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Abstract

Flowering plants (angiosperms) are the most diverse of all land plants, becoming
abundant in the Cretaceous and achieving dominance in the Cenozoic. However, the exact
timing of their origin remains a controversial topic, with molecular clocks generally placing
their origin much further back in time than the oldest unequivocal fossils. To resolve this
discrepancy, we developed a Bayesian method to estimate the ages of angiosperm families
based on the fossil record (a newly compiled dataset of ~15,000 occurrences in 198
families) and their living diversity. Our results indicate that several families originated in
the Jurassic, strongly rejecting a Cretaceous origin for the group. We report a marked
increase in lineage accumulation from 125-72 Ma, supporting Darwin’s hypothesis of a
rapid Cretaceous angiosperm diversification. Our results demonstrate that a
pre-Cretaceous origin of angiosperms is supported not only by molecular clock approaches,

but also by analyses of the fossil record that explicitly correct for incomplete sampling.



INTRODUCTION

Ubiquitous across terrestrial and aquatic systems, flowering plants (angiosperms) are the
most diverse group of land plants on Earth today. Fossil evidence indicates that
angiosperms and gymnosperms had already diverged by the late Carboniferous (306.2
million years ago, Ma)!. The earliest unequivocal fossil evidence of crown angiosperms
dates to the Early Cretaceous (Valanginian stage; ~135 Ma)?, but the true time of origin
of the living clade remains debated®*. The sudden stratigraphic appearance of crown
angiosperm fossils, apparently without forebears displaying evidence of a the gradual
assembly of the angiosperm body plan, was considered “an abominable mystery” by
Darwin and his contemporaries®. Angiosperms have been ecologically dominant since the
late Cretaceous and have subsequently increased in diversity and complexity®. The
“sudden” appearance of a high level of diversity shortly after their origin underlies
Darwin’s perplexity, leading him to hypothesize a long, undiscovered pre-Cretaceous
angiosperm history and to search for drivers of rapid plant diversification, such as
coevolution with pollinators”®.

Darwin’s abominable mystery may have a modern analogy. Whereas molecular data
increasingly informs on our understanding of the Tree of Life, it often seems to contradict
palaeontological evidence®. While some of the discrepancies between molecular clock and
palaeontological estimates of macroevolutionary dynamics can be reconciled through the

10713 " contrasting estimates of the origin of major

integration of fossil and phylogenetic data
clades in the Tree of Life remain an open challenge!?.

The discrepancy between the fossil record and crown age estimates in angiosperms
has been long debated. The Early Cretaceous angiosperm fossil record comprises lineages

that were species-rich and morphologically diverse by ca. 130-100 million years ago?,

suggesting that the ancestor of all angiosperms should be considerably older. Yet, while



reports of putative angiosperm pollen from the Triassic and a leaf from the Jurassic!® 2

hint towards a significantly older origin of flowering plants?!, the discrepancy remains, due
to the lack of undisputed pre-Cretaceous angiosperm fossils®®. A recent review suggests
that Early Cretaceous pollen records might be compatible with a latest Jurassic origin of
the clade, but not earlier®. Meanwhile, large phylogenomic studies continue to point to a
significantly older origin of the clade, perhaps as early as the Permian??. This “Jurassic
gap”, indicating the discrepancy between molecular and fossil age estimates®?2, has been
attributed to the rarity and/or small size of early angiosperms?3, lower fossil preservation
rates?4, heterogeneity in the rock record?®, or some combination of these factors.

The fossil record alone provides only minimum constraints based on clade ages;
evolutionary timescales require further inference. However, molecular clocks are not the
only methods available for estimating clade age, and alternative approaches exist that
eschew molecular data and phylogenetic methods altogether. These methods estimate the
age ranges that may include the true times of origination (and extinction) of taxa based on
the observed stratigraphic range of taxa and on the number of fossiliferous horizons?5-28,
although we are not aware of applications of these methods to the angiosperm fossil record.
More recent advances have used Bayesian inference to model fossil occurrences, while
accounting for the underlying preservation processes and dating uncertainties!32%3°, While
these methods have been used to infer diversification dynamics of vascular plants3'32, they
are limited in their ability to analyse clades with a scarce fossil record, such as most
angiosperm families, and are not explicitly designed to estimate clade age.

Significant methodological advances have been made in recent years in inferring

13,30,33-35

phylogenetic trees with extinct and extant taxa . However, these advances have not

closed the gap between fossil and phylogenetic estimates in relation to the age of clades,
leading some to suggest the presence of systematic biases in phylogenetic estimates of the

origination times of clades'436.



Here, we revisit the “Jurassic gap” controversy through the analysis of a newly
compiled, extensive dataset of over 15,000 angiosperm meso- and macrofossils spanning the
Cretaceous and the Cenozoic. To resolve the discrepancy in previous estimates, we develop
a new, phylogeny-free model to infer the age of origin of clades based on present diversity
and the known fossil record. Our Bayesian method is explicitly designed for clades which
are (or have been in the past) highly diverse but present a patchy and severely incomplete
fossil record, such as angiosperms. After validating our approach through extensive
simulations, we infer the range of plausible ages of origin of 198 angiosperm families. We
then test whether an analysis of the fossil record, accounting for incomplete sampling,

supports a pre-Cretaceous angiosperm origin, as speculated by Darwin.

