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Abstract: Biogeosystems underwent significant changes
during the Phanerozoic Eon. Substantial efforts have been
dedicated to reconstructing the biological metrics and envir-
onmental variables characterizing the evolutionary trajec-
tories of deep-time biogeosystems and investigating the
mechanisms responsible for variations in these quantities.
The accelerations (i.e. rates of change in the variation rates)
of these quantities, however, have rarely been studied. This
work explores the dynamical modes and statistical properties
of the accelerations of genus richness, origination, extinction,
atmospheric CO, level, and global average temperature in
the Phanerozoic. Statistical assessments show that the accel-
erations of these exhibit

quantities  systematically

scale-invariant behaviours. Moreover, correlation analyses
indicate that the accelerations of genus richness, origination,
extinction, and global average temperature are moderately or
weakly correlated with one another, while they are all uncor-
related with the acceleration of the atmospheric CO, level.
These results suggest that the acceleration is an effective con-
cept for probing biological and geological evolution and
offers insights into the internal interactions, dynamics, and
stability of the Phanerozoic biogeosystems.

Key words: acceleration, Phanerozoic Eon, biogeosystem,
scale invariance, temporal correlation.

Tue Phanerozoic represents a unique chapter in Earth’s
history; biogeosystems experienced dramatic variations
during this eon. Considerable efforts have been devoted to
understanding the long-term patterns of the Phanerozoic
marine animals’ genus richness, origination intensity, and
extinction intensity (Simpson 1944; Foote 2000; Sepkoski
2002; Alroy etal. 2008; Fan etal. 2020). With the recon-
structed time series of these biological metrics, studies
have revealed many intriguing macroevolutionary patterns
of Phanerozoic life such as contingency (Vermeij 2006;
Blount etal. 2018), periodicity (Raup & Sepkoski 1984;
Rohde & Muller 2005), quantum evolution (Simpson 1944,
1953; Fitch & Ayala 1995), and punctuated equilibrium
(Gould & Eldredge 1977; Gould 2002; Duran-Nebreda
etal. 2024). Significant events in life evolution are often
accompanied by remarkable variations in the environment
(Bambach 2006; Benson et al. 2021). Modern geochemical
techniques and mathematical models are extraordinarily
successful at inferring the evolutionary trajectories of
environmental variables such as the atmospheric CO, level
and global average temperature. Studies have suggested
that these two environmental variables and the three bio-
logical metrics (i.e. genus richness, origination intensity,
and extinction intensity) are tightly interlocked and there-
fore their variations are temporally correlated over geolo-
gic time (Bambach 2006; Hannisdal & Peters 2011; Bond
& Grasby 2017). For instance, a natural ecosystem hosting
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more diverse species stores a larger amount of carbon and
therefore lowers the CO, level (Cardinale et al. 2012; Hoo-
per etal. 2012), influencing the biogeochemical cycles of
carbon and other elements coupled with it. The other
example is that a significant increase in temperature may
result in mass extinctions (Penn etal. 2018; Song
etal. 2021) due to the limited metabolic and physiological
tolerances of life to high temperature (Sheridan & Bick-
ford 2011; Deutsch et al. 2015).

Studies of deep-time biogeosystems usually focus on
the reconstruction and analyses of evolutionary trajec-
tories of biological metrics and environmental variables.
Time series of these quantities and their variations or var-
iation rates have been used to distill information about
the stability, dynamics, and interactions of different com-
ponents of the global Earth-life system (Payne et al. 2020;
Mills etal. 2021; Shang 2024a). Less attention, however,
has been paid to the rates of change in variation rates,
which is defined as accelerations in this study (see Data-
sets, below). Here, I analyse the accelerations of genus
richness, origination, extinction, atmospheric CO, level,
and global average temperature during the Phanerozoic,
investigate the distributions and temporal correlation of
these accelerations, and show that the accelerations
of these five quantities offer a new window through
which to explore the fundamental mechanisms regulating
the evolution of deep-time biogeosystems.
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This work is organized as follows. Material & Method
describes the procedures of data processing, distribution
fitting, comparison and selection of the best-fitting distri-
butions, goodness-of-fit tests, and analysis of temporal
correlations among the accelerations. In Scale-Invariant
Patterns, I show that the power law or exponentially
truncated power law offers the best-fitting distribution for
the accelerations of the five quantities according to the
Bayesian information criterion (BIC) and likelihood-ratio
test (LRT). In Temporal Correlations, I analyse the tem-
poral correlations among the five quantities’ accelerations
and show that the accelerations of genus richness, origi-
nation, extinction, and global average temperature are
moderately or weakly correlated to each other, but uncor-
related with the acceleration of the atmospheric CO,
level. These statistical results suggest that the distributions
of the three biological metrics are unlikely to connect to
the distribution of the atmospheric CO, level but are
probably influenced by the distribution of the global aver-
age temperature to some extent. Finally, I discuss the
Implications of the patterns and relations of the five
quantities’ accelerations for the internal interactions,
dynamics, and stability of the Phanerozoic biogeosystems.

MATERIAL & METHOD
Datasets

The original datasets on the biological metrics of the Pha-
nerozoic marine animals are from the Paleobiology Data-
base  (https://paleobiodb.org). These datasets were
standardized using the R package divDyn developed by
Kocsis etal. (2019) to obtain the time series of biological
metrics used in this study. The reconstructed datasets on
atmospheric CO, level and global average temperature
during the Phanerozoic are from the studies by Foster
etal. (2017) and Scotese etal. (2021), respectively. The
overall time range and time step size of each time series
are summarized in Table SI. These time series do not
span the entire Phanerozoic and their time steps are
not the same. I used smoothing splines (with the identical
time step), which have been shown to be effective for fit-
ting these quantities (Rohde & Muller 2005; Foster &
Rohling 2013; Vérard & Veizer 2019), to interpolate the
original time series to obtain data at the same time points
so that the patterns of these time series are comparable
and their temporal correlations can be analysed. For the
results presented in the main text, the time series are
interpolated with a time step size of 0.1 million years
(myr).

Selecting an appropriate time step size for the time
series interpolation involves a trade-off in this study. A
larger time step size, such as 1 myr, seems to be more

proper than 0.1 myr for mimicking the stratigraphic reso-
lution in reality. However, using such a large time step
will reduce the number of data points in time series,
which may cause problems when analysing the distribu-
tion of this small dataset. For example, the power law
and exponentially truncated power law distributions
(employed in this study and introduced under Candidate
Distributions, below) usually span several orders of mag-
nitude and therefore require appropriately large datasets
so that the counts in the bins of histograms will be suffi-
ciently large and can be properly fitted with these distri-
butions. Thus, I used 0.1 myr rather than 1myr as the
time step size to interpolate the time series, and
the results presented in the main text come from the ana-
lysis of the time series interpolated with 0.1 myr as the
time step size. To test the sensitivity of the statistical
results to the time step size, I interpolated the time series
using two other time step sizes, 0.05 and 0.01 myr; the
analysis of these time series with smaller time step sizes is
reported in the Supporting Information. One should note
that these time series fitted using smaller time step sizes
are only for the purpose of evaluating the sensitivity of
the results to the time step size; in practice, such high
resolutions of the stratigraphic age are difficult to achieve.

I denote the time series of one quantity by {y;} and
the difference between two consecutive data points in this
time series by Ay;=w;, ,—y;. As discussed above, the
time step size, which is denoted by At=t;;;—t;, equals
0.1, 0.05 or 0.01 myr. The variation rate at time t;, which
measures the variation in y; during the unit time At, is
expressed as AR; = %. The acceleration, which represents
the rate of change in R; during At, is then:

AR,‘ Azllli

%= At INE

Analogous to the concept of acceleration in Newtonian
mechanics, the acceleration defined in the above equation
characterizes how the variation rates of biological metrics
and environmental variables change over geologic time. I
classify a;’s of each variable into three groups: negative
acceleration (NA), positive acceleration (PA), and all
acceleration (AA); the a;’s that fall into these three cate-
gories are denoted by NA = {a|a; <0},
PA = {aj|a; >0}, and AA = {a;|a;#0}, respectively. The
logarithm of a negative value is mathematically unde-
fined; thus the absolute values of data in these three cate-
gories, which are denoted as INAl = {|a;||4a; <0}, |
PAl = {a; | a; >0}, and IAAl = {|a;| | a;#0}, are used for
analyses. The IAAl category is defined as a set that does
not contain zero values (i.e. a; # 0) because the logarithm
of a zero is mathematically undefined. However, in this
study, no zero values appear in the accelerations of all
five quantities obtained from the time series interpolated
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with the time step size of 0.1, 0.05 or 0.01 myr; therefore,
no a; values are discarded here.

Candidate distributions

To investigate the distributions of the five quantities’ accel-
erations, I first grouped la;l’s in each category into ten bins
with equal width (i.e. equally spaced along the acceleration
axis in a histogram) and denoted the middle point of the
k-th bin as a; and the count (i.e. the number of data
points) in this bin as Nj. The data points of (ax, Ni) in
each category of accelerations of the five quantities all
appear as straight lines on log-log plots, suggesting that
power-law patterns may exist in these accelerations. The
power law distribution is a type of heavy-tailed distribution
which is characterized by tails that are not exponentially
bounded (Bryson 1974; Asmussen 2003). The exponential
distribution is the minimum alternative for testing
heavy-tailed distributions (Clauset efal. 2009; Alstott
etal. 2014). If a power law distribution does not fit a given
dataset better than an exponential distribution, then any
heavy-tailed distribution is unlikely to be a good fit for this
dataset (Clauset et al. 2009; Alstott et al. 2014). Moreover,
although a straight line on a log—log plot is a key feature of
power-law patterns, other heavy-tailed distributions, such
as lognormal and stretched-exponential distributions, are
able to produce datasets possessing distributions that are
close to the power law (Bryson 1974; Asmussen 2003).
Furthermore, the power law distribution sometimes does
not span the whole range of a given dataset; instead, it
exists over a certain interval and is truncated by an expo-
nential bounded tail. This type of distribution, which is
referred to as the exponentially truncated power law,
implies the existence of underlying mechanisms or con-
straints preventing the occurrence of extremely large events
(Sornette & Cont 1997; Deluca & Corral 2013). As men-
tioned above, this study shows that the accelerations of the
three biological metrics and two environmental variables
during the Phanerozoic exhibit the power law or exponen-
tially truncated power law distributions. Therefore, the
rest of this section focuses on these two distributions;
further details about the lognormal, exponential, and
stretched-exponential distributions are provided in Clauset
etal. (2009) and Forbes et al. (2011).

