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Modeling the evolutionary dynamics of biodiversity
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Origin of biodiversity – How old are flowering plants (and other clades)?

The sudden appearance of 
angiosperms in the fossil record 

has beed debated ever since 
Darwin described it as an 

“abominable mystery”

> 300,000 species 
of flowering plants 

exist today

nationalgeographic.com

Flowering plants have 
been around for a 

long time

Mismatch between fossil data and molecular clocks

Origin of angiosperms
125 Ma vs 200 Ma

Origin of arthropods

540 Ma vs 800 Ma
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Sampled fossil diversity

Modern species

Data
• Number of living species 
• Number of fossil species in time bins

Estimating clade age using a Bayesian Brownian Bridge

github.com/dsilvestro/rootBBB Silvestro et al. 2021 Nature Ecol Evol
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Diversity trajectories as conditioned Brownian bridges

Data
• Number of living species 
• Number of fossil species in time bins
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Conditioned Brownian bridge: 
a random walk between the 
clade origination (1 species) 
and today’s diversity

github.com/dsilvestro/rootBBB Silvestro et al. 2021 Nature Ecol Evol
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Diversity trajectories as conditioned Brownian bridges

Data
• Number of living species 
• Number of fossil species in time bins

Data augmentation
• Integrating across trajectories from 

a conditioned Brownian bridge
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Diversity trajectories as conditioned Brownian bridges

Data
• Number of living species 
• Number of fossil species in time bins

Parameter estimation via MCMC
• Clade age 
• Variance of the BB 
• Average sampling probability

Data augmentation
• Integrating across trajectories from 

a conditioned Brownian bridge
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github.com/dsilvestro/rootBBB Silvestro et al. 2021 Nature Ecol Evol



Daniele Silvestro – 2024 7

Time

N
. s

pe
ci

es

ARTICLES NATURE ECOLOGY & EVOLUTION

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 on the 
basis of present diversity and the known fossil record. Our Bayesian 
method is explicitly designed for clades that 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 sam-
pling, supports a pre-Cretaceous angiosperm origin, as speculated  
by Darwin.

Results
A new method to infer clade age. We developed a model, which 
we term Bayesian Brownian bridge (BBB), to infer the age of origin 
of a clade on the basis of 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 
(such as 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:

t� Present species richness, N > 0 (note that the current implemen-
tation is designed for extant clades)

t� Sampled species richness through time, x = {x0, . . . , xT}

The vector x includes the number of sampled species within time 
bins of a predefined size, in our analyses set to 2.5 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)—that is, a random walk process con-
strained at the two endpoints to have a value of dT = 1 at its origin 
(one ancestral species at time T) and to have a value of d0 = N in 
the present (time 0). We denote the vector of (unknown) diver-
sity for each time bin as d = {d1, . . . , dT−1}. The Brownian bridge is 
further conditioned such that di ≥ max(1,xi); thus, the diversity 
trajectory for a sampled Brownian bridge is d ! BT

0 ðσ2; 1;NÞ
I

.  
This condition implies that the clade cannot go extinct between 
time T 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 aug-
mentation to compute the likelihood of the fossil data and present 
diversity given an average sampling rate (q) while accounting for 
multiple diversity trajectories. In particular, given the two param-
eters of the Brownian bridge (time of origin T and variance σ2), 
we sampled a large number (K) of Brownian bridges and averaged 
the likelihood of the data across them following the algorithm 
described by Tanner and Wing37. The likelihood of the data is thus 
approximated as

Pðx;Njq;T; σ2Þ # 1
K

XK

k¼1

Pðx;Njq; dkÞ ð1Þ

where the kth diversity trajectory dk ! BT
0 ðσ2; 1;NÞ

I
 is sampled from 

a Brownian bridge conditioned as described above, and P(x,N|q,dk) 
is the likelihood of the sampled species richness through time and 
the present diversity. The likelihood of the fossil count in time bin i 

under each conditioned Brownian bridge is computed on the basis 
of the probability mass function of a binomial distribution:

In our simulations and empirical analyses, we set K = 1,000. We note 
that increasingly large values of K yield improved convergence of 
the analysis, although at the cost of more expensive computation37. 
We sampled all model parameters from their posterior distributions 
using a Markov chain Monte Carlo (MCMC) algorithm (Methods).

Time-increasing sampling rate. Empirical studies of the fossil record 
indicate that there is a general trend for sampling rates to increase 
towards the recent38,39. Additionally, sampling rates for individual 
clades might be low at their time of origin and later increase as the 
clade diversifies and expands geographically40,41. To accommodate 
these potential heterogeneities in the rock and fossil records, we 
implemented a model in which the sampling rate at time t is equal to

qt ¼ qT ´ exp a ðT # tÞ½ & ð3Þ

where a ≥ 0 is the parameter determining the rate of exponential 
increase in the sampling rate as a function of time, and qT is the mini-
mum 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 (such as models 
with rate shifts29) 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.

Performance of the BBB model. The BBB model infers the 
age of origin of a clade on the basis of 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. The results obtained under 
the constant-rate model (a = 0) are available in the Supplementary 
Information. 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 rela-
tive 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 larger for datasets 
with a lower 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 (the frequency at which the true time of origin was included in 
the 95% credible interval of the estimated one) was 0.97. All cases 
where the true time of origin was not encompassed in the estimated 
95% credible interval were due to a significant underestimation of 
the parameter (that is, the estimated age was significantly younger 
than the true age; Supplementary Table 1). The log variance of the 
Brownian bridge was slightly underestimated, although the mean 
absolute relative error remained small at 0.13 (s.d., 0.07). This con-
sistent underestimation might be linked to 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 (qT) ranged between 3.4 × 10−5 and 1.3 × 10−3 (median, 
2.6 × 10−4), and the trend parameter (a) was small (median, 0.68; 
s.d., 2.76; Fig. 2e,f).

