the priors and
the problems of range truncations are typical of ND approaches in
general, especially for the deep nodes. In our study of the crown node
of angiospermshere, this truncation is striking: the user-specifiedprior
for all strategieswasnot the sameas the effective prior implemented in
the estimation of divergence times (Fig. 1). This deviation from the
user-specified prior was described as “pseudo-data”45. Thus, we argue
that the effective priors cannot accurately reflect the paleontological
constraints on divergence time estimation in our dataset.

Multiple analyses have demonstrated a strong correlation
between posterior age estimates with effective priors44,45. In our
study, these similar distributions of effective prior and posterior on
the crown node of angiosperms in strategies 1–3 highlighted that the
effective prior had an overwhelming influence on the posterior.
Because the effective priors, which were actually taking effect in
dating, are similar in strategies 1 and 2, the posterior estimates for the
ages of these three nodes are similar, despite the different shapes of
the specified priors in strategies 1 and 2. We noted that the effective
prior at the crown node of the angiosperms was remarkably similar to
that observed in Mesangiosperms in strategies 4 and 5. At the crown
node ofmesangiosperms, the overlap area between the posterior and
effective prior distributions is large and their peaks are close. To
satisfy the condition that ancestral nodes are older than descendant
nodes, the posterior distribution was unsurprisingly pushed to devi-
ate from the effective prior of the crown node of angiosperms.

It is well known that the reliability and precision of fossil calibra-
tions have a significant impact on time estimates even with an infinite
amount of data23. Thus, the molecular data could not explain or sup-
port old crown ages of angiosperms in most fossil-calibrated mole-
cular dating analyses. It has been showed that the time information in
“molecular dating” approaches is mostly coming from the fossil max-
imum calibrations and not the molecules46. Neither genes, taxa, nor
internal calibrations appear to be the key to resolving the crown age of
angiosperms. Underlying assumptions about the fossil record and the
assignment of different maximum bounds, in particular, can easily
shape the origin of crown angiosperms into different epochs (e.g.,
Cretaceous, Triassic, Permian, or earlier).

Further exploration in the FBD approach to refine the timeline
of angiosperms
One appealing feature of the FBD model is that it unifies extinct and
extant species in a singlemacroevolutionarymodel. As for themystery
of angiosperm origins, many studies expect to use tip dating methods
to address the timegapbetween the fossil record andmoleculardating
estimates45,46. In our study, we inferred the age interval for crown
angiosperms (essentially, the Triassic Period) using themost extensive
and reliable fossil record under the SFBDmodel. However, there is still
plenty of room that could potentially improve age estimates. One
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Fig. 4 | Node age estimates for the major clades of angiosperms under diver-
sified and random samplings using the SFBD model. The median and 95%
highest posterior density interval are depicted for each key node. The Aptian to the
K-Pg (Cretaceous-Paleogene) boundary (125–66Ma) was the period when most of

the ordinal and interordinal angiosperm clades diversified. Rhombus box symbols
represent random-sampling strategy and square boxes represent diversified-
sampling strategy. Each analysis was conducted twice. Source data are provided as
a Source Data file.
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further effort is coding and including morphological characters in the
FBDdating analysis, that is, TED. In the absence ofmorphological data,
incorporating prior knowledge from previous studies to establish
accurate topological constraints of fossil placements has important
implications for divergence time estimation47,48. The dating approach
will become refined with TED, whereby the relationship of fossils and
extant taxa is instead more inferred from the morphological char-
acters. Recently, a simulation study revealed that incorporating mor-
phological data in TED can improve the accuracy and precision of time
estimates48. Although constructing effective models of morphological
evolution and accounting for the non-random nature of missing
characters in fossil data is considerably challenging, incorporation of
morphological characters in tip dating is a trend in molecular dating
analyses. Another effort would be to include more fossils in the ana-
lysis, despite the lack of morphological data. It is worth noting that
there are still thousands of angiosperm fossils available and the 166
fossils in our datasetmaynot be a representative subsample. However,
it is typically computationally intractable with large fossil datasets,
especially because the placement of fossils needs to be averaged using
Markov chain Monte Carlo (MCMC). Future reliable identification of
morphological characters and the development of morphological
models and efficient computational methods would provide a solid
basis to narrow down the range of plausible ages for crown
angiosperms.

