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fossil sampling of lineages through time.
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SUMMARY
Negative scaling relationships between both speciation and extinction rates, on the one hand, and the age or
duration of organismal groups on the other, are pervasive and recovered in both molecular phylogenetic and
fossil time series.1–4 The agreement between molecular and fossil data hints at a universal cause and poten-
tially at incongruence betweenmicro- andmacroevolution. However, the existence of negative rate scaling in
fossil time series has not undergone the same level of scrutiny as in molecular data. Here, we analyze thema-
rine animal fossil record across the last �538.8 Ma of the Phanerozoic to investigate the presence and
strength of negative rate scaling. We find that negative rate scaling arises under commonly applied age
range-based per capita rates, which do not control for sampling bias, but are severely reduced or absent
when metrics are used that do correct for sampling. We further show by simulation that even moderately
incomplete sampling of species occurrences through time may induce rate scaling. We thus conclude that
there are no significant scaling relationships present in these fossil clades and that any apparent trend is
caused by sampling artefacts and taxonomic practices. If rate scaling in molecular phylogenies is genuine,
the absence of such a relationship in the fossil record will provide a valuable benchmark and constraint on
what processes can cause it.
RESULTS AND DISCUSSION

The presence of age-rate scaling (ARS) is a long-studied phe-

nomenon in paleobiology,5,6 and it bears close resemblance

to the problem of ‘‘spurious’’ self-correlation when a ratio is

plotted against its denominator across ecology, evolution, geol-

ogy, and statistics.7–11 For instance, when an evolutionary rate

such as the number of extinctions per million years (Ma) is

plotted against time, a negative correlation is almost inevi-

table.12 In the paleobiological literature, rates of origination

and extinction are typically measured over specified geological

intervals such as geological stages. These intervals are irregular

in duration, so in early studies, rates were normalized for inter-

val duration to obtain per-Ma rates. However, this is inappro-

priate since events are not evenly spread throughout geological

stages,6,13 might even be erroneous if diversification (origina-

tion-extinction) happens in pulses,1,14 and propagate error in

the estimation of geological intervals.5,13 Foote showed that

per-Ma rate metrics indeed suffered from negative correlation

between rate and interval duration, leading to the abandonment

of normalization by interval duration in favor of per-interval

rates.5,15

A recent study by Henao-Diaz et al. has reinvigorated interest

in ARS2 and concluded that ARS—which might more accu-

rately be called duration-rate scaling, as clades can occur

either far back in time or near the present—was present in

both diversification rates estimated from molecular phyloge-

netic trees and fossil time series. They compiled a dataset of
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first and last appearances for 90 orders of mammals, plants,

and marine animals from Sepkoski’s compendium.16 Diversifi-

cation rates were calculated via Foote’s per capita metric

(see STAR Methods) and normalized by interval duration.17–19

ARS was subsequently studied between the duration of taxo-

nomic orders and their mean diversification rates through

time. Their findings suggest that rates across different time-

scales cannot be compared20 and, if true, might reveal differ-

ences between micro- and macroevolutionary processes.3,21

However, apart from the issue of plotting ratios against their

denominator, a key concern with the use of Foote’s metrics

is that those equations are biased by sampling and taxonomic

artefacts.13,22,23 Therefore, the question is whether ARS in fos-

sil diversification rate analyses is caused by failure to control for

sampling biases.

Here, we build on the work of Foote5 and Henao-Diaz et al.2 by

investigating how different sampling artefacts might exaggerate

ARS, and if they can be addressed using more appropriate

methods. We do note that some paleobiologists might inherently

question the usefulness of plotting rates against clade duration,

and we neither agree nor disagree with this view here. There are

two steps to our analysis. First, we gathered occurrence data for

marine animal orders from the Paleobiology Database (n = 408

orders after data cleaning; http://www.paleobiodb.org). Foote’s

metrics are only capable of using full age ranges (first and last

appearances) of taxa, but fossil occurrence data containing

age, locality, and identity for each taxon are now readily avail-

able. Fossil occurrences also inherently contain information
ary 24, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 905
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Empirical relationship between

log-transformed diversification rates and

clade durations

(A) and (C) show mean log-transformed genus-

level origination rates (blue), and (B) and (D) show

mean extinction (red) rates plotted against log

clade duration for 245 marine orders sampled

across the Phanerozoic. Rates in (A) and (B) are

calculated via Foote’s per capitametric, and those

for (C) and (D) are calculated by Alroy’s second-

for-third metric. Rates are shown as the mean

number of events per interval, per lineage and are

not normalized for interval length. Colored lines

represent ordinary least-squares regression fits

between log rate and log duration, and shaded

areas show 95% confidence intervals. b corre-

sponds to the standardized regression coefficient

that is equal to the slope of the relationship be-

tween rate and duration when their variance has

been standardized to 1. Results are shown for

occurrences binned in geological stages.

