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M Check for updates

The diversity of life on Earthis controlled by hierarchical processes thatinteract over
wide ranges of timescales'. Here, we consider the megaclimate regime?at scales

>1 million years (Myr). We focus on determining the domains of ‘wandering’ stochastic
Earth system processes (‘Court Jester”®) and stabilizing biotic interactions thatinduce

diversity dependence of fluctuations in macroevolutionary rates (‘Red Queen™).
Using state-of-the-art multiscale Haar and cross-Haar fluctuation analyses, we
analysed the global genus-level Phanerozoic marine animal Paleobiology Database
record of extinction rates (E), origination rates (O) and diversity (D) as well as sea
water palaeotemperatures (7). Over the entire observed range from several million
years to several hundred million years, we found that the fluctuations of T, Eand O
showed time-scaling behaviour. The megaclimate was characterized by positive
scaling exponents—itis therefore apparently unstable. £ and O are also scaling but
with negative exponents—stable behaviour that is biotically mediated. For D, there

were two regimes with a crossover at critical timescale At,

=40 Myr. For shorter

rans

timescales, D exhibited nearly the same positive scaling as the megaclimate
palaeotemperatures, whereas for longer timescales it tracks the scaling of
macroevolutionary rates. At scales of at least At,,,, there is onset of diversity
dependence of Eand O, probably enabled by mixing and synchronization
(globalization) of the biota by geodispersal (‘Geo-Red Queen’).

The nature of the macroevolution processes that dominate the forma-
tion of global biodiversity patterns has long been debated. Are these
processes deterministic, equilibrial and biotically regulated® or are
they non-equilibrial, stochastic and contingent®’? The biotic regulation
proposal, is often treated under the rubric ‘Red Queen’,ametaphor for
broad-sense competition between clades* that provides the equilibrat-
ing force. By contrast, models emphasizing physical forcing (especially
temperature) fallunder the rubric ‘CourtJester’, after the capricious and
unpredictable nature of the Earth system responsible for macroevolu-
tion*®, The Earth systemis highly nonlinear over wide ranges of space and
timescales and, according to the latter set of ‘Court Jester’ hypotheses,
imposes geological and climatic complexity on the biota.

Previous studies indicate diversity density dependence in macro-
evolution® . Macroevolution also shows typical features of nonlinear
dynamics: it is highly variable and random-walk-like®**, a symptom of
scalingwith positive fluctuation exponents®, and it shows the systematic
time-dependant state shift-like changes in dominance from abiotic to
biotic controlling factors' so that the magnitudes of (absolute) changes
(shifts) are often ‘spiky’ or in nonlinear dynamicsjargon, ‘intermittent ™.

Here, we use standard scaling methods combined with a scale-by-
scale cross-correlation tool to study bounded equilibrial versus
non-bounded non-equilibrial diversity dynamics”. How do macroevolu-
tionary processes vary on different timescales'®? Rosenzweig' pointed
outthat the determination of a diversity-time curve—the analogue of
the diversity-areacurve—isachallengein evolutionary biogeography.

Empirical and theoretical analyses suggest that different evolutionary
factors and mechanistic patterns dominate at different timescales or
‘tiers of time™2°,

For diversity to be regulated at global scales, regional evolutionary
biotas must be coordinated. The same sets of taxa with commensurable
carrying capacities should occupy spacein different regions—the whole
world should play by the same rules. This does not infer that diversity
trajectories will be the sameinallregions, just that the common nature
of interactors would create qualitatively similar responses to simi-
lar disturbances. Temperature is a natural candidate for adominant
dispersive and coordinating agent; it is partially responsible for the
dispersal of taxathrough favourable climate conditions. At the longest
timescales, plate tectonic motions should repeatedly combine formerly
disjoint biotas, facilitating biotic dispersal (effective homogenization
or globalization of biota). Therefore, we expect time and space scales
to be linked and to play an essential role in the transition between the
‘wandering’ Court Jester (CJ) regime and the coordinated and con-
strained biotically regulated (stable) Geo-Red Queen (GRQ) regime.
GRQis understood as biotic regulation facilitated by abiotically forced
dispersal. If, for example, there are two ecologically similar clades on
twoisolated butinall respects equivalent continents (or marine basins),
achange in the climate could produce very different carrying capaci-
ties. Onthe other hand, if both clades are in contact, the superior one
willdominate and aclimate fluctuation will resultin the same changein
carrying capacitiesinboth places. GRQ, by spatial mixing and matching
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of clades, acts as aredundancy reducing and idiosyncratic carrying
capacity equalizing force.

Fluctuations and scaling in palaeodata

The well-known limitations of palaeodata have meant that so far the
debate on the scaling nature of long-term processes, such as climate,
has beenrelatively theoretical. Over the past decade, there has been
arapid expansion and improvement in palaeodatabases. Now, what
is needed is the application of powerful, yet simple to interpret data
analysis techniques that permit the systematic study of processes and
theirinteractions as functions of time (and space) scales. For example,
spectral analysis is commonly used to understand the variability of
macroevolutionary series* but the interpretation of spectral densi-
ties in climate data is often is so opaque that published spectra lack
units on their abscissae. Others have shown? with moderninstrumental
and palaeoclimate data that the temperature spectrum proposed by
Mitchell 1976 was in error by a factor of about a quadrillion (or 10%)",
Similarly, spectra (and other common analysis techniques) are sensi-
tive tointermittency (the ‘spikiness’ of their changes) commonin pal-
aeodata. As a general consequence, the corresponding spectra show
strong variability from which routine analyses would incorrectly infer
deterministic cyclic processes where there were none®.

