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Biodiversity is a fundamental concept in biology. By biodiversity scientists usually mean taxic richness, i.e., the number
of species, genera, or other higher taxonomic categories. Diversity sometimes is equated to the complexity of biological
systems, but at the higher hierarchical level of observation (in: McShea DW, Brandon RN (2010) Biology’s first law: the
tendency for diversity and complexity to increase in evolutionary systems, University of Chicago Press, Chicago). There-
fore, diversity is a deeply hierarchical concept that can be applied to multiple levels of observation in biology. Here we will
concentrate on the problems of the dynamics of taxonomic diversity—the transitive currency of evolutionary, ecological,

and developmental biology.
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Introduction and History of the Concept

Biodiversity is a fundamental concept in biology. By biodi-
versity scientists usually mean taxic richness, i.e., the num-
ber of species, genera, or other higher taxonomic categories.
Diversity sometimes is equated to the complexity of biologi-
cal systems, but at the higher hierarchical level of observa-
tion (McShea and Brandon 2010). Therefore, diversity is a
deeply hierarchical concept that can be applied to multiple
levels of observation in biology. Here we will concentrate on
the problems of the dynamics of taxonomic diversity—the
transitive currency of evolutionary, ecological, and devel-
opmental biology.

Biodiversity is a product of evolution. Therefore its ori-
gin, maintenance, and ultimately dynamics depend on evo-
lutionary mechanisms. There are several models of increas-
ing conceptual complexity that involve different nuances to
diversity dynamics: (1) Under the null model of biodiversity
change, which is based on the first (or “zero force”) law
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of biology, complexity and diversity at a first approxima-
tion should increase due to random mutations and multi-
scale statistical drift (McShea and Brandon 2010; Brandon
and McShea 2020). (2a) In the world of finite space and
other resources of a Red Queen (Van Valen 1973), species
selection, or more generally species sorting (Gould 2002),
prunes the diversity in a perpetual turnover and forces it
to converge to some long-term equilibrium. (2b) The uni-
versal pattern of declining volatility, which is detectable
in a whole range of biological and non-biological entities
(Lieberman and Melott 2013), suggests that there could be
a trend of stabilization of diversity (its resistance to pertur-
bations) as a side effect of selection of more extinction, and
origination-resistant (less “volatile”) species. (3) Expansion
to new environments, and the origin of new kinds of indi-
viduals, and anatomical innovations involve adaptively or
at least expansively driven growth in diversity as a result of
change in carrying capacity of the biosphere (Benton 1997;
Erwin 2012). (4) Unique events exist that cardinally change
the qualitative and quantitative nature of the biosphere—
the Cambrian explosion is a quintessential example (Gould
1989). (5) Biodiversity dynamics as a random process with
effectively infinite number of causal factors, possibly driven
by environmental change and a multitude of local biotic
changes (e.g., Hoffman 1987; Barnosky 2001; Cornette and
Lieberman 2004). In the latter case the structure of biodi-
versity dynamics should be directly coupled to geophysical
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dynamics of the planet and possibly even extraterrestrial
factors.

This list of mechanisms of macroevolutionary change
act over a wide range of timescales, differently affecting
behaviors of biodiversity dynamics. The issue of depend-
ency of some observations (in this case diversity) on some
independent variable is connected under the rubric of scal-
ing. Before going to the timescaling, we should mention the
field of diversity-space scaling, which includes more than
a century of research (Rosenzweig 1995). Spatial scaling
is described by species-area curves, which usually assume
power law relations of a form D = cA?, where A is an area,
D is a measure of diversity (usually richness of species or
genera), c is the intercept, and z is the scaling constant or
slope in the log—-log space. Various slopes were found for
different sized areas and systems, such as islands, regions,
or continents, which suggests dominance of different mecha-
nisms (ecological versus evolutionary) at different spatial
scales (Rosenzweig 1995).