Our SFBD dating analyses show that the oldest fossils and the
stem fossils exert the influence in estimating time, as the prior times
are basically informed by the SFBD process. Fossils close to the root or
in the stem are particularly valuable as they provide information of
early divergence events. We also discovered that including outgroup
taxa can result in older ages of the internal groups, such as the crown
ages of angiosperms, monocots, and eudicots (Table 1). The SFBD
model assumes that the diversification and fossilization rates are the
same across lineages (although they can vary among different time
intervals), which is unrealistic for angiosperms and gymnosperms. The
two groups also have different extant sampling fractions (~0.001 vs.
~0.015). Given the absence of methods that account for variation in
diversification and sampling rates among clades in the current FBD
model (but see studies when the fossil-sampling rate is constant49,50), it
is crucial for future studies to acknowledge potential bias when
including outgroup sampling.

Although the diversified sampling could somewhat avoid the
unrealistic assumption of exhaustive or random sampling of extant
taxa in large, species-rich clades26, we should acknowledge that both
random and diversified sampling assumptions are ideal cases and
empirical datasets (including this one) typically do not employ either
of them exactly as specified by the model. Under diversified sam-
pling, the reconstructed tree has long terminal branches that max-
imize the tree length of the chronogram of extant taxa, which rely on
the high sampling fraction48. The angiosperms have ~350,000 extant
species and a rich fossil record. According to the assumption of
diversified sampling, when the sampling fraction of our empirical
analyses was fixed at 0.001, it implied that the ~349 extant species we
sampled should represent the oldest diversified clades. In reality,
taxa are usually sampled on the basis of their taxonomic ranks and
other factors (e.g., specimen availability and a balanced sampling
between various groups). These sampled lineages would not neces-
sarily be the same as those defined by a single cutoff time in the
chronogram. Therefore, based on our empirically sampled dataset,
the cutoff time will be underestimated. It is unlikely that the
assumption of diversified sampling can be matched no matter how
the cut-off is changed. Thus, it is important to use a model, such as
the SFBD model, that is robust to model violations in dating diver-
gence times, at least in our empirical dataset. Nevertheless, it is
crucial to explore various aspects that could violate the model and
explore their effects on the inference.

Insights into the puzzle of the origin of angiosperms
The crown age of angiosperms has been one of the most thought-
provoking topics in evolutionary biology. In recent years, there has
been some progress in the application of molecular dating, such as
detecting potential bias due to habit-related molecular rate hetero-
geneity (herbaceous and woody)19, considering the uncertainties in
dating analyses9,15 and expanding sampling densities of the genes,
species, and fossil calibrations10,46. Most of these studies supported the
hypothesis that crown-angiosperms originated before the Cretaceous,
but inherent biases in the molecular dating methods were
recognized4,45,51. A case as demonstrated inourND results, the effective
prior pushed the crown age of angiosperms towards much older than
expected by the user-specified prior, and various maximum bound-
aries would determine the crown age of angiosperms. To advance our
understanding of angiosperm macroevolution, several studies
emphasize the importance of future fossil discoveries and innovative
macroevolutionary model development, including tip dating
approaches15,46,52. Our study inferred a Triassic origin of angiosperms
using the SFBD model, which conflicts with the sequence of appear-
ance of fossils4. Although our dating results are robust to sampling
assumptions of extant taxa, the limited number of fossils and extant
species sampled, as well as the effect of the specified prior for tor, may
have resulted in the pre-Cretaceous origin of angiosperms that we
obtained. These factors also may explain the origin of some angios-
permorders that are not entirely compatiblewith the fossil record. For
example, the Vitales, with an inferred Jurassic age, whose oldest reli-
able fossils are dated from the Late Cretaceous53. Additionally, these
two dating methods make different assumptions about whether spe-
ciation and extinction rates change through time in our study. We
observed that the inferred net diversification and turnover rates varied
over time in the SFBD analyses, as shown in the plotted skylines
(Supplementary Fig. 23). While the implemented ND model assumes
birth and death rates which are constant throughout the evolutionary
process in the MCMCTREE. Although it has been shown that the most
important factor affecting time estimation in ND is fossil calibration,
future research could provide a “fair” comparison (i.e., allowing birth
and death rates to change through time) between ND and FBD
approaches.