The advance in analysis proposed by others® was to use the Haar
wavelet to define fluctuations. For time series 7(¢), Haar fluctuation over
interval A¢is the difference between the average over the firstand second
halves of the interval. When average fluctuationsincrease with scale (At),
they are nearly equalto the differences and when they decrease with scale
they are nearly equal to anomalies (Methods). Here, we use cross-Haar
analysis—the systematic determination of the correlations between
fluctuations at different timescales—applying this new technique to
palaeoclimate and macroevolutionary time series. This is analogous to
classical cross-spectral analysis but with various advantages, including
that (like the Haar fluctuations on whichitis based) itis easy to apply to
serieswithirregularly spaced measurements without the need tointer-
polate them to regular intervals (a practice that spuriously smoothes
the statistics)”. Rather than estimating the correlations at fixed time-
scales, we estimate the unique and different root mean square (r.m.s.)
fluctuation correlation coefficients, and the correlations betweenr.m.s.
fluctuation amplitudes over a range of timescales.

Palaeoseries are typically variable over wide ranges of scales and,
over any specific range, the simplest suggestion is that they are scal-
ing, such that the fluctuations obey AF = At”, where H is the fluctua-
tion exponent. If the series isintermittent (multifractal), asis the case
for macroevolutionary time series?, then there will be a hierarchy of
exponents that describe the various statistical moments. Intermit-
tency will be considered in future publications; here, we estimate H
fromther.m.s. fluctuations. By determining changesin magnitudes of
fluctuations, we estimate the scaling regimes and exponents of global
macroevolutionary patterns and compare them with the scaling in
megaclimate—the positive scaling climate regime?at timescales >1 Myr.
By determiningthe correlations between Paleobiology Database Phan-
erozoic genus-level marine animal diversity, extinction, origination
(averageresolution 5.9 Myr) and megaclimate palaeotemperature time
series (average resolution1.3 Myr) as functions of timescale (Extended
DataFigs.1and2a), we candirectly and quantitatively test the GRQand
CJ proposals as functions of scale. Second-for-third origination and
extinction rates were used (Methods), as they accurately account for
bin-wide gaps in the fossil record of genera?.

The scaling patterns

The scaling of the origination (O) and extinction (E) rates show negative
scaling exponents H=-0.25(Fig.1) consistent with stable, convergent
dynamics (negative feedbacks) over timescales from several million
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Fig.1|Scaling of macroevolutionary metrics and seawater
palaeotemperatures. Scaling of Phanerozoic temperaturesin two
Phanerozoicstacks*®?, marine animal extinction rates, origination rates and
global genus diversity levels withadded dashed reference lines having slopes
0.25and -0.25. The temperatures are in °C, the extinctions and originations
aresecond-for-third rates x0.01and the diversity innumbers of generaare
x0.001.Scalinginthe two Phanerozoic average water temperature stacks (used
infurther analyses) marked as ref.?® and ref.”’ isidentical. Standard errors from
macroevolutionary metric scaling curves are omitted for clarity (for average
curves withuncertainties see Extended DataFig. 3; for general issues in
estimating uncertaintiesin scaling time series see Supplementary
Information).

years to several hundred million years (Extended Data Fig. 3 gives
structure functions with uncertainties). This suggests relatively quick
adjustments of evolutionary rates to perturbations. The climate (pal-
aeotemperature (7), data from refs. 2%) exhibits consistent positive
scaling (H =+0.25) through the range of studied scales, with increasing
variability at longer timescales. The same pattern was foundinamore
restricted but much more accurate dataset of Cretaceous palaeotem-
peratures® (Extended DataFig. 2b,c). Thisis the signature of the appar-
ently unstable megaclimate regime with wandering temperatures that
shows no evidence of homoeostasis®*.. The exact values of these expo-
nents depend on the range of scales considered; the Fig. 1, therefore,
shows approximate reference lines, not regressions. However, our
argument depends only on cross-correlations (below) and the signs
of the exponents that determine their qualitative characters (stable
versus unstable).

Neither pure Fand Oseries nor the T climate series exhibit character-
istictimescales, since their fluctuations are not confined to narrow scale
ranges. By contrast, the fluctuations of biodiversity (D) have two regimes.
At‘short’ timescales, below about 35-40 Myr, Dfollows the climate scal-
ing with H=+0.25. At longer scales, D follows the E and O scaling
H=-0.25 with the global D maximal variability occurring at the
crossover scale At,,ns= 40 Myr (with fluctuations AD(At,,,¢) = +125
genera, AE(At i ane) = AO(At ans) =+ 0.2, AT (At yrane) = +5 °C (Fig. 1).If,
for example, at A¢,,,,s the r.m.s. difference over a period of time At is
250 genera then the fluctuations at that scale are +250/2 =125). This
suggests a transition from a wandering climate to biodynamic domi-
nance over D fluctuations at this scale.