METHODS

We developed a model, which we term Bayesian Brownian Bridge (BBB), to infer the age
of origin of a clade based on its present diversity and the known fossil record. The method
is specifically designed to accommodate not only fossil-rich groups, but also clades with
extremely poor sampling, e.g. groups of organisms in which the great majority of species
that have existed did not leave a fossil record.

The estimation is implemented within a Bayesian framework and uses the following

input data:

e present species richness N > 0 (note that the current implementation is designed for

extant clades)
e sampled species richness through time x = {zq, ..., z7r}

The vector x includes the number of sampled species within time bins of predefined size, in

our analyses set to 2.5 million years (Myr). Since the assumption is that the fossil record



can be extremely incomplete, most of the bins are likely to have a number of sampled
species equal to 0.

We assume that the diversity of a clade through time follows a Brownian bridge
(Fig. 1), i.e. a random walk process constrained at the two endpoints to have a value of
dr =1 at its origin (one ancestral species at time T') and to have a value equal to dg = N
in the present (time 0). We denote the vector of (unknown) diversity for each time bin as
d = {dy,...,dr_1}. The Brownian bridge is further conditioned such that d; > max(1, z;),
thus the diversity trajectory for a sampled Brownian bridge is d ~ BZ (02,1, N). This
condition implies that the clade cannot go extinct between time 7" and time 0, even if there
are no fossils in a time bin, and that the true diversity cannot be lower than the sampled

diversity.

Likelihood and data augmentation

We implemented data augmentation to compute the likelihood of the fossil data and
present diversity given an average sampling rate (¢) while accounting for multiple diversity
trajectories. In particular, given the two parameters of the Brownian bridge (time of origin
T and variance ¢?), we sampled a large number of Brownian bridges and averaged the
likelihood of the data across them following the algorithm described by Tanner and

Wing3". Thus, the likelihood of the data is approximated as

K
1
P(x,Nlg,T,0%) = 2= > P(x,Nlq, i) (1)
k:l

where the k' diversity trajectory d ~ Bl (02,1, N) is sampled from a Brownian bridge
conditioned as described above and P(x, N|q,dy) is the likelihood of the sampled species
richness through time and the present diversity. The likelihood of the fossil count in time

bin 7 under each conditioned Brownian bridge is computed based on the probability mass



function of a binomial distribution:

Pladlo = () - ot 2)

In our simulations and empirical analyses, we set K = 1000. We note that increasingly
large values of K yield improved convergence of the analysis, although at the cost of more

expensive computation?®7.

Time-increasing sampling rate

Empirical studies of the fossil record indicate that there is a general trend for
sampling rates to increase towards the recent®*3°. Additionally, sampling rates for
individual clades might be low at their time of origin and later increase as the clade

4041 " To accommodate these potential

diversifies and expands geographically
heterogeneities in the rock and fossil records, we implemented a model in which the

sampling rate at time ¢ is equal to
g = qr x expla (T'—t)] (3)

where a > 0 is the parameter determining the rate of exponential increase in sampling rate
as a function of time and ¢r is the minimum sampling rate at the clade origin. While this
remains a rough approximation of how sampling rates might vary over time, it accounts for
some degree of rate variation while adding only a single parameter to the model. Although
more complex alternatives (e.g. models with rate shifts??) are possible in principle, they
would not be readily applicable to clades with a scarce fossil record. To assess the effect of
accounting for rate increase through time, we performed all analyses of simulated and

empirical datasets under both models, where a was either set equal to 0 (constant rate) or



inferred from the data.

Bayesian parameter estimation

We used a Markov Chain Monte Carlo (MCMC) algorithm to estimate the model
parameters ¢ (or qr,a under the time-increasing rate model), T, and o*. We used an
arbitrarily large uniform prior on the time of origin 7' ~ U[max(x), 300], which we deemed
appropriate for angiosperm clades as it goes back to the Carboniferous-Permian boundary
(more than twice the age of the oldest unequivocal crown angiosperm fossil). We set an
exponential prior on the ratio between the variance of the Brownian bridge and the number
of species at the present "WQ ~ Exp(0.1) and a gamma prior on the average sampling rate
g~ T'[1.1,1]. We used a normal kernel proposal for T" with reflection at the boundaries
determined by the prior and multiplier proposals for ¢ and o*. When running with a
time-increasing rate model, we additionally set a vague exponential prior on the parameter
a ~ Exp(0.01) and used normal proposals with reflection at the 0 boundary.