Another possible explanation for the absence of Jurassic crown
angiosperm fossil evidence, including that of pollen, is that the early
representatives were geographically restricted. This could happen if
they were confined to a region not represented in the fossil record for
that timeperiod54. The investigation into the diversification patterns of
angiosperm flowers and leaves revealed that angiosperms emerged
during the Cretaceous6,55. But the origin time of angiosperms can date
back even earlier if pre-Cretaceous angiosperms exhibited a low level
of morphological diversification56,57. A recent study44 indicated that
fossils alone provide strong evidence of origin that biologists are
keenly interested in, such as in the bilaterian animals and placental
mammals. As the fundamental basis of the origin andearly evolutionof
angiosperms, palaeobotanical records need to be critically investi-
gated. Especially for pre-Cretaceous fossils, an unambiguous doc-
umentation of the diagnostic structural features of angiosperms is
essential for distinguishing between other extant and extinct seed
plants4,58. Recently, much attention has been paid to which clades of
Mesozoic gymnosperms are possible ancestors or sister branches of
flowering plants. It has been reported that the fossil found in Upper
Mongolia and the earlier reported fossils with cupules were close
relatives of angiosperms59, which may imply that ancestral taxa of
angiosperms emerged as early as about 250Ma (early Triassic),
although those seed-bearing organs might be broadly comparable to
extant conifer seed cones60,61. The fossilXadzigacalix quatsinoensiswas
regarded as possibly constituting a new order of seed plants, and
perhaps has affinities to gnetophytes or angiosperms60. The study
modeled the diversity trajectories of angiosperm families based on
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evidence from ~15,000 fossils, reporting that flowering plants origi-
nated in the Jurassic or even earlier62. It has been controversial that this
approach does not directly estimate the crown age of angiosperms,
but rather extrapolates from the estimated stem ages of an extensive
sampling of angiosperm families63. Nevertheless, these analyses have
implied the possibility of a pre-Cretaceous origin of angiosperms.

Overall, our dating analyses provide valuable insight for the
timescale of early angiosperm evolution by integrating a large number
of reliable fossils and using two Bayesian dating methods. Our results
demonstrate why the crown age of angiosperms inferred using ND
varies among different studies and indicate that the crown age of
angiosperms is essentially conditioned by the maximum bound in the
calibrations and the effective priors. Furthermore, the sensitivity ana-
lyses using the SFBDmodel highlighted the dominant influence of the
oldest fossils and the potential bias of time estimates from inclusion of
outgroup taxa. Compared toND analyses, we found that the crown age
of angiosperms was much less sensitive to the maximum age on the
origin time in the SFBDmodel. Basedon the SFBDanalyses,we inferred
the crown age of angiosperms to be essentially in the Triassic Period
whenmammals, dinosaurs, and squamate reptiles first appeared in the
fossil record and which immediately followed the largest knownmass
extinction, the Permian-Triassic extinction event. Considering that
there are thousands of angiosperm fossils available and most of them
have not been coded with morphological characters, further progress
will require combined efforts from paleontologists and evolutionary
biologists to build densely sampled trait datasets and integrate
paleontological data into the study of angiosperm macroevolution.

Methods
Extant taxon sampling
We sampled 670 angiosperm taxa (representing 669 angiosperm
species) including 504 eudicots, 121 monocots, 29 magnoliids, four
Chloranthales (five transcriptomes of Chloranthales representing four
species), two Ceratophyllales, and nine early-diverging angiosperms,
representing 58 orders and 278 families. Another 78 gymnosperm taxa
were used as an outgroup. Our data of the 144 genomes and 579
transcriptomes were obtained from the public databases, and other 25
transcriptomic data were downloaded from the NCBI SRA database
and assembled by Trinity v2.4.064 with default settings (min_-
kmer_cov = 2). The complete list of data information is provided in
Supplementary Data 2.

Orthology inference
The orthology inference was based on identifying homologs followed
by cleaning, aligning, and cutting homolog trees65. First, we selected
the complete nuclear genomes of 19 representative species (Ginkgo
biloba, Papaver somniferum, Amborella trichopoda, Nymphaea color-
ata, Ceratophyllum demersum, Vitis vinifera, Actinidia eriantha, Coffea
canephora, Helianthus annuus, Arabidopsis thaliana, Eucalyptus
grandis, Prunus persica, Musa schizocarpa, Oryza sativa, Asparagus
officinalis, Zostera marina, Cinnamomum kanehirae, Liriodendron chi-
nense, Piper nigrum) to generate putative orthologous groups (OGs).
The CD-HIT (-c 0.995 -n 5) was used to reduce amino acid
redundancy66. Initial homology search was carried out using all-by-all
BLASTP of 19 complete genomes with an E value cutoff of 10 and
-max_target_seqs 1000. We used a hit_fraction cutoff of 0.5 and set
“IGNORE_INTRASPECIFIC_HITS = True” to filter raw blast output. The
filtered hits were used as input for MCL (MCL v14-137)67, with the E
value cutoff set to 10−5 and an inflation value of 1.5. Clusters containing
fewer than 19 species were further removed. Then, we built the 3503
homolog trees by performing the tree estimation, trimming, masking,
and cutting deep paralogs (keep the parameter default). Finally, we
used homologs that had no duplicated taxon and are one-to-one
orthologs to prune all homologous gene trees and inferred a set of 902
orthologs. The transcriptomic and genomic data of the remaining 728