Asthe basic governing processes are scaling, the transition must be
explained by interrelations between processes leading to correlations.
Ateachscale, these canbe quantified using all the available fluctuations
ineach series to determine the correlation coefficient at that scale by
cross-Haar analysis (Fig. 2; note that the fluctuations have mean
zero; Methods). With this, over the full range of timescales, Dis almost
exclusively negatively correlated with T (Fig. 2a). Although the
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Fig.2|Scale-dependant correlations of macroevolutionary and
palaeoclimate variables. a, Scale-dependant cross-Haar correlations of
marine animal Dwith T.b, Scale-dependant cross-Haar correlations of Eand O
rates, with mean (black) and1s.d. confidence limits (transparent grey, 16—

84% confidence limits). Here, the transition to a highly correlated regime starts
at At > Aty (@around 40 Myr). ¢, Cross-Haar bicorrelation plot showing the
correlations of Erates with D (horizontal axis) and with T (vertical axis). The
dots show the empirical correlation coefficients between the corresponding
Haar fluctuations every factor of10°! =~ 1.26 in timescale, with the smallest dots
indicating the shortest times and the largest dots indicating longest time

correlations are weak, they are generally statistically significant. The
negative correlations become weaker at longer timescales, pointing
to the small effect of the longest timescale (more than At,,,,) T fluc-
tuations onthe D dynamics. By contrast, we see a transition from gen-
erally low O and E correlations in the climate-dominated CJ regime
(lower than(A¢,,,,s) to high correlations in the longer GRQ-dominated
more than A¢,,,,s regime (Fig. 2b) with a levelling-off of correlations
around p = 0.8 at timescales longer than 60 Myr. This transition from
very weak to strong correlations near At,,,,, suggests that the transi-
tionisfromglobally non-equilibrial diversity dynamics (short times) to
equilibrial dynamics caused by a rough balance between destructive
and creative macroevolutionary mechanisms (longer timescales).
Correlations between individual fluctuations at fixed time lags/
timescales, with one coefficient for each At can be found in Fig. 2.
Figure 2c, d shows a bicorrelation diagram (for separate correlations
see Extended Data Fig. 4) showing that both O and £ rates experience
transitions from negative correlations with Ton shorter timescales to
positive correlations at longer timescales At,,,s (=40 Myr). Figure 2c, d
show that at short timescales (at most At,,,,s), O and E rates are only
weakly negatively correlated with T; however, at longer timescales they
become positively correlated. Atincreasingly longer timescales more
than At £ and O rates consistently become negatively correlated
with the global D levels (Fig. 2¢, d), asymptom of density dependence.
Theaverager.m.s.fluctuations are taken at eachtimescale (already an
average over many fluctuations) in Fig. 3 and then their correlations are
quantified overawide range of timescales. The typical fluctuationampli-
tudes of temperature and diversity are compared as a function of time-
scales (Fig. 3a), in agraph that shows the result of the comparison of T
and Dr.m.s.fluctuationamplitudes. Thereis linear correspondence over
the whole range (Pearson’s correlation p = 0.55) so that D fluctuation
amplitudesaretied tothe Tfluctuation amplitudes at all timescales. The
referencelinein Fig.3ashowsthatforeveryl°Cincreaseintemperature
fluctuations, the diversity fluctuations increase by 23 genera.
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scalesintherange 6-300 Myr. The pointsin the fourth quadrant with negative
temperature correlations correspond to timescales of around <15 Myr. The
blacklineindicates the meanand theredlinesarels.d. confidencelimits.d,
Bicorrelation plot similar to cbut for OrateswithDand T.Incand d), thereisa
continuous transition to positive correlations of originations and extinctions
with the temperatures and the transition to negative correlations with
diversity as measured timescalesincrease. Mean, blacklines; 1 s.d. confidence
limits, red lines (16-84% confidence limits). All correlations arebasedonn =90
stage-levelindependent data points.

The amplitudes of fluctuations of F and O rates with a wide scatter
(independence) at short timescales are shown in Fig. 3b. The finding
that fast radiation and extinction events at the global scale are essen-
tially independent is in agreement with ref. *2, On the other hand, at
At,.ns = 40 Myr they strongly correlate, which suggests the onset of
consistent coordination between these principal macroevolutionary
processes. Figure 3¢, d shows that at timescales of more than At
thereisatransition from no diversity-macroevolutionary rate correla-
tions to strong functional correspondence.

Proximal mechanisms of scaling patterns

Negative correlations of £and Orates with Tonshorter timescales may
be because, at timescales from millions to tens of millions of years,
colder conditions lead to more pronounced climate variability at (still
shorter) Milankovitch timescales, which promotes allopatric specia-
tion owing to vicariance and also extinction owing to loss of habitat
(forexample, Silurian and Neogene-Quaternary>>>*). Positive correla-
tions between extinction and origination rates with diversity levels on
the shortest timescales may be explained by the effects of diversity at
localand regional geographic scales as aresult of insufficiency of time
for global biotic mixing/coordination. Higher regional diversity pool
promotes the diversity of biotically defined niches that can be filled
or constructed®, At the same time, diverse ecosystems develop more
complex networks of species trophic food webs, which could result
in higher bottom-up secondary co-extinction rates* after extinction
pulses.

At At = At the positive origination and extinction rate correla-
tions with temperature (Fig. 2) may at least partially stem from the
proliferation of warm climate habitats—such as biogenic reefs and
carbonate environments—that are simultaneously extinction prone
and diversity generating. In particular, reefs have been shown tobe a
notable environmental type governing global diversity in the
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Fig.3|Scale-dependant correlations of macroevolutionary and
palaeoclimate variables. Cross-correlations between of the average
(r.m.s.) fluctuations as functions of timescale (not—as in Fig.2—the
cross-correlations between individual fluctuations at fixed timescales) are
indicated by the size and colour of the points (small, short to large, long), every
factor of 10! = 1.26 in timescale from smallest indicating the shortest times to
largest (3.16-398.1 Myr). a, R.m.s. Tchanges againstr.m.s. Dchangesasa
function of timescale. Alignment of the cloud of points indicates that large
amplitude temperature fluctuations tend to occur with large amplitude
diversity fluctuations atall timescales. b, R.m.s. Fagainstr.m.s. Oas afunction

oftimescales. Note the convergence of £and O magnitudes at timescales

Phanerozoic eon®. Negative temperature fluctuations created oppor-
tunities forincreased global diversity at GRQtimescales. However, the
absolute importance of temperature fluctuations decreased at
At > Attrans‘

