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Abstract I predict a metabolic time bending of body mass
evolution in the fossil record. I show that self-replication
generates population dynamic feed-back selection for a body
mass that increases exponentially on the per generation
time-scale of natural selection, and that this increase is
driven partly, or fully, by unconstrained selection for an
exponential increase in mass specific metabolism. The in-
crease in metabolism contracts natural selection time; but,
mass specific metabolism evolves also by a mass-rescaling
that generates a partial decline, and time dilation, with an
increase in mass. The overall contraction or dilation of nat-
ural selection time is bending evolution in physical time,
and this is described by an allometry dw/dt o< w® for the
rate of evolution in mass (w) in physical time (¢).

The bending exponent (UZt) is shown to evolve from the
relative importance of metabolism for the evolution of mass,
and from the spatial dimensions of interactive competition
(1D, 2D, 3D); a prediction that is shown to hold across
four scale dependent bending exponents in the fossil record.
The exponents are i) 3/2 for 2D and 5/3 for 3D evolution
within a niche; as observed for horses over 57 million years
of evolution. 4i) 5/4 (2D) and 9/8 (3D) for the evolution of
maximum mass across niches; as found in four mammalian
clades across 30 to 64 million years of evolution. i) 3/4
(2D) and 5/6 (3D) for fast body mass evolution; found for
the maximum mass of trunked, and all terrestrial, mam-
mals. And iv) 1 for 2D and 3D evolution along a metabolic
bound, as observed across 3.5 billion years of evolution of

the maximum mass in non-sessile organisms.
metabolism, body mass, time-
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1 Introduction

The aggregation of inert matter in stars and planets, of
organic matter in large organisms, and the associated
release of energy from stars and use of energy by or-
ganisms, are some of the most striking features of our
universe. An understanding of the formation and en-
ergetics of these bodies is of immense importance for
science.

It is a pull from gravity that first creates stars from
interstellar molecular clouds and then activates the nu-

clear fusion that emits energy. And energy driven self-
replication in replicating molecules selects for an in-
creased use of energy in metabolism (Witting 2016a); a
use that generates net energy for self-replication and ac-
tivates a population dynamic feed-back that selects for
the evolution of large multicellular animals with sexual
reproduction (Witting 2016b). In other words, where it
is a mass driven force that forms the mass of stars and
their release of energy; it is suggested that it is energy
driven self-replication that selects the energy use and
mass of natural organisms.

Although astronomy and evolutionary biology are
rather unrelated branches of science, the scientific
methods that were used to reveal this ordering of matter
and energy in physics and biology were somewhat sim-
ilar. Where gravity enabled Newton (1687) to explain
the 3/2 exponent for the Kepler laws of planetary mo-
tion around the Sun, the population dynamic feed-back
selection of energy driven self-replication enabled Wit-
ting (2016a,b) to explain the evolution of body mass
allometries in biology; including a shift in the expo-
nent for mass specific metabolism from a positive 5/6
in prokaryotes (DeLong et al. 2010) to a negative 1/4
for Kleiber (1932) scaling in multicellular animals.

This ordering of biology is predicted to spring from
self-replication selection for a mass specific metabolism
that generates net energy for self-replication. This is
done by a net resource assimilation that is selected as a
biochemical /mechanical handling of resource assimila-
tion and the speed, or pace, of this process; with pace
being selected as the mass specific work of metabolism.
The unconstrained natural selection that follows gen-
erate an acceleration of biotic processes, and a steady
state selection attractor where interactive competition
in multicellular animals selects the increase in net en-
ergy into an exponentially increasing mass (Witting
1997, 2003).

The importance of the metabolic acceleration for this
evolution of biotic mass is reflected in the body mass al-
lometries, where the exponents are predicted to evolve
as a function of the relative importance of the metabolic
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pace for net resource assimilation. Witting (2016a,b)
describes the natural selection of these allometric cor-
relations across species, and I extend the theory to de-
scribe the natural selection conversion of energy into
organic mass over evolutionary time, by studying body
mass allometries as they unfold in time with an evolving
mass. This will provide a base case for the evolution of
metabolism, mass, and major life history and ecological
traits in multicellular animals over time, and I test the
theory by predicting body mass trajectories in the fossil
record from first principles. This implies that I will use
a predicted time-bend of the body mass trajectories to
test for the relative importance of metabolism for the
evolution of biotic masses.

1.1 Time-bend evolution

The proposed selection predicts an exponential increase
in mass on the per generation time-scale of uncon-
strained natural selection in a stable environment (Wit-
ting 1997, 2003), given evolutionary rates that are in-
variant on the logarithmic scale of metabolism and mass
(Witting 2016a,b). This is in agreement with fossil data
where the maximum size of a clade tends to increase
in a near-exponential manner during periods of phylo-
genetic radiation (e.g., Hayami 1978; Trammer 2005;
Smith et al. 2010; Okie et al. 2013). And the correla-
tion of evolutionary rates with the per generation time
scale of natural selection is well documented both for
morphological (Lynch 1990; Gingerich 1993; Okie et al.
2013) and molecular traits (Martin and Palumbi 1993;
Gillooly et al. 2005; Nabholz et al. 2008; Galtier et al.
2009; Broham 2011).

The exponential increase generates a log-linear in-
crease of mass over time, but the log-linearity is bend-
ing in physical time whenever the time-scale of natural
selection is evolving with the evolutionary changes in
mass (Witting 1997; Okie et al. 2013). A downward
bending is induced when natural selection time is di-
lated by a generation time that increases with mass,
and an upward bending when natural selection time is
contracting from a generation time that declines with
mass.

These potential bends are described by an allometry

dw/dt wt (1)

where the rate of evolutionary change in mass (dw/d¢)
per unit physical time (t) is given as a power function
of mass (w). The bending exponent (dt) is one for un-
bend evolution, it is smaller than one when evolution
is bending downward by a dilation of natural selection
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time, and it is larger than one when evolution is bend-
ing upward by a contraction of natural selection time.

From the —1/4 exponent of Kleiber scaling, where
elephants live much longer the mice, we expect biotic
time dilation and a downward bend trajectory (Okie
et al. 2013). Yet the body mass trajectory of fossil
horses over the past 57 million years is strongly upward
bend with a dt exponent of 1.50 (Witting 1997). This
indicates somewhat surprisingly that the lifespan of the
horse has declined quite a bit while its mass increased
from about 25 kg to 500 kg over 57 million years of
evolution. I will show not only that a 3/2 exponent
for the horse is likely to have emerged from a body
mass selection that was driven entirely by metabolic
acceleration; but more generally that mass evolution
over time can be described as a continuum across four
modes of selection, with each mode being supported by
a unique bend of the relevant body mass trajectories in
the fossil record.

1.2 Empirical test of theory

The basic idea behind my allometric model is popu-
lation dynamic feed-back selection that unfolds from
pre-mass selection for an exponential increase in re-
source handling and metabolic pace (Witting 2016a,b).
The resulting increase in resource assimilation gener-
ates population growth with sustained interactive se-
lection for an exponential increase in mass. The in-
crease in mass is then imposing selection for a mass-
rescaling, where life history traits (z) evolve allometric
correlations with mass z,, = w®», where &, is the expo-
nent and subscript w denotes mass-rescaling. Yet, the
evolution of allometries is more complex because the
pre-mass selection for increased metabolism imposes
a metabolic-rescaling of the life history. This rescal-
ing is transformed into metabolic-rescaling allometries
(zsg = w®) by the dependence of body mass evolu-
tion on the energy that is generated from the pre-
mass acceleration of metabolic pace (subscript 8 de-
notes metabolic-rescaling). The final post-mass allome-
tries z = w® are then products xgz,, with exponents
Z = 23 + 2, that depend on the relative importance
of metabolic acceleration for the evolution of the net
energy of the organism.