The scaling of biodiversity in space suggests scaling of
biodiversity in time. For example, it was found that diversity
levels positively scale on the ecological timescales (up to
several decades) in proportion with a measured period of
time (Adler and Lauenroth 2003), i.e., the longer time passes
the more species can be accumulated in a given area. The
scaling (the nature of dependence on the measured time-
scale) of biodiversity on the evolutionary and especially
macroevolutionary timescales is a highly nontrivial matter,
as a set of earlier presented models suggest—we can expect
different kinds of dynamics, depending on the nature and the
dominance of specific evolutionary mechanisms. Are there
any long-term outcomes to the evolution of biodiversity? Is
evolution characterized by some universal and asymptotic
constraints? Especial difficulty in answering these questions
poses the open-endedness of the evolutionary process itself
(Longo et al. 2012) which changes not only concrete sets
of individuals at a particular level, but also the potential
to change the nature of the targets of evolution (Maynard
Smith and Szathmary 1998; Godfrey-Smith 2009). There-
fore, given the current level of understanding, the best way
to answer questions about the fundamental long-term nature
of evolutionary dynamics is an empirical analysis of suffi-
ciently detailed global scale and long-term taxonomic data.

The scale-by-scale analyses of macroevolutionary pat-
terns were first enabled by the development of powerful
computers and creation of large databases of the durations
of Phanerozoic marine animal orders and families, and later
genera by Sepkoski and his associates in the early 80s and
90s (Sepkoski et al. 1981; Sepkoski 2012), which built on
earlier work such as that of Newell (1963). The classical
approach for this problem is the use of Fourier transforms in
estimating spectra of key macroevolutionary variables, such
as origination, extinction, and turnover rates or biodiversity
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levels. These approaches historically were usually applied
toward extraction, characterization, and testing of timescale-
specific features, such as periodicities in extinction rates
(Raup and Sepkoski 1984; Lieberman and Melott 2007,
2012) and their association with the major global-scale
geological drivers (Roberts and Mannion 2019). Although,
there was a significant flash of interest toward characteri-
zation of statistical features of macroevolutionary dynam-
ics, based on the estimation of spectral slopes of extinction
statistics (Newman and Palmer 2003), which searched for
universal behaviors such as self-organized criticality (SOC)
(Solé et al. 1999) or stochastic multiplicative multifractals
(Plotnick and Sepkoski 2001).

Biodiversity Scaling in the Light of Current
Knowledge

Advances in the development of numerical analysis tech-
niques of scaling geophysical processes now allow accurate
quantitative and qualitative characterization of timescale-
dependent behaviors (Lovejoy and Schertzer 2012). The
best way to characterize so-called “structure functions”
(dependence of typical fluctuation amplitudes as a function
of measured timescale) is to use the so-called Haar fluctua-
tion—historically the first proposed wavelet (Haar 1910).
Structure function has the form (|AT|,,,) < Atf’; here H
is a — measurement timescale-dependant fluctuation (scal-
ing) exponent which is defined with respect to typical (mean
absolute) fluctuation. If the fluctuation exponent H > 0, this
shows that the process is “wandering,” and shows trend-like
behavior; otherwise if H <0, then the process is “stabiliz-
ing”—here time series become more and more similar with
the increase of sizes of the measured intervals At.

We applied this fluctuation analysis technique to the evo-
lution of marine animal genus-level biodiversity dynamics
through the Phanerozoic eon in order to test two possible
mechanisms of change, which envision fundamentally differ-
ent scaling behaviors of biodiversity dynamics (Spiridonov
and Lovejoy 2022). The two most viable and widely dis-
cussed hypotheses of the fundamental nature of biodiversity
dynamics are: (1) the Red Queen world (model number 2
from the first section) which envisions equilibration due to
competition and negative feedbacks or negative population
density dependence; (2) and the so-called Court Jester world
(model number 5 from the first section)—in this case diver-
sity dynamics inherits whether scaling is exhibited by the
external or geophysical systems that drive it. We should note
that the Red Queen hypothesis in a narrow sense (constancy
of extinction due to constant negative biotic feedbacks in
biota) is currently a controversial one, especially as applied
to macroevolutionary timescales (Strotz et al. 2018). There-
fore, here we understand the Red Queen in a very broad
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sense—as any negative dependence of extinction and origi-
nation rates on taxonomic diversity levels (density of biota).