Mathematically, the power law is expressed as
P(x) ~ x~% where a > 0 is the exponent. On a log-log plot,
the power law distribution is manifested by a straight line
and can be written as logP(x) ~ —alogx , which is also
referred to as the scale-invariant pattern and implies that
the underlying mechanism regulating such a relation is
independent of a specific scale (Clauset et al. 2009; Schroe-
der 2009). Power laws are ubiquitous in natural systems
(Middelburg 1989; West 1999; Glazier 2005; Shang 2023a,

2024b). For example, the metabolic rate versus body mass
of animals (West 1999; Glazier 2005) and the degradation
rate versus age of organic matter in ecosystems (Middel-
burg 1989; Shang 2023a) exhibit power-law patterns. To
interpret the principles responsible for power laws, several
theories, such as self-organized criticality (Bak etal. 1987)
and highly optimized tolerance (Carlson & Doyle 1999),
have been proposed. Although these theories offer plausible
explanations for the scale-invariant behaviours in some sys-
tems, the mechanisms responsible for many power-law pat-
terns remain unclear.

Exponentially truncated power laws are typically writ-
ten as P(x) ~ exp(—Ax) X x~%, where >0 and 2> 0 are
the exponent and cutoff parameter, respectively. In the
exponentially truncated power law, the power-law beha-
viour appears only over a range where the x values are
relatively small; beyond a certain value of x, the distribu-
tion is limited by an exponentially decaying tail and falls
off much faster than the power law distribution, reflecting
the existence of some constraints (Newman 2005; Clauset
etal. 2009). In other words, the exponentially truncated
power law distribution exhibits the scale-invariant pattern
only in a certain range where the exponential term
exp(—Ax) does not effectively influence the behaviour of
the power-law term x* (Newman 2005; Clauset
etal. 2009). Exponentially truncated power laws exist in a
variety of natural systems; for example, the sizes of wild-
fires and the intensities of solar flares have been shown to
follow exponentially truncated power law distributions
(Clauset et al. 2009).

Distribution comparison & selection

To determine which of these five distributions (i.e. power
law, exponentially truncated power law, exponential,
stretched-exponential, or lognormal) best fits the accelera-
tions of the three biological metrics and two environmen-
tal variables, I calculated the BIC and performed the LRT.
The BIC is defined as BIC = —2 In( %) +k In(n), where
& is the likelihood of the model given the dataset, k is
the number of estimated parameters in the model, and n
is the number of data points (Schwarz 1978; Neath &
Cavanaugh 2012). The BIC is a statistical metric balan-
cing the fit and complexity of a specific mathematical
model through incorporating the likelihood of this model
for a given dataset and the number of parameters
involved (Schwarz 1978; Neath & Cavanaugh 2012). To
prevent overfitting, the BIC penalizes models possessing
more parameters and prefers simpler models that can
explain the data well (Schwarz 1978; Neath & Cava-
naugh 2012). In this study, the distribution with the low-
est BIC value is selected as the best model for a given
dataset.
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The LRT is a statistical method used to compare the
goodness of fit of two models for a given dataset
(Buse 1982; Lewis etal. 2011). Here, the LRT statistic for
distribution A versus distribution B is expressed as

LRT (A,B)=1og[gB(D|\E3)/gA(D|@)}, in which D
represents a given dataset; ¥4 and ¥y are the likelihoods
of distributions A and B, respectively, fitted using the

maximum likelihood estimation; and ‘I/’; and ‘I/‘; are
the parameter values maximizing ¥, and %, respec-
tively, in the parameter space. If LRT <0, then distribu-
tion B fits dataset D better than distribution A; however,
if LRT >0, then distribution A outperforms distribution
B for dataset D. Since the random variations in sample
data can influence the LRT(A,B) and its interpretations,
the LRT needs to be standardized with the standard
deviation (Vuong 1989; Clauset et al. 2009), which gives a
p-value that indicates the statistical significance of the
sign of LRT (A,B). Following the convention, I set the
significance level for the p-value to 0.05. If p > 0.05, then
the sign of LRT (A, B) is likely to result from chance fluc-
tuations, suggesting that the test is inconclusive and both
distributions A and B probably offer plausible fits for the
given dataset. However, if p<0.05, then the sign
of LRT (A, B) is unlikely to be caused by random varia-
tions, implying that the test is conclusive and one distri-
bution outperforms the other for the given dataset. In
this study, the LRTs are conducted using the Python
package Powerlaw developed by Alstott efal. (2014).

Goodness-of-fit tests

To evaluate the goodness of fit of the distributions, I calcu-
lated the coefficient of determination (R?) and root mean
square error (RMSE). The R? measures the fraction of var-
iations in the dependent variable explained by a distribu-
tion, and the RMSE measures the distance between real and
predicted values. A larger R? and a smaller RMSE indicate a
better fit (Freund & Wilson 2003). Moreover, I performed
the Kolmogorov—Smirnov (KS) test (Massey 1951) and
Cramér—von Mises (CM) two-sample test (Anderson 1962)
to assess whether a distribution adequately describes the
datasets. The KS and CM statistics use different metrics to
measure the distance between the cumulative distribution
function (CDF) of the samples and the CDF of the distribu-
tion. I set the critical p-value for the KS and CM tests to
0.05 in this study. If p > 0.05, then I conclude the CDFs of
the samples and the tested distribution are likely to be the
same and thus the tested distribution adequately describes
the data; however, if p<0.05 , then I conclude that the
CDFs of the samples and the tested distribution are unlikely
to be the same and therefore the tested distribution poorly
depicts the data.

Correlation analysis

To investigate the temporal correlations among the quan-
tities, I computed the Pearson correlation coefficient (i.e.
Pearson’s r) and Spearman’s rank correlation coefficient
(i.e. Spearman’s p). The Pearson correlation analysis
assumes that the variables either follow the standard nor-
mal distribution or are approximately normally distribu-
ted (Freedman 2009; McElreath 2018). However, the five
quantities and their accelerations do not satisfy such an
assumption. Therefore, the correlation analysis in this
study is primarily based on the Spearman’s rank correla-
tion coefficient, which does not require the dataset to
meet the normality assumption (Freedman 2009; McEIl-
reath 2018). The results from the Pearson correlation ana-
lysis are presented in the Supporting Information for
reference. For the values of Pearson’s r and Spearman’s p,
r=—1 or p=—1 suggests a perfect negative correlation
between two quantities, while r=1 or p=1 implies a
perfect positive correlation between two quantities. Again,
I set the critical p-value for these two tests to 0.05. If
p<0.05, then I conclude that a significant correlation
exists; otherwise, I conclude that there is no significant
correlation between two quantities.

RESULTS & DISCUSSION
Scale-invariant patterns

Figure 1 shows the time series of the absolute values of
accelerations (defined in Datasets, above) for genus rich-
ness, origination, extinction, atmospheric CO, level, and
global average temperature during the Phanerozoic Eon.
The information about the original datasets of these five
quantities is summarized in Table S1. The procedure for
data processing is described above. In this section, I show
that the accelerations of the three biological metrics and
two environmental variables systematically exhibit power
laws or exponentially truncated power laws. To avoid
ambiguity, the power law distribution is henceforth
referred to as the pure power law.

First, I classified the accelerations of each quantity into
three categories: negative acceleration (INAI), positive
acceleration (IPAl), and all acceleration (IAAl). Their defi-
nitions are provided under Datasets, above. Figure 2
shows the patterns of the five quantities’ accelerations on
log-log plots. In each panel of Figure 2, the
horizontal-axis and vertical-axis values for each data point
are the midpoint and count, respectively, of each bin for
the accelerations. The grey dashed lines and black dashed
curves are the best-fitting pure and exponentially trun-
cated power laws, respectively, for given data points. The
mathematical expressions of these distributions and their
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FIG. 1. Time series of the absolute values of the accelerations

for five quantities characterizing the Phanerozoic biogeosystems:
A, genus richness (lagrl); B, origination (laorl); C, extinction (I

agxl); D, atmospheric CO, level (laco,l); E, global average tem-
perature (lal). Acceleration, a, is defined in the main text.

R?, RMSE, and p-value from the KS test (pyg) and CM
test (pcy;) are presented in Tables 1 and 2. The R* values
for the fitted power laws are close to 1 while the RMSE
values are low, and the p-values of the KS and CM tests
are all much larger than the critical value of 0.05
(Tables 1, 2). These results indicate that both pure and
exponentially truncated power laws in Tables 1 and 2 fit
the data points well.