All analyses were carried out based on 250,000 MCMC iterations, sampling every
500 iterations. When summarizing the results, we discarded the first 10% of the samples as
burn-in. We used the same MCMC settings and priors in the analysis of all simulated and
empirical datasets described below. To improve the mixing of the MCMC we introduced a
small fraction of iterations in which the parameters were not updated but a new set of
conditional Brownian bridges were drawn. These draws were performed randomly with a
frequency of 5% and treated as an approximation of samples from the posterior (as they do
not involve changes in ¢z, a, T, and ¢?), thus accepted in the MCMC. While acknowledging
that this results in an approximation of the posterior, we found through the analyses of 200
simulated datasets that these moves have a negligible effect on the estimated times of
origin but can substantially improve the mixing and convergence of the MCMC, which we

quantified as effective sample size (ESS) of the sampled posterior probability (see Results).



We summarised the parameters as posterior mean and 95% credible intervals (CI)
and computed relative errors to assess the accuracy of the method. Since the parameters g,
or gr and a in the time-increasing rate model, do not have a corresponding single value in
the simulation settings (where we use instead a vector of preservation rates varying
through time), we did not compute the relative errors for these parameters. We also
computed the coverage for T, that is the frequency at which the true time of origin was

found within the 95% CI of the estimated 7.

Simulations

We simulated 200 datasets and, for each, sampled the true root age from a uniform
distribution ¢[10, 180]. The bin size was set to 2.5 Myr and different sampling rates were
drawn randomly for each time bin, a setting that explicitly violates the assumptions of the
BBB model, but which we think better reflects empirical observations of the fossil record.
We obtained the vector of true sampling rates from q ~ exp(N(—8.52,1)), which generates
rates with a median equal to 0.0002 (i.e. one in 5,000 lineages is expected to leave a fossil
record in a time bin) with 95% confidence interval [3e-05, 0.001]. The distribution was
further truncated at 0.1 to avoid unrealistically high sampling probabilities. Finally we
added random gaps in preservation by setting the sampling probability to 0 in 10% of the
bins. The simulated sampling rates in these simulations thus vary stochastically through
time. The number of species in the present was randomly sampled as
N ~ exp(U(log(100),1og(20000))) and the variance of the Brownian bridge was sampled
from o2 ~ U(10,50) x N.

We additionally generated and analyzed two sets of simulations (200 datasets each),
in which we introduced a moderate and a strong trend toward increasing sampling rates
through time. To simulate moderate rate increase, after obtaining the vector of sampling

rates as described above, we re-sampled them without replacement with a probability



proportional to their value. Under this setting, the probability of choosing a rate equal to
0.1 as the first one is twice as large as the probability of choosing a rate of 0.05. Thus,
higher rates were more likely to appear among the first values in the re-ordered vector,
while lower rates tended to be placed at the other end of it. The re-ordered rates were then
assigned to each time bin starting from the most recent to the oldest one. To simulate
strongly increasing rates through time, we repeated the procedure but set the resampling
probability proportional to their value raised to thew power of 5. Under this setting, the
probability of choosing a rate equal to 0.1 as the first one is 32 times larger than the
probability of choosing a rate of 0.05 (0.1°/0.05° = 32), thus resulting in a stronger trend

towards increasing rates through time.

Empirical data: the angiosperm fossil record

We compiled and analysed a database of 15,570 meso- and macro-fossils of
angiosperms spanning the Cretaceous and Cenozoic. We eschewed pollen records, which
can be problematic to assign to extant families and require different sampling assumptions.
However, we included six well-identified pollen records belonging to the families
Aponogetonaceae, Araliaceae, Arecaceae, and Asteraceae (Supplementary Table 1), as they
provided early and reliable records for these clades. We repeated the analyses with and
without these pollen data to identify their impact on the results.

The Cenozoic and Cretaceous data were obtained from the Cenozoic Angiosperm
Database?? and additional data were compiled from >700 publications (for detailed
information see the Supporting information; Supplementary Table 1). As we were unable to
evaluate in detail every fossil record and our analysis is sensitive to the earliest fossil record
of each lineage, we cleaned the dataset in three steps. Firstly, we carefully evaluated the

43,44

earliest fossil record for each family based on previous reviews and removed unreliable

records as well as putative angiosperm pollen from the Triassic and Jurassic 6171920,
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Secondly, we removed occurrences that had not been identified to the species level or
assigned to a family. Finally, we discarded extremely imprecisely dated fossil occurrences
(those with an assigned age range larger than 20 Myr). The cleaned dataset, including the
six pollen records, encompassed 14,571 occurrences of 5,780 unique species representative
of 198 families, all of which are still extant. We compiled the modern diversity of the
families (indicated with N in Eqn. 1) based on the Angiosperm Phylogeny Group (APG)
IV classification?® and on a recent assessment of number of known plant species?S.

We performed the analysis at family level and estimated their time of origin. We
chose to use families as the unit of our analyses as they represent clades?® and as a way of
accommodating taxon-specific heterogeneity in fossilization potential. In contrast, we did
not estimate the time of origin of angiosperms from the entire record as this would imply
the same preservation potential for all flowering plants, and densely sampled groups would
bias the overall sampling rates of angiosperms under our model parameterisation. Instead,
we used the age of the oldest family as an indirect estimate of the crown age of all
angiosperms. We then binned the records using time bins of size 1, 2.5, and 5 Myr to assess
the robustness of our results to different temporal resolutions.