Kleiber scaling evolves as mass-rescaling in organisms
with interactive behaviour in two spatial dimensions
(Witting 2016a). But as the overall scaling depends also
on metabolic-rescaling, it follows that the time-bend of
the log-linear trajectory in physical time is given as a
function of the relative importance of metabolic accel-
eration. And with the time-bending exponent of eqn 1
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following directly from my selection equations with no
data-dependent estimates, it becomes possible to con-
firm, or dis-confirm, the allometric theory of popula-
tion dynamic feed-back selection from time-bends in
the fossil record, just as the general theory of relativity
was confirmed by the bending of light around the Sun
(Dyson et al. 1920).

For this test, I study four modes of selection. The
first two are unconstrained natural selection within and
across ecological niches. The third is fast unconstrained
body mass evolution, and the last body mass evolution
that proceeds along an upper bound on metabolic pace.
Each of these four types of selection can be identified
on theoretical grounds to trajectories that can be ob-
served in the fossil record. The important question is
then whether the observed time-bending exponents co-
incide with the bending exponents that follow from first
principles of the selection theory.

2 Theory

For the theoretical development in this paper I assume
that the reader is familiar with Witting (2016a,b), with
model parameters and basic relations listed in Table 1
in Witting (2016a). I will first consider unconstrained
selection with a predicted exponential increase in re-
source handling, metabolic pace and mass. I will then
deal with the exponential evolution in relation to body
mass allometries, as this will allow me to deduce life his-
tory evolution on the per generation time-scale. And
when the per generation allometry for the evolution of
generation time with mass is combined with the per
generation increase in mass, | can predict body mass
evolution in physical time; as observed in the fossil
record.

2.1 Unconstrained selection

My earlier studies have found that large body masses
are selected by a population dynamic feed-back selec-
tion, where the energy that is allocated into reproduc-
tion generates population growth that generates inter-
active competition that selects the energy into mass at
the cost of replication and a continued increase in the
density of the population (Witting 1997, 2003, 2016b).
This population dynamic selection pressure on mass,
and the selected mass, are primarily dependent upon
the net energy of the average individual (€) in the popu-
lation, as it is this energy that generates the population
growth and interactive selection in the population.
This net assimilated energy

e=af (2)

is a product between the handling of resource assim-
ilation [ = é&p**, given by intrinsic handling (&) at
the equilibrium resource density p**], and the pace
(3 = B/W) of this process, with pace being selected as
a proxy of mass specific metabolism (3, Witting 2016a).
As the per generation replication rate (A =
ptre/Bw = 1) is proportional with ¢, the per genera-
tion selection gradients on the three resource assimila-
tion parameters x € {€, «, 5} are unity on logarithmic
scale
Or/0lnx =1 (3)
Then, from the secondary theorem of natural selection
(dx/dT = 020r/dx, Robertson 1968; Taylor 1996) and

invariant heritable variation on log-scale (o ) we ex-
pect an exponential increase

re = dlne/dr = o, (4)
ro = dlna/dr=od
rgy = dlnﬁg/drzaﬁlﬂ

where the increase in net energy
Te =To +7p, (5)

is given by the increase in the two subcomponents.

This metabolic increase relates to the pre-mass com-
ponent 33 that distinguishes this primary increase from
the decline (8,,) of the secondary mass-rescaling that
evolves from an increase in mass. This distinction is not
relevant for resource handling («), as it is a pure pre-
mass parameter that is generating net energy for the
selection of mass. The distinction between a pre-mass
and a rescaling component is also not relevant for the
primary increase in net energy, because the net energy
on the per generation time-scale of natural selection is
invariant of mass-rescaling (Witting 2016a).

The increase in net resource assimilation generates
population growth with a density dependent equilib-
rium, where the level of interactive competition

= (7./v) In(&/w) (6)

_ _ Yoo~
is as a function of net energy €y = pt €, f (vh%> /5,
with €, being net energy on the unexploited resource
(Witting 2016a). The result is population dynamic
feed-back selection where the resulting rate of increase
in mass

ro =dlnw/dr = of, , [(¥7./7) In(éo/w) = 1] (7)

is a product between the selection gradient
Orf/0Inw;|y,—w = @7 /7)In(é/w) — 1] that in-
cludes the population dynamic pressure of interactive
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competition (Witting 2016b) and the heritable variance
(0-121’1/11})'

As the €y/w component of eqn 7 is invariant of mass
(Witting 2016a), the expected increase is exponential,
and it may thus be rewritten as

dlnw  Olnw dlne
dr  Olne dr

(8)

with an invariant selection relation

Olnw/dlne=1/¢é (9)
Hence, we have
Tw =Te/€é (10)
and a natural selection that defines mass
[ Ohw = 1)e
w= | S dlne = (e/é) (11)

by the inverse of the energetic allometry
€= éwt (12)

where é = (2d — 1)/2d is the predicted exponent from
Witting (2016a), €, the intercept, and d the spatial di-
mensionality of intra-specific interactions.

By setting eqn 10 equal to eqn 7 we find the mass of
the steady state

W = & e e/ u /v (13)
= ptr@'/ﬁv
with
rw <Te/€ for  w>w" (14)
Ty > T € for  w < w*

that confirms that the steady state is the unconstrained
selection attractor for mass.

If we then insert eqn 6 into eqn 7, and set r, =
re/€ from eqn 10, we find that the level of intra-specific
interference competition

= (L 1e/ 07 €) [V (15)

for an exponentially evolving mass is somewhat higher
than that of a stable mass at an equilibrium attrac-
tor with an upper constraint on net energy (Witting
2016b). As the parameters on the right hand side of
eqn 15 are expected to be body mass invariant, we
note that the theoretically deduced allometries (Wit-
ting 1995, 2016a) apply also for body mass evolution
at steady state. As already noted, this implies an ener-
getic exponent of ¢ = (2d — 1)/2d, and with r, = of, _
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from eqn 4, we find that the level of interference reduces
to

_4d-11
C2d—-17%

for the symmetrical case where O’lznw = lene. The po-
sition of this selection attractor of the steady state is
shown on the selection integral in Fig. 1f in Witting
(2016b).

Nearly all the allometries considered here and in Wit-
ting (2016a) are inter-specific allometries that describe
the variation in the average trait of evolved popula-
tions; either across species (Witting 2016a) or along
evolutionary lineages in time (current paper). Yet,
the evolutionary steady state defines also an impor-
tant intra-specific allometry that describes the corre-
lation between reproduction and mass across the in-
dividuals in the evolving population. To obtain this
allometry, insert eqn 16 into the selection gradient
orf /0Inw;|y,=w = ¥Pu* — 1 for the multicellular ani-
mal in Witting (2016b) and integrate over lnw; to find
that the within population variation in the pR-product
scale as

*kk

(16)

piR; w?d/(%*l) (17)
As this exponent is 4/3 and 6/5 for organisms with
intra-specific interactions in two and three spatial di-
mensions, we find a reproductive rate that is about pro-
portional to mass when survival is relatively invariant.
This proportionality is observed in natural populations
(Peters 1983) and it reflects a level of interactive com-
petition that is so high that resource monopolization
scales to the approximate second power of mass.

2.2 Allometries in time

The predicted exponential increase in metabolism and
mass on the per generation time-scale of unconstrained
natural selection is an essential finding for evolutionary
biology in itself. But to understand its implication in
detail, we need to transform the prediction into physical
time so that it can be compared with data from the
fossil record. For this we need to predict the correlated
evolution between mass and the per generation time-
scale of natural selection.

This correlation is given by the allometries in this
subsection; with allometries predicted not only for
the generation time that is needed for the time-
transformation of the body mass trajectory, but also
for a larger set of traits that allow for more general
predictions of life history evolution in time. For this
deduction we have most of the theory in place. We
have an evolutionary steady state with an exponential
increase in resource handling («), pace (B x f), net
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energy (¢) and mass (w), and a set of post-mass allome-
tries that describes how the generation time is evolving
with mass (Witting 2016a). We need, however, to deal
in more detail with the transformation of evolution in
time because this will depend, as we will see, on the
underlying causes for the evolution of mass.