See also Table S1.
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about sampling intensity through time. Second, we compared

Foote’s per capita rates with Alroy’s second-for-third metrics

(see STAR Methods)22 to calculate rates of origination and

extinction. Second-for-third metrics require occurrences and

use a sliding-window approach that allows for the examination

of sampling in small time windows.13,23 Second-for-third metrics

do not suffer from the biases fromwhich age-rangemetrics such

as Foote’s per capita method suffer.22,23 Unless stated other-

wise, rates are expressed as themean genus extinction and orig-

ination per-interval rates of an order and are not normalized for

the interval duration (see STAR Methods). Rates are correlated

to the duration of their respective taxonomic order, which is

the time between the first and last appearance.

We find that when per capita metrics are used, we

indeed recover strong negative rate scaling between log-trans-

formed estimates of diversification rates and order duration

(Figures 1A and 1B). These relationships (origination: b =

�0.52, R2 = 0.27, p < 0.001; extinction: b = �0.52, R2 = 0.27,

p < 0.001) are stronger than those that had been reported previ-

ously in fossil data (e.g., origination: b = �0.23, R2 = 0.15,

p < 0.001; extinction: b = �0.25, R2 = 0.13, p < 0.01)2 and are

of comparable strength to those reported for molecular data

(e.g., speciation: b = �0.54, R2 = 0.34; extinction: b = �0.55,

R2 = 0.16).2 However, when we control for incomplete and het-

erogeneous sampling by using second-for-third metrics, we

find only a very weak relationship for origination (b = �0.16,

R2 = 0.02, p = 0.014) and no significant relationship for extinction
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rate (b = �0.11, R2 = 0.01, p = 0.077;

Figures 1C and 1D). This suggests that

unequal sampling through time and be-

tween clades causes the previously-

observed ARS in the fossil record.

The occurrences that are used for the

focal analysis are binned in time intervals

based on geological stages. These

stages vary in duration, and if a single

origination and extinction pulse were to
happen within a short interval, this might result in ARS. Equally,

ARS in molecular phylogenetic studies tends to be strongest

over the shortest time intervals (<10 Ma).2,4 To counteract this,

we created composite time bins with approximately equal dura-

tions of �11 Ma by lumping the same stage-level intervals.24,25

Even when using these equal time bins, we still find strong

ARS for per capita rates (Table S1), although both the variance

explained and the strength of ARS are decreased substantially

for extinction (b =�0.39, R2 = 0.15, p < 0.001). That a strong rela-

tionship remains is not surprising, because this again shows the

strong role of sampling bias. When second-for-third rates are

used, ARS is again reduced. However, even under second-for-

third rates, both origination (b = �0.18, R2 = 0.03, p = 0.007)

and extinction (b =�0.20, R2 = 0.04, p = 0.003) now show signif-

icant trends, albeit very weak. This is consistent with the idea

that when occurrences are binned in longer time intervals (effec-

tively increasing the minimum age of orders as intervals are

aggregated together), additional survivorship and selection

biases are applied to the clades in our dataset (see below).

This highlights that heterogeneous and incomplete sampling

causing ARS in the fossil record arises independent of the time-

scale and shows an additional role for selection bias.

Sampling biases are thus the likely cause of ARS in fossil time

series. Drawing a parallel to phylogenetic studies, Louca et al.4

(also see Budd and Mann26) argued that there are two distinct

mechanisms that lead to a biased sample of species-rich phy-

logenies that can cause ARS. Mechanism 1 considers that
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even if clades share the same intrinsic speciation and extinction

rates, clades can show a wide distribution of clade sizes

because of the stochastic variation in rates through time. It is

likely that clades that radiated rapidly at their inception will

have survived—the ‘‘push of the past’’26,27. This survivorship

bias effectively truncates the distribution of clade sizes by

excluding species-poor and extinct clades and can bias toward

estimating higher rates, especially in young clades. Mechanism

2 suggests that diversification rates can be truly heterogeneous

among clades. If high rates are indeed accurately estimated, the

same survivorship bias may, however, still apply. Additionally,

selection bias may contribute to ARS under both mechanisms

by only selecting clades beyond a certain species diversity

threshold, and taxonomic practices may further exaggerate

this if clades are only described after reaching certain diversity.