The sizes, spatial configurations and boundaries of continents and
oceanicbasins work as upper-level constraints***° on the regional mac-
roevolutionary dynamics that ultimately form the global diversity
pattern. Plate tectonics constantly reconfigure landmasses, which
resultsin fission and fusion of palaeobioprovinces and directly affects
opportunities for diversification due changesin provincialism, climate
zonation and shelf areas. Palaeontological data demonstrate that the
geodispersal—simultaneous and congruent expansion of ranges in
several clades and whole regional biotas—is a crucial spatial mode of
macroevolution® that can inhibit allopatric speciations if dispersion
magnitude is very large*°. Moreover, the long-term compositional
homogenization of biota and synchronization of bioticinnovations and
community dynamics at the global scale is an expected first-principles
outcome of clade geodispersal, facilitated by the favourable global
climatic conditions, vertical tectonic movements and ultimately con-
tinental drift on the geoid. The clade geodispersal worksinanirrevers-
ible ratchet-like way—biotas by dispersing in any direction on a geoid
can only even out the global composition and, by doing so, even out
contingent regional carrying capacities.

For extinction and origination processes to regulate diversity ata
truly global scale, major continental reconfigurations, amalgamations
and dispersals are needed and these start to become important at scales
of tens of million years. It is, therefore, plausible that biodiversity
regulation—the GRQ (H < 0) scaling regime for scales longer than
At,...s =40 Myr—is atleast partially caused by tectonic processes. This
explanationis also consistent with the transition from low to high cor-
relations between extinctions and origination (Fig. 2b): their GRQ
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At > At,,ns (@around 40 Myr) and the particularly strong correlationin the
fluctuation amplitudes. c¢,d, R.m.s. Fagainstr.m.s. D (c) and r.m.s. O against
r.m.s.D(d).Inboth casesthereisno direct correspondence between
magnitudes of diversity and macroevolutionary rates at shorter timescales;
ontheotherhand, atlonger timescales (At > At,,,,,), thereis adirect
correspondence in magnitudes. Magnitudes of origination and extinction
ratesas well as diversity are synchronized after this transition timescale, which
shows the presence of a crossover in macroevolution between unordered and
synchronized dynamics. All fluctuation magnitudes are calculated on the basis
of n=90stage-levelindependent data points.

regulation of diversity involves both processes working in tandem. On
timescales of tens of millions of years the main intraplate tectonic
barriers could appear and disappear, the disappearance of barriers
positively influencing geodispersal of clades*. The current plate move-
ment rates range from approximately 0.012 to 0.18 myr* (ref. *?). If
extrapolated to At,,,,, this would resultin horizontal plate movements
of several hundred to several thousand kilometres.

Warm climate episodes should promote easier dispersal of taxa
by eliminating thermal barriers, which are known to strongly restrict
marine clades, while simultaneously decreasing provinciality of the bio-
sphere*. Many warming episodes were associated withimportant clade
dispersal events and increases in cosmopolitanism***, The geometry
of the planet and its latitudinal patterns of insolation determine the
topology of climatic zones, where warm areas are directly connected to
singlelatitudinal belts and cool areas are restricted to the two disjoint
regions around geographic poles. This topological feature restricts the
effectiveness of the dispersal of cold-adapted clades by expansion of
cold climate bands. Only the most extreme cooling events, such as the
end-Ordovician Ice Age*¢, would be sufficient to cool down the equa-
torial zone enough for trans-hemispheric dispersal and outstanding
globalincrease in cosmopolitanism.

Warm climate impulses promote dispersal on all considered time-
scales and, if this warm regime is sustained long enough for plate tec-
tonics to transfer biotas to other regions, this will have maximal effect
for global scale dispersal through latitudes as well as longitudes. The
dispersal of generalist taxa will inhibit local differentiation of biotas
by competition and especially predation that changes and ultimately
converges the food web structure**8,

The confidenceintervals around the scale-specific correlations (Fig. 2
and Extended Data Fig. 4; Supplementary Information) may be large.
Atleast four factors areresponsible: (1) accuracy of the reconstructed



climate states from proxies and macroevolutionary variables derived
fromthe occurrence data (these constantly improve with time); (2) the
wide range of variability in Earth system at all scales (the Phanerozoic
eonmay not be sufficiently long for accurate representation of variabil-
ity atallstudied timescales); (3) internal and unaccounted complexity of
macroevolutionary dynamics; (4) the fact that for many lags there may
be only afewintervals that have enough disjoint fluctuations tojustify
anestimate of the correlations (particularly true for longer timescales).

Itis possible that two regimes of diversity scaling can track a glob-
allyimportant geophysical variable that can structure both—the fossil
record and the diversity estimated from it (CJ rules at all scales). In this
case, diversity and an environmental proxy variable should exhibit
similar scaling patterns. An obvious possibility is sea level or oceanic
crustal production rates (as a proxy for tectonism). We tested their
scaling using Haar fluctuations (Extended DataFig. 5). Both these vari-
ables (as well as megaclimate) show H > 0 scaling behaviour up to at
least 100 Myr with no sign of stabilization near At,,,, of biodiversity
dynamics (Fig.1and Extended Data Fig. 5). Sea level has a high H of
around +0.7 up to100 Myr (2.5% longer than At,,,,,), after whichiit flat-
tens out at high variability levels on the longest timescales. Sea floor
production shows a similarly steep strongly wandering regime H of
around +0.5. Moreover, if any such mechanisms of externally forced
biodiversity exist, it would be difficult to explain why there is negative
diversity dependence of extinction and origination rates on the long-
est timescales. The same high diversity levels, for example, could be
sustained by close balance of high macroevolutionary rates, which is
not observed empirically. This again pointsto theimportance of nega-
tive feedbacks on long timescales by diversity on global originations
and extinctions. Negative scaling of macroevolutionary rates and also
amonotonic trend toward negative correlations between rates and
diversity with timescale is prima facie evidence for biotic regulation
onlonger and longer timescales.