Recall that the exponents of the final post-mass al-
lometries evolve as a combination of exponents that
evolve from the metabolic-rescaling of the life history
and exponents that evolve from mass-rescaling. The
latter reflects the selection response of the life history
to the selection pressure on mass, and they are indepen-
dent of the underlying causes for the evolutionary vari-
ation in net energy (Witting 2016a). The metabolic-
rescaling exponents that emerge from the scaling of the
life history from the pre-mass selection of metabolic
pace, however, depend on the underlying causes (« ver-
sus 3) for the variation in net energy.

The evolution of these two types of exponents re-
late to the evolution of traditional Kleiber allometries,
where the exponent for mass specific metabolism in
—1/2d. The mass-rescaling exponents are the expo-
nents of these Kleiber allometries, with the metabolic-
rescaling exponents representing the scaling of the in-
tercepts of these allometries, as they evolve from pri-
mary selection on metabolic pace.

In order to deduce the time evolution of these inter-
cepts, we have from eqns 5 and 10 that

Tw :Te/gz (Ta+rﬂ3)/é (18)
Now let
& = rofte = Taé/(ratrs,) (19)
ﬂﬁ = Tﬁﬁ/rw = Tﬁ/ﬁé/(Ta +T,3ﬁ)

The exponential increase in «, 3, € and w on the per
generation time-scale may then be expressed as

ar = et (20)
Bsr = BpoereT
€, = Eoeé'rwr
wy = wee T

From these equations we can construct time allometries.
For this, solve the body mass relation for time 7 =
In(w; /wg) /7. Insert this time into the other relations
and obtain

aow? (21)
63,7‘ = Bowfﬁ

€ = €W

with intercepts &, = ag/wo, fo = Bs.o/wo, and & =
e0/wg. Hence, from eqn 19 and é = (2d —1)/2d, we find
that these time allometries

/ 2d2;1
— 14ra /7
55,7 = Bow*r (22)
2d—1
W T2d
oy = QoWr
2d—1
€& = Ewr

depend on the spatial dimensionality of the interactive
behaviour (d), and on the rg, /r,-ratio of the rates of
increase in pace over handling.

The dependence of the allometric exponent for mass
specific metabolism on the rg, /rq-ratio is illustrated
in Fig. 1. A constant mass-rescaling intercept with
Bs = 0 is obtained only when r85/Ta = 0. More
generally the intercept will increase with an evolution-
ary increasing body mass, because the mass increase
is driven partly, or fully, by the evolutionary increase
in mass specific metabolism. For symmetrical uncon-
strained evolution where 3, /7 = 1, the mass-rescaling
intercept will increase to the 3/8 power of body mass
in 2D, and the 5/12 power in 3D. And at the limit
where metabolism is evolving unconstrained (13, > 0)
while resource handling is constrained (r, = 0) and
T85/Ta ~ 00, we find the mass-rescaling intercept for
mass specific metabolism to scale to the 3/4 power in
2D, and the 5/6 power in 3D.

+5/6

Mass rescaling
1 n n n n 1 n n

Iog rﬁﬁ/r

Figure 1: The allometric scaling of mass specific
metabolism (8 x w” o w?#w’) as it evolves from the
785 /Ta-ratio given 2D and 3D interactions. The blue curves
are the exponents of metabolic-rescaling (f33), the green
lines the exponents of mass-rescaling (BAw)7 and the red
curves the exponents of the final post-mass allometries

(B = BB + Bw)
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From the inverse relation 7 o« 1/ 3 between biotic
time and metabolic pace, we find biotic time to evolve
with metabolic-rescaling as

1 1-2d
_ "8
w s (23)
and mass-rescaling as

Twr = wi/? (24)

P

Where mass-rescaling dilates natural selection time
with a decline in metabolic pace as the mass increases
by natural selection, we find quite generally that the
mass-rescaling intercept of biotic time will decline with
an evolutionary increasing mass, a process that causes
a contraction of natural selection time. Whether nat-
ural selection time will actually contract or dilate will
depend upon the scaling of metabolic-rescaling relative
to mass-rescaling with the final post-mass allometry for
biotic time evolving as

1 __20-1) gy

o= 7_—0w7—<1+7‘[3ﬁ/7‘a Hra/rpg )/ (25)
This implies that natural selection time will dilate to
the 1/4 power in 2D and the 1/6 power in 3D only
when there is no evolutionary increase in the mass-
rescaling intercept for mass specific metabolism. It
will remain constant and body mass invariant when
785 /Ta = 1/2(d — 1), ie.,, 1/2 in 2D and 1/4 in 3D,
and contract to the —1/8 power in 2D and the —1/4
power in 3D for symmetrical unconstrained evolution
(rgs/ra = 1). At the rg,/ro ~ oo limit where body
mass is increasing exclusively because of an increasing
metabolic rate, the contraction of natural selection time
will occur to the —1/2 power in 2D and the —2/3 power
in 3D.

A more complete set of post-mass exponents for ex-
ponentially evolving masses is shown in Table 1, and
they are obtained from eqn 22 in combination with the
metabolic-rescaling exponents and mass-rescaling expo-
nents from Table 1 in Witting (2016a).

2.3 Mass in physical time

With the equations for the evolution of handling, pace
and mass on a per generation time-scale (eqns 20 and
22), and the associated allometric scaling with mass
(Table 1), we have a predictive theory for unconstrained
life history evolution in time. The evolution of the ex-
ponential mass trajectory will depend primarily on the
per generation rate of change in mass (r,, from eqns 7
and 18), with the remaining life history being a func-
tion of the evolving mass (Table 1); with the functional
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a) One dimensional interactions (é = 1/2)
“sla B+ p R ¢ h A dl
1 1 1 1 1 1
2 =3 32 0 0 -5 1 -5 3
1 1 1 1 1 1 3 3
vy -z 0z 1z -1 —1 1 -1 1
1 1
b) Two dimensional interactions (€ = 3/4)
Pela B+ p R P hoa d
3 1 1 1 3 3
O |l% -z 3 0 0 -3 1 -3 1
1 1 1 1
1l o0 0o 1 -1 0 1 -1 o1
3 1 1 3 3 1 9 9
L1 § -5 8 —5 s 1 -5 3
1 1 3 3 1 3 3
c© |0 5 -5 3 -3 3 1 -5 3
c) Three dimensional interactions (¢ = 5/6)
Zela B 7 p R h A dt
5 1 1 1 5 5
01§ =5 s 0 0 -5 1 -5 3
1 2 1 1
5 1 1 5 5 1 5 5
'3 7 -1 13 —uw 1 L -1 %
2 2 5 5 2 5 5
© | 0 5 -5 § —§ 5 L -3 3

Table 1: Theoretical allometries. Allometric exponents
(Z) for exponential body mass evolution in time, as they
evolve from allometric rescaling with selection on mass and
metabolic pace. The exponents depend on the dimension-
ality of the interactive behaviour, and on the ratio of the
exponential rate of increase in metabolic pace over resource
handling (73, /o). Symbols: emet energy; a:resource han-
dling; B:mass specific metabolism; 7:biotic periods/time;
p:survival; R:lifetime reproduction; r:population growth
rate; h:home range; n:population density; dt:rate of body
mass evolution.

relationship being dependent both upon the underlying
causes for the exponential increase in net energy (the
785 /Ta-ratio) and the number of spatial dimensions of
the competitive behaviour between the individuals in
the evolving population.

With this evolution being expressed on the per gen-
eration time-scale of natural selection it is not directly
comparable with evolutionary trajectories from the fos-
sil record. The majority of the involved life history
traits are furthermore impossible to estimate from fos-
sil data, implying that no direct verification is possible.
The exception is body mass; the life history trait that
often is estimated from fossil data.