While the scale-invariant patterns shown in Figure 2
and Tables 1 and 2, appear plausible, additional analyses
are necessary to evaluate the performance of other
heavy-tailed  distributions including  lognormal,

exponential, and stretched-exponential distributions
because random fluctuations may cause these distribu-
tions to resemble power-law-like patterns in the data
(Clauset et al. 2009; Alstott et al. 2014). To test the good-
ness of fit of other heavy-tailed distributions compared to
pure power laws and exponentially truncated power laws,
I computed the BIC and conducted the LRT for these dis-
tributions (see Distribution Comparison & Selection,
above). Table 3 presents the BIC values of the five distri-
butions for the accelerations. For a given dataset, the dis-
tribution with the lowest BIC value is chosen as the best
fit. According to the BIC values (Table 3), exponentially
truncated power laws best fit the data in the categories of
negative and all accelerations of genus richness (i.e.
INAGrl and lAAgrl), negative accelerations of CO, (i.e.
INAco,l), and all accelerations of temperature (i.e. I1AA7l);
for all other sets of accelerations, pure power laws offer
the best fit. Tables 4—6 present the standardized likelihood
ratios and their associated p-values of the LRTs for each
pair of the five distributions. According to the results of
LRTs (Tables 4-6), the pure or exponentially truncated
power law outperforms the lognormal, exponential, and
stretched-exponential distributions for all types of accel-
erations of the five quantities. For the positive accelera-
tions of genus richness (i.e. [PAgrl), negative and positive
accelerations of origination (i.e. INAggl and IPAoRl), posi-
tive and all accelerations of extinction (i.e. IPAgxl and
[AAgx!), as well as all accelerations of CO, (i.e. IAAcoal),
the p-values of the LRTs for the exponentially truncated
power law against the pure power law are greater than
0.05, implying that these LRTs are inconclusive. There-
fore, both pure and exponentially truncated power laws
could potentially offer plausible fits for these accelera-
tions. The best-fitting distributions according to BIC
values (Table 3) and LRTs (Tables 4—6) are summarized
in Table 7. For some accelerations, the best-fitting distri-
butions suggested by the BIC values differ from those
indicated by the LRTs (Table 7). Due to the limited avail-
ability of data points, it is challenging to further deter-
mine whether these accelerations follow the pure or
exponentially truncated power law. Future measurements
of stratigraphic and fossil data with a higher resolution
may help elaborate on this ambiguity.

The above results (Fig. 2; Tables 1—7) are based on the
time series of the five quantities interpolated with
the time step of 0.1 myr. To test whether the time step
size influences the patterns in the accelerations, I interpo-
lated the time series of the biological metrics and envir-
onmental variables with other time step sizes. As noted
above, there exists a trade-off when choosing a proper
time step size for the interpolation in this study. Here, I
use 0.05 and 0.01 myr as the time steps to interpolate the
time series of the five quantities and perform the same
analyses. The statistical results for the accelerations of
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SHANG: PHANEROZOIC BIOGEOSYSTEM ACCELERATIONS 7

FIG. 2. Power law (PL) and exponentially truncated power law (ETPL) distributions of the negative acceleration (NA), positive accel-
eration (PA), and all acceleration (AA) of: A-C, genus richness (GR); D-F, origination (OR); G-I, extinction (EX); J-L, atmospheric
CO; level (CO,); M-O, global average temperature (T) during the Phanerozoic Eon. The time step between two consecutive data

points in the interpolated time series is 0.1 myr. In each panel, the horizontal-axis value for each point is the logarithm of the mid-

point of each bin for accelerations, the vertical-axis value for each point is the logarithm of the count in each bin for accelerations,
and the black dashed curves and grey dashed lines are the best-fitting ETPL and PL distributions, respectively, for the points at the

double logarithmic scale.

TABLE 1. Best-fitting power law (PL) distributions for negative acceleration (NA), positive acceleration (PA), and all acceleration
(AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level (CO,), and global average temperature (T).

Quantity Category Best-fitting PL R? RMSE  pks Pcm
Acceleration of genus richness INAGr| = {lagr| | agr < 0} Count ~ |NAgg| >*® 0.98 0.12 1.00 1.00
[PAGr| = {acr | agr > 0} Count ~ |PAgr| *% 093 023 0.79  0.68
|[AAGrl = {lacr| | acr # 0} Count ~ |AAgg| > 098  0.14 099 097
Acceleration of origination INAor| = {laor] | aor < 0} Count ~ |NAgg| > 0.97 0.15 0.79 0.54
[PAor| = {aor | aor > 0} Count ~ |PAog| %% 093 023 0.78  0.68
[AAor| = {laor| | aor # 0} Count ~ |AAggr| > 0.99  0.12 099 097
Acceleration of extinction INAgx| = {lagx| | agx < 0} Count ~ |NAgx| > 0.93 0.24 0.79 0.42
[PApx| = {apx | apx > 0} Count ~ |PAgy| *'® 092 023 099  0.92
|[AApx| = {|agx| | apx # 0} Count ~ |AAgx| >>° 0.98  0.13 099 097
Acceleration of CO, INAcos| = {lacoal | acos < 0} Count ~ [NAcoo| > 099  0.11 0.99  0.92
[PAcoz] = {acos | acos > 0} Count ~ |PAcos| 2% 099  0.08 .00 0.99
[AAcoal = {lacoa| | acos # 0} Count ~ |[AAcoo| *® 098  0.16 099 097
Acceleration of temperature INAT| = {lag| | atr < 0} Count ~ [NAg| > 0.97 0.16 1.00 0.99
p
[PAf| = {ar | ar> 0} Count ~ |PA7| > 0.89  0.36 0.79  0.46
[AAT| = {|at| | ar# 0} Count ~ |AA¢|~>7¢ 097 017 099 092

The time step between two consecutive data points in the interpolated time series of these five quantities is 0.1 myr.
Reported statistics include the coefficient of determination (R?), root mean square error (RMSE), Kolmogorov—Smirnov test p-value

(pks)> and Cramér—von Mises test p-value (pcm)-

these new time series are presented in Figures S1—S3 and
Tables S2—S5. These time series interpolated with 0.05
and 0.01 myr are used only for testing the sensitivity of
the results to the time step size because attaining such
high resolutions of the stratigraphic age is rather challen-
ging in practice. The values of parameters in the best-
fitting pure and exponentially truncated power laws for
the time series interpolated with three different time step
sizes (i.e. 0.1, 0.05 and 0.01 myr) are summarized in
Tables 8 and 9, respectively. These results suggest that the
parameter values of the pure or exponentially truncated
power laws do not depend on the time step size used to
interpolate the time series.

Temporal correlations
To investigate the temporal correlations among these sys-

tematic pure and exponentially truncated power laws in the
accelerations of the Phanerozoic biogeosystems, I

calculated the Pearson’s r and Spearman’s p among these
accelerations. Since the accelerations neither follow the
standard normal distribution nor approximate normality,
the investigation here is informed mainly by the Spearman
correlation analysis, which does not require the dataset to
adhere to the normality assumption (Freedman 2009;
McElreath 2018). The Spearman’s p values among each pair
of accelerations are presented in Table 10 and visualized in
Figure 3, while the Pearson’s r values among each pair of
accelerations are reported in Table S6 and Figure S3.
Among the ten pairs of accelerations, the Spearman’s p
for the accelerations of genus richness versus extinction (i.e.
agr Vs agx ) is 0.39 and the p -value is much less than 0.05
(appearing in the top half of Table 10), indicating that this
pair of accelerations is positively correlated. Meanwhile, the
Spearman’s p for the absolute values of these two accelera-
tions (i.e. |agr|vs|apx|) is 0.31 and the p -value is again
much smaller than 0.05 (appearing in the bottom half of
Table 10), supporting the conclusion that the accelerations
of genus richness and extinction are moderately correlated.

'sdny) SUONIPUOD pue SLLB | 3L 39S *[5202/20/8T] Uo Afiq178UIIUO AB|IM * SS90V Sd L (Vd L) UOIEIGSSY [e9160[01U0% ed 84 L 'Sd L - Bueus celleH Aq ve22T efed/TTTT OT/I0p/L0Y A8 (1M Akeiq 1 fpul|uoy/sdiy woj papeojumoq ‘T ‘G202 ‘€86YSLYT

fojmAriquipul

85UB0 |17 SUOWIWIOD aAIR.D 8|ed!|dde ay) Aq pausenoh ae sajoie YO ‘8sn JO Sa|nJ oy AreuqiT auljuQ 81/ UO (SUOTIPUOI-pI



8 PALAEONTOLOGY, VOLUME 68

TABLE 2. Best-fitting exponentially truncated power law (ETPL) distributions for negative acceleration (NA), positive acceleration
(PA), and all acceleration (AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level (CO,), and global
average temperature (T).

Quantity Category Best-fitting ETPL R* RMSE pxs Pem
Acceleration of genus  [NAgr| = {lagr| | agr < 0} Count ~ exp(—0.02 X |[NAgg|) X [NAGr| "7 0.99 0.02 1.00 1.00
richness [PAGr| = {acr | agg > 0} Count ~ exp(—0.01 X [PAgg|) X |PAgr|™>"’ 0.99 0.01 079 0.50
|[AAGrl = {lacr| | acr # 0} Count ~ exp(—0.01 X |AAgr|) X |AAGgr| > 099 0.01 099 0.97

Acceleration of [NAor| = {laorl | aor < 0} Count ~ exp(—3.28 X [NAog|) X |[NAgr|>>¢ 0.99 0.002 0.79 0.54
origination [PAoR| = {aor | aor > 0} Count ~ exp(—4.08 X [PAog|) X [PAor|™>* 0.98 0.02 042 025
[AAor| = {laor| | aor # 0} Count ~ exp(—3.04 X |[AAog|) X |[AAog| > 0.99 0.004 099 0.92

Acceleration of INApx| = {|apx| | apx < 0} Count ~ exp(—3.73 X [NApx|) X [NAgx|™"7" 097 0.05 017 0.13
extinction |[PApx| = {apx | apx > 0} Count ~ exp(—1.60 X [PAgx|) X |PAgx| >’ 0.99 0.03 042 025
[AArx| = {laex| | apx # 0} Count ~ exp(—0.89 X |AAgx|) X [AApx| > 099 0.02 099 0.97

Acceleration of CO,  |NAcoa| = {lacoa| | aco» <0} Count ~ exp(—0.001 X [NAcoz|) X [NAcool 7> 0.99 0.02 099 0.86
[PAcoz] = {acos | acor > 0} Count ~ exp(—0.0006 X |[PAcos|) X [PAcosl % 099 0.01  0.99 0.99

[AAcos] = {lacoal | aco2#0}  Count ~ exp(—0.0003 X [AAcool) X |[AAcool >* 099 0.01  0.79 0.63

Acceleration of INAt| = {|ar| | ar < 0} Count ~ exp(—0.04 X [NA7|) x [NAg|~*'° 0.99 0.03 079 0.54
temperature |[PAL| = {ar | ar >0} Count ~ exp(—0.01 X [PAg|) X |PAf|~>7 099 0.01 078 0.36
[AAL| = {lat| | ar# 0} Count ~ exp(—0.05 X |[AA]) X [AA|~>1° 099 0.03 042 027

The time step between two consecutive data points in the interpolated time series of these five quantities is 0.1 myr.
Reported statistics include the coefficient of determination (R%), root mean square error (RMSE), Kolmogorov—Smirnov test p-value
(pKS), and Cramér—von Mises test p-value (pCM).