Our conceptual model, which integrates all described patterns,
states that H > O scaling destabilizing climate competes with H< 0
density dependence of macroevolutionary rates for control of global
diversity (Fig. 4a). As aresult of long-term biotic homogenization,
caused by warm climate fluctuations and tectonic movement, density
dependence starts to prevail and biota become effectively global.
This competition of factors results in crossover between two scaling
regimes: wandering global D behaviour at At < At,,,, (CJ) and bioti-
cally constrained stabilizing behaviour at At > At,,, (GRQ) (Fig. 4b).
Do biota ever become effectively global? The answer appears to be
no, because innovations and extinctions destroy spatial similarity
gains at a global scale by previous homogenizations. However, for
long timescales, the answer is yes, because unsteady tectonics and
wandering climate effectively mix locally produced innovations and
even out large heterogeneities.

Conclusions

Our main finding was clear qualitative change in diversity behaviour
(scaling break) at At,,,, ~ 40 Myr. Whereas at short timer scales, diver-
sity dynamics follows temperature (CJ), at longer timescales, it follows
extinction-origination (GRQ) scaling. The existence of corresponding
causal links was further supported by studies of fluctuation
cross-correlations at each scale: for At > At,,,,, not only do origination
and extinction rates become highly correlated with each other but
their magnitudes become similar and they start to strongly negatively
correlate with standing diversity levels.

These patterns show that Gaia-like self-regulating mechanisms of
biotaand temperature are unlikely to operate as neither Tnor Dshows
stabilization at shorter macroevolutionary timescales. At the longer
timescales, megaclimate wanders further and temperature fluctua-
tionsachieve larger and larger fluctuation amplitudes, while diversity
converges to long-termaverage values. Thisimplies that, at timescales

Magnitude of global
diversity control

Global

Regional

10 20 40 80
Time scales (Myr)

160

Fig.4|Space-timescaling of dominance in macroevolutionary modes.

a, Conceptual diagram showingrelative influence of the climate and diversity
dependence ontheglobal diversity asafunction of timescales. b, Conceptual
diagram showing space-time dominions of divergent non-equilibrial dynamics
(C))and geodispersal-mediated diversity equilibration (GRQ).

between 40 and 500 Myr, diversity becomes increasingly insensitive
to wide swings in climatic states.

These patterns suggest an important role for spatial processes
in forming qualitatively distinct regimes of biodiversity dynamics
described by different emergent scaling laws. Further studies, using
regionally localized fossil and climate state data, should throw light
on the emergence of long-term equilibrial biodiversity dynamics.
Our explanation of crossover between high-frequency wandering
and low-frequency stabilizing regimes predicts that at smaller (for
example, continental) spatial scales, this transition should appear at
shorter timescales. The crossover scale at global level should also be
shorter when the rate of tectonic movement is faster or intrinsic geo-
dispersal rates of separate clades are higher. As scaling multifractal
cascade processes are typified by hierarchy of sharply differing states
with varying durations®***®, the intermittency—an issue of sudden
changes in macroevolutionary states—needs separate attention. The
results of our study, suggest that a high Cenozoic marine diversity level
is probably a transient multidecamillion-year scale feature related
to cold megaclimate fluctuation, which should decay as time passes.
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Methods

Paleobiology Database and macroevolutionary metrics

Previous studies have attempted to investigate functional relations
between taxonomic diversity and the dynamics of key environmental/
geophysical variables®*2 Some studies focused on the finest scale
dynamics® of fluctuations (millions to tens of millions of years), some
explored the effects of hierarchical interactions of long and short fluc-
tuations on extinction and origination®** and others aimed to recover
hierarchical spectral and cross-spectral interactions of possible Earth
system and diversity cycles®. Here, we use a set of marine animal bio-
diversity and key palaeoenvironmental variables (mostly mean ocean
palaeotemperatures) to show their scale-by-scale fluctuation distri-
butions, their scaling functions and their cross-interactions, and to
identify important factors driving the divergence and stability of the
marine biosphere.

The taxonomic occurrence data were downloaded on 5June 2019
fromthe Paleobiology Database (https://paleobiodb.org/). The speci-
fied time range of analysed taxa was set between 545 and O Myr and
included all animal genera found in the marine sediments, excluding
uncertain genera and including only regular taxa (no ichnotaxa). The
dataset included 765,125 occurrence records.

Species level is preferred for macroevolutionary analysis but at
the global scale (even in the best-known taxa with good fossilization
and detection potential®) the fossil record is incomplete at this level.
Variability of conditions of preservation results in variable recognition
potential makingitimpossible to assign specimens to the species level
but assignment to higher taxa is still possible. This means that larger
absolute number of occurrences could be used for numerical estima-
tion of macroevolutionary metrics. We performed our analysis at the
genus level, because it is the level of taxonomic hierarchy closest to
the species level and has higher temporal and spatial completeness.