To transform the predicted body mass trajectories to
the physical time-scale of the fossil record, we have that
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the rate of change in mass in physical time is
dw/dt = (dw/d7)/T = ryw/T (26)

Then, from eqn 25 we obtain the following allometry

dw/dt = rw®, (27)

for the rate of evolutionary change in mass, where

- 2 1 2d -1
dt = + . (28
L+ra/rp, L+7rg,/Ta 2d

and 1, = ry/To. The dt exponent is presented in
Table 1 as a function of the rg, /rq-ratio given intra-
specific interactions in one, two, and three spatial di-
mensions.

All of the predicted mass trajectories of uncon-
strained selection are log-linear on the per generation
time-scale of natural selection. The corresponding tra-
jectories in physical time may bend downward (dAt <1)

log (Body mass)
5 YEE
Generations

L
o

1 | | | P "

020030 A0 50 60 700 80 900
Years

Figure 2: Evolutionary bending by contraction and di-
lation of natural selection time. A theoretical illustration
of body mass (w) evolution when the rate of exponential
increase [rw = (ra + 75,)/€] is constant on the per genera-
tion time-scale of natural selection (2D interactions). The
initial generation time is a year for all lineages, and the
per generation time-scale (right y-axis) is shown in physical
time by the coloured x-axis. The degree of bending follows
from the rg, /ra-ratio, and there is only a downward bend
from time dilation when rg,/ro = 0 (blue). Time dilation
and contraction are equally strong (with no overall bending)
when g, /ra = 1/2(d—1) (yellow), while contraction with
upward bending is dominating for unconstrained symmetri-
cal evolution (rg,/re = 1, green) and extreme for within
niche evolution with resource handling at an evolutionary
optimum (73, /e & 00, red).
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Figure 3: Theoretical curves for the evolution of maxi-
mum mammalian mass (w; top), with lifespan (¢; middle),
in physical time, given constant rates of evolution for 2D
and 3D interactions. The 75, /ro-ratio can be estimated by
the slope (eqn 28) of the allometry for evolutionary increase
in body mass (dw/dt, kg per million year) in physical time
(bottom).

or upward (dt > 1) to some degree depending upon the
T8, /Ta-ratio and the spatial dimensionality of the in-
teractive behaviour. This time-bending is illustrated in
Fig. 2, with the evolutionary trajectory being log-linear
in physical time (dt = 1) only when the 78, /Ta-Tatio is
1/2(d — 1) (yellow trajectory).

In order to illustrate these findings more directly to
evolution on Earth, given constant rates of evolution
for different 73, /ro-ratios, Fig. 3 shows the span of
possible evolutionary trajectories in lifespan and body
mass from an estimated 125 gram ancestor for placental
mammals that lived 65 million years ago (MA; O’Leary
et al. 2013) to a 10 tonnes terrestrial (2D) and 100 a
tonnes pelagic (3D) mammal today. Included are also
the dt exponents of the associated allometries for the
evolutionary increase in mass (eqn 28).

The shapes of the trajectories are dependent upon
the rg, /ro-ratio. When zero, the net energy and body
mass are increasing exclusively because of improved re-
source handling, and there is no evolutionary change
in mass specific metabolism except for the decline im-
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posed by the rescaling of the life history in response to
the evolutionary increase in mass. The log trajectory
is then levelling off over time with a downward bend
and a dw/dt exponent of 3/4 or 5/6, dependent upon
dimensionality. At the other extreme, the rg, /rq-ratio
is infinite, the energetic increase is exclusively due to
enhanced metabolism, and the log trajectory is bend
strongly upward with a dw/d¢ exponent of 3/2 or 5/3.
In between, the trajectory will have a smaller upward
bend when the ratio is one, and it is linear when the
ratio is 1/2 in 2D and 1/4 in 3D.

Some of these theoretical findings may appear intu-
itively more plausible than others. Being familiar with
Kleiber scaling, where elephants live much longer than
mice, a downward bend trajectory with a 3/4 dw/dt
exponent is in agreement with common conception. A
strongly upward bend trajectory with a dw/dt expo-
nent of 5/3 and a lifespan that declines to the negative
2/3 power of mass, however, is clearly beyond common
knowledge obtained from studies of existing species on
Earth. Hence, in order to enhance our understanding
of the different modes of natural selection on mass, I
describe in the next four subsections the ecological and
physiological conditions behind each of the four selec-
tion modes in Figs. 2 and 3.

2.3.1  Ewvolution within niches (rg,/ro = 00)

A rg, [rq-ratio that approaches infinity can be expected
for evolutionary lineages that evolve by unconstrained
selection within a stable ecological niche. The handling
of the resource is then optimised by natural selection,
and when handling is at a selection optimum it follows
that r, — 0. The net energy, and thus also mass, can
then only increase by natural selection for increased
metabolic pace, implying that rg,/ro — oo. These
lineages will have a dw/dt exponent of (2d —1)/d, with
body mass trajectories that are bend strongly upward
in physical time due to a time contraction where the
time-scale of natural selection evolves as 7, w&lfd)/ 4

This evolution is dependent upon a mass specific
metabolism that can evolve unconstrained below a po-
tential upper limit. Such evolution may be initiated
from an upper metabolic limit, when preceded by evo-
lution where 73, /7o < 1/2(d — 1) and mass specific
metabolism is declining with an evolutionary increase
in mass.

2.3.2  Evolution across niches (rg,/ro = 1)

A rpg, /rq-ratio around unity can be expected for uncon-
strained symmetrical selection, that may occur when re-
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source handling is free to evolve across ecological niches
and there are no evolutionary constrains on mass spe-
cific metabolism and mass. While these conditions may
rarely apply over longer time-scales for evolution within
ecologically adapted species (where r, — 0 as t — 00),
the conditions may easily exists for the largest species
of a taxonomic group when the group diversifies into
a plenitude of species through adaptation to a mul-
titude of ecological niches. During such evolutionary
radiation it is only the larger species, which are domi-
nant in inter-specific interactions, that can be expected
to have unconstrained selection on resource handling
across niches, as niche access for the smaller species is
likely to be restricted by inter-specific interactions with
larger species.

Evolution with a rg, /r,-ratio around one may thus
be our base case expectation for the evolution of max-
imum mass within taxonomic groups over time. These
trajectories will have a dw/d¢ exponent of (6d — 3)/4d,
and for both 2D and 3D evolution they will have a slight
upward bend in physical time due to a time contraction

. . 3—2d)/4d
where natural selection time evolves as 7 w£ )/ .

2.3.3  Fast body mass evolution (rg,/re = 0)

A rg, /ro-ratio of about zero is expected when evolu-
tion in resource handling is outrunning evolution in
metabolic pace. A first though might suggest that
this will occur as a consequence of a mass specific
metabolism that is upward constrained. This is, how-
ever, not the case because the mass-rescaling from the
evolutionary increase in mass that follows from an in-
crease in « will cause mass specific metabolism to de-
cline below the upper bound. Selection on mass specific
metabolism is then no longer constrained.

A 7g, /ro-ratio around zero requires instead that re-
source handling evolves much faster than metabolic
pace. This may occur when resource handling evolves
across niches and the density of the resource is increas-
ing across this gradient. The net energy that is assim-
ilated during a resource handling cycle is then increas-
ing faster than the natural selection induced evolution
in the handling efficiency of the cycle. A rg, /rq-ratio
around zero may also occur if the resource handling ef-
ficiency is increasing as a mechanistic function of the
evolutionary increase in mass.