TABLE 3. The Bayesian information criterion (BIC) for exponentially truncated power law (ETPL), power law (PL), lognormal (LN),
exponential (Exp), and stretched exponential (S-Exp) distributions for the data in the categories of negative acceleration (NA), positive
acceleration (PA), and all acceleration (AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level (CO,),
and global average temperature (T).

Quantity Category BIC
ETPL PL LN Exp S-Exp
Acceleration of genus richness INAGr! 6548.37 6587.57 6561.81 6895.77 6557.87
[PAGR! 1386.24 1381.29 1387.74 1430.61 1387.60
IAAGRl 5015.35 5015.64 5018.83 5198.47 5018.41
Acceleration of origination INAoR! —2104.23 —2108.43 —2103.21 —2013.88 —2103.23
[PAoRl —1693.29 —1698.42 —1691.98 —1641.43 —1691.98
[AAoR! —3536.56 —3540.48 —3534.17 —3393.41 —3533.93
Acceleration of extinction INAgx! —296.74 —299.99 —295.19 —295.03 —295.77
[PAgx! —3072.78 —3076.85 —3069.66 —2849.00 —3067.93
IAAEx| —5592.28 —5597.69 —5589.15 —5124.13 —5580.31
Acceleration of CO, INACoo! 6983.65 7002.15 6984.79 7059.75 6983.88
[PAcool 3925.18 3924.93 3925.82 3963.41 3925.56
[AAcoo! 2381.54 2374.45 2382.28 2393.69 2382.26
Acceleration of temperature INAl 1150.44 1147.92 1152.73 1301.58 1152.52
[PA-l 365.75 358.04 365.91 383.50 366.36
[AATI 2562.82 2567.59 2564.67 2983.43 2564.24

Bold values indicate the minimum BIC in each row.

The Spearman’s p for the accelerations of the other five
pairs of quantities (genus richness vs origination
(agr vs aor ); genus richness vs temperature (dgg vs ar );
origination vs extinction (aor Vs agx ); origination vs tem-
perature (aor vsar ); and extinction vs temperature

(agx vs ar )) are 0.1, —0.15, —0.22, 0.04 and —0.11, respec-
tively; their p -values are all less than 0.05 (appearing in
the top half of Table 10). Spearman’s p for the absolute
values of these five pairs of accelerations all have p
-values that are smaller than 0.05 as well (appearing in
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SHANG: PHANEROZOIC BIOGEOSYSTEM ACCELERATIONS 9

TABLE 4. Likelihood ratio tests (LRTs) of the power law (PL) distribution against the exponentially truncated power law (ETPL),
lognormal (LN), exponential (Exp), and stretched-exponential (S-Exp) distributions for the negative acceleration (NA), positive accel-
eration (PA), and all acceleration (AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level (CO,), and
global average temperature (T).

Quantity Category LRT(PL, p(PL, LRT(PL, p(PL, LRT(PL, p(PL, LRT(PL, p(PL,

ETPL) ETPL) LN) LN) Exp) Exp) S-Exp)  S-Exp)
Acceleration of genus INAGR! —23.64 < 0.05 —16.92 <«0.05 154.10 < 0.05 —18.91 < 0.05
richness IPAGR! —1.33 0.10 —0.58 0.42 24.66 < 0.05 —0.65 0.49
IAAGR! —4.43 0.003 —2.69 0.13 91.41 <0.05 2.89 0.19
Acceleration of INAoR! —1.81 0.06 —1.30 0.27 47.28 < 0.05 —1.31 0.36
origination IPAoR! —1.38 0.10 —0.72 0.33 28.49 < 0.05 —0.72 0.48
IAAoR! —2.31 0.03 —1.12 0.26 73.53 <0.05 —0.99 0.52
Acceleration of INAgx! —2.30 0.03 —1.53 0.19 2.48 0.48 —1.82 0.18
extinction IPAExl —1.90 0.05 —0.34 0.49 113.92 < 0.05 0.52 0.74
IAAExl —1.57 0.08 —0.01 0.90 236.78 <0.05 4.41 0.07

Acceleration of CO, INAcosl  —13.06 < 0.05 —12.49 0.002 28.79 0.07 —12.95 0.002
IPA o)l —-3.71 0.006 —3.38 0.11 19.24 0.05 —3.52 0.09
IAAcosl —0.62 0.26 —0.25 0.60 9.61 0.03 0.27 0.93
Acceleration of INA~l —2.70 0.02 —1.55 0.24 76.83 <0.05 —1.65 0.32
temperature [PA~l —0.09 0.67 —0.006 0.92 12.73 0.009 0.22 0.71
IAA~l —6.69 < 0.05 —5.76 0.04 20791 <0.05 —5.97 0.04

The LRT(PL, ETPL), LRT(PL, LN), LRT(PL, Exp), and LRT(LN, S-Exp) represent the log-likelihood ratios for the PL distribution
against the ETPL, LN, Exp, and S-Exp distributions, respectively, for each dataset. The p(PL, ETPL), p(PL, LN), p(PL, Exp), and
p(LN, S-Exp) are the p-values for the statistical significance of these tests. Bold values indicate that the LRT results are statistically sig-
nificant based on the associated p-values (i.e. when p-values are less than 0.05).

TABLE 5. Likelihood ratio tests (LRTs) of the exponentially truncated power law (ETPL) distribution against the lognormal (LN),
exponential (Exp), and stretched-exponential (S-Exp) distributions for the negative acceleration (NA), positive acceleration (PA), and
all acceleration (AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level (CO,), and global average tem-
perature (T).

Quantity Category LRT(ETPL, p(ETPL, LRT(ETPL, p(ETPL, LRT(ETPL, p(ETPL,
LN) LN) Exp) Exp) S-Exp) S-Exp)
Acceleration of genus INAGR! 6.72 < 0.05 177.73 < 0.05 4.75 < 0.05
richness IPAGR! 0.75 0.01 25.99 <0.05 0.69 0.01
IAAGR! 1.74 < 0.05 95.84 <0.05 1.53 0.01
Acceleration of origination INAoR! 0.51 0.15 49.09 < 0.05 0.50 0.28
IPAor! 0.66 0.02 29.88 <0.05 0.66 0.08
IAAoRl 1.19 0.001 75.85 < 0.05 1.12 0.02
Acceleration of extinction INAgx! 0.78 0.02 4.79 0.03 0.48 0.01
IPAgx! 1.56 < 0.05 115.82 <0.05 2.42 < 0.05
IAAEx! 1.53 0.03 238.35 < 0.05 5.98 < 0.05
Acceleration of CO, INA ool 0.57 0.60 41.86 < 0.05 0.11 0.87
IPAcool 0.31 0.54 22.94 0.005 0.19 0.63
IAACool 10.24 0.63 0.008 0.26 0.37 0.07
Acceleration of temperature INA 1.14 0.008 79.52 <0.05 1.04 0.04
IPATl 0.08 0.51 12.82 0.007 0.30 0.45
IAA-l 0.92 0.31 214.59 < 0.05 0.71 0.42

The LRT(ETPL, LN), LRT(ETPL, Exp), and LRT(ETPL, S-Exp) represent the log-likelihood ratios for the ETPL distribution against
the LN, Exp, and S-Exp distributions, respectively, for each dataset. The p(ETPL, LN), p(ETPL, Exp), and p(ETPL, S-Exp) are the p-
values for the statistical significance of these tests. Bold values indicate that the LRT results are statistically significant based on the
associated p-values (i.e. when p-values are less than 0.05).
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10 PALAEONTOLOGY, VOLUME 68

TABLE 6. The likelihood ratio test (LRT) of the lognormal (LN) distribution against the exponential (Exp) and stretched-exponential
(S-Exp) distributions as well as the LRT of the Exp distribution against the S-Exp distribution for the negative acceleration (NA), posi-
tive acceleration (PA), and all acceleration (AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level
(CO,), and global average temperature (T).

Quantity Category LRT(LN, Exp) p(LN, Exp) LRT(LN, p(LN, LRT(Exp, p(Exp,
S-Exp) S-Exp) S-Exp) S-Exp)
Acceleration of genus richness INAGR! 171.02 < 0.05 -1.97 < 0.05 —172.99 < 0.05
IPAGR! 25.23 < 0.05 —0.07 0.76 —25.31 <0.05
IAAGR! 94.10 < 0.05 —0.21 8.66 —94.31 < 0.05
Acceleration of origination INAoR! 48.57 < 0.05 —0.01 0.96 —48.58 <0.05
IPAoRl 29.22 < 0.05 —0.0008 0.99 —29.21 < 0.05
I1AAorl 74.65 < 0.05 0.12 0.82 —74.53 < 0.05

Acceleration of extinction INAgx! 4.01 0.09 -0.29 0.15 —4.30 0.003
IPAgx! 114.26 < 0.05 0.86 0.41 —113.40 <0.05
IAAgx! 236.79 < 0.05 4.42 0.05 —232.37 < 0.05
Acceleration of CO, INAcool 41.29 <0.05 —0.46 0.27 —41.74 < 0.05
[PAcosl 22.63 <0.05 —0.13 0.38 —22.75 <0.05
IAAcos) 9.87 0.01 ~0.01 0.97 9.88 <0.05
Acceleration of temperature INA7l 78.38 < 0.05 —0.11 0.79 —78.48 <0.05
IPA7l 12.74 < 0.05 0.22 0.66 —12.52 < 0.05
IAAT 213.68 < 0.05 —0.22 0.34 —213.89 < 0.05

The LRT(LN, Exp) and LRT(LN, S-Exp) represent the log-likelihood ratios for the LN distribution against the Exp and S-Exp distribu-
tions, respectively, for each dataset. The LRT(Exp, S-Exp) represents the log-likelihood ratios for the Exp distribution against the S-
Exp distribution for each dataset. The p(LN, Exp), p(Ln, S-Exp), and p(Exp, S-Exp) are the p-values for the statistical significance of
these tests. Bold values indicate that the LRT results are statistically significant based on the associated p-values (i.e. when p-values are
less than 0.05).