Diversity thresholds are difficult to avoid in phylogenetic studies,

because extinct clades are not considered, and estimating rates

for small clades can be unreliable. This again disproportionally

affects younger clades, because they likely contain fewer spe-

cies. Comparable selection and survivorship biases could

equally affect ARS in the fossil record.

One advantage of using fossil occurrences is that extinct

clades are incorporated, which avoids truncating the possible

diversification trajectories a clade can follow. There is also less

taxonomic or researcher-focused bias in selecting clades to

study that are above a certain diversity threshold, because oc-

currences are described per paleontological collection and not

by specifically sequencing a particular clade or species. How-

ever, this does not mean that estimating rates for small clades

becomes significantly easier, and the clades that are fossilized

might equally represent a biased sample of all clades that ever

lived. Therefore, arbitrary diversity thresholds are still imposed

for methodological reasons, and biased preservation of the

most diverse clades cannot be directly ruled out (see sections

below).

We investigated how imposing diversity thresholds might in-

fluence ARS by only using orders that have accumulated R10

genera, in line with previous work that has recovered ARS from

fossil data.2 This analysis suggests that there is aminimal impact

on observed ARS when we look at occurrences binned at the

stage level (Table S1). However, when occurrences are binned

in equal time bins, we do observe a modest but clear decrease

in slope and an increase in R2 (Table S1). This is likely due to

the fact that very few young clades with low richness and low

rates survive long enough to be sampled, because the minimum

duration has increased, and few remain after filtering. Conse-

quently, there is a minimal but observable effect of duration

selection bias and diversity-threshold selection bias on ARS.

Sampling bias in the fossil record cannot be entirely attributed

to diversity-threshold sampling bias. For species to show up in

the fossil record, they will need to fossilize, be preserved through

time, and be sampled in the present. The simplest way of

thinking about sampling a species is by assigning it a probability

that it will be sampled per time interval, r, similar to speciation

and extinction rates.28,29 Under this assumption, all else being

equal, the duration of a species correlates positively with the

chance that it will be sampled at least once. For higher-level

taxa such as genera and orders, this also means that the more

species they contain, the higher their chance of preservation.
We hypothesize that especially for short-duration clades there

will be limited opportunities (i.e., in multiple time bins) to be

sampled, which might inflate the number of false originations

and extinctions.

We investigated this hypothesis with a simple heuristic simula-

tion model of species diversification and sampling. The simula-

tion model is based on a birth-death model with speciation

and extinction.23 Simulations are started with N species

(N = 1,000 in Figure 2), and speciation and extinction occur in

pulses at the boundaries between intervals (E = 0.3 in Figure 2).

We further assumed that the number of species is constant

through time,13,30 so that every species that is lost is immediately

replaced by a new species. The sampling probability, s, of spe-

cies within and between intervals is uniform. The point of this

simulation is neither to be exhaustive nor to pinpoint the precise

sampling artefact causing ARS, but simply to demonstrate

whether incomplete sampling could conceivably cause ARS.

Moreover, more complex models might induce their own arte-

facts leading to ARS by, for instance, inducing survivorship

and selection biases,26,31 which we seek to avoid here.

We find that under these simple assumptions, ARS is absent

when all species are fully sampled (s = 1), and diversification ap-

pears constant among clades irrespective of clade duration (Fig-

ure 2). However, when we impose lower sampling probabilities

(s = 0.5), ARS does manifest but only under the per capita rates.

This result is consistent under a wide range of parameter values

(Figure S1), and it confirms that error in the rates for short-dura-

tion clades, caused by incomplete sampling and resulting sam-

pling artefacts, could explain the presence of ARS in the fossil

record.