Irrespectively of the underlying mechanistic cause,
we can expect rg, /rq-ratios around zero to be associ-
ated with fast body mass evolution, as « is required
to increase much faster than the back-ground selected
increase in mass specific metabolism. Hence, this type
of evolution may be expected for the evolution of the
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largest species during an evolutionary radiation. Such
exponential evolution will have a dw/d¢ exponent of
(2d — 1)/2d, and a downward bend curve in physical
time due to a time dilation where the time-scale of nat-
ural selection is evolving as 7, wl 2

2.3.4  Ewolution at metabolic limit (Trﬁ = 72,11_2)

A forth type of mass evolution will occur when mass
specific metabolism is evolving along an upper bound;
a selection that coincides with a rg,/r, exponent of
1/2(d—1). An initial increase in mass will then require
an initial increase in resource handling, as the metabolic
pace cannot increase beyond the upper bound. The
mass-rescaling from the associated increase in mass will
generate a decline in mass specific metabolism as it
evolves along an allometric scaling with a negative 1/2d
exponent. This will free mass specific metabolism from
its upper bound, allowing for a selection increase back
to the bound, unless the evolution in resource han-
dling occurs too fast. The result is a constant mass
specific metabolism over time (B = 0), which implies
B = —Pw =1/2d and rg, /1o = 1/2(d - 1).

This evolution may be expected across time-scales
that are much larger than the time-scales of evolution-
ary radiation of taxonomic groups. At these scales, we
may expect species to be well adapted to their niches,
with relatively little evolution in resource handling.
And we may also expect natural selection on metabolic
pace to have occurred so long that it has taken mass
specific metabolism to an upper bound.

3 Evidence

3.1 Fossil mammals

3.1.1 Fossil horses

A 713, /ro-ratio about infinity is expected when evolu-
tion in resource handling is negligible compared with
evolution in metabolic pace. Time contraction (eqn 23)
is then bending the evolutionary trajectory to the 3/4
power of mass in 2D and 5/6 power in 3D, with dw/dt
exponents around 3/2 for 2D, and 5/3 for 3D.

This is predicted for lineages that evolve within an
ecological niche, with within lineage data from horse
(Equidae) fossils (MacFadden 1986) over 57 million
years of evolution being spot on with a 2D dw/dt ex-
ponent of 1.50 + 0.17 (Fig. 4).

We may thus conclude that horses evolved large
masses almost exclusively through process acceleration
with strong time contraction. This implies that a 25 kg

horse that lived 57 MA had a lifespan around 90 years,
given a 20 year lifespan of a 500 kg horse today. If there
had been no selection on process speed, we should still
have 25 kg horses with 90 year lifespans, and if horses
had increased in size due to resource handling alone we
should have 500 kg horses that live for 200 years.

This mass evolution was dependent on a mass spe-
cific metabolism that was relatively far from its upper
bound in horses 57 million years ago. And the early
horse might be an excellent example of a species with a
mass specific metabolism that was reset by early mam-
malian evolution. Assuming a stable evolution of pro-
cess speed, we calculate that an increase from a 125
gram ancestor at 65 MA (O’Leary et al. 2013) to a 25
kg horse at 57 MA would require a rg, /r,-ratio around
1/15. The associated proportional decline in mass spe-
cific metabolism is calculated to about 0.27, which is
approximately the inverse of the 4.7 times increase in
mass specific metabolism that evolved from 57 to 0 MA
when horses increased to 500 kg due to metabolic accel-
eration. Hence, even with a mass specific metabolism
that increased exponentially in horses over 57 million
years of evolution, the mass corrected metabolism is es-
timated to be about the same in todays horses and the
mammalian ancestor that lived 65 million years ago.

3.1.2  Mazimum mass of mammalian clades

If we increase the ecological scale we have a rg, /rq-ratio
around one that represents unconstrained symmetrical
evolution in process speed, resource handling and mass;
to be expected when resource handling is free to evolve
across ecological niches. The bending powers of process
acceleration (eqn 23) are then 3/8 in 2D and 5/12 in
3D, with associated dw/dt exponents of 9/8 and 5/4.

This evolution is approximated by the maximum
body mass in four out of five mammalian clades (Fig. 4,
table). As expected, 2D dw/dt exponents around 1.13
are observed over 64 million years of evolution in terres-
trial carnivores (Carnivora/Fissipedia) and 50 million
years in even-toed ungulates (Artiodactyla). Alterna-
tive 3D exponents around 1.23 are observed across 30
million years of evolution in whales (Cetacea & Mys-
ticeti) and 55 million years in primates (Primates). As
pelagic and tree living species, the individuals of these
taxa have an extra vertical dimension in their interac-
tive behaviour.

Relating to the example of whales, we estimate a lifes-
pan around 275 years for a 410 kg ancestor that lived
31 MA, given a 70 year lifespan of a 100 tonne blue
whale today.
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Figure 4: Mammalian evolution of body mass (w; top) and lifespan (¢; middle) in physical time. Trajectories for horses
(Equidae; left) and for the maximum mass of mammalian clades (middle, right, table). The rg, /ro-ratio is estimated
from the slope of the allometry for the rate of increase in mass (dw/dt, kg per million year) in physical time (bottom
plots). Fossil horses had an infinite rg, /7-ratio and masses that increased exclusively by evolutionary acceleration (red),
while most ratios for maximum mass are around one, with a similar increase in metabolism and resource handling (green).
With a ratio around zero, the increase in maximum mass for trunked mammals (Proboscidea) and all terrestrial mammals
is dominated by increased resource handling/availability (blue). No taxa showed log-linear evolution along a metabolic
bound. Data from MacFadden (1986), Smith et al. (2010) and Okie et al. (2013), Supplementary Tables S1 to S4.
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3.1.3  Mazimum mass of terrestrial mammoals

At a next step in ecological scale we have a g, /7-ratio
that approaches zero because improved resource han-
dling and/or resource availability out-runs evolution in
process speed. If seen, this evolution should relate to
the fastest body mass evolution during pulses of evo-
lutionary radiation. It is not observed in whales, but
the dw/dt exponent is only slightly larger than the pre-
dicted 3/4 for the 2D-evolution of the maximum mass of
trunked mammals (Probocidae) over 49 million years,
and for the maximum mass of all terrestrial mammals
over 100 million years of evolution (Fig. 4).

3.2 Macro evolution at metabolic limit

With constant selection for increased metabolic pace,
macro evolution may reach a biochemical bound on
mass specific metabolism. This evolution will follow the
yellow curves in Fig. 2 and 3, with a rg, /7-ratio of 1/2
in 2D and 1/4 in 3D. They are log-linear because the
upward bend from the time contraction of metabolic ac-
celeration is balanced against the downward bend from
the time dilation of mass-rescaling.

The increase in maximum animal mass during the
3.5 billion years of evolution on Earth was not uni-
form (Payne et al. 2009), but with a dw/d¢ exponent
of 1.07 4+ 0.02 it is close to log-linear (Witting 2008,
Fig. 5, top). This suggest that the macro evolution
of major taxonomic groups runs along an upper limit
on mass specific metabolism, a conclusion that is sup-
ported also by an invariant mass specific metabolism
across taxonomic groups from Prokaryotes to mammals
(Makarieva et al. 2005, 2008; Kigrboe and Hirst 2014;
Witting 2016b).

4 Discussion

4.1 Metabolic time-bend

With mass specific metabolism being selected as the
pace of the handling that converts resource energy into
replication (Witting 2016a,b), we predict an exponen-
tial increase in net energy and mass specific metabolism
on the per generation time-scale of the organism. This
increase was found in this paper to explain not only a
population dynamic feed-back selection for an exponen-
tial increase in mass, but also the allometric exponents
of a time-bend in body mass trajectories of the fossil
record.

Dependent upon the rg, /rq-ratio of the exponential
increase in pace over handling, the bending exponent
((ft) of the body mass allometry for the rate of change

11
5 r *
Maximum body mass *
0 - dw/dt exponent = 1.07 +-0.02
2 S
o
9-10}
15 b
Lo
O g3 25 2 s 1 05 0
Billion years

Figure 5: Macro evolution The maximum mass (length
raised to third power) of mobile organisms over 3.5 billion
years of evolution. Data from Bonner (1965), Supplemen-
tary Table S5.

in mass in physical time (dw/dt oc w™) was predicted
to change from 3/4 to 3/2 given 2D interactions, and
from 5/6 to 5/3 given 3D. For unconstrained selection
with optimal resource handling in an ecological niche
the predicted dt exponent is 3/2 in 2D; as observed for
mass evolution in horses over the past 57 million years.
This corresponds with an infinite rg, /rq-ratio and a
mass that increases exclusively because of metabolic
acceleration.