TABLE 7. Summary of the best-fitting distributions for the negative acceleration (NA), positive acceleration (PA), and all acceleration
(AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level (CO,), and global average temperature (T).

Quantity Category The best-fitting distribution based  The best-fitting distribution based = The best-fitting
on LRT on BIC distribution
Acceleration of genus INAGr! ETPL ETPL ETPL
richness IPAGRl Inconclusive PL PL
IAAgel  ETPL ETPL ETPL
Acceleration of INAoRl Inconclusive PL PL
origination IPAGR! Inconclusive PL PL
IAAol  ETPL PL ETPL or PL
Acceleration of INAgx! ETPL PL ETPL or PL
extinction IPAEx Inconclusive PL PL
IAAEx Inconclusive PL PL
Acceleration of CO, INAco,!  ETPL ETPL ETPL
[PAcosl  ETPL PL ETPL or PL
IAAcosl  Inconclusive PL PL
Acceleration of INAl ETPL PL ETPL or PL
temperature IPA7l ETPL PL ETPL or PL
IAAT ETPL ETPL ETPL

These best-fitting distributions are determined based on the likelihood ratio test (LRT) and Bayesian information criterion (BIC); the
results of the LRT and BIC are presented in Tables 3-6. The PL and ETPL are the abbreviations of power law and exponentially trun-
cated power law, respectively. The last column of this table summarizes the best-fitting distributions based on LRT and BIC. If the
best-fitting distribution for a given dataset based on LRT is conclusive but differs from that based on BIC, then I conclude that ‘ETPL
or PL’ is the best-fitting distribution. If the best-fitting distribution for a given dataset based on LRT is inconclusive, then I conclude
that the best-fitting distribution based on BIC is the best-fitting distribution for this dataset.
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SHANG: PHANEROZOIC BIOGEOSYSTEM ACCELERATIONS 11

TABLE 8. Summary of the exponent (a) of the power laws for the accelerations of genus richness (GR), origination (OR), extinction

(EX), atmospheric CO, level (CO,), and global average temperature (T).

Quantity Power law Value of
Step size = 0.1 myr Step size = 0.05 myr Step size = 0.01 myr
Acceleration of genus richness Count ~ INAGgl™* 2.28 2.27 2.28
Count ~ [PAGrl™* 2.20 2.21 2.22
Count ~ [AAGrI™® 2.58 2.59 2.60
Acceleration of origination Count ~ INAgrl™* 2.39 2.39 2.39
Count ~ [PAogl™® 2.22 221 2.23
Count ~ IAAGRl™® 2.54 2.54 2.55
Acceleration of extinction Count ~ INAgxl ™ 2.22 2.22 2.23
Count ~ [PAgxlI™® 2.16 2.14 2.16
Count ~ [AAgyl ™ 2.36 2.35 2.37
Acceleration of CO, Count ~ INAcol ™ 2.68 2.78 2.79
Count ~ [PAco,l™® 2.63 2.81 2.81
Count ~ [AAGo,l ™ 2.83 2.82 2.88
Acceleration of temperature Count ~ INAI™® 2.59 2.64 2.62
Count ~ [PA{I™* 2.68 2.68 2.67
Count ~ |AA{I™* 2.76 2.74 2.75

The time series of these five quantities are interpolated with different time step sizes: 0.1, 0.05 and 0.01 myr. The statistical analyses of
these power laws are presented in Tables 1, S2 and S4.

TABLE 9. Summary of the exponent («) and cutoff parameter (1) of the exponentially truncated power laws for the accelerations of
genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level (CO,), and global average temperature (T).

Quantity

Exponentially truncated power law

Value of (a, M)

Step
size = 0.1 myr

Step
size = 0.05 myr

Step
size = 0.01 myr

Acceleration of genus

richness

Acceleration of origination

Acceleration of extinction

Acceleration of CO,

Acceleration of
temperature

Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—
Count ~ exp(—

A X INAGrl) X INAGgl™®
A X IPAGrl) X IPAGrl™*
A X IAAGrl) X IAAGrlI ™
A X NAorl) X INAQRl™®
A X IPAGRl) X IPAQRlI™
A X IAAGRl) X IAAqRI™*
A X INAgxl) X INAgxI™®
A X IPAgxl) X IPAgxI™*
A X IAAgxl) X 1AAgx

A X |NAc02|) X |NAc02|70‘

A X IPAcoal) X IPAcol™
A X 1AACOl) X 1AAColl ™
A X INATl) X INALI™¢
A X [PATl) x IPA{I™*
A X IAALD) X [AALI™®

(1.79, 0.02)
(2.19, 0.01)
(2.33, 0.01)
(2.36, 3.28)
(2.49, 4.08)
(2.50, 3.04)
(1.73, 3.73)
(2.29, 1.60)
(2.41, 0.89)
(1.73, 0.001)
(2.08, 0.0006)
(2.81, 0.0003)
(2.15, 0.04)
(2.73, 0.01)
(2.16, 0.05)

(1.80, 0.02)
(2.20, 0.005)
(2.31, 0.009)
(2.35, 3.34)
(2.40, 4.82
(2.49, 3.07
(1.77, 3.62
(2.29, 1.59
(2.40, 0.91)
(2.96, 0.0004)
(2.62, 0.0003)
(2.70, 0.0003)
(2.13, 0.04)
(2.49, 0.02)
(2.30, 0.04)

)
)
)
)

(1.65, 0.03)
(2.29, 0.004)
(2.30, 0.009)
(2.34, 3.49)
(2.38, 5.06)
(2.48, 3.19)
(1.72, 3.78)
(2.29, 1.63)
(2.40, 0.91)
(2.68, 0.0004)
(2.63, 0.0003)
(2.63, 0.0004)
(2.12, 0.04)
(2.47, 0.03)
(2.28, 0.04)

The time series of these five quantities are interpolated with different time step sizes: 0.1, 0.05 and 0.01 myr. The statistical analyses of

these exponentially truncated power laws are presented in Tables 2, S3 and S5.

the bottom half of Table 10). These findings indicate that
each of these five pairs of accelerations is weakly corre-
lated, with the correlation between the accelerations of
origination and temperature being especially insignificant.

For the remaining four pairs of quantities, including
genus richness versus CO, (i.e. dgr Vs dcoz), origination
versus CO, (i.e. aor Vs dcoz), extinction versus CO, (i.e.
agx Vs dcoz), and temperature versus CO, (i.e. ar vs acoz),
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TABLE 10. Summary of the Spearman’s rank correlation coef-
ficient values (Spearman’s p) and p-values (p,) for the accelera-
tions of each pair of variables (agr, dor> dex»>dcoz,> and ar) and
the absolute values of these accelerations (|agr|, |aor|>
‘IJIE)(|, ‘acozl, and |aT|).

Quantity Variable pair ~ Spearman’s p Py
Accelerations of AGRr VS doR 0.10 0.04
biological metrics  agr Vs dgx 0.39 <0.05
and aGr VS Acon 0.02 0.62
environmental agr Vs ar —0.15 < 0.05
variables AoR VS dgx —0.22 < 0.05
AoR VS Adcon 0.05 0.34
doR VS ar 0.04 < 0.05
agx Vs Acoz —0.01 0.90
agx Vs ar —0.11 0.03
acoy VS ar 0.07 0.14
Absolute values of  |aggr| vs |aor| 0.36 <0.05
the accelerations  |agr| vs |aex| 0.31 <0.05
of biological |agr| vs |acoz| —0.04 0.48
metrics and lagr| vs |ar| 0.19 <0.05
environmental laor| vs |agx| 0.38 <0.05
variables |aor| vs |aco2| —0.05 0.25
\aOR| Vs |HT‘ —0.005 0.02
lagx| vs l[acoz]  —0.01 0.87
|agx]| vs |at| 0.03 <0.05
\ac02| Vs \aT| —0.01 0.99

These Spearman’s p values are visualized in Figure 3. Bold values
indicate that the Spearman’s p values are statistically significant
based on the associated p-values (i.e. when p-values are less than
0.05). The Pearson correlation coefficient values (Pearson’s r)
and p-values (p,) for these accelerations are presented in
Table S6 and Figure S3. Note that the analysis and discussion
about the temporal correlations among these accelerations are
primarily based on Spearman’s p values because these accelera-
tions are neither the standard normal distribution nor approxi-
mately normally distributed (see Correlation Analysis).
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the p -values of their Spearman’s p are all much greater
than 0.05 (appearing in the top half of Table 10). More-
over, the p -values of the Spearman’s p for the absolute
values of these four pairs of accelerations are also all much
larger than 0.05 (appearing in the bottom half of Table 10).
These results imply that these four pairs of accelerations
are uncorrelated.