Apart from data-driven artefacts, statistical artefacts could

cause ARS to arise in fossil data. As previously mentioned,

normalizing rates to per-Ma units results in ARS when rates

measured over geological stages of varying durations are

compared,5 and more generally, studies have attributed ARS to

plotting a ratio (events Ma�1) against its denominator (Ma).12,32

Our results (Figure 1) demonstrate that ARS arises in per capita

rates even if they are not normalized for interval duration. How-

ever, it is possible that normalization could either increase or

weaken the strength of ARS. We find a minimal effect of normal-

ization on both per capita and second-for-third rates (Table S1).

These results should not be overinterpreted, because we use

rates averaged over time intervals of irregular duration. The inter-

pretation that steeper slopes equal greater independence be-

tween events and duration or that this signals the absence of

spurious self-correlation consequentially holds little weight.

Our results emphasize the importance of controlling for het-

erogeneous sampling when calculating rates of origination and

extinction from fossil data. This is not a new suggestion and is

true for many other metrics (e.g., species diversity33), but we

specifically show that failing to control for incomplete sampling

may induce ARS. With the increased availability of taxonomic

occurrence records and the development of sophisticated

methods for estimating rates (e.g., PyRate,34 fossilized birth-

death range process,35 second-for-third rates22), there is little

excuse for using tools that have been shown to be erroneous.14

Nevertheless, even when a method is chosen that can incorpo-

rate uneven sampling, care should be taken to avoid introducing

artefacts relating to plotting rates against time.9
Current Biology 35, 905–910, February 24, 2025 907



Figure 2. Diversification rate scaling with

clade duration for simulations

Average extinction (red) and origination (blue)

rates are plotted against their clade duration for

1,000 repeats. Column 1 shows the relationship

between rates and clade durations when sampling

is complete, whereas column 2 shows a scenario

of moderate sampling where each species has a

50% chance of being preserved and sampled

within a bin. Rows represent the rate metrics used

for empirical analysis. Rows 1 and 3 use Foote’s

per capita metrics, and rows 2 and 4 use Alroy’s

second-for-third metrics that correct for sampling

bias. Colored lines represent non-linear least-

squares regression fits according to the function

y = axb. 95% confidence intervals are not shown,

as they overlap almost completely with the

colored lines. p values are obtained by comparing

the non-linear regression with an intercept-only

model. Simulations are shown for a species pool

ofN = 1,000 and an extinction probability of E = 0.3

per interval.

See also Figure S1.
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Various processes have been argued to cause higher rates at

the start of clade radiations, with diversification slowing down

with time.36 It might therefore be surprising that controlling

for uneven sampling through time significantly reduces ARS in

fossil time series. Survivorship bias can cause such slowdowns
908 Current Biology 35, 905–910, February 24, 2025
and is inherently present in the fossil

record,26,31 making it an important

null model for diversification patterns.

Assuming constant rates of diversifica-

tion, young clades will have a higher risk

of extinction compared with older clades,

as they statistically will harbor more spe-

cies. Consequentially, observable clades

are likely those that diversified rapidly

at their inception—the push of the

past26,27. If preservation is a per-species

probability,28 clades that have experi-

enced high origination rates are more

likely to have entered the fossil record.31

This leads to ARS, since the only short-

duration clades that can be observed

are those that radiated rapidly, whereas

older clades regress toward their mean

diversification rates. We find some sup-

port for this, because ARS increases

when equal time bins and diversity

thresholds are used. However, this effect

is minor, and when we correct for the het-

erogeneity and incompleteness of sam-

pling through time, ARS all but disap-

pears. The absence of ARS should be

further explored, and we hypothesize

that a difference in taxonomic level

causes this. Specifically, genera are the

most common unit for fossil diversifica-

tion analyses, but in contrast to species,
they do not go extinct until all their constituent species have

gone extinct (see STAR Methods).

In conclusion, we do not find strong support for a relationship

between the duration of a clade and the rates of origination and

extinction that it has experienced. Previous studies only found
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such a relationship because they used metrics that are suscepti-

ble to various sampling biases inherent to the fossil record—akin

to the idea that measuring rates over shorter timescales is more

error prone.37 Our findings show that biases inherent to the fossil

record may cause rate scaling, suggesting that artefactual self-

correlation8,12,32 is not always applicable, nor does a general

cause necessarily explain rate scaling. However, the interaction

between sampling, survivorship, and taxonomic biases provide

motivation for further research to uncover the reasons underlying

the different signals present in molecular4 and fossil data.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Paleobiology Database https://paleobiodb.org Accessed 8th of May 2024