Unconstrained symmetrical selection across ecologi-
cal niches correspond with a 73, /rq-ratio of one, relat-
ing to a body mass evolution where resource handling
and pace are equally important for the increase in mass.
This may be expected as a base case for the evolution of
the maximum mass in taxonomic groups that diversify
into a multitude of species across ecological niches. It
is associated with df exponents of 9/8 in 2D and 5/4
in 3D, and was found for maximum mass evolution in
four out of five mammalian clades.

Other options include fast body mass evolution with
a 13, /To-ratio of zero and dt exponents of 3/4 in 2D
and 5/6 in 3D, in agreement with maximum mass evo-
lution in trunked and all terrestrial mammals. Finally,
78, /Ta-ratios of 1/2(d — 1) have log-linear trajectories
in physical time ((it = 1), and they emerge when mass
specific metabolism evolves along an upper bound. This
appears to be the case for 3.5 billion years of maximum
mass evolution across all mobile organisms on Earth.

4.2 Species distributions

These trajectories represent only a fraction of the tra-
jectories in the fossil record. While unlikely unique, the
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pure metabolic driven increase of the horse requires con-
ditions where resource handling is optimised for a niche
that the evolutionary lineage can maintain and de-
fend in inter-specific competition. And the trajectories
of maximum mass evolution represent only the upper
boundaries of expanding species distributions. More
generally we expect not only time variation, but also
lineages that have restricted and variable resource ac-
cess due to inter-specific interactive competition. This
should generate not only evolutionary lineages with
variable rates of increase, but also lineages with more
stable masses, as well as lineages that decline in mass.

If the inter-specific partitioning of resources over
mass follows regular rules we expect, as observed
(Trammer 2002, 2005), a rate of radiation that is
positively dependent on the maximum mass, with a
larger maximum mass allowing for the existence of more
species with smaller masses. And as evolutionary lin-
eages are predicted to have an inherent tendency to
increase in size, smaller species should increase in size
if released from the inter-specific competition of larger
species; as observed quite commonly in small lineages
on islands with few competing species (Foster 1964;
Heaney 1978; Lomolino 1985).

With this study I did not aim for a deduction of
the evolutionary unfolding of the life histories for com-
plete species distributions over time. I have though in
the supplementary information generated simple simu-
lations for species distributions of multicellular animals
over time. These show that evolutionary lineages that
diversity with random rg, /r,-ratios tend to generate
across species allometries with exponents for mass spe-
cific metabolism around —1/2d. These distributions
contain species variation in the pre-mass component
of mass specific metabolism, yet, this variation in the
mass-rescaling intercept is spread across the distribu-
tion of masses with the overall correlation being domi-
nated by variation in the densities and handling of the
exploited resources.

The metabolic variation in the simulations was found
to produce outlier species, with the typical example
being metabolism that increases to a higher than ex-
pected value in a small species, and more rarely to
a lower than expected value in a large species. This
pattern follows from lineages that evolve a small or
large body mass at an early stage relative to the
other species. They will then evolve over a larger or
smaller number of generations that the main clade and,
thus, they will have a tendency to evolve a higher
or lower metabolic rate. This evolution may explain
shrews (Soricidae) with strongly increased metabolism
(Platt 1974), and bowhead whales (Balaena mystice-
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Figure 6: Marsupial mammals. The allometric rela-
tionship between the basal metabolic rate (BMR) and body
mass (w) in marsupial mammals; with an estimated expo-
nent of 0.75 £+ 0.01. Data from McNab (2008), with the
honey possum (left open circle) and the southern hairy-
nosed wombat (right open circle) removed as outliers from
the regression.

tus) with smaller metabolism than expected from mass
alone (George 2009). See also the high metabolism of
the honey possum (Tarsipes rostratus), and the low
metabolism of the southern hairy-nosed wombat (La-
storhinus latifrons), relative to the metabolic allometry
for marsupial mammals in Fig. 6.

These outlier species may be part of a more general
pattern, where the relationship between metabolism
and mass is not a straight allometric line on logarith-
mic scale, but a bend curve where the smaller species
have higher metabolic rates than expected from Kleiber
scaling alone (Kolokotrones et al. 2010; MacKay 2011).
By using the model that was developed in this paper,
I simulate the evolution of the species distributions of
placental and marsupial mammals in a separate study
(Witting 2016¢), and find that the exponential acceler-
ation of metabolism is explaining also the curvature in
inter-specific allometric scaling.

The deviations of the outlier species and curvature
from typical Kleiber scaling do not reflect adaptations
in a traditional sense. Instead they reflect differences
in evolutionary time; where each lineage has its own
time defined by the number of generations it evolves,
with the smallest and largest species tending to evolve
through quite a different number of generations than
the average species.
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4.3 Natural selection time

This natural selection time of the per generation time-
scale is an essential feature of biological evolution.
It implies that each species has a unique time-scale
of natural selection that dilates and contracts rela-
tive to physical time with the evolutionary changes in
metabolism and mass.

If metabolism is evolving exclusively from mass-
rescaling (7, /ro = 0), we have Kleiber scaling for 2D
evolution with a natural selection time-scale that di-
lates to the positive 1/4 power of mass. For 2D evolu-
tion at the other extreme, where mass is evolving ex-
clusively from metabolic acceleration (rg,/ro ~ 00),
we have a natural selection time that contracts to the
negative 1/2 power of mass.

It is this dilation and contraction of the frequency
of natural selection changes that bend the log-linear
mass trajectory in physical time. And with the actual
values of the predicted bends being confirmed by the
fossil record, I find that the inclusion of evolutionary
changes in natural selection time is essential for the
interpretation of evolutionary changes in time.

4.4 The evolutionary arrow of time

With evolutionary trajectories in the fossil record con-
firming the metabolic time-bend of exponential body
mass evolution we have identified an evolutionary arrow
of time. By describing the expected when the extrin-
sic environment is stable, the arrow identifies an overall
direction for evolution by natural selection; a direction
that is inconceivable with the strong interpretation of
the contingent view that states that biotic evolution
can only be understood a posteriori from its histori-
cal development once it has actually occurred (Gould
2002).

It is intriguing that natural selection, which is conti-
nent and random at the basic level of genetic mutations,
is found to predict the very bend of body mass evolu-
tion in time. The hint is population dynamic feed-back
selection that is maintained as a dissipative selection by
the energy that is allocated into self-replication, popu-
lation growth and intra-population interactive competi-
tion. With a steady influx of energy to the population,
this implies a sustained natural selection that chooses
an a priori determined direction among the randomly
generated mutations.

The idea of a direction to evolution by natural se-
lection is not new. Schrodinger (1944), Bertalanfty
(1952) and Prigogine (1978) saw biotic systems as dis-
sipative structures that organise themselves through a
continued use of the free energy that is available to
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the open thermodynamic system. This view was de-
veloped into a thermodynamic entropy based selection
(e.g., Wicken 1985; Brooks and Wiley 1986; Schnei-
der and Kay 1994), and in a somewhat similar way did
Lotka (1922), and others (Odum and Pinkerton 1955;
Van Valen 1973, 1976; Brown et al. 1993; Brown 1996),
see natural selection as a constrained maximisation of
the flux of energy through individuals. While biotic
evolution is indeed correlated with energy and entropy,
these views fail to comply with the most basic Dar-
winian paradigm; that natural selection operates by
differential self-replication, instead of operating directly
from energy or other related measures.

Directional evolution by differential self-replication
was maybe first proposed by Fisher (1930), when he
used frequency independent selection to formulate his
fundamental theory of natural selection that predicts a
continued increase in the average fitness of the popula-
tion, measured by either r or n*. But with r and n*
declining with body mass across species of multicellular
animals (Fenchel 1974; Damuth 1981, 1987) it follows
that the direction of the fundamental theorem is incon-
sistent with the existence of large bodied species (see
appendix in Witting 2016b).