The results of our study revealed that there are two quali-
tatively different regimes of global marine animal biodiver-
sity dynamics: at timescales shorter than 40 million years,
the diversity dynamics exhibits a diverging or wandering
nature with a positive fluctuation exponent (H= +0.25);
on the other hand, at longer timescales it is characterized
by a negative scaling exponent (H= —0.25). The megacli-
mate—the global temperature variational regime at time-
scales longer than one million years—is also characterized
by a positive fluctuation exponent up to the longest measured
timescales of hundreds of millions of years, now estimated
to have the same values as for “short-term” diversity dynam-
ics H= +0.25 (Spiridonov and Lovejoy 2022). This same
scaling pattern of paleoclimate and diversity, and also addi-
tional correlational evidence, revealed that the biodiversity
dynamics can be described as obeying a Court Jester model
of environmental forcing on shorter macroevolutionary time-
scales—up to 40 million years, where variability reaches its
maximum (Fig. 1). After this threshold timescale it starts
another—a self-regulating regime, while the megaclimate
continues to be more and more unstable with longer time-
scales. Therefore, at timescales longer than 40 million years
the scaling pattern of diversity dynamics becomes radically
different from that of megaclimate. This break in patterns
shows the transition of biodiversity dynamics towards more
and more autonomy from the environmental variations,
controlled by /ife itself—the Red Queen, or more precisely
Geo-Red Queen regime, since in our explanation plate tec-
tonics plays a crucial role in mixing biota and thus enabling
planetary-scale self-regulation of macroevolution (Spiri-
donov and Lovejoy 2022). Therefore the history of life on
Earth is a mixture of two qualitatively different dynamical
processes described by different scaling laws—the evolution
of life acts as a passive consequence (driven process) of geo-
physical processes up to the critical timescale of 40 million

Fig.1 Scaling of marine animal diversity dynamics (Spiridonov
and Lovejoy 2022) in the Phanerozoic with reference lines showing
approximate slopes of scaling exponents (H). X-axis shows measured
timescales in log;, million years. On the y-axis diversity is expressed
in numbers of generax(0.001. The break between scaling patterns
(crossover of the Court Jester and the Geo-Red Queen regimes) is
evident at approximate timescale of 40 million years (1.6 on the log
scale)

years; and at longer timescales the effective globalization by
means of the mixing of biota starts to dominate, and induces
stabilization and self-regulation.

There could be another explanation for the stabilization
of diversity dynamics at the global scale and long time-
scales though. This mechanism is the sorting of species and
higher taxa, with survival of groups with lower volatility
(Lieberman and Melott 2013). The mechanism envisions the
decreasing amplitudes of diversity fluctuations with the pas-
sage of time. The decreased origination and extinction prob-
abilities would result in the inertia of the standing diversity
to these perturbations. Surviving clades become more inert,
less prone to perturbations by external or internal factors
that can lead to speciation or extinction events. Therefore
the appearance of equilibrium on the longest timescales can
appear as time passes—and therefore diversity stabilization
should be expected with passing time as well as with the
measurement timescales. Although such a pattern is pos-
sible under declining volatility conditions, current evidence
does not show a pattern of decreased fluctuations of global
diversity with passing time. On the contrary, one of the most
conspicuous features of marine Phanerozoic diversity—the
Cenozoic diversity maximum (see, for example, Spiridonov
and Lovejoy 2022)—appeared late in the history of complex
life. This example shows that the probable decreases in abso-
lute amplitudes of originations and extinctions (decrease in
volatility of macroevolution) aren’t sufficient for achieving
stability. Even small sustained imbalances (incoherences)
in origination and extinction rates can result in very large
fluctuations of diversity in the long run (at deca-million-year
timescales). This is what we’ve found earlier (Spiridonov
and Lovejoy 2022), that the correlations between origina-
tion and extinction rates as well as typical magnitudes of
fluctuations become coherent and correlated just at the
longest timescales, greater than 40 Myr. Therefore, as cur-
rent data suggest, the diversity self-regulation at the longest
timescales is the most probable explanation of the stabiliz-
ing pattern of negative diversity scaling at scales >40 Myr.
Clearly we need more thorough tests of these two alternative
mechanisms responsible (to a different degree) for the stabi-
lization of diversity on the longest timescales.