taxa were then incorporated into 902 OGs through Hmmsearch
(HMMER v3.2.1)68.

Phylogenetic analyses
All 902 OGs were aligned using MAFFT v7.31069 with the option“-
localpair -maxiterate 1000” and then trimmed using Gblocks 0.91b70,
allowing 50% gap positions. To remove the short sequences, trimAL
v1.471 was used for pruning with the option resoverlap 0.5 -seqoverlap
50. All alignments were discarded if the length was below 100 amino
acids or species coverage was lower than 90%. Finally, 324 OGs from a
diverse selection of 748 taxawere obtained for phylogenetic inference.
We reconstructed phylogenetic relationships using the concatenated
supermatrix thatwas partitioned by gene in IQ-TREE v2.0.572. The best-
fit substitution model for each partition was determined and branch
support was assessed with 1000 ultrafast bootstrap replicates.

Divergence time estimation
Molecular dataset and fossil occurrences. Our divergence time
analyses were conducted using two Bayesian methods: node-dating
(ND) and SFBD approaches. We performed preliminary analyses of the
concatenated data set (324 OGs for 748 taxa), but such a large dataset
is computationally intractable. Previous study showed that the time
estimates were largely consistent in full compared to reduced data
sets, and suggested selecting a subset of informative genes for mole-
cular dating analyses9. “Clock-like” genes were defined as those evol-
ving in a clock-like manner73, which can minimize errors associated
with model mis-specification and have been used for molecular
dating9,22,74. Therefore, we used the SortaDate74 to identify the clock-
likeliness of each gene. According to the three criteria sequentially:
“1 =minimal root-to-tip variance, 3 = least topological conflict against
the species tree, and 2 = tree length (discernible information content)”,
the top 100 genes of 324OGswere selected formolecular-clock dating
analyses. In addition, we reduced taxa at the genus-level of eudicots,
monocots, and gymnosperms, but retained the diversity of all sampled
families. The final dataset included 27,326 amino acids representing
100 nuclear genes from 364 taxa (349 angiosperm species and 15
gymnosperm species as an outgroup) for the dating analyses.

Following best practice principles of fossil relationships75, we
selected 186 fossils that could reliably indicate the occurrence of seed
plant clades down to family level. These contained 160 angiosperm
fossils, 6 stemangiosperm lineage fossils, 11 gymnosperm fossils, and9
extinct seed lineage fossils. The detailed fossil information including
fossil ages, locality, fossil type, and relationships with taxa in the tree,
are provided in Supplementary Data 3 and Supplementary Informa-
tion. Most of (not all) the fossils were cited from the previous study14.

Node dating analyses. For the ND approach, divergence times were
estimated using the programMCMCTree in the PAML v4.9j76, based on
a fixed tree topology of the 364 extant taxa. The 27,326 amino acids
were treated as a single partition, and the substitution model used
was LG + F + Γ4.

To evaluate the relative fit of two relaxed-clock models (i.e.,
autocorrelated-rates model and independent-rates model) to the
datasets, we selected 32 b values to estimate themarginal likelihood of
a given model using a “stepping-stone” algorithm in MCMCTree. The
output of MCMCTree was parsed and the marginal likelihood for the
chosen relaxed-clock model was calculated using the R package
mcmc3r77.

We consistently used a time unit of 100 MY (million years) across
the ND analyses. For the evolutionary rate, we used the better-fit
independent-rates model which assumes the branch rates follow the
same lognormal distribution. To specify a sensible prior on the mean
rate, we calculated the genetic distance between Arabis alpina and
Ginkgo biloba based on LG + F + Γ4 model using CODEML76. Fossil
evidence suggested that the divergence time of the two species is
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~307Ma78, which indicated that the mean substitution rate was
assigned to a gamma hyperprior G(2, 26) with 2/26 =0.076 amino acid
substitutions per site per 100 MY. The variance (rate-drift) parameter
σ2 was assigned G(1, 10).