Pðxi; dijqÞ ¼
di
xi

! "
qxið1$ qÞdi$xi : ð2Þ

NATURE ECOLOGY & EVOLUTION | www.nature.com/natecolevol

Binomial likelihood
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P (xt = 1, dt = 450|qavg)
Diversity trajectories as conditioned Brownian bridges

• being in the positive 
range in all time bins 
(i.e. a clade cannot go 
extinct and reappear 
again) 

• Being greater than (or 
equal to) the number of 
fossil species in time 
bins with fossils

The BB is conditioned on: 

github.com/dsilvestro/rootBBB
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Diversity trajectories as conditioned Brownian bridges
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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 on the 
basis of present diversity and the known fossil record. Our Bayesian 
method is explicitly designed for clades that 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 sam-
pling, supports a pre-Cretaceous angiosperm origin, as speculated  
by Darwin.

Results
A new method to infer clade age. We developed a model, which 
we term Bayesian Brownian bridge (BBB), to infer the age of origin 
of a clade on the basis of 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 
(such as 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:

t� Present species richness, N > 0 (note that the current implemen-
tation is designed for extant clades)

t� Sampled species richness through time, x = {x0, . . . , xT}

The vector x includes the number of sampled species within time 
bins of a predefined size, in our analyses set to 2.5 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)—that is, a random walk process con-
strained at the two endpoints to have a value of dT = 1 at its origin 
(one ancestral species at time T) and to have a value of d0 = N in 
the present (time 0). We denote the vector of (unknown) diver-
sity for each time bin as d = {d1, . . . , dT−1}. The Brownian bridge is 
further conditioned such that di ≥ max(1,xi); thus, the diversity 
trajectory for a sampled Brownian bridge is d ! BT

0 ðσ2; 1;NÞ
I

.  
This condition implies that the clade cannot go extinct between 
time T 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 aug-
mentation to compute the likelihood of the fossil data and present 
diversity given an average sampling rate (q) while accounting for 
multiple diversity trajectories. In particular, given the two param-
eters of the Brownian bridge (time of origin T and variance σ2), 
we sampled a large number (K) of Brownian bridges and averaged 
the likelihood of the data across them following the algorithm 
described by Tanner and Wing37. The likelihood of the data is thus 
approximated as

Pðx;Njq;T; σ2Þ # 1
K

XK

k¼1

Pðx;Njq; dkÞ ð1Þ

where the kth diversity trajectory dk ! BT
0 ðσ2; 1;NÞ

I
 is sampled from 

a Brownian bridge conditioned as described above, and P(x,N|q,dk) 
is the likelihood of the sampled species richness through time and 
the present diversity. The likelihood of the fossil count in time bin i 

under each conditioned Brownian bridge is computed on the basis 
of the probability mass function of a binomial distribution:

In our simulations and empirical analyses, we set K = 1,000. We note 
that increasingly large values of K yield improved convergence of 
the analysis, although at the cost of more expensive computation37. 
We sampled all model parameters from their posterior distributions 
using a Markov chain Monte Carlo (MCMC) algorithm (Methods).

Time-increasing sampling rate. Empirical studies of the fossil record 
indicate that there is a general trend for sampling rates to increase 
towards the recent38,39. Additionally, sampling rates for individual 
clades might be low at their time of origin and later increase as the 
clade diversifies and expands geographically40,41. To accommodate 
these potential heterogeneities in the rock and fossil records, we 
implemented a model in which the sampling rate at time t is equal to

qt ¼ qT ´ exp a ðT # tÞ½ & ð3Þ

where a ≥ 0 is the parameter determining the rate of exponential 
increase in the sampling rate as a function of time, and qT is the mini-
mum 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 (such as models 
with rate shifts29) 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.

Performance of the BBB model. The BBB model infers the 
age of origin of a clade on the basis of 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. The results obtained under 
the constant-rate model (a = 0) are available in the Supplementary 
Information. 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 rela-
tive 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 larger for datasets 
with a lower 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 (the frequency at which the true time of origin was included in 
the 95% credible interval of the estimated one) was 0.97. All cases 
where the true time of origin was not encompassed in the estimated 
95% credible interval were due to a significant underestimation of 
the parameter (that is, the estimated age was significantly younger 
than the true age; Supplementary Table 1). The log variance of the 
Brownian bridge was slightly underestimated, although the mean 
absolute relative error remained small at 0.13 (s.d., 0.07). This con-
sistent underestimation might be linked to 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 (qT) ranged between 3.4 × 10−5 and 1.3 × 10−3 (median, 
2.6 × 10−4), and the trend parameter (a) was small (median, 0.68; 
s.d., 2.76; Fig. 2e,f).
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Binomial likelihood

• being in the positive 
range in all time bins 
(i.e. a clade cannot go 
extinct and reappear 
again) 

• Being greater than (or 
equal to) the number of 
fossil species in time 
bins with fossils

The BB is conditioned on: 

github.com/dsilvestro/rootBBB
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Unbiased clade age estimates Relative error

Coverage: 97%

Validation through simulations

Mean Absolute Percentage Error: 16%
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15,408 fossils of 
Cretaceous and 

Cenozoic flowering 
plants

Revisiting the origin of angiosperms using the BBB model

Q Zhang

Estimated age of 200 families Accumulation of family-level diversity

Molecular 
clock 

estimates

Fossil 
based 

estimate

Silvestro et al. 2021 Nature Ecol Evol
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Family-level “empirical” origination rates
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A timescale for the origin of placental mammals

Carlisle et al. 2023 Current Biology

A BBB model for extinct and extant clades
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