Based on the estimated times of origin of the sampled families, we plotted the
number of lineages through time. We quantified the rate of family-level diversification as
the change in family diversity relative to the standing diversity standardised by time unit

(1 Myr):

<—dc(l’f<:)1) - 1) % (t — ti1) (4)

We computed diversification rates for each stage of the Cenozoic and Cretaceous. For
earlier time intervals (Jurassic and Late Triassic), we computed the rates at a coarser

temporal resolution (epochs) since these estimates are based on a limited number of

11



lineages.

We compared the results obtained from the BBB method with confidence intervals
on stratigraphic range data to infer maximum plausible ages of origin of a lineage?62". We
compared these confidence intervals for the time of origin of a lineage to the 95% credible
intervals obtained from the BBB posterior samples. Only families with more than one fossil

occurrence could be analysed for stratigraphic confidence intervals (N = 179).

RESULTS

Performance of the BBB model

The Bayesian Brownian Bridge model (BBB) infers the age of origin of a clade based
on its present diversity and on its sampled fossil record (Fig. 1). All results presented here,
unless otherwise specified, refer to analyses carried out using the time-increasing rate
model, which our simulations showed to be the most flexible and robust, as shown below.
Results obtained under the constant rate model (a = 0) are available as supplementary
materials. The times of origin estimated from datasets simulated under randomly varying
sampling rates were unbiased (Fig. 2A, B) and accurately estimated with a mean absolute
relative error of 0.16 (standard deviation across simulations = 0.15). As expected, the
relative error was generally lower for datasets with a higher number of fossil occurrences
(Fig. 2B) and the size of the 95% credible intervals (a measure of the precision of the
estimates) was largest for datasets with low number of fossil occurrences (Fig. 2C). The
accuracy and precision of the estimates did not vary as a function of the age of the
simulated clade (Fig. 2A). The coverage in the estimation of T (frequency at which the
true time of origin was included in the 95% CI of the estimated one) was 0.97. All cases
where the true time of origin was not encompassed in the estimated 95% CI were due to a

significant underestimation of the parameter (i.e. the estimated age was significantly
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younger than the true age; Extended Data Table 1). The log variance of the Brownian
bridge was sightly underestimated, although the mean absolute relative error remained
small, at 0.13 (st. dev. = 0.07). This consistent underestimation might be linked with the
fact that the model assumptions (constant sampling rates through time) are strongly
violated in the simulated datasets. We note, however, that the underestimation does not
have a biasing impact on the estimation of the time of origin (Extended Data Fig. 1). The
estimated sampling rates (gr) ranged between 3.4e-05 and 1.3e-03 (median = 2.6e-04) and
the trend parameter (a) was small (median = 0.68, st. dev. 2.76; Fig. 2E, F).

A re-analysis of the same datasets under the constant rate model resulted in
parameter estimates largely consistent with those from the time-increasing rate model
(Extended Data Fig. 3). However, the coverage decreased to 0.93, with 6.5% of the
datasets resulting in a significant underestimation of the time of origin, while
overestimation remained rare (Extended Data Table 1).

Simulations with moderately and strongly increasing sampling rates through time
had the effect of reducing the accuracy of the estimated times of origin, with mean
absolute relative errors increasing to 0.20 and 0.36, respectively (Extended Data Table 1;
Extended Data Fig. 4 and Extended Data Fig. 5). The coverage also decreased to 0.74 and
0.38, respectively, and the decrease is entirely due to instances of under-estimated times of
origin. The estimated trend parameter (a) reflected the increasing sampling rates through
time with a median value of 1.20 (st. dev. 2.67) for simulations with moderately increasing
rates and 2.52 (st. dev. 3.71) for simulations with strongly increasing rates (Extended
Data Fig. 4, Extended Data Fig. 5). In these simulations, the use of a constant sampling
rate model (a = 0) resulted in considerably higher relative errors and lower coverage
(Extended Data Table 1; Extended Data Fig. 6, Extended Data Fig. 7).

Analyses performed without using the MCMC approximation described in the

Methods, showed that parameter estimation is virtually unaltered by this procedure
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(Extended Data Fig. 2). However, non-approximated MCMCs yielded 4.7% of simulations
with poor convergence (ESS < 100) compared with 1.5% using the approximation.
Further, in 2% of the simulations without approximation the ESS was lower than 25,
whereas the overall lowest ESS obtained using the approximate MCMC was 78. Thus, our
approximated MCMC provided more efficient sampling without visibly altering the

parameter estimates.

Origin of angiosperm families

Analyses of the angiosperm fossil record carried out under temporal bin sizes of 1,
2.5, and 5 Myr produced highly consistent results (Extended Data Fig. 8), indicating that
the discretisation of the time axis had a negligible impact of the analyses. Thus, hereafter,
we report the results based on 2.5 Myr bins to match the setting used in the simulations,
while detailed results from all analyses are available as Supplementary materials (Extended
Data Table 2; Extended Data Fig. 8, Extended Data Fig. 11).