Variations in genus diversity (richness) and extinction and origina-
tionrates, owing to constraints of a hierarchical genealogical structure,
should represent lower-level species dynamics better that higher levels
suchasfamily- or order-level data, because the variations in parameters
are less damped by taxonomic coarsening*®. Taxonomic simulations
found that finely clumped phylogenetic trees (including paraphyletic)
accurately show lower-level origination and extinction processes™. It
couldbeargued that generafromdifferent phyla could represent quali-
tatively different biological groupings. But the same argument could be
given for species (or any other taxonomic level), because species also
vary widely in their internal structure, sometimes forming so-called
ephemeral species (their presence is suggested on empirical grounds
in the fossil record®®), which can branch and be later reabsorbed into
the parent lineage. As this taxonomic definitional inhomogeneity is
not notably biased through geological time, this is of little concern for
our study. Empirically, if there is enough taxonomic informationon a
globalscale (and evenifthe exact placements of taxa change with time
astaxonomy advances and there is constant revision of their temporal
distributions), the basic quantitative patterns of macroevolution can
stillbe distilled®. If genus-level data are abundant and sampling stand-
ardization protocols implemented, the macroevolutionary patterns
produced are close to the species-level patterns®.

Global biodiversity and macroevolutionary rates were calculated
using divDyn package implemented in the R computational environ-
ment®*** The stratigraphic subdivisions of Cambrian and Ordovician
periods were augmented for higher accuracy using scripts availablein
the divDyn vignette description®*. For calculation of macroevolution-
ary metrics we used Paleobiology Database time bins, which started
at 525 Myr and ended at 1.3 Myr and had average duration of 5.9 Myr.
The unbinned data (such as ref. ) are the best way to quantify diver-
sity. Binning could pose a significant problem when the durations of
generaare shorter than duration of stages, producing spurious white
noise-like behaviour (with exponent H =-1/2). But this is not the case

with the Phanerozoic marine animal dataset analysed here. The average
duration of Phanerozoic marine invertebrate species is about 11 Myr
(genera28.4 Myr)®®, muchlonger than average duration of stages (bins)
usedintheanalysis. No palaeobiological proxy analysed here exhibits
white noise regime.

To standardize the sampling rate, we used SQS subsampling routine
in divDyn, with shareholder quorum g = 0.7. Diversity is shown to be
robust to awide range of choices in this parameter'®. Number of genera
per Paleobiology Database stage was used as a measure of diversity
or genus richness. The origination (p) and extinction (g) per capita
rates (proportions) were also calculated in the divDyn package, using
the second-for-third algorithmic iterative approach that accounts
for the effects of gaps in the fossil ranges of taxa*®*, Per capita rates
of origination and extinction are a natural measure, as the change is
genealogical and depends onthe reproduction (branching) or termina-
tion of separate lineages; absolute numbers (diversity) will vary with
exponential rates®®. Absolute measures could also be used when the
absolute numbers of species are large enough for the problemat hand,
for example, in comparing the absolute influence of biota on biogeo-
chemical processes. This could bejustified if each taxon contributes a
comparable magnitude of influence to the environment (for example,
insequestration of carbon). As here we are concerned with the shapes
of diversity curves at all available timescales and processes that are
important at the lowest available taxonomic level (genus level), some
version of per capita rates should be used in the analysis. The extinction
and origination rates were not normalized for the durations of opera-
tional PaleoDB stages, because most of the evolutionary turnover is
near-instantaneous (pulsed) at the scale of stratigraphic stages’”.. All
macroevolutionary metric averages and their standard deviations were
calculated by averaging 100 Monte Carlo subsamplings performed on
the downloaded dataset. The average values were used for the analysis.
The whole set of subsamplings was used for the estimation of confi-
denceintervalsinscaling relations. Diversity, extinctionand origination
values were assigned to the middles of stratigraphicintervals.

Palaeotemperature data

As atemperature proxy we used one of the latest stacks of the sea sur-
face temperatures that spans the past 498 Myr (ref. %), from the Late
Cambrian to the Quaternary periods. The average resolution of aver-
aged global seasurface temperature stack is about 1.3 Myr, with median
time resolution being 1 Myr. The stack is based on the compilation of
water palaesotemperature estimates based on the 50 record of dia-
genetically unaltered phosphatic fossils (for the Palaeozoic era) and
carbonatic and phosphatic fossils for the Mesozoic and Cenozoic eras.
The temperatures used were calculated assuming constant 6"®0aver-
age composition of global water?. A similar stack by others® was used
inthe construction of Fig. 1 (Extended Data Fig. 2a) to test the robust-
ness of scaling. In all further analyses newer and more evenly covered
in time the stack by ref. ®® stack was used. The data are available as sup-
plementary material to the cited articles®?,

Estimating of palaeotemperatures from 6%0isa complex proce-
dure, especially at the longest timescales. The estimation of early
Palaeozoic eratemperaturesis confounded by possible inconstancy
of isotopic composition of average oceanic water and more pro-
nounced diagenesis than sediments of the earlier eras’. The consist-
ency of conodont apatite 6"0 measurements with the bulk and
clumpedisotopesin carbonate rocks and also with other more qual-
itative indicators show probable climatic origin of the variability
during the Cambrian to early Ordovician periods, where diagenesis-
induced stable oxygen isotopic variability was of secondary impor-
tance”. The 6"°0 measurements of foraminifera are a major source
of Mesozoic-Cenozoic palaeoclimate data, although this source could
be strongly affected by burial history and diagenesis™. Therefore, we
tested the robustness of scaling of the Phanerozoic-scale sea water
palaeotemperature trends by analysing compilations of Cretaceous
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seasurfacetemperatures estimated from pristinely preserved plank-
tonic foraminifera and archaean lipid-based TEX, index, indepen-
dently analysing trends in high (>+48°) and low (<+30°)
palaeolatitudes®. Over the overlapping range of timescales, the 6"%0
scalings (Extended DataFig. 2b,c) are essentially identical to the pat-
terns found using the lower resolution but much longer stacks (ref.?
and ref. ?®) that had more heterogenous sources (Fig. 1). Despite dif-
ferencesin quality and the sources of information on the palaeotem-
peratures in different parts of the palaeorecords, the scaling is
quantitatively consistent, indeed the scaling exponent is nearly the
same (H = +0.25).

