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ABSTRACT

Structurally complex life and intelligence evolved late on Earth; models for the evolution of
global temperature suggest that, due to the increasing solar luminosity, the future life span
of the (eukaryote) biosphere will be “only” about another billion years, a short time com-
pared to the ~4 Ga since life began. A simple stochastic model (Carter, 1983) suggests that
this timing might be governed by the necessity to pass a small number, n, of very difficult
evolutionary steps, with n <10 and a best guess of n = 4, in order for intelligent observers
like ourselves to evolve. Here I extend the model analysis to derive probability distributions
for each step. Past steps should tend to be evenly spaced through Earth’s history, and this is
consistent with identification of the steps with some of the major transitions in the evolution
of life on Earth. A complementary approach, identifying the critical steps with major reorga-
nizations in Earth’s biogeochemical cycles, suggests that the Archean-Proterozoic and Pro-
terozoic-Phanerozoic transitions might be identified with critical steps. The success of the
model lends support to a “Rare Earth” hypothesis (Ward and Brownlee, 2000): structurally
complex life is separated from prokaryotes by several very unlikely steps and, hence, will be
much less common than prokaryotes. Intelligence is one further unlikely step, so it is much
less common still. Key Words: Major transitions—Lifespan—Biosphere—Rare Earth—Ceriti-
cal steps—Earth history—Archean—Proterozoic. Astrobiology 8, xxx—xxx.

INTRODUCTION: LIFE SPAN OF on temperature that operate via the reduction of
EARTH’S BIOSPHERE the carbon dioxide atmospheric greenhouse

(Walker et al., 1981; Lovelock and Watson, 1982;

STANDARD SOLAR MODELS robustly predict that Volk, 1987). Maintenance of Earth’s present bios-
the luminosity of the sun is increasing. One phere requires temperatures <50°C and at least
such model, for example, purports a ~25% in- ~10 ppm of atmospheric COy; so extrapolating to
crease since the formation of the Solar System the future, the life span of the biosphere is likely
(Newman and Rood, 1977). Earth’s surface tem- to be limited by a combination of decreasing
perature has been stabilized against increase by CO, and increasing temperature (Lovelock and
opposing effects, particularly negative feedbacks ~Whitfield, 1982). In recent years, studies of in-
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creasing sophistication (Caldeira and Kasting,
1992; Franck et al., 2000; Lenton and von Bloh,
2001) have suggested that the future lifetime for
the eukaryotic biota will be ~1 Ga, with a likely
uncertainty of 0.5-1.5 Ga, which is substantially
shorter than the period of ~4 Ga that has passed
since life first appeared on the planet. Here I ex-
plore the idea that the realization that Earth’s
biosphere is now in its old age has implications
for our understanding of the likelihood of com-
plex life and intelligence arising on any given
planet.

Figure 1 shows the future life span, according
to a recent model (Bergman et al., 2004), and il-
lustrates the processes at work in the studies of
the life span of the biosphere. This model is an
attempt to synthesize information on the coupled
behavior of the major elemental cycles (C, P, S,
O, and N) that govern the concentration of CO,
and oxygen in the atmosphere, and their influ-
ence on planetary temperature. It incorporates
the concept of negative feedback, which was first
discussed by Walker et al., (1981) and extensively
elaborated upon by Berner and colleagues
(Berner et al., 1983; Berner, 1991; Berner and
Kothavala, 2001), whereby temperatures are sta-
bilized by the atmospheric CO, concentration: re-
moval of CO, from the atmosphere-ocean system
is a result of the weathering of silicate minerals
on the land surface, and these weathering pro-
cesses are enhanced by increased temperature, bi-
ological activity, and runoff, all of which are pos-
itive functions of atmospheric CO, concentration.
From the present onward, the increasing solar lu-
minosity drives higher temperatures, which lead
to more rapid weathering of silicates to carbon-
ates, mediated by land vegetation. As a conse-
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quence, atmospheric CO, concentration drops to
less than 100 ppm after about 300 million years.
At about 800 million years, CO, concentration be-
comes so low that it begins to limit vegetation sig-
nificantly (assumed to be C4 photosynthetic),
which leads to a precipitous decline and demise
of the biota at about 1.1 Ga.

The important assumptions that set the time-
scale for this outcome are the upper temperature
limit for eukaryotic life, taken as ~50°C, and the
requirement for CO, in the atmosphere. While
there are many uncertainties in the details, the
life-span prediction is relatively robust to changes
in the model assumptions. It is difficult to extend
the life-span prediction by adjusting the sensitiv-
ity of carbonate-silicate weathering to tempera-
ture because, for example, if this is made more
sensitive, CO, declines and limits photosynthesis
more severely; and if it is made less sensitive, the
temperature increases more quickly, which lim-
its the biota. These considerations suggest that the
era of structurally complex macroscopic life on
Earth will be limited to a