Filtered data This study https://doi.org/10.25446/oxford.26999257

Software and algorithms

R http://www.r-project.org/ Version 4.3.1; RRID: SCR_001905

divDyn R package https://cran.r-project.org/web/packages/divDyn/index.html Version 0.8.2

ggplot2 R package https://cran.r-project.org/web/packages/ggplot2/index.html Version 3.5.1; RRID: SCR_014601

ggh4x R package https://cran.rstudio.com/web/packages/ggh4x/index.html Version 0.2.8

ggpmisc R package https://cran.r-project.org/web/packages/ggpmisc/index.html Version 0.5.6

tidyr R package https://cran.r-project.org/web/packages/tidyr/index.html Version 1.3.0; RRID: SCR_017102
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fossil occurrence data assembly
We retrieved fossil occurrence data from the Paleobiology Database using the URL API in identical fashion to previous work.24,38 We

reiterate what has been stated there, but we performed a new download of the data on the 8th of May 2024. Our analyses focus on

marine Animalia. For our API calls we include all fields for marine Animalia excluding Chordata, Chordata excluding Tetrapoda, and

Tetrapoda. Calls were restricted to marine environments only by the command ‘‘envtype=marine’’. Separately, lists of occurrences

were downloaded for Anthozoa, Brachiopoda, Bryozoa, Conodonta, Cephalopoda, Crinoidea, Decapoda, Echinoidea, Gastropoda,

Graptolithina, marine Bivalvia, and Trilobita to define taxon sets/clades, and orders were defined by the data field ‘‘order’’.

Diversification rate analyses were conducted at genus level, so our empirical rates pertain to the origination and extinction of

genera. Occurrences were filtered to only those that were assigned with certainty to at least genus-level using ‘‘idqual=genus_cer-

tain’’ in our calls. We only took into account the latest identification (‘‘idtype=latest’’) of the occurrence, only valid taxa (‘‘taxon_sta-

tus=valid’’), and removed form taxa (e.g., assigned based on morphological affinity but not phylogeny) or ichnotaxa (e.g., trace fos-

sils) via ‘‘pres=regular’’. We further filtered the occurrences to those that had been assigned to a specific order.

Occurrence were binned via two schemes: (i) 100 geological stages, and (ii) 49 composite equal time bins. The equal time bins each

spanning approximately�11myr were created by binning geological stages.39 We assigned the occurrences to bins based on ama-

jority rule. If a time bin contained >50%of the geological time range associated with the occurrence, it was assigned to that bin.39 Our

downstream diversification rate calculations depend on clades ranging over at least 3 time bins. Any order with fewer bins was

removed from the analysis. After applying these sifting criteria, the two final datasets based on geological and composite time

bins consisted of respectively 610,514 and 646,204 occurrences, 408 and 368 orders, a clade duration range of 5.45-520.99 and

31.60-538.79 Myr and face-value diversity counts ranging from 1 to 1267 and 1 to 1299 genera per order.

METHOD DETAILS

Estimating diversification rates
The quantification of changing rates of origination and extinction has been one of the central goals of palaeobiology. A substantial

number of metrics have been developed over time, and have been scrutinized equally as often.5,23,33 Alroy17 and Foote18,19 laid the

foundation to modern rate metrics that quantify how rates change between subsequent time intervals, i.e. geological stages and

equal time bins, whereas later iterations and metrics have built on this framework.13,22,23,30 Here, we explore the effect of Foote’s19

per-capita rate metric and Alroy’s22 second-for-third metric on the estimation of diversification rates and the impact on rate-age-

relationships.

Foote’s metrics rely on the age ranges of organisms, i.e. their first and last appearance in the fossil record. Four types of ranges are

classified: taxa present both before and after a focal interval, crossing its base and top (Nbt); taxa present before and within the in-

terval but not after, crossing only its base (NbL); taxa present in and after the interval, crossing only its top; and taxa found only within

the interval (NFL). Summed, these counts are the range-through diversity (Nbt). The rates we use here are Foote’s per-capita rates

where origination is l = � ln
�

Nbt

NFt+Nbt

�
; and extinction is m = � ln

�
Nbt

NbL+Nbt

�
: Note that Foote’s metrics were originally normalized by

the interval duration over which they were measured,19 but this was later reconsidered as discussed below.15 These range based