The exact physical interpretation of the climate proxy is not too
important. As long as the proxy is strongly physically related to (and
correlated with) temperature, the latter will also probably be scaling,
although not necessarily with the same exponent. The reason is that
scaling is a symmetry so that, if it is broken by a strongly interacting
dynamical process that operates only over anarrow range of scales, any
related interacting processes with their palaeo-indicators will also have
broken symmetries. Conversely, the absence of a strongscale breakin
one series is positive evidence that there is not a break in other series
produced by strongly interacting processes.

Tectonic and sea level proxies

Palaeotemperature, though frequently noisy, is probably one of the
most reliable and densely covered geophysical proxies of environmen-
tal forcing of the biota. As further geophysical proxies, sea level and
the production of sea floor were studied for their scalin% characteris-
tics (Extended Data Fig. 5). Often sea level studies use & *0asa proxy
for sea level, especially in unravelling the effects of glacioeustasy™.
Since we used the 60 record as a proxy of palaeotemperatures, in
order to avoid redundancy in proxies, we used strontium isotopic
(¥Sr/%¢Sr) variability-based reconstruction”here as a proxy of sea level.
Thesealevel proxy record spans the Phanerozoiceonand the Neopro-
terozoic era (past 837 Myr). The resolution of this record is 1 Myr (837
sea level estimates). As the proxy of global tectonic activity we used
the productionrate of the sea floor”’, whichis proportional to the total
mid-ocean ridge length and its product with average spreading rate.
Therecord of sea floor production spans the past 231 Myr with areso-
lution of 1 Myr (231 estimates).

Haar fluctuations

Thetraditional technique for analysing times series as functions of scale
uses Fourier spectra but these have problems of interpretation? and
are prone to spurious periodicity estimation®. In addition, although
cross-spectra canbe used for studying statistical relations between spe-
cificfrequencies, they require ensembles of series and areill-adapted
for single realizations (as here, from unique planet Earth).

In palaeontological time series analyses, data are often detrended
and differenced, yielding fluctuations at the smallest scale that is later
used in the statistical analyses (example studies are refs. **’7°), This
differencing approachto the analysis of time series isatype of wavelet
(the ‘poor man’s’ wavelet) that can be used for the whole range of scales.
However, it is valid only when scaling coefficient H € (0;1) (ref.°).

Fortunately, aconvenient technique thatis both easy toapplyandto
interpret exists: Haar fluctuations® valid for -1 < H < 1 (both for differ-
encesand anomalies). No detrendingis needed or evenadvised (except
wherethe presence of trend is known beforehand, forexample, diurnal
cycleinweather) for the implementation of this technique, because a
trendis treated asan ordinarylargest scale fluctuation. Subtraction of
atrend could lead to a distortion of a scaling pattern.

For atime series T(t) (for example, palaeotemperature), the Haar
fluctuation AT(At) at timescale At is:

2 totAt/2

2 t
T(s)ds- AL

AT(Abyaar = At a2

ar T(s)ds

thatis, the Haar fluctuation (based on the first wavelet®) at timescale
At,isthe difference between the average of the first and second halves
of interval At. Figures 1-3 are based on all the Haar fluctuations over
all the disjoint intervals in their respective time series. The gth-order
structure functionis defined by:

<|AT|;]{aar>°< AL@

The angle brackets are averages over all the fluctuations in the series
and over all the series (if there ismore thanone). Figure 1uses ther.m.s.
fluctuationat thatscale, the square root of the average over the squares,
with exponent §(2)/2. The basic fluctuation exponent His defined with
respect to the mean fluctuation:

(AT hygqr) = At"

sothat H=§(1).Ingeneral, for scaling processes (over scaling regimes),
T(¢t) isintermittent, multifractal with concave §(q) often characterized
by the intermittency exponent C, = H - '(1). In the (non-intermittent,
quasi-Gaussian) approximation used here, §(q) = Hg so that C, =0
and £(2)/2 = H (see ref. ® for a review). We only use the second (g =2)
moment because it is conventional and is trivially related to the spec-
tral exponent.

Figure 1also multiplies the raw Haar fluctuations by the canonical
calibration factor 2 so that the Haar fluctuations are close to the more
usual fluctuations: that s, either differences or anomaly fluctuations.
Recall that the difference and anomaly fluctuations at scale At are:

AT(At)diff = T(t) - T(t_At)
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A

where T is the mean of 7(¢) over the entire series. With the factor 2
calibration, typical (average) AT, isrelated to ATyand AT, as:

ATy
AT,
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This means that when the slope in Fig. 1is positive, the fluctuations can
beinterpreted as typical changes over At; and when it decreases with
scale, they can be interpreted as typical anomalies over scale
At. Also, if we interpret the r.m.s. fluctuations in terms of typical
fluctuations AF about a mean, then the typical fluctuations are
AF(AD) =+ %(AF(At)Z)VZ. Thisapproximationisindicatedin the section
‘The scaling patterns’.

Atlonger and longer times, there are fewer and fewer disjoint inter-
vals. When we reach intervals half the length (here about 250 Myr),
there are two disjointintervals. Atlonger timescales, the algorithm still
uses two intervals: one that starts at the beginning and the other that
ends at the end. For example, at the longest scales considered (close
to 400 Mys), one fluctuation is estimated over the range 1-400 Myr
and the other from about 100 Myr to about 500 Myr. Although they
overlap noticeably, they still contain information about the variability
atthese scales.