A multiplicative stochastic multifractal simulation param-
eterized on the scaling laws of global marine animal bio-
diversity dynamics (Fig. 2) shows that we should expect
trend-like (wandering) features on timescales up to several
hundred million years due to the unstable nature of “short-
term” dynamics. Therefore, in this view, if we had a much
longer run of biodiversity change, we should have seen many
grand (long-term and large magnitude) features, such as
Meso-Cenozoic diversity increase of genera, which is found
in the empirical data. In the view of our model, these deca-
to deci- million scale trends are transient features, which
in the real world are generated by global circumstances of
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Fig.2 A generic multifractal simulation which is parameterized by
the diversity dynamics of Phanerozoic marine animal genera (Spiri-
donov and Lovejoy 2022). It shows a mixed dynamics—"“wandering”
at short timescales, and stabilizing at longest timescales. Time is
arbitrary. Parameters of the multifractal model (for further details see
Lovejoy and Schertzer 2013): C;=0.02, a=1.8 (low intermittency),
length of the time series 2'>=8192 points; transition between wan-
dering and stabilizing regimes happens at the scales of 2°=64 points.
Top is the sum of wandering and stabilizing dynamics. Middle is low
passed dynamics with scaling exponent (H= —0.25) as in the “long-
term” Ar>40 million years macroevolutionary dynamics—it shows
stabilizing or relaxing with increasingly longer timescales behavior.
The bottom is high passed simulation with the same scaling exponent
(H=+40.25) as the “short-timescale” Ar<40 million years macro-
evolutionary dynamics—it shows “wandering” behavior, also typical
for the megaclimate regime (Lovejoy 2015). If we scale the current
simulation to the geological time, it shows how Phanerozoic diver-
sity dynamics could have looked through a duration of 5.12 billion
years, assuming that the negative scaling regime further continues in
to the billion-year timescales. It can be seen that at scales up to sev-
eral hundred million years “trends,” such as the Cretaceous-Cenozoic
diversity increase determined in the empirical data (Spiridonov and
Lovejoy 2022), can appear as a consequence of wandering behavior
of shorter-scale processes

megaclimate and tectonic states (Spiridonov and Lovejoy
2022).

Implications for Biological Theory

The scaling is timescale symmetry—it connects the large
and small scales in scale-free power law manner (Lovejoy
2022), it reveals the uniformity of a mechanism in a scaling
range, and it also shows the fundamental nature of the pro-
cess if we know the sign and value of the scaling exponent
H. Therefore, knowing that the megaclimate scales posi-
tively (H= +0.25) from timescales of millions to hundreds
of millions of years, and that diversity also scales positively
(H= +0.25) up to a 40 Myr timescale and later scales nega-
tively (H= —0.25), reveals many significant things not only
about how life evolves but also about its relationship with
the planet on a range of long timescales. The fact that life
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and megaclimate scale positively unambiguously shows that
there is no stabilization of the climate by life or any other
mechanism at scales > 1 Myr. Similarly life also does not
show stabilization at the global scale up to timescales longer
than 40 Myr. Therefore the Gaia hypothesis which envisions
the optimization of life’s environment by life itself by means
of ecological and evolutionary change isn’t supported by
evidence (Spiridonov and Lovejoy 2022). If the Gaia world
were the case, then we should have been observing nega-
tive scaling exponents from the shortest timescales to the
longest ones.