The tree prior follows a birth-death process. As MCMCTree does
not support estimating the speciation and extinction rates, we had to
use fixed values for them. Based on the diversification rate estimates
fromprevious sudy79, we set the birth rate (λ) at 9.88 and the death rate
(μ) at 2.77. In addition, we assessed the impact of varying birth and
death rates (λ = 0.988, μ = 0.277) on the time estimates. The sampling
fraction of extant species (ρ) was set to 0.001 (364 species compared
with the 352,000 extant angiosperms species) (https://www.mobot.
org/MOBOT/research/APweb/). The root age was constrained to be
between 307 and 365.63Ma, based on the oldest fossil of
Acrogymnospermae78 and the first record of seeds in the form of
preovules that satisfy the criteria of the seed habit13.

We applied 114 fossil calibrations. In most cases, the uppermost
boundary of the stratigraphic interval of the fossil attribution can be
used as the minimum age for the calibration distribution. Nodes 1–9
were set with uniformdistributionswith soft bounds (pL = pU =0.025).
Truncated Cauchy distributions with hard minimum bounds
(pL = 1e−300) were used at nodes 11–12, 14–38 and 40–114 (Supple-
mentary Data 3, Supplementary Figs. 2–6). We implemented five
strategies to test the effects of differentmaximumbounds onnodes 10
(crown angiosperms), 13 (crown mesangiosperms), and 39 (crown
eudicots). In strategy 1, we useduniformdistributionwith 365.63Maas
themaximumage for three nodes, which is based on the first record of
seeds in the form of preovules that satisfy the criteria of the seed
habit13. In strategy 2, Cauchy distributions truncated at 125Ma were
used on nodes of crown angiosperms,mesangiosperms, and eudicots.
In strategy 3, we changed the maximum age in strategy 1 from
365.63Ma to 247.2Ma for nodes of crown angiosperms and mesan-
giosperms, based on sediments devoid of angiosperm-like pollen
below their first report in the middle Triassic80; and applied the max-
imum age of 128.63Ma for node of crown eudicots, based on the
maximum age of the oldest potential age of tricolpate pollen80. In
strategy 4, the nodes of crown angiosperms andmesangiospermshave
the same specified priors as in strategy 3,while crownnodeof eudicots
was assigned a Cauchy distribution. In strategy 5, following previous
study12, we used we used 139.35Ma for nodes of crown angiosperms
and mesangiosperms, and Cauchy distribution for node of crown
eudicots. Furthermore, to explore the effects of different topologies
on the estimation of angiosperm crown age, we selected four topol-
ogies published in recent years10,11,20,36 and estimated the timeline of
angiosperms based on strategy 4.

The MCMC analyses were run for 5 million generations sampled
every 500 generations after discarding 1 million generations as burn-
in. We conducted each analysis twice to check consistency and con-
firmed the effective sample sizes (ESS) of all parameters were larger
than 200 by Tracer v.1.7.181.

Skyline fossilized birth-death dating analyses. For the SFBD
approach, we used the BDSKY v1.5.0 package for BEAST v2.7.529,82 to
infer the divergence times.

When morphological characteristics of extant species and fossils
are unavailable, setting both accurate and precise topological con-
straints of fossil placements should be beneficial for analyses on FBD
trees48. Following best practice principles75, we scrutinized the place-
ment of fossils used in our study. Instead of integrating over the
uncertainties of fossil placements through MCMC, which is computa-
tionally intractable in our case, we fixed the tree topology, as well as
the position of the fossils in the tree. Detailed information on the
placement of the fossils in the treewereavailable in the Supplementary
Information. The fossil ages were given uniform distributions accord-
ing to their stratigraphic intervals (Supplementary Data 3) and were