By using an energetic model to formulate differen-
tial self-replication selection by the joint action of the
frequency independent selection of the physiology and
the density-frequency-dependent selection of interactive
competition, I have proposed a theory that explains
lifeforms from virus to multicellular animals (Witting
2016b), including major transitions in the life history
(Witting 2002) and allometries (Witting 2016a), and
the bending of exponential trajectories in physical time
(this paper). And with the predicted direction follow-
ing as an intrinsic property of natural selection, it is
expected in a suitable environment with a steady and
sufficiently strong influx of energy that can be utilised
by biotic organisms.

The predicted evolutionary direction is expected to
be reversible, but not strictly symmetrical, if the influx
of energy to the overall ecosystem starts to decline at a
rate that dominates the selected increase in net energy
(Witting 1997, 2008). The overall direction of popula-
tion dynamic feed-back selection will then be a decline
in mass, with the invariance and allometries of mass-
rescaling applying also to declining masses (Witting
2016a). While this explains widespread dwarfing during
periods of environmental crisis (Guthrie 1984; King and
Saunders 1984; Martin and Klein 1984; Barnosky 1989;
Donovan 1989; McKinney 1990), the more uncertain re-
sponse relates to pre-mass selection on metabolic pace.
A decline in resource density might stress the energetic
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balance (e = ¢,—w/3) between gross and net resource as-
similation, especially in larger species that have to sus-
tain larger metabolic costs (wf3). Such mass dependent
distortion might explain the predominant extinction of
larger species during mass extinction from environmen-
tal crises; but body mass biased extinctions may also
reflect a slower evolutionary response in larger species
with longer generations.

4.5 Natural selection theory

The theory of evolution by natural selection was created
in the shadows of the physical theories. For long it was
distinguished by an absence of a general evolutionary
direction; a tradition that started when Darwin (1859)
proposed that species are best understood from their
evolutionary history of common origin.

The absence of a direction driven by universal laws
was argued to be something special that distinguished
evolutionary biology from the physical sciences (e.g.,
Mayr 1988; Salthe 1989; Williams 1992; Maynard
Smith and Szathméry 1995; Gould 2002), and it gen-
erated the paradigm of contingent evolution by histor-
ical natural selection (Witting 2008). Here, evolution
— even when caused by natural selection — can only
be understood backwards after time’s actual unfolding.
This thinking is implicit in traditional life history the-
ory (Charlesworth 1980, 1994; Roff 1992, 2002; Stearns
1992), with examples including body mass models that
were developed from an evolved correlation between re-
production and mass (Roff 1981; Stearns and Koella
1986), and allometric models that were developed from
the very existence of metabolism and mass (West et al.
1997, 1999; Demetrius 2003; Fujiwara 2003; Makarieva
et al. 2005; Glazier 2010).

Having developed the alternative hypothesis of direc-
tional evolution from the deterministic components of
natural selection over the past twenty years, I find that
the historical dominance of contingent thinking in nat-
ural selection theory arose as a conceptual misunder-
standing in a young scientific discipline that had not
yet discovered general regularities. In fact, with nat-
ural selection emerging from the origin of replicating
molecules, I find that evolutionary biology is in the
unique position to define a mathematical theory for
the natural selection that unfolds deterministically from
self-replication. By applying this concept, I have con-
structed a theory that, even in the absence of parame-
ter estimates from evolved biota, predicts an unfolding
that is basically parallel to evolution on Earth. Biolog-
ical evolution by natural selection is therefore proposed
as an inescapable unfolding that follows from the origin

bioRxiv (2016) 088997

of replicating molecules in suitable environments.
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Supplementary Tables

Nr  Species pair wo w1 w At dw/dt
1 Hyracotherium angustidens - Hyracotherium tapirinum 26.6 34.9 30.8 5.0 1.7
2 Hyracotherium angustidens - Hyracotherium vaccassiense 26.6 24.9 25.8 5.0 -0.3
3  Hyracotherium vaccassiense - Orohippus pumulis 24.9 28.0 26.5 6.0 0.5
4  Orohippus pumulis - Epihippus gracilis 28.0 28.4 28.2 4.0 0.1
5  Orohippus pumulis - Epihippus uintensis 28.0 32.6 30.3 4.5 1.0
6  Epihippus gracilis - Mesohippus bairdii 28.4 42.2 35.3 9.0 1.5
7  Mesohippus bairdii - Miohippus quartus 42.2 53.8 48.0 6.0 1.9
8 Miohippus quartus - Parahippus tyleri 53.8 86.7 70.3 5.0 6.6
9 Miohippus quartus - Archaeohippus blackbergi 53.8 43.9 48.9 7.0 -4

10  Parahippus tyleri - Parahippus leonesis 86.7 76.6 81.7 2.0 -5.1

11  Parahippus leonesis - Merychippus isonesus 76.6 85.2 80.9 3.0 2.9

12 Parahippus leonesis - Merychippus insignis 76.6  100.6 88.6 3.0 8.0

13 Anchitherium clarenci - Hypohippus sp. 131.7 403.0 267.4 8.0 33.9

14  Merychippus insignis - Hipparion shirleyi 100.6 77.5 89.1 2.0 -1.6

15 Hipparion shirleyi - Hipparion tehonense 775 122.8 100.2 2.7 16.8

16  Cormohipparion goorisi - Cormohipparion occidentale 101.9 151.3 126.6 4.7 10.5

17 Merychippus insignis - Nannippus minor 100.6 59.6 80.1 7.0 -5.9

18  Merychippus isonesus - Pliohippus pernix 85.2 155.3 120.3 2.5 28.0

19  Dinohippus sp. - Dinihippus leidyanus 133.5 2299 181.7 4.0 24.1

20 Dinihippus leidyanus - Dinihippus galushai 2299 310.7 270.3 2.0 40.4

21 Dinihippus leidyanus - Dinihippus mexicanus 229.9 243.0 236.5 2.0 6.6

22 Dinihippus mexicanus - Equus simplicidens 243.0 4247 3339 20 90.9

23 Nannippus minor - Nannippus peninsulatus 59.6 79.9 69.8 4.3 4.7

24 Equus simplicidens - Equus scotti 424.7 495.6 460.2 2.0 34.5

Table S1: Rates of body mass evolution for 24 plausible ancestral-descendant species pairs of North
American fossil horses. Only positive rates of evolution were used for the estimate of the dt/dt exponent,
with one outlier removed (pair nr 4). w in kg, ¢ in million years, dw/dt in kg/million year. Data from
MacFadden (1986).
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Group w t Aw At w  dw/dt

Artiodactyla 7255 49.5 2141 1.8 6184.5 1215.1
Artiodactyla 5114  47.7 2952 4 3638 737.1
Artiodactyla 2162 43.7 - - - -
Artiodactyla 3005 38.4 1486 5.7 2262 260.2
Artiodactyla 1519  32.7 - - - -
Artiodactyla 1519  26.5 - - - -
Artiodactyla 1829 21.1 1332 4.4 1163 302.7

Artiodactyla 497  16.7 132 74 431 18
Artiodactyla 365 9.3 330 9.3 200 35.5
Artiodactyla 35 0 - - - -

Carnivora/Fissipedia 3692 63.6 - - - -
Carnivora/Fissipedia 3692  63.6 1992 0.9 2696 2217
Carnivora/Fissipedia 1700 62.7 924 1.8 1238 513.5
Carnivora/Fissipedia 776 60.9 - - - -
Carnivora/Fissipedia 1700 59.1 - - - -
Carnivora/Fissipedia 4665 55.1 4265 5.3  2532.5 801.7
Carnivora/Fissipedia 400 49.8 - - - -
Carnivora/Fissipedia ~ 689.3 44.1 3583 6.2 510.2 57.7
Carnivora/Fissipedia 331 379 1094 54 276.3 20.1
Carnivora/Fissipedia  221.6 32,5 216.7 4.4 113.3 49.2
Carnivora/Fissipedia 4.9 28.1 34 74 3.3 0.5
Carnivora/Fissipedia 1.6 207 - - - -
Carnivora/Fissipedia 53 114 - - - -
Carnivora/Fissipedia 53 6.4 - - - -