It is well-known that environmental changes can exert
selection pressures on organisms and impact the evolu-
tionary trajectories of biological systems (Erwin 2009;
Condamine etal. 2013). Here, I explore whether the
accelerations of the three biological metrics are correlated
with the two environmental variables or their variation
rates, analogous to the relation between the acceleration
and external force stated in Newton’s second law. The
Spearman’s p values obtained from these correlation ana-
lyses are presented in Table 11, while the Pearson’s r
values are presented in Table S7. The Spearman’s p for
the acceleration of genus richness versus the variable CO,
(i.e. agr vs CO;) is —0.10 and the p-value is less than
0.05 (appearing in the top half of Table 11), suggesting
that they are weakly correlated. The Spearman’s p for the
other five pairs of biological metrics’ accelerations versus
environmental variables (appearing in the top half of
Table 11) are all much greater than 0.05, indicating that
these accelerations are not affected by either CO, or tem-
perature. The relations among biological metrics’ accel-
erations and environmental variables’ variation rates are
different. The Spearman’s p for the acceleration of origi-
nation versus the variation rate of temperature (i.e.
aor Vs Rr) and the acceleration of extinction versus the
variation rate of temperature (i.e. agx vs Rr) are 0.17 and
—0.10, respectively, and their p-values are less than 0.05
(appearing in the bottom half of Table 11), implying that
these two pairs of quantities are weakly correlated and
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FIG. 3. A, heatmap of the Spearman’s rank correlation coefficient values (Spearman’s p) for the accelerations (a) of genus richness
(GR), origination (OR), extinction (EX), atmospheric CO, level (CO,), and global average temperature (T); the accelerations of these
five quantities are denoted as agg, dor, dex> dcoz and ar, respectively. B, heatmap of the Spearman’s p values for the absolute values
of the accelerations of these five quantities (laggl, laogrl, lagxl, lacozl, and lagl). A blank cell in the lower triangle in both panels indi-
cates that the p-value of the Spearman’s p for that pair of accelerations represented by this cell is greater than 0.05 and therefore this
Spearman’s p value is not statistically significant.
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TABLE 11. Summary of the Spearman’s rank correlation coef-
ficient values (Spearman’s p) and p-values (p,) for: (1) biologi-
cal metrics’ accelerations (agr, dor, and apx) versus
environmental variables (CO, and T), and (2) biological metrics’
accelerations (agr, aor, and agx) versus environmental variables’
variation rates (Rco, and Ry).

Quantity Variable Spearman’s p  p,
pair
Biological metrics’ agr vs CO, —0.10 0.03
accelerations vs agr vs T —0.0002 0.99
environmental variables apg vs CO, 0.001 0.98
aor vs T 0.01 0.83
agx vs CO,  —0.03 0.52
agx vs T —0.001 0.97
Biological metrics’ agr Vs Rco, —0.03 0.61
accelerations vs agr Vs Rt 0.04 0.45
environmental aor Vs Rco, 0.01 0.88
variables’ variation aor VS Rt 0.17 < 0.05
rates agx vs Rco, —0.06 0.22
agx VS RT —0.10 0.04

The purpose of investigating the correlations among these quan-
tities is to explore whether environmental changes may exert
selection pressures on organisms and influence the accelerations
of the biological metrics. Bold values indicate that the Spear-
man’s p values are statistically significant based on the associated
p-values (i.e. when p-values are less than 0.05). The Pearson cor-
relation coefficient values (Pearson’s r) and p-values (p,) for
these quantities are presented in Table S7. Note that the analysis
and discussion about the temporal correlations among these
quantities are primarily based on Spearman’s p values because
these variables and their variation rates and accelerations are
neither the standard normal distribution nor approximately nor-
mally distributed (see Correlation Analysis).

that the variation rate of temperature is likely to have
influenced the accelerations of origination and extinction
to a certain extent. The p-values of Spearman’s p for the
other four pairs of biological metrics’ accelerations versus
environmental variables’ variation rates (appearing in the
bottom half of Table 11) are all much greater than 0.05,
indicating that no correlation exists among these accelera-
tions and variation rates.

Implications

Palaeobiological and geochemical studies have dedicated
enormous efforts to reconstructing the biological metrics
and environmental variables over geologic time through
analysing fossil records and sedimentary rocks (Simpson
1944; Foote 2000; Sepkoski 2002; Alroy et al. 2008; Foster
etal. 2017; Fan etal. 2020; Scotese etal. 2021). With the
reconstructed and compiled datasets on these quantities,
a variety of global-scale mathematical models (Lenton

etal. 2018; Haywood etal. 2019; Mills etal. 2021) have
been developed to investigate the evolutionary trajectories
of biogeosystems. However, these studies generally focus
on the time series of biological metrics and environmental
variables as well as their variations; the accelerations of
these quantities have seldom been studied. This work
explores the evolutionary modes and dynamical patterns
in the accelerations of five quantities characterizing the
Phanerozoic biogeosystems and shows that these accelera-
tions systematically exhibit scale-invariant patterns
(Fig. 2; Tables 1, 2).

Similar to many complex systems possessing scale-
invariant behaviours, the fundamental reasons for these
scale-invariant accelerations appearing in the Phanerozoic
biogeosystems remain unclear. From the view of non-
linear dynamics, studies have attributed scale-invariant
patterns identified in a variety of natural systems to self-
organized criticality. The concept of self-organized criti-
cality, originally proposed by Bak etal. (1987), refers to
the phenomenon that the internal interactions of a large
system self-organize it into states at which scale-invariant
patterns appear. When stepping into critical points, non-
linear systems with self-organized criticality exhibit scale-
invariant sizes/durations and the 1/f power spectra (Bak
etal. 1987). It has been suggested that the best-known
scale-invariant pattern on the ancient Earth (i.e. the
power law in the frequency vs size of extinction events in
the Phanerozoic) originated from self-organized critical
evolutionary dynamics (Bak & Sneppen 1993; Sole
etal. 1997). Nevertheless, the scale-invariant behaviour, as
an emergent property of self-organized criticality, does
not necessarily derive from the latter (Hergarten 2002;
Markovi¢ & Gros 2014). Some studies (Newman 1996;
Kirchner & Weil 1998; Newman & Eble 1999; Plotnick &
Sepkoski 2001; Yacobucci 2005) have argued against the
existence of self-organized criticality in the Phanerozoic
evolutionary processes. After all, research on the connec-
tion between scale invariance and self-organized criticality
generally relies on numerical simulations; no common
and definite interpretation exists for such a connection
(Hergarten 2002; Markovi¢c & Gros 2014). Whether the
scale-invariant accelerations reported in this study are
related to self-organized criticality remains unknown.

The distributions of accelerations (Fig. 2) show that the
frequency of the occurrence of extreme accelerations is
much lower than that of small ones, implying that Pha-
nerozoic biogeosystems might have been stabilized at cer-
tain equilibria during most time intervals (Payne
etal. 2020). With the evolution of Earth’s surface envir-
onments and the emergence of new species across the
Phanerozoic Eon (Alroy etal. 2008; Benson etal. 2021;
Shaviv etal. 2023), the complexity of biogeosystems ele-
vated, leading to strong resilience to environmental per-
turbations and preventing biogeosystems from heading
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toward crises in many cases (Lenton & Watson 2013;
Lovelock 2016). Moreover, the extreme accelerations,
which contribute to the right tails of the scale-invariant
patterns in Figure 2, do not necessarily derive from exter-
nal disturbances (Levin 1998; Lovelock 2016). While
external forces can affect biological and geological evolu-
tion, they usually influence the Earth-life system by alter-
ing its degrees of freedom instead of directly triggering
extreme variations (Jacobson etal. 2000; Steffen etal.
2005). Rather, the internal interactions of coupled com-
ponents of the global biogeosystem and the integrated
effects of various feedback mechanisms in Earth’s surface
environments can result in positive feedback loops that
drive the system itself to evolve across critical states where
extreme events may arise (Prigogine 1980; Vermeij 2024).
For example, studies have suggested that dramatic transi-
tions in life evolution (Crespi 2004; DeAngelis et al. 2012;
Sudakov et al. 2017) and swift changes in geological envir-
onments and records (Scheffer etal. 2006; Gulick
etal. 2017; Shang 2023b, 2023c) might have originated
from positive feedback mechanisms that were amplified
by internal interactions of biogeosystems. Similarly, cer-
tain positive feedback mechanisms might also have been
responsible for the extreme accelerations in Phanerozoic
biogeosystems. For instance, the extinction of some
groups of species in a biological system could lead to the
reorganization of ecological networks (Rudolf & Laff-
erty 2011; Muscente etal. 2018). The failure of such a
reorganization to a new balanced state would shift the
biological system to a critical point at which larger extinc-
tion would occur, resulting in automatic collapse (Plot-
nick & McKinney 1993; Sneppen et al. 1995); this process
is also referred to as the secondary extinction (EkI6f &
Ebenman 2006; Brodie efal. 2014). Such a positive feed-
back loop (i.e. an initial small extinction eventually evol-
ving to severe collapse) probably contributed to the
extreme accelerations of extinction shown in this study.
The results here have several implications for the
studies of biological and geological evolution. First, scale-
invariant accelerations systematically appeared in the Pha-
nerozoic biogeosystems, suggesting that such patterns
may not be limited to the five quantities investigated in
this work. Instead, they probably also exist in other
metrics, such as the diversification of species (Alroy 2010;
Morlon 2014; Foote 2023); exploring the accelerations in
these quantities may enrich our understanding of the evo-
lutionary processes and dynamical properties of biogeo-
systems. Moreover, this study shows that extreme events
are crucial components of the scale-invariant accelerations
(i.e. the right tails on the log-log plots in Fig. 2). The
scale-invariant behaviours in other quantities characteriz-
ing the evolution of biogeosystems may remain concealed
because extreme events have been considered outliers and
removed prior to statistical analysis. Cautious evaluations

of the seemingly unusual data points (e.g. extreme events)
are important for uncovering the dynamical patterns of
biogeosystems. Furthermore, as mentioned above, the
extreme accelerations presented in this work might have
derived from the internal interactions of coupled compo-
nents and interlocked feedback mechanisms, rather than
only from external disturbances, implying that the studies
on the evolution of biogeosystems should focus more on
intrinsic interactions rather than solely on external per-
turbations. Leveraging these internal interactions and the
self-regulating capacities of biogeosystems in sustainable
practices would facilitate the evolution of the Earth-life
system along a relatively stable trajectory in the future.
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Table S1. Metadata of original datasets.

Table S2. Best-fitting power law distributions for negative accel-
eration, positive acceleration, and all acceleration of genus rich-
ness, origination, extinction, atmospheric CO, level, and global
average temperature. Time series of these five quantities are
interpolated with the time step of 0.05 myr.

Table S3. Best-fitting exponentially truncated power law distri-
butions for negative acceleration, positive acceleration, and all
acceleration of genus richness, origination, extinction, atmo-
spheric CO, level, and global average temperature. Time series
of these five quantities are interpolated with the time step of
0.05 myr.

Table S4. Best-fitting power law distributions for negative accel-
eration, positive acceleration, and all acceleration of genus rich-
ness, origination, extinction, atmospheric CO, level, and global
average temperature. Time series of these five quantities are
interpolated with the time step of 0.01 myr.