Rcpp R package https://cran.r-project.org/web/packages/Rcpp/index.html Version 1.0.11
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metrics are still actively used,40 and are perhaps the best approach to study range based data.33 However, range-basedmetrics have

been argued to suffer from edge, Pull of the Recent, and Signor-Lipps effects, and taxonomic biases. In particular, this means that

extinction rates are increased in intervals preceding mass extinctions (effectively smeared out), rates gradually decline as the recent

is approached, and the importance of rare taxa is overweighted when sampling is good (i.e. Pull of the Recent) or underweighted

when extinction is fast (i.e. Signor-Lipps).22,23

Fossil occurrence data has become increasingly available, promoting a way to move beyond using range-based metrics and

focussing on patterns of taxonomic sampling throughout. Alroy’s second-for-third metric has been argued to not suffer from any

of the above biases, and relies on a sliding-window approach, in contrast to full ranges.22 Our focal time interval is i0, and we assume

a cohort of taxa that have only been sampled since i-1 up to i2 for extinction and i-2 to i1 for origination. The following counts are of

importance for extinction (origination in brackets if distinct): s1 = taxa sampled in i-1 and i0 (i0 and i1) but no later (earlier), s2 = taxa

sampled in i-1 and i1 (i-1 and i1) but not in i0 or i2 (i-2 and i0), s3 = those sampled in i-1 and i2 (i-2 and i1) but not in i0 or i1 (i-1 and i0),

t2 = those sampled in i-1 and i0 (i0 and i1) regardless of being sampled later (earlier), and p = i-1 and i1 but not in i0. The formula for

extinction and origination proportion (not rate) is then calculated as O = E = ðs1 � sxÞ=ðt2 +pÞ. If sampling is uniform and given

that unextinction cannot occur the counts should have the expected order s1 R s2 R s3, and sx would be s3 (the Gap-Filler equa-

tion23). However, in practice they do not and might even show the reverse pattern s1 < s2 < s3. To address this Alroy suggested algo-

rithmically replacing sxwith the second lowest of the counts, e.g. sx = s1 if s2 > s1 > s3. Conventional rates (e.g. decay coefficients) are

then obtained by log-transformation where m = log
�

1
1�E

�
; and l = log

�
1

1�O

�
. Second-for-third rates are obviously heuristic because

of the algorithmic approach, but it incorporates as much information as possible to correct for sample size.

We focus on genus origination and extinction per-interval rates for both Foote’s and Alroy’s metrics, and do not normalize for in-

terval duration. That is, we focus on the rate at which species originate and go extinct per taxon per interval, and do not normalize our

rates to be expressed per million years as was originally done.19 Raup and Sepkoski, although using percentage extinction and not

true rates, already discussed preferring per-interval metrics in their seminal paper.6 They observed that the number of raw extinction

counts did not correlate with interval duration as they are likely clustered in time.13,33 Foote further explored the consequences of

normalization and found that if intervals were to experience a single peak in extinction risk, this would dominate the total extinction

profile of short intervals more than for long intervals, effectively causing a negative correlation between interval duration and extinc-

tion rate.5 We repeat our analysis for time-normalized rates to understand if negative rate scaling between bins has an effect on

average rate comparisons between clades.

We calculate both Foote’s per capita rates and second-for-third rates using the R package divDyn.41 Origination and extinction

rates were calculated for all orders for both geological stages and equal time bins, and then averaged per order. In some instances,

an average rate of zero is estimated. Rate estimates of zero likely are caused by sampling error or model misspecification and make

little sense empirically33 (but see Foote14). For example, an order must have had a positive origination rate if it contains more than one

species. In our focal analysis, orders with average rate estimates of zero are removed (i.e. the number of orders is reduced from 408 to

245 for stage-level bins and from 368 to 220 for equal-time bins). This might bias the analysis towards observing greater rate-scaling.

Regardless, average rates are subsequently correlated across all orders with their duration using (i) non-linear least squares, and (ii)

linear regression by log-transforming both rate and duration, which would have removed zero estimates.

A simulation model
We investigate if incomplete sampling through time can cause ARS with a simulation model of species diversification and sampling.