Although currently the presented scaling approach to
paleobiological dynamic patterns is a new one, we per-
formed yet another study which tried to explain the dynam-
ics of geographic ranges of brachiopod genera through Phan-
erozoic. This study revealed that the shapes of geographic
ranges scale positively with measured timescales, and thus
do not show signs of stabilization, following similarly posi-
tively scaling patterns of global continental fragmentation
states (Spiridonov et al. 2022). Since geographic ranges
often determine fitness of taxa—that is, their origination
and extinction rates (Jablonski 1987, 2008)—this obser-
vation additionally supports the principal importance of
global unstable positively scaling geophysical processes
in determining the qualitative and quantitative nature of
macroevolutionary dynamics at long timescales. Although
there is nuance here. Since extinction and origination rates
show negative scaling (H= —0.25), and they are negatively
correlated with diversity levels, the density dependency of
macroevolutionary rates on diversity levels becomes more
important at long timescales (Spiridonov and Lovejoy 2022),
and despite larger and larger perturbation caused by tec-
tonic changes, their effects on macroevolution, due to this
internal stabilization, become, relatively speaking, smaller
and smaller with scale. Therefore, the presented picture dif-
fers from previous models (such as a logistic model) which
assume constancy of density dependence at all scales (such
as Sepkoski 1981); our analysis shows that its effects are
apparent at the global spatial scales on timescales longer
than 40 Myr. Therefore, currently presented patterns and the
underlying model do not assume convergence of diversity in
time (since at no time will we find unchanging asymptotic
numbers of taxa) but the convergence of diversity at long
timescales.

We should note that the case of density regulation on the
longest timescales is quite clear (Spiridonov and Lovejoy
2022): (1) extinction and origination rates are scaling nega-
tively at all timescales, which implies their regulation (or
cancelling behavior); (2) at timescales > 40 Myr diversity
also exhibits negative scaling—a tendency to converge on a
long-term average; (3) at long timescales (>40 Myr) extinc-
tion and origination rates are correlated negatively with the
diversity (prima facie evidence of negative rate dependence
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(stabilization) on diversity levels); (4) scale by scale rela-
tions of typical amplitudes of origination and extinction
rates become similar after crossover timescale of 40 Myr—
their long timescale dynamics become coherent; (5) extinc-
tion and origination rates become strongly correlated after
crossing 40 Myr timescales, which also suggests their biotic
regulation and synchronization, which results in equilibrial
dynamics; (6) finally, there is monotonous decrease in cor-
relations between diversity and temperatures with longer
timescales, which shows autonomization of biota, and start
of dominance of other (as evidence shows, internal) factors.

The view presented based on the idea of wide-range
scaling of temperature, extinction, origination, diversity,
tectonics, temperature, and sea level (and probably more
crucial variables) is that the fundamental macroevolutionary
and physical processes are scaling, but since they scale at
different rates (different exponents), there may be “crosso-
ver” scales where one dominates another, as in the case of
diversity dynamics where, in our view, positively scaling
stabilizing density dependence of macroevolutionary rates
overwhelms the effects of positively scaling Earth system
processes on the same rates.

The described cases show that the empirically estimated
scaling laws could be used in determining basic structural
dynamic properties of evolutionary systems, and their driv-
ing or interacting external mechanisms, in this way using
a given approach in mechanistic model generation, selec-
tion, and optimization. So far, the temporal scaling of bio-
diversity dynamics has been explored at the global scale
and with marine animal genera. Many other applications,
including the exploration and testing of mechanisms of
spatiotemporal evolutionary dynamics (e.g., Eldredge et al.
2005) will undoubtedly resolve many questions on the tem-
pos and modes of macroevolutionary change. Formulation
of hypotheses of macroevolutionary change in mathemati-
cal terms can reveal what kind (if any) of scaling behavior
given mechanisms are predicting. Therefore, we argue that
similarly to its use in the atmospheric sciences (Lovejoy and
Schertzer 2013; Lovejoy 2019), scaling could be the unify-
ing nomothetic theme used in revealing statistical laws (in
the spirit of Gould 1980, 2002; Raup and Gould 1974; and
more recently Lieberman 2016), using which we can make
robust descriptions, while ignoring myriads of idiosyncratic
details of many lower-level structures, therefore making the
field of macroevolution not only testable, and explainable,
but also predictive on many spatial and time scales.
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