Carnivora/Fissipedia 10 34 74 34 6.3 2.2
Carnivora/Fissipedia 2.6 0 - - - -
Primates 500 54.5 404 1.8 298 229.3
Primates 96 52.8 - - - -
Primates 225  48.8 175 5.3 137.5 32.9
Primates 50 43.5 - - - -
Primates 50 37.8 47.3 6.2 26.4 7.6
Primates 27 315 - - - -
Primates 7.9 26.1 - - - -
Primates 8.6 21.7 - - - -
Primates 9 144 2.7 9.3 7.7 0.3
Primates 6.3 5.1 6.2 5.1 3.2 1.2
Primates 0.1 0 - - - -

Proboscidea 17450 48.8 10882 5.3 12009 2045.5
Proboscidea 6568 43.5 651 5.7 62425 114
Proboscidea 5917 37.8 2917 6.2 4458.5 469.3
Proboscidea 3000 31.5 - - - -
Proboscidea 3500 26.1 - - - -
Proboscidea 4000 21.7 3442 74 2279 468.3
Proboscidea 558 144 194 9.3 461 20.9
Proboscidea 364 5.1 349 5.1 189.5 69.1
Proboscidea 15 0 - - - -

Table S2: Maximum body mass, and rates of maximum body mass evolution, for mammalian clades.
Only positive rates shown and used. ¢ in millions of years ago, w in kg. Data from Okie et al. (2013).
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Group w t Aw At o dw/dt

Cetacea/Mysticeti 190000 31.1 93023.6 0 - -
Cetacea/Mysticeti 96976.4 31.1 36677.1 3.1 78637.8 11946.9
Cetacea/Mysticeti 60299.3 28.1 46331.9 1.4 37133.3 34067.5
Cetacea/Mysticeti  13967.4  26.7 4350.2 1.8 11792.3 2437.1
Cetacea/Mysticeti ~ 9617.2  24.9 - - - -
Cetacea/Mysticeti  11476.3 22 8842.3 3.8 7055.1 2302.7

Cetacea/Mysticeti 2634 18.2 - - - -
Cetacea/Mysticeti 2634 15.6 1007.6 2.9 2130.2 352.3
Cetacea/Mysticeti 1626.3 12.7 403.3 7.7 1424.7 52.4
Cetacea/Mysticeti — 1223.1 5 813 5 816.6 162.6
Cetacea/Mysticeti 410.1 0 - - - -

Table S3: Maximum body mass, and rates of maximum body mass evolution, for Cetacea/Mysticeti.
Only positive rates shown and used, and one outlier removed. ¢ in million of years ago, w in kg. Data
from Okie et al. (2013).

w t Aw At dw/dt
10000 105.5 - - -
15000 104.6 - - -
17450 102.8 - - -
17450 101 - - -

17450 97.0 10882 5.32 2045
6568 91.7 651 5.71 114
5917 86.0 - - -

15000 79.8 - - -

15000 74.4 9093 4.40 2067
5907 70.0 1407 7.35 191
4500 62.6 3800 9.30 408

700 53.3 - - -
700 48.3 646  2.95 219
54 45.3 - - -

54 41.9 50.7 7 7.2

3.3 34.9 - - -
5 0 - - -

Table S4: Maximum body mass, and rates of maximum body mass evolution, for all terrestrial mammals.
Only positive rates shown and used. t in million of years ago, w in kg. Data from Smith et al. (2010).
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t logw logdw/dt

-3.5 -5.9 -
-2.8 -2.1 -2.0
-2.1 -9.1 -9.0

-4 -6.7 -6.5
-0.6 -0.1 0.05
-0.4 0.9 1.7
-0.4 2.3 3.7
-0.3 2.1 -
-0.2 3.0 3.9
-0.2 3.9 5.1

Table S5: Maximum body mass, and rates of maximum body mass evolution, over 3.5 billion years of
evolution. Only positive rates shown and used. t in billions of years ago, w in proxy estimated as length
raised to the third power. Data from Bonner (1965).
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Supplementary Information

In this section I simulated the evolution of species
distributions to examine when we can expect mass-
rescaling allometries (1/4 and 1/6 exponents for lifes-
pan) across species that have evolved over time with
different rg, /ro-ratios.

Species distributions were simulated from a 125 gram
ancestor that lived 65 MA by an initial differentiation
into 15 evolutionary lineages that evolved at evolution-
ary steady states during an initial period (7p) from 65
MA to 30 MA, where each lineage diversified into 15
species, with species evolving at evolutionary steady
states during a second period (77) until 0 MA. Lin-
eages and species were assigned evolutionary rates at
random from uniform distributions [~ U(min, max)],
and species distributions were truncated at 2 grams
and 20 tonnes by excluding lineages and species that
evolved beyond these limits.

To parametrize the different evolutionary steady
states I assumed an initial generation time of 30 years
and assigned values to r. and rg,. From this I esti-
mated 7, = 7 — rg, as the joint exponential change
in & and p with o = &p, allowing for an exponential
decline due to changing environmental (p) conditions.
With r;, being the estimated 7. for fossil horses, for each
lineage I drew r. from ~ U(—10r,+10r}) for Ty, and
then resampled 7. from ~ U(—15r,,+15r,) for each
species for T7. Relating to the rate of evolution in the
pre mass component of mass specific metabolism I drew
rg, rates from ~ U(rg, ,rn, 78, ) for Ty, with rg,
being a minimum, and 7, , a maximum value.

I constructed three different models to assign 74,
rates to the species in T7. A stop model (S) sat rg, =0
for all species in T}. A resample model (R) resampled
7, from ~ U(rg, ,7h,7s,,7n) for all species in T1. And
a maintained model (M) maintained the lineage specific
rg, from Tj to all the species of a lineage in T7. An ex-
ample of a simulated body mass distribution is shown
in Fig. 1, together with the resulting lifespan allometry.

For each model I simulated 1000 species distributions
to estimate an average lifespan exponents (7) with an
associated standard error, and this was done for dif-
ferent values of 75, , and 75, ,, with results shown in
Fig. 1.

The results show that mass-rescaling exponents can
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Figure 1: 2D lifespan exponents estimated from simu-
lated species distributions. Distributions were truncated at
2 gram and 20 tonnes, and they evolved from random pa-
rameterisation of steady state selection in two periods (To
& Ti), with 15 lineages evolving from 65 to 30 MA, and
each lineage splitting into 15 species at 30 MA, with species
evolution to 0 MA. The top plot shows time trajectories
and the bottom plot the resulting allometry. Note, that the
smallest species was small for the whole period. It evolved
through more generations than the other species, and thus it
evolved a shorter lifespan, and a higher metabolic rate, than
expected when corrected only for size. The table shows aver-
age exponents for 1000 species distributions across different
models (SE= 0.00 for all models): re ~ U(—0rp, +10rp) for
To, resampled from ~ U(—5rp, +15r,) for T1, with r;, being
the re estimate for fossil horses. 75, ~ U(rp, ,7h, 785 ,7h)
for To. Model S: rg, = 0 for T1. Model R: rg, resampled
from ~ U(rp, ,7n, 78, ,7n) for T1. Model M: 75, maintained
from Ty to 1.
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be expected as approximations for a wide variety of
species distributions. When the metabolic rate behaves
as expected, i.e., with an exponential increase over time
(785.. = 0), a close approximation is more often the rule
than the exception. If the metabolic rate behaves un-
expected instead, i.e., with a decline in a large fraction
of species (g, , < 0), we may observe deviations from
the expected exponents.
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