The simulation model is based on a prior model used in the testing of rate metrics,23 and can be abstracted to modelling temporal

change in species identities (i.e. faunal turnover) in a species pool. The species pool has constant species diversity, N, through time

(N = 102, 103, 104), which can be justified by the strong correlation between per-interval extinction rate followed up by high origination

in the next interval, across the Phanerozoic marine fossil record.13,30 Because we are not interested in measuring diversity, a variable

trendmight have sufficed aswell. At the end of each interval, species have a probability, E, to go extinct (E = 0.15, 0.3, 0.6). Speciation

or origination is modelled as the replacement of the extinct species immediately upon extinction by a new species. Effectively, diver-

sification thus occurs in pulses between intervals. We simulate 103 clades per parameter combination to calculate ARS, with clades

experiencing faunal turnover for a random number of intervals drawn from a uniform distribution ranging from 3 (i.e. the minimum

number of bins required to calculate per-capita rates) to 54 (i.e. roughly the reflecting the length of the Phanerozoic if each interval

is 10 Myr) intervals. The realized time series of faunal turnover, each seen as a unique clade, are then degraded based on a per-spe-

cies sampling probability per interval, s. We model sampling intensity from poor to good (s = 0.25, 0.5, 0.75). The complete and

degraded time series are then used to calculate both Foote’s per-capita and Alroy’s second-for-third rates and plotted against

the number of time intervals to repeat the empirical analysis (Figures 2 and S1).

Our simulations assume that sampling is uniform through time and across clades. In practice, sampling within time bins will vary

because of variation in preservation (e.g. substrate), sampling effort, and fossilization potential of clades (e.g. soft or hard-bodied).

Taxonomic biases might further contribute to error in the estimation of rates by over or under splitting taxa. This might in itself result

from incomplete sampling through time, because infrequently sampled but temporally long-ranged taxa might be under split.23

Equally, taxonomic ranks are inherently arbitrary concepts. Especially when it comes to orders and other higher ranks, it might be

difficult to accurately delineate when they arise, and consequently higher diversity orders might be recognized before low diversity

orders. Therefore, our simulations are by no means exhaustive in terms of the possible ways that sampling could influence the esti-

mation of diversification rates.
e2 Current Biology 35, 905–910.e1–e3, February 24, 2025
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Genus versus species-level diversification
In the main text we discuss how survivorship bias might cause a ‘‘push of the past’’ under which clades that radiate rapidly early in

their duration are more likely to be observed in the fossil record. This could lead to a strong negative relationship between diversi-

fication rate and clade duration even when controlled for heterogenous and incomplete sampling, but we do not find this. An expla-

nation for this absence could be our empirical focus on fossil genera instead of species. This difference in taxonomic level, often

required in fossil analyses, becomes apparent when the survival of a species (i.e., species duration), is compared to that of a genus.

If a species’ extinction rate is constant, the probability of species survival decreases linearly through time.42 In contrast, if we look at

genera, which are each made up of one or more species, a genus will only go extinct after its last species disappears. With time, as a

genus accumulates more species, the survivorship of the genus therefore increases.43–45 This could be modelled by assuming a

small probability of genus formation at each speciation event, and that each genus starts as a single species fromwhich it diversifies.

Consequentially, the rate of genus origination would correlate positively with the rate of species formation, albeit stochastic. If a

‘‘push of the past’’ effect occurred on the species-level, a likely identical preservation bias for species and genera would also operate.

However, because our results do not reveal ARS, the formation of genera could be largely independent of the formation and extinc-

tion of species. We speculate that this might consequently be caused by taxonomic or biological reasons.

From a taxonomic perspective, evolutionary lineages in the fossil record might not be recognized as independent genera until they

have shown sufficient morphological differentiation. This might cause different rate-scaling patterns at the level of species (molecular

data) and genera (fossil data) to arise, especially if we consider the prevalence of cryptic species inmolecular datasets that show little

morphological divergence but are reproductively isolated.46 If most of these cryptic species are unlikely to persist over evolutionary

time, which could be the case in some contemporary clades such as sticklebacks,47 we might expect the highest rates in young

clades with a substantial proportion of cryptic species. If genera or species are delineated by morphology in the fossil record,

such cryptic diversity would only be detectable in molecular datasets.