The intermittency (sudden spikes) can strongly influence analysis,
although in our case, as shown by fitting to cumulative distributions
of absolute magnitudes of fluctuations®, the power law exponent g,
values in all time series are more than 2, which indicates that lower
order moments (mean and variance), which were used in the analysis,
should converge. More precisely, analysis shows that estimates of the
second-order moment do not spuriously depend on the single larg-
estvaluein the sample. Indeed, our results would not be qualitatively
changed if they had been based only on the mean (g =1 moment) that
is more robust (less sensitive to extremes).



The accuracy of the data and the amount of noise in them directly
influence thefinal resultin any technique. We tested this possible sen-
sitivity of the analysis by comparing and incorporating two different
palaeoclimate records®®*? separated by two decades of research and
based on different timescale calibrations. As can be seen from Extended
DataFig.2, although bothrecords are characterized by similar general
shapes, at first glance they seem different. Although the stack by ref. %
has higher resolution, it has many large gaps. The stack by ref. 2 is more
homogeneous (at about 1 Myr timescale) although it may be missing
some large-magnitude extremes (for example, related to Permian-
Triassic extinction event). Despite these differences, patterns of scal-
ing in both stacks are essentially identical (Fig. 1), demonstrating the
robustness of the method used and of the data at hand.

Cross-Haar fluctuation correlations
Beyond ease of calculation and interpretation, a further advantage of
using Haar fluctuations (when compared, for example, to cross-spectral
analysis) isthatitis easy to quantify the correlations between two series
asafunction of timescale (Figs.2 and 3). This canbe done in two ways:
correlations of separate fluctuations and correlations between typical
amplitudes as functions of time scale. We limited the application to
thelag =0 case, because the limited lengths of time series would have
restricted the analysis of longest timescales.

Consider two time series, A(f) and B(¢). Let AA(At) and AB(A¢) indi-
cates the (Haar) fluctuations of A and B (with overallmean removed so
that (44) ={(AB)=0) at time At:

1 Mo

2 - - 2
A1) = i Z AA; (A1)

The angle brackets are averages over all the (NV(A¢), disjoint) fluctua-
tions at scale At (if more than one series was available, they would be
included in the average). The (normalized) fluctuation correlation
coefficients are given by:

_{AA*)+(AB? - (A(A-B))*)
Pas,a540) = 2482 ap

(the numerator is 2AAAB: using the above formula, correlations can
be calculated from the Haar fluctuations of A, B, (A - B)). These were
usedinFig. 2.

Rather than determining the correlations at each timescale, we can
(Fig. 3) estimate the cross-amplitude correlations over a wide range
of timescales:
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The overbars are averages over all timescales.

The estimation of cross-amplitude correlations between studied
variables provides further information about the balance of factors
that creates macroevolutionary patterns. Evenif origination and extinc-
tionrates are highly correlated at agiven scale, the resulting diversity
pattern could be unbalanced if average amplitudes of these rates at
giventimescales are different. For example, if extinction amplitude is
systematically higher than average origination magnitude, the result-
ing dynamics will result in systematic average drops in diversity ata
given timescale. If cross-amplitudes between extinction and origina-
tion relations drift unpredictably as a function of scale, this indicates
non-coordination and nonlinearity between these two variables.

Ontheother hand, afunctional relation thatis close to the identity line,
means that the fluctuations of these opposite processes compensate
each other closely.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The palaeobiological genus occurrence dataare freely available for down-
loadinthe Paleobiology Database https://paleobiodb.org/datal.2/occs/
list.csv?datainfo&rowcount&base_name=Animalia&taxon_reso=genus
&pres=regular&interval=cambrian,quaternary&envtype=marine. Other
data—palaeotemperatures, tectonicrates and sealevels are available as
supplementary datain the original cited articles.

Code availability

Macroevolutionary metrics were calculated in R v.3.6.0 using
functions available in divDyn package. The scripts needed for the
Phanerozoic-scale analysis of marine diversity with divDyn can be found
at https://github.com/divDyn/ddPhanero/. Haar fluctuation, scaling
and cross-Haar analyses were done using Mathematica custom-made
codeand canbe accessed at http://www.physics.mcgill.ca/-gang/soft-
ware/index.html.
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Extended DataFig.2|Paleoclimate timeseries and timescaling. A.Song
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showninlog, Myr; dashedlineshowsscaling pattern withH=+0.25.



Extended DataFig.3|Scaling of macroevolutionary time series with (brown) rates (x10)[as in the Fig.1]; Bgenus diversity (x0.01))[as in the Fig. 1].
confidencebands. Haar fluctuation scaling curves with standard errors Timescales showninlog, Myr.
based on the analysis of 100 subsamplings: A origination (red) and extinction
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Database were downloaded and further used in calculation of macroevolutionary metrics. As proxies for global environmental
geophysical states 388 global temperature estimates were used in the cross scale correlations and other analyses from the Song. et
al., 2019; 231 crustal production estimates from Muller and Dutkiewicz, 2018; and 837 sea level estimates from van der Meer et al.,
2017. 2856 low latitude sea-surface temperature estimates, and 639 high latitude sea surface temperature estimates from O'Brien et
al., 2017.

Sampling strategy All regular (non-ichnofossil) animal genus level taxa and their occurrences were recorded in the bound of the Phanerozoic. The data
are of global scope in each time bin. Occurrences were assigned to the Paleobiology Database operational stage resolution. In order
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Data collection Genus occurrence data was downloaded on June 5th 2019 by A.S. from the https://paleobiodb.org/data1.2/occs/list.csv?
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