Table S5. Best-fitting exponentially truncated power law distri-
butions for negative acceleration, positive acceleration, and all
acceleration of genus richness, origination, extinction, atmo-
spheric CO, level, and global average temperature. Time series
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of these five quantities are interpolated with the time step of
0.01 myr.

Table S6. Summary of the Pearson correlation coefficient values
and p-values for (1) the accelerations of genus richness, origina-
tion, extinction, atmospheric CO, level, and global average tem-
perature, and (2) the absolute values of these accelerations.
Table S7. Summary of the Pearson correlation coefficient values
and p-value for (1) biological metrics’ accelerations versus envir-
onmental variables, and (2) biological metrics’ accelerations ver-
sus environmental variables’ variation rates.

Figure S1. Power law and exponentially truncated power law
distributions of the negative acceleration, positive acceleration,
and all acceleration of genus richness, origination, extinction,
atmospheric CO, level, and global average temperature. Time
series of these five quantities are interpolated with the time step
of 0.05 myr.

Figure S2. Power law and exponentially truncated power law
distributions of the negative acceleration, positive acceleration,
and all acceleration of genus richness, origination, extinction,
atmospheric CO, level, and global average temperature. Time
series of these five quantities are interpolated with the time step
of 0.01 myr.

Figure $3. Heatmaps of the Pearson correlation coefficient
values for (1) the accelerations of genus richness, origination,
extinction, atmospheric CO, level, and global average tempera-
ture, and (2) the absolute values of these accelerations.
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S1 Information of Datasets

Table S1: Metadata of datasets on genus richness, origination rate, extinction rate, atmospheric CO, level,
and global average temperature. Units of overall time ranges and time steps are million years ago (Ma)
and million years (Myr), respectively.

Quantity Overall time range Original time step Source
Genus richness 524 Ma -2 Ma Stage level Calculated using the methods in Kocsis et al. (2019)
Origination rate 516 Ma -2 Ma Stage level Calculated using the methods in Kocsis et al. (2019)
Extinction rate 524 Ma -4 Ma Stage level Calculated using the methods in Kocsis et al. (2019)
Atmospheric CO; level 419 Ma — 0 Ma 0.5 Myr Foster et al. (2017)
Global average temperature 540 Ma - 0 Ma 1 Myr Scotese et al. (2021)




S2 Accelerations in time series interpolated with a 0.05 Myr timestep

Table S2: Best-fitting power law (PL) distributions for negative acceleration (NA), positive acceleration
(PA), and all acceleration (AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric
COq level (COs,), and global average temperature (T). The time step between two consecutive data points
in the interpolated time series of these five quantities is 0.05 Myr (Material & Method, Datasets). Reported
statistics include the coefficient of determination (1?), root mean square error (RMSE), Kolmogorov-
Smirnov test p-value (pks), and Cramér—von Mises test p-value (pcy)-

Quantity Category Best-fitting PL R? | RMSE | pxs | pem
Acceleration of | |NAgr| = {|agr|[agr < 0} | Count~ [NAggr[ 2?7 [ 098 | 001 | 099 [0.97
genus richness |[PAGr| = {aGR‘aGR > 0} Count ~ [PAgr|™22! | 092 | 024 | 0.79 | 0.50
|AAcr| = {|acr||acr # 0} | Count~ |AAgr|™2% | 098 | 0.12 | 0.99 | 0381
Acceleration of | [NAogr| = {|aor||aor <0} | Count ~[NAogr|™ %% [ 097 [ 0.15 | 0.79 | 0.54

origination |PAor| = {aOR|QOR > 0} Count ~ [PAor|~2%! | 094 | 022 | 0.78 | 0.68
|AAOR‘ = {|aOR| |aOR 7é O} Count ~ |AAOR|72'54 0.99 0.12 0.99 | 0.97
Acceleration of | [NAgx| = {Japx||aex < 0} Count ~ [NAgx|=222 [ 093 | 024 | 0.79 | 0.63

extinction |PAgx| = {agx|apx > 0} Count ~ [PAgx|~2™ | 094 | 020 | 0.99 | 0.86
|AAEX| = {\aEXHaEX 75 O} Count ~ IAAEX|_2'35 0.98 0.12 1.00 | 1.00
Acceleration of | [NAco,| = {Jaco,||aco, <0} | Count ~ [NAco,[">™ | 0.98 | 0.13 | 1.00 | 0.99

COy |PAC02| = {a002 |ac()2 > O} Count ~ ‘PACOQ‘_Z& 0.99 0.16 0.99 | 0.97
|AACO2‘ = {|a002 | |a(302 75 0} Count ~ |AACO2 ‘72'82 0.99 0.10 1.00 0.99

Acceleration of INAt| = {lar|[ar < 0} Count ~ [NAT|~2%% [ 096 | 0.19 | 0.99 | 097
temperature |PA1| = {ar|ar > 0} Count ~ |[PAT|~26 1092 | 031 | 0.79 | 0.63
|AAt| = {|ar||ar # 0} Count ~ |[AAT|=2™ | 098 | 0.15 | 0.99 | 0.97




Table S3: Best-fitting exponentially truncated power law (ETPL) distributions for negative acceleration (NA), positive acceleration (PA), and all
acceleration (AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level (COs), and global average temperature (T).
The time step between two consecutive data points in the interpolated time series of these five quantities is 0.05 Myr (Material & Method, Datasets).
Reported statistics include the coefficient of determination (12?), root mean square error (RMSE), Kolmogorov-Smirnov test p-value (pgs), and
Cramér—von Mises test p-value (pcwm).

Quantity Category Best-fitting ETPL R?> [ RMSE | pxs | pem
Acceleration of | [NAgr| = {Jacr||acr < 0} Count ~ exp (—0.02 * [NAgg|) * [NAgr|~'%® 099 [ 0.02 | 1.00 | 0.99
genus richness [PAcr| = {acr|acr > 0} Count ~ exp (—0.005 * [PAgr|) * [PAgr| =220 099 | 0.02 0.79 | 0.50

|AAcr| = {lagr||agr # 0} Count ~ exp (—0.009 * |[AAgr|) * |AAgr|723t | 0.99 | 0.01 0.99 | 0.75

Acceleration of | [NAogr| = {Jaor||aor < 0} Count ~ exp (—3.34 * [NAogr|) * [NAor| 2% 099 | 0.002 | 0.79 | 0.54
origination [PAor| = {aor|aor > 0} Count ~ exp (—4.82 x |PAgRr|) * [PAor| =24 099 | 0.02 | 042 | 033
|AAor| = {laor||aor # 0} Count ~ exp (—3.07 * |[AAor|) * |AAor| =24 099 | 0.004 | 099 | 0.92

Acceleration of | [NAgx| = {agx||aex < 0} Count ~ exp (—3.62 * [NAgx|) * |[NApx| 17" 097 [ 0.05 | 042 [0.20
extinction |PAgx| = {agx|agx > 0} Count ~ exp (—1.59 * |PAgx|) * [PAgx|~2-?° 0.99 | 0.007 | 0.79 | 0.68
|AAgx| = {Jaex||aex # 0} Count ~ exp (—0.91 * [AApx|) * [AAgx|~24° 099 | 0.02 | 0.009 | 1.00

Acceleration of | [NAco,| = {Jaco,||aco, <0} | Count ~ exp (—0.0004 x [NAco,|) * [NAco,| %% [ 0.99 | 0.01 0.79 | 0.68
CO, IPAco,| = {aco,|aco, >0} | Count ~ exp (—0.0003 * [PAco,|) * [PAco,|~262 | 0.99 | 0.001 | 0.99 | 0.92
|AAco,| = {laco,||aco, # 0} | Count ~ exp (—0.0003 * [AAco,|) * |[AAco,|~>™ | 0.99 | 0.005 | 0.99 | 0.86

Acceleration of INAt| = {lar|[ar < 0} Count ~ exp (—0.04 * [NAT|) * [NA|~213 099 [ 003 | 0.79 | 0.46
temperature |PA7| = {ar|ar > 0} Count ~ exp (—0.02 x |PAr|) * |[PAp| =249 099 | 032 | 0.79 | 0.63
|AAt| = {|ar|[ar # 0} Count ~ exp (—0.04 * [AAT]|) * |[AAp| =230 099 | 0.02 | 0.79 | 0.46
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Figure S1: Power law (PL) and exponentially truncated power law (ETPL) distributions of the negative
acceleration (NA), positive acceleration (PA), and all acceleration (AA) of (a — ¢) genus richness (GR),
(d — f) origination (OR), (g — 1) extinction (EX), (j — 1) CO, level (COy), and (m — o) global average
temperature (T) during the Phanerozoic Eon. The time step between two consecutive data points in the
interpolated time series is 0.05 Myr (Material & Method, Datasets). In each panel, the horizontal-axis
value for each point is the logarithm of the midpoint of each bin for accelerations, the vertical-axis value
for each point is the logarithm of the count in each bin for accelerations, and the black dashed curves and
grey dashed lines are the best-fitting ETPL and PL distributions, respectively, for the points at the double
logarithmic scale.