From a biological perspective, the assumption that a genus has a survival probability, and thus preservation probability, that is a

function of the number of species contained could be relaxed. For instance, even if a genus is species-rich, these species might all be

extinction-prone because of a property such a specialization or range size, whereas a genus with a single species might consist of a

generalist that is widespread. There are thus two ways in which clades with few genera might have a high survival probability through

time. Either each of these genera are widespread, or if the number of species matters, few genera might contain many species purely

by chance or taxonomic practice. A push of the past at the level of species may consequentially not be experienced at the level of the

genus, either because of stochasticity, the extinction vulnerability of the species within the genus, or by taxonomic relationships not

being observable in the fossil record. However, the interaction between these processes is complex and future studies might benefit

from extended null models to analyse these patterns.

QUANTIFICATION AND STATISTICAL ANALYSIS

Age-rate scaling relationships are calculated by fitting ordinary least-squares regressions to log-transformed diversification ratemet-

rics and the log-duration of the individual orders. Duration is measured as the time between the first and last occurrence of an order.

Diversification rates are calculated with Foote’s per-capita and Alroy’s second-for-third rate metrics using divDyn41 (see method

details). Sample sizes, standard error and P-values of the scenarios discussed in the Results and Discussion are provided in

Table S1. For the statistical relationships between duration and diversification rate in Figure 2 (n = 1000), we fit non-linear least

squares regressions according to the function y = axb. P-values are obtained by comparing the non-linear regressions to an inter-

cept only models. Quantification, statistical analyses and simulations are conducted in R 4.3.1.48
Current Biology 35, 905–910.e1–e3, February 24, 2025 e3
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Figure S1. Parameter and R2 es3mates for age-rate scaling rela3onships in the simula3ons. Related 
to Figure 2. Clades were simulated under a simple birth-death model in which pulses of ex7nc7on 
and origina7on occur between 7me intervals. Results shown are for OLS fits to log-log rela7onships 
between per-capita ex7nc7on rate and clade dura7on. Columns represent varying probabili7es of 
ex7nc7on per interval, whereas rows show the beta coefficient and R2 values. On the x-axis of each 
facet the sampling probabili7es (s) are shown, which indicates the probability that an individual 
species is sampled within each 7me interval. Rela7onships are calculated over 1000 simulated 
clades. 
  



Rate Metric b b-S.E. t-value P-value R2 
1) Per-interval rates – geological stages (all clades) N = 245 

Origination PC -0.517 0.055 -9.422 < 0.001 0.268 
Extinction PC -0.518 0.055 -9.448 < 0.001 0.269 
Origination 2f3 -0.157 0.063 -2.475 0.014 0.025 
Extinction 2f3 -0.113 0.064 -1.777 0.077 0.013 

2) Per-interval rates – equal time bins (all clades) N = 220 
Origination PC -0.544 0.057 -9.58 < 0.001 0.296 
Extinction PC -0.391 0.062 -6.27 < 0.001 0.153 
Origination 2f3 -0.181 0.067 -2.719 0.007 0.033 
Extinction 2f3 -0.198 0.066 -2.989 0.003 0.039 

3) Per-interval rates – geological stages (clade richness ³ 10) N = 226 
Origination PC -0.538 0.056 -9.54 < 0.001 0.289 
Extinction PC -0.53 0.057 -9.353 < 0.001 0.281 
Origination 2f3 -0.149 0.066 -2.258 0.025 0.022 
Extinction 2f3 -0.135 0.066 -2.047 0.042 0.018 

4) Per-interval rates – equal time bins (clade richness ³ 10) N = 207 
Origination PC -0.619 0.055 -11.287 < 0.001 0.383 
Extinction PC -0.431 0.063 -6.835 < 0.001 0.186 
Origination 2f3 -0.207 0.068 -3.029 0.003 0.043 
Extinction 2f3 -0.238 0.068 -3.51 < 0.001 0.057 

5) Normalised rates – geological stages (all clades) N = 241 
Origination PC -0.463 0.057 -8.074 < 0.001 0.214 
Extinction PC -0.543 0.054 -9.998 < 0.001 0.295 
Origination 2f3 -0.138 0.064 -2.159 0.032 0.019 
Extinction 2f3 -0.207 0.063 -3.275 0.001 0.043 

 
Table S1. Ordinary Least Squares regression results for the five scenarios explored. Related to 
Figure 1. OLS regressions were fit between log-transformed mean rates and dura7ons of orders. β 
corresponds to the standardised regression coefficient that is equal to the slope of the rela7onship 
between rate and dura7on when their variance has been standardised to 1. PC and 2f3 respec7vely 
refer to the Foote’s per-capita and Alroy’s second-for-third rate metrics. 
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