The estimated times of origin across 198 angiosperm clades (APG IV families®®)
were spread across the Cenozoic (64 families, 32%), Cretaceous (131 families, 66%), and
Jurassic (3 families: Lardizabalaceae, Papaveraceae, Triuridaceae). The detailed results per
family are provided in Extended Data Table 2. Credible intervals for several families (20%)
extended well into the Jurassic and, in fewer instances (8%), into the Triassic (Fig. 3A;
Extended Data Table 2). As observed with simulated data, the size of the credible intervals
was largest in clades with few fossil occurrences (Extended Data Fig. 9A). The log
variances of the Brownian bridge scaled by the number of extant species ranged between
0.48 and 14.29 (median = 7.79; Extended Data Fig. 9B). The estimated sampling rates at
the time of origin (gr) ranged between 4.7¢% and 0.29 (median = 0.0014) and the trend
parameter (a) ranged between 0.33 and 14.99 (median = 1.87), which indicates a moderate

rate increase through time, based on the values observed in our simulations (Extended
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Data Fig. 9C, D; Extended Data Fig. 4, Extended Data Fig. 5).

Combining the posterior estimates of the times of origin of all families to obtain an
indirect estimate of the crown age of angiosperms, we calculated that the probability that
at least one family originated prior to the Cretaceous is P(max(T) > 145 Ma) = 0.998
(Fig. 3B; Extended Data Fig. 10). The estimated 95% credible interval for the time of
origin across all families was 254.8 to 153.7 Ma, matching almost exactly the estimated
range of crown age of angiosperms obtained from a recent molecular clock study?, i.e.
256-149 Ma (Fig. 3B). The inclusion of selected pollen data in four families did not change
the estimate age of Arecaceae, but had the effect of pushing the origination times of
Aponogetonaceae, Araliaceae, and Asteraceae to older dates, although the credible intervals
with and without pollen data overlapped (Extended Data Table 2). This suggests that the
inclusion of additional pollen data in the analysis could increase the estimated age of
angiosperm clades. Analyses performed on the meso- and macrofossil record only, however,
showed that these pollen records did not change the overall pattern of accumulation of
family level diversity in angiosperms (Extended Data Fig. 11). Similarly, analyses based on
a model assuming constant sampling rates (a = 0) inferred a substantially similar pattern
of lineage accumulation, with an estimated 95% credible interval for the time of origin
across all families spanning from 253.5 to 152.6 Ma (Extended Data Fig. 12).

Family diversity accumulated most rapidly throughout the Cretaceous (Fig. 3 B),
followed by a slow down in the Cenozoic. Diversification rates were low until the Early
Cretaceous (Fig. 4), during which they underwent a 1.7-fold increase in the Aptian (125
Ma) followed by a gradual rate decline. The family-level diversification rate peacked again
in the Campanian (83.6 — 72.1 Ma), after which it dropped fourfold at the onset of the
Cenozoic.

We compared BBB estimates of the times of origin of families with their crown ages

inferred in a molecular clock study, in which the age of crown angiosperms was constrained
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to the Cretaceous?”. In 129 families (71.7% of the families found in both datasets), the
credible intervals of the estimated root ages overlapped, indicating that our inferred ages
are compatible with molecular clock estimates (Fig. 5A gray circles). Our estimates were
significantly older than molecular phylogenetic estimates in 24 families (13.3%; blue circles)
and significantly younger in 27 families (15%; red circles). These results show that, while
there remain several discrepancies between molecular phylogenetic and fossil-based age
estimates across angiosperm clades, there are no consistent differences between them.

A re-analysis of the fossil data with the stratigraphic confidence interval method?¢
provided age estimates that are highly consistent with our Bayesian inferences (Fig. 5B).
However, for a few families, the inferred range of plausible ages was significantly larger

under this method, spanning well beyond the Triassic (Extended Data Table 2).

DISCUSSION

Inferring clade age from fossil data

We present a new Bayesian model to infer the time of origin of clades, while
integrating all plausible diversification histories (Brownian bridges) via data augmentation.
Our method uses the temporal distribution of sampled fossil diversity and the modern
diversity of a clade to jointly estimate the time of origination of the clade, the amount of
heterogeneity in the diversification process, and an overall sampling rate, which
approximates the probability of sampling a species in the fossil record per unit of time. We
showed using simulations that the clade ages inferred by our model are accurate (Fig. 2),
even when the fossil record is extremely poor, with only one in several thousand species
expected to leave a fossil record. While the BBB model makes a number of simplifying
assumptions, e.g. using a constant or exponentially increasing sampling rate through time,

it produced accurate results even in the presence of strong violations of such assumptions
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(elevated rate heterogeneity and preservation gaps). The accuracy and precision of the
estimated times of origin were, as expected, a function of the number and density of fossil
occurrences, with fossil-rich datasets producing the most reliable results. Strong temporal
trends in the sampling rates, whereby early rates are much lower than those close to the
recent, result in an increased age gap between the true time of origin and the oldest

sampled fossil*!