S3 Accelerations of time series interpolated with a 0.01 Myr timestep

Table S4: Best-fitting power law (PL) distributions for negative acceleration (NA), positive acceleration
(PA), and all acceleration (AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric
COq level (COs,), and global average temperature (T). The time step between two consecutive data points
in the interpolated time series of these five quantities is 0.01 Myr (Material & Method, Datasets). Reported
statistics include the coefficient of determination (1?), root mean square error (RMSE), Kolmogorov-
Smirnov test p-value (pks), and Cramér—von Mises test p-value (pcy)-

Quantity Category Best-fitting PL R? | RMSE | pxs | pem
Acceleration of | |NAgr| = {|acr|[agr < 0] | Count~ [NAgr[~2%* [0.99 | 0.10 | 0.99 | 0.92
genus richness |[PAGr| = {aGR‘aGR > 0} Count ~ [PAgr|™2%2 | 094 | 022 | 0.79 | 0.68
|AAcr| = {|agr||acr #0} | Count~ |AAgr|™2%° | 099 | 0.12 | 0.99 | 092
Acceleration of | [NAogr| = {|aor||aor <0} | Count ~|NAor|~>*° [ 097 | 0.15 | 0.79 | 0.68

origination |PAor| = {aOR|QOR > 0} Count ~ [PAor|™2% | 094 | 0.21 0.79 | 0.68
|AAOR‘ = {|aOR| |aOR 7é O} Count ~ |AAOR|72'55 0.99 0.12 0.99 | 0.97
Acceleration of | [NAgx| = {Japx||aex < 0} Count ~ |[NAgx|=223 [ 093 [ 023 |[0.79 | 0.54

extinction |PAgx| = {agx|apx > 0} Count ~ [PAgx|~21¢ | 0.94 | 020 | 0.99 | 0.86
|AAEX| = {\aEXHaEX 75 O} Count ~ IAAEX|_2'37 0.99 0.11 1.00 | 1.00
Acceleration of | [NAco,| = {Jaco,||aco, <0} | Count ~ [NAco,[">™ | 0.99 | 0.07 | 1.00 | 1.00

COy |PAC02| = {a002 |ac()2 > O} Count ~ ‘PACOQ‘_Z& 0.99 0.10 0.99 | 0.97
|AACO2‘ = {|a002 | |a(302 75 0} Count ~ |AACO2 ‘72'88 1.00 0.08 1.00 1.00

Acceleration of INAt| = {lar|[ar < 0} Count ~ [NAT|72%2 [ 099 | 0.11 | 0.99 | 097
temperature |PA1| = {ar|ar > 0} Count ~ |[PAT|7267 | 093 | 0.29 | 0.79 | 0.68
|AAT| = {|aT||aT 7§ 0} Count ~ |AAT|72'75 0.98 0.14 0.99 0.99




Table S5: Best-fitting exponentially truncated power law (ETPL) distributions for negative acceleration (NA), positive acceleration (PA), and all
acceleration (AA) of genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level (COs), and global average temperature (T).
The time step between two consecutive data points in the interpolated time series of these five quantities is 0.01 Myr (Material & Method, Datasets).
Reported statistics include the coefficient of determination (12?), root mean square error (RMSE), Kolmogorov-Smirnov test p-value (pgs), and
Cramér—von Mises test p-value (pcwm).

Quantity Category Best-fitting ETPL R?> | RMSE | pxs | pcm
Acceleration of | [NAgr| = {|agr|[acr < 0} Count ~ exp (—0.03 * [INAgg|) * [NAgr| 1% 0.99 | 0.02 | 0.99 | 0.97
genus richness |PAcr| = {acr|acr > 0} Count ~ exp (—0.004 * |[PAgr|) * [PAgr|~2%° 099 | 0.01 |0.79 | 0.42

|[AAcr| = {|acr||acr # 0} Count ~ exp (—0.009 * |[AAgr|) * |[AAgr|™23° ] 099 | 0.01 | 0.99 | 0.92

Acceleration of | |[NAogr| = {|aor||aor < 0} Count ~ exp (—3.49 * [NAoR|) * [NAgr|~23* 0.99 | 0.003 | 0.79 | 0.86
origination |PAor| = {aor|aor > 0} Count ~ exp (—5.06 * |[PAor|) * [PAor| =23 099 | 0.02 | 042|036
|AAor| = {|aor||aor # 0} Count ~ exp (—3.19 * |AAog|) * |[AAggr| 248 0.99 | 0.003 | 0.99 | 0.97

Acceleration of | |[NAgx| = {|agx||apx < 0} Count ~ exp (—3.78 * [NAgx|) * [NAgx| 1™ 097 [ 0.05 |0.17 | 0.15
extinction |PAEx| = {apx |aex > 0} Count ~ exp (—1.63 * |PAgx|) * |[PAgx|~2-%° 0.99 | 0.008 | 0.99 | 0.81
|AAgx| = {|apx||apx # 0} Count ~ exp (—0.91 * [AAgx|) * [AAgx|~24° ] 099 | 0.02 | 1.00 | 1.00

Acceleration of | [NAco,| = {Jaco,||aco, <0} | Count ~ exp (—0.0004 * [NAco,]) * [NAco,| 2% [ 0.99 [ 0.009 | 0.79 | 0.75
COs IPAco,| = {aco,|aco, > 0} | Count ~ exp (—0.0003 * [PAco,|) * [PAco,| 2 | 0.99 | 0.0005 | 0.79 | 0.81
[AAco,| = {laco,||aco, # 0} | Count ~ exp (—0.0004 * [AAco,|) * |AAco,| ™% [ 0.99 | 0.002 | 0.99 | 0.97

Acceleration of INAt| = {lar|[ar < 0} Count ~ exp (—0.04 x [NAT|) * [NA|~212 099 [ 0.03 |0.79 | 0.39
temperature |PA7| = {ar|ar > 0} Count ~ exp (—0.03 * [PAp|) * |PAp| =247 099 | 0.02 | 042|036
|AAt| = {|ar|[ar # 0} Count ~ exp (—0.04 * [AAT|) * |AAp| 7228 0.99 | 0.01 | 0.99 | 0.94
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Figure S2: Power law (PL) and exponentially truncated power law (ETPL) distributions of the negative
acceleration (NA), positive acceleration (PA), and all acceleration (AA) of (a — ¢) genus richness (GR), (d
— f) origination (OR), (g — i) extinction (EX), (j — 1) atmospheric COs level (CO5), and (m — o) global
average temperature (T) during the Phanerozoic Eon. The time step between two consecutive data points in
the interpolated time series is 0.01 Myr (Material & Method, Datasets). In each panel, the horizontal-axis
value for each point is the logarithm of the midpoint of each bin for accelerations, the vertical-axis value
for each point is the logarithm of the count in each bin for accelerations, and the black dashed curves and
grey dashed lines are the best-fitting ETPL and PL distributions, respectively, for the points at the double
logarithmic scale.
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S4 Pearson correlation analyses

Table S6: Summary of the Pearson correlation coefficient values (Pearson’s r) and p-values (p,) for
the accelerations of each pair of variables (agr, dor, Ggx, @co,, and at) and the absolute values of
these accelerations (|agr|, |aor|, |aex|, |aco,|, and |ar|). These Pearson’s r values are visualized in
Figure S3. The Spearman’s rank correlation coefficient values (Spearman’s p) and p-values (p,,) for these
accelerations are presented in Table 10 and Figure 3. Note that the analysis and discussion about the
temporal correlations among these accelerations are primarily based on Spearman’s p values because
these accelerations are neither the standard normal distribution nor approximately normally distributed
(Material & Method, Correlation Analysis).

’ ’ B

Quantity Variable pair | Pearson’s r Dr
aGR VS. AOR —0.62 < 0.05
AGR VS. AEX 0.73 < 0.05
QGR VS. GCO, —0.01 0.89
Accelerations of aGr VS. at —-0.14 < 0.05
biological metrics & AOR VS. AEX —-0.63 < 0.05
environmental variables @OR VS. ACO, 0.01 0.85
aor VS. ar 0.11 0.03
Agx VS. GCo, —0.01 0.85
agx VS. at —-0.13 < 0.05
aco, VS. ar 0.04 0.37
|aGR| VS. |a0R| 0.79 < 0.05
|agr| vs. |aex| 0.76 < 0.05
lagr| vs. |aco,| —0.04 0.36
Absolute values of lagr| vs. |at] 0.29 < 0.05
the accelerations of |aor| vs. |agx| 0.71 < 0.05
biological metrics & laor| vs. |aco,| —0.04 0.67
environmental variables | |aor| vs. |at| 0.20 < 0.05
lagx| vs. |aco, ]| —0.05 0.33
|aEx‘ VS. \aT| 0.24 < 0.05
|a002| VS. |CLT| —0.01 0.79
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Table S7: Summary of Pearson correlation coefficient values (Pearson’s r) and p-values (p,) for (1)
biological metrics’ accelerations (aggr, aor, agx) versus environmental variables (CO5 and T), and (2)
biological metrics’ accelerations (agr, dor, Ggx) versus environmental variables’ variation rates (Rco,
and Rt). The purpose of investigating the correlations among these quantities is to explore whether
environmental changes may exert selection pressures on organisms and influence the accelerations of the
biological metrics. The Spearman’s rank correlation coefficient values (Spearman’s p) and p-values (p,)
for these accelerations are presented in Table 11. Note that the analysis and discussion about the temporal
correlations among these quantities are primarily based on Spearman’s p values because these variables
and their variation rates and accelerations are neither the standard normal distribution nor approximately
normally distributed (Material & Method, Correlation Analysis).

Quantity Variable pair | Pearson’s r Dy
agr vs. COq —0.02 0.71
aGRrR VS. T 0.14 0.01
Biological metrics’ accelerations | aggr vs. COq —-0.01 0.90
versus environmental variables apr vs. T —0.05 0.28
agx VS. COQ —0.004 0.93
agx vs. T 0.06 0.26
agr V8. Rco, —0.02 0.65
aGRr VS. RT —0.02 0.62
Biological metrics’ accelerations | aor vs. Rco, 0.05 0.28
versus environmental variables’ aopr vs. Rr 0.13 0.01
variation rates agx vs. Rco, —0.03 0.59
Qagx VS. RT 0.16 < 0.05
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Figure S3: (a) Heatmap of the Pearson correlation coefficient values (Pearson’s r) for the accelerations
(a) of genus richness (GR), origination (OR), extinction (EX), atmospheric CO, level (COs), and global
average temperature (T). The accelerations of these five quantities are denoted as agr, @or, @Ex,> @CO,»
and ar, respectively. (b) Heatmap of the Pearson’s r values for the absolute values of the accelerations of
these five quantities (|agr|, |aor|s |agx|, |aco,|, and |ar|). A blank cell in the lower triangle in panel (a) or
(b) indicates that the p-value of the Pearson’s r for that pair of accelerations represented by this cell is
greater than 0.05 and therefore this Pearson’s r value is not statistically significant.
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