sampled as part of the divergence time estimation. As the gymnos-
perms likely have different diversification and sampling patterns from
the angiosperms, whichwould violate the SFBDmodel assumption, we
used 349 angiosperm species and 166 fossils (including 6 stem group
of angiosperm fossils) in the main analyses. Time was divided into ten
intervals equally spaced from the root to the present. The speciation,
extinction, and fossil‑sampling rates were all assumed independent
across intervals. We specified diffuse Beta(1,1) prior for the turnover
(μ/λ) and fossil sampling proportion (ψ/(ψ + μ)), and Exp(1) prior for
the diversification rate (λ − μ) in each interval. The sampling fraction of
extant species (ρ) was fixed to 0.001 as in the ND analyses, and the
sampling strategy was assumed either random or diversified26,30. But
we also set ρ = 0.67 (sampling fraction at family level) to explore the
effects of overestimated ρ on time estimation. Considering the rela-
tionships of many stem branches of angiosperms remain highly
uncertain and should not be relied upon46, we conservatively condi-
tioned the SFBD process on the origin time (tor) using the minimum
age constraint at 125Ma based on the oldest fossil of angiosperms. The
maximum age constraint at 365.63Ma for tor is according to the first
records of seeds in the form of preovules that satisfy the criteria of the
seed habit, which represents a soft maximum constraint on the
divergence of crown seed plants13. Since the true origin of the clade
must have taken place before the oldest fossil date from within the
clade, but we do not know how much earlier the origin was than this
fossil. Therefore, we assigned the tor a uniform distribution (125, 365,
63), assuming that the origin time has the same probability in this
interval.

To explore the impact of the choice of different priors for the tor
on divergence time estimation, we performed two additional analyses:
(1) the origin time was assigned to an offset-exponential prior with
offset at 125Ma andmean of 240.63Ma; (2) the origin timewas set to a
uniform prior (125, 247.2). Furthermore, we employed four strategies
to explore the effects of fossil sampling on estimating divergence
times in the SFBDapproach. In strategyA,we selected theoldest fossils
from the clades containing fossils, forming a subset of 106 fossils. In
strategy B, we excluded the oldest fossil from each clade and the
remaining 60 fossils were used to perform the dating analyses. In
strategy C, we excluded the 6 stem angiosperm fossils and used the
remaining 160 fossils. In strategy D, the 11 gymnosperm fossils, 9
extinct seed lineages fossils, and 15 gymnosperm outgroup species
(186 fossils and 364 extant species) were all used for dating. The prior
for the origin timewas changed toU(307, 365.63) to accommodate the
inclusion of the outgroup.

Still, the amino acids were treated as a single partition, and the
substitutionmodel used was LG + Γ4 (BEAST does not support +F). We
also used the independent lognormal relaxed clock model83 for the
evolutionary rate, and the implementation has been optimized to
improve its computational performance84. We also calculated the
amino acid pairwise distance between Amborella trichopoda and Acti-
nidia chinensis with LG + Γ4 + F model by the package CODEML in
PAML package v4.9j. According to Tricolpate pollen grain fossil pla-
cement, the divergence time between the two species was about
125Ma, which indicated that the mean rate was assigned to G(2,
0.00085) with 2 ×0.00085 = 0.0017 substitutions per site per time
unit (1My) (note that the change of time scale and that BEAST used
shape-scale parameterization while MCMCTree used shape-rate para-
meterization inwhich rate = 1/scale). The standarddeviation of the rate
was given G(2, 0.05) prior with mean 0.1.

For each run, the MCMC was executed for 400 million genera-
tions with sampling every 10,000 generations and a discarded burn-
in fraction of 0.2. We ran each analysis twice and checked con-
sistency and ESS > 200 for important parameters with Tracer v.1.7.1.
Maximum-clade-credibility (MCC) trees were summarized from
the combined samples using TreeAnnotator v2.6.0. To investigate
the dating results and for better comparison with the ND results, we
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pruned the fossils from the MCC trees to produce annotated trees
containing only extant taxa.

For all the analyses, we explored the effective priors for the
divergence times inducedby the SFBDprocess (byfixing the likelihood
to 1.0 in the MCMC). Besides, we also performed a simple predictive
check for the fossil ages in the main analyses. Specifically, we fixed the
divergence times in the MCC tree, the speciation, extinction, and
fossil-sampling rates in each time interval were all to their posterior
medians. All fossils were given U(0, 500) distributions for their ages,
and were all assumed as tips (this treatment is because the MCMC
sampler does not supportmoving fossil ancestors along the tree). The
fossil ages were then sampled using MCMC and were compared with
the actual ages used in the dating inference.

Data availability
The sequence alignments, inferred phylogeny and divergence time
trees havebeendeposited in the Figshare: https://doi.org/10.6084/m9.
figshare.25333804. Supplementary Information and Source data are
provided in this study. Taxon sampling used in the study is provided in
Supplementary Data 2, and fossil information is described in Supple-
mentary Data 3. Source data are provided with this paper.
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