. Under these settings our model showed decreased accuracy, often leading
to an underestimation of the age of origin. Crucially for our angiosperm analysis, our
simulations showed that the BBB model is robust to overestimating the time of origin of
clades, regardless of the dynamics of the sampling process.

The BBB model does not make explicit assumptions about the allocation of fossils
to the stem or crown of clade. Instead, it estimates the age of the most recent common
ancestor of all species included in the dataset (modern and fossil), by estimating the time
at which the diversity of the clade was a single species. Thus, whether our estimates
represent the age of the crown group or the total group depends on whether the fossil
species attributed to a family are descendants of the crown ancestor alone, or whether they
include members of the stem as well*!. Since our dataset was limited to fossil taxa that
had been assigned to extant families, our results can be interpreted conservatively as
estimates for the age of the extant family-level total groups, i.e. clades encompassing all
known extant and extinct species in the family. There are no recognised extinct
angiosperm families, although it is clear from the literature that there are many fossil
species that cannot be accommodated within even total-group definitions of extant

families 4852

. These could not be recognised in our analysis because they cannot be
accommodated by our current model. The exclusion of these Early Cretaceous records
could lead our analysis to underestimating early angiosperm familial diversity and

potentially bias the estimated diversification rates within this timeframe.

Our model is based exclusively on the fossil record and on the modern diversity of

17



clades, and therefore provides age estimates that are independent of the assumptions of
molecular clocks. The BBB model is not based on an explicit phylogenetic framework and
should therefore be less subject to potential biases associated with birth-death

processes 49354 Tt does however assume an equivalency between living and extinct species,
which future developments should aim to correct for in the light of the differences between
species concepts 2%,

The model developed here offers the opportunity to estimate Bayesian credible
intervals for the time of origin even of clades with very scarce fossil record. These estimates
can be used to define objective and data-driven priors on clade ages, for instance setting
normal or gamma prior distributions with 2.5 and 97.5 percentiles matching the 95%
credible intervals inferred under the BBB model. This can be easily applied to inform
35,57

molecular phylogenetic analyses using node calibration®® or total evidence dating

where a prior on the root age must be specified, even in the presence of fossil tips.

The fossil record and the origin of flowering plants

There has been intense debate about the time of origin of flowering plants®+°® |

with most palacontological studies firmly placing the crown age of angiosperms in the

6,

Cretaceous®®”, while molecular clock analyses indicate a much earlier origination of the

22,6061 This apparent

group, in the Jurassic and possibly even extending to the Permian
discrepancy — the “Jurassic Gap” — has been attributed to biases in molecular dating'* or
gaps in the rock and fossil records??. Ultimately, absolute divergence times inferred from
molecular clocks are necessarily dependent on the integration of fossil data through node
calibration or the inclusion of extinct tips in the phylogeny®%%3, but inadequate molecular
evolutionary models can lead to spurious results®®. On the other hand, a reading of the

fossil record that does not explicitly attempt to correct for missing data and heterogeneous

sampling is insufficient to understand the time of origin of large ancient clades, due to their
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inevitable incompleteness?”’.

Our analysis of the angiosperm fossil record indicates that palaeontological evidence,
when interpreted in the light of incomplete preservation, does not reject a pre-Cretaceous
origin of flowering plants. In fact, our findings indicate that several families with living
descendants originated in the Jurassic, thus placing strong statistical support on an early
origin of crown angiosperms, with a probability of a Cretaceous crown age for angiosperms
as low as P = 0.002 (Extended Data Fig. 10). The range of estimated times of origin across
198 sampled families spans the Triassic and the Jurassic, matching remarkably well with
recent molecular clock estimates of the crown age of angiosperms?’. Like these molecular
clock studies, our fossil-based analysis cannot discriminate between an early or late origin
of crown angiosperms within this broad range. Yet, we showed that literal interpretations
of the fossil record can be rejected and that the palaeobotanical quest for the “mythical

Jurassic angiosperm”, sensu Bateman®

, is in fact supported by the currently known and
accepted fossil record, and is not just a “product of molecular phylogenetics”.

Many hypotheses have been invoked to explain the discord between molecular
estimates for the timing of the origin of crown angiosperms and their appearance in the
fossil record. These include the possibility that early crown angiosperms were ecologically
or geographically restricted %%, living in environments with low preservation potential,
and/or their fossil record is subject to heterogeneities in the rock record?. Certainly, most
claims of pre-Cretaceous crown angiosperms have been robustly refuted®%5%%  though

16,19,20 and a

there remain outstanding records of late Triassic crown angiospem-like pollen
middle Jurassic crown angiosperm-like leaf'>'®. Another possibility is that molecular clock
estimates are simply wrong and the fossil record presents an accurate account of crown
angiosperm evolutionary history. In any instance, the fossil record requires interpretation

and ours indicates that the fossil record supports a pre-Cretaceous origin of crown

angiosperms compatible with some recent molecular clock studies.
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The estimated family-level diversification rates through time suggest a
pre-Cretaceous phase of slow diversification of flowering plants, which is consistent with the
hypotheses that early angiosperms were rare and slowly evolving?>®7. This phase was
followed by a rapid radiation of lineages between 125 and 72 Ma, as shown by a strong
increase in diversification rates resulting in the increasing levels of taxonomic diversity
observed during the Cretaceous?%. This is in line with recent estimates based on molecular
clocks% and supports Darwin’s assertion that angiosperms underwent a rapid
diversification at that time. Finally, family-level diversification levels off toward the recent,

as expected for higher taxonomic clades.

CONCLUSIONS

Inferences about ancient events shaping the Tree of Life remain a challenge in evolutionary
biology, and future fossil discoveries and methodological advances might change the
plausible range of hypotheses regarding the origin of angiosperms and diversification of its
many families. Yet, our results indicate that an early, pre-Cretaceous origin of angiosperms
is not only supported by molecular phylogenetic hypotheses but also from an analysis of
the fossil record that accounts for incomplete sampling, thus reconciling palaeontological

and molecular clock estimates of the evolutionary history of flowering plants.

CODE AND DATA AVAILABILITY

We implemented the BBB method in Python v.3. The code, input files, and all data
analysed in this study are available in Supplementary Table 1 and and in a permanent
Zenodo (zenodo.org) repository with doi: 10.5281/zenodo.4290423. The code and input
files and any future updates of the program are additionally available as an open access

repository: https://github.com/dsilvestro/rootBBB.
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Figure 1: Examples of diversity trajectories simulated using a conditioned Brownian bridge
(thicker lines highlight two of the simulated trajectories). Brownian bridges are constrained
to minimum diversity of one species, threshold highlighted by a dashed line. They are further
constrained by fossil and present diversity, here represented by the red circles, indicating the
temporal placements of the simulated fossils (with the number of occurrences), and by the
red bar, respectively. These simulations are based on a Brownian bridge starting at the
diversity of one species at the time of origin 7" = 55, with a variance o2 = 10** and a present
diversity N = 705 and on a sampling process with average sampling rate g,,, = 107%5.
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Figure 2: Performance of the BBB method assessed through 200 simulations with randomly
varying sampling rates through time. The times of origin were accurately estimated (A);
circles and bars indicate posterior estimates and 95% CI. The relative errors on the time
of origin were generally small and unbiased, i.e. centred on 0, and smaller in datasets
with richer simulated fossil records (B). The size of the 95% credible intervals around the
times of origin decreased with increasing number of fossils (C). The log variances were
slightly underestimated (D), while the estimated sampling rates and sampling trend (E and
F, respectively; the X-axis is log;,-transformed) cannot be plotted against true values because
the underlying simulations were based on time-heterogeneous sampling with different rates
in each time bin to reflect more closely the biases in the fossil record.
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Figure 3: Estimated times of origin (circles) of 198 sampled families of angiosperms (A) with
95% CI (vertical lines). Coloured bars on the y-axis show the boundaries of the geological
periods. The estimated times of origin were used to produce a cumulative family diversity
plot (B; x-axis is logo transformed). Black lines show diversity trajectories based on 1,000
posterior samples, red line shows the mean. The left bar shows the estimated plausible range
for the crown age of angiosperms, inferred in a recent molecular phylogenetic study?®.
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Figure 4: Family-level origination rates inferred from the estimated diversity trajectories of
sampled families (Fig. 3B). Black lines represent 1,000 posterior samples and their median
is shown by the red line.

33



A o - B o
r@”

3 — 5 8 D S S
£ B8 1 - ® — ; By
GE) % | £ $-: : d’ : :
m I ) x| e o 3 :
s 8 S [ —
) ! I I P —
8 = g G@ 1 -
1S o s -5 g o ES
k=1 . s 0
§ % it < g
£ .41 44—+ 2 o
= ~ o
o o g

3 |

o _|

T 3 |

(o} .
T T T T ! T T T T T
-150 -100 -50 0 -250 -200 -150 -100 -50
Clade ages — Magallon et al. 2015 Stratigraphic confidence interval
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of origin across the 180 angiosperm families found in both analyses (A). Instances in which
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inferred to be significantly younger in the fossil record compared to molecular clock estimates
are shown in red, whereas older fossil estimates are shown in blue. (B) Comparison between
estimates of the times of origin of angiosperm families based on the Bayesian Brownian
Bridge model (BBB; developed here) and estimates based on the stratigraphic confidence
interval?0. The circles in (B) represent BBB posterior age estimates and are plotted against
the mid point of stratigraphic confidence intervals.
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Extended Data Fig. 1. Relative errors of the estimated Brownian bridge log variances
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While log variances tended to be slightly underestimated (mostly negative relative errors)
they do not have a biasing effect on the estimated times of origin, which show an unbiased
error around zero (see also Fig. 2, main text).



1=} © _
S =2
3V}
G
'_I ° (] E') 0? T
S 8 — ¢ I £
3 7 T 5 2] oz,
17 > 1
8. ‘uo'i [ JRUPY
g 8- S o |
£ - < I
8 E
a 5 <
< & T
- [}
8 L <
© -
T
o — [ee]
T T T T T T T T T T T T
0 50 100 150 200 -18 -16 -14 -12 -10 -8 -6
Posterior - T Posterior - log(q)

O
O

12
|

10
|

Approximate posterior — log(q)
Approximate posterior — |Og(02)

-10

T T T T T T T T T
-10 -5 0 4 6 8 10 12 14

Posterior — log(a) Posterior — Iog(oz)
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MCMC and an approximated MCMC, in which a fraction of the iterations involve no pa-
rameter updates (i.e. gr,a, T, and 02 do not change), but a new set of conditional Brownian
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was found to improve the convergence of the MCMC, while having negligible effect on the
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against true values because the underlying simulations were based on time-heterogeneous
sampling with different rates in each time bin. However, we plot for comparison the distri-
bution from which sampling rates were sampled, randomly for each time bin (F; the X-axis
is log,o-transformed).
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Extended Data Fig. 4. Analysis of 200 simulated datasets with sampling rates moderately
increasing through time using a BBB model with time-varying sampling rates. The times of
origin were underestimated in some cases (A); circles and bars indicate posterior estimates
and 95% CI. The relative errors on the time of origin were smaller in datasets with richer
simulated fossil record (B). The size of the 95% credible intervals around the times of origin
decreased with increasing number of fossils (C). The log variances were slightly underes-
timated (D), while the estimated sampling rates at the time of origin and rate trends (E
and F| respectively; the X-axis is log,,-transformed) cannot be plotted against true values
because they do not have a direct equivalent in the underlying simulations. The distribution

from which sampling rates were sampled for each time bin is shown for reference in Extended
Data Fig. 3F.
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Extended Data Fig. 5. Analysis of 200 simulated datasets with sampling rates strongly
increasing through time using a BBB model with time-varying sampling rates. The times
of origin were frequently underestimated (A); circles and bars indicate posterior estimates
and 95% CI. The relative errors on the time of origin were smaller in datasets with richer
simulated fossil record (B). The size of the 95% credible intervals around the times of origin
decreased with increasing number of fossils (C). The log variances were slightly underes-
timated (D), while the estimated sampling rates at the time of origin and rate trends (E
and F, respectively; the X-axis is log,,-transformed) cannot be plotted against true values
because they do not have a direct equivalent in the underlying simulations. The distribution

from which sampling rates were sampled for each time bin is shown for reference in Extended
Data Fig. 3F.
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Extended Data Fig. 6. Analysis of 200 simulated datasets with sampling rates moderately
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were frequently underestimated (A); circles and bars indicate posterior estimates and 95% CI.
The relative errors on the time of origin were smaller in datasets with richer simulated fossil
record (B). The size of the 95% credible intervals around the times of origin decreased with
increasing number of fossils (C). The log variances were slightly underestimated (D), while
the estimated sampling rate (E; the X-axis is log,,-transformed) cannot be plotted against
true values because it does not have a direct equivalent in the underlying simulations. The
distribution from which sampling rates were sampled for each time bin is shown for reference
in Extended Data Fig. 3F.
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CI. The relative errors on the time of origin were smaller in datasets with richer simulated
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reference in Extended Data Fig. 3F.
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Extended Data Fig. 8. Family-level origination times inferred using bin sizes equal to 1,

2.5, and 5 Myr. The estimated times of origin and credible intervals were highly consistent
across different settings.
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family diversity (right) based on those estimates (y-axis is log10 transformed). The analyses
we run under a BBB model with time-increasing sampling rates.
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Extended Data Table 1. Results of simulations performed under different sampling schemes.
Sampling rates varied across time bins with no overall trend (random rate variation), with
rate increase through time, and with a strong rate increase through time (see Methods).
We simulated 200 datasets under each scheme and analyzed them under a constant BBB
model (Geonst) and a time-increasing one (gyq-). We summarized the results by computing the
coverage (fraction of simulations in which the true time of origin was included in the 95%CTI
of the estimated one) as well as the fraction of significant over-estimation (Tog >> Tiue)
and under-estimation (Tps; << Tirye). We also computed the mean absolute percentage error
(MAPE; standard deviation across simulations shown in parentheses).

Simulation scheme  Random rate variation Moderate rate increase Strong rate increase
Model Qeonst Qvar Geonst Qvar Qeonst Qvar
Coverage 0.93 0.97 0.49 0.74 0.14 0.38
Overestimation 0.005 0 0 0 0 0
Underestimation 0.066 0.03 0.51 0.26 0.86 0.62
MAPE 0.16 (0.20) 0.16 (0.15) 0.23 (0.17) 0.20 (0.18) 0.41 (0.22) 0.36 (0.24)
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SUPPLEMENTARY INFORMATION

Supplementary Table 1. Fossil occurrences included in the analyses with taxonomic classi-
fication, age ranges and reference. The file is provided as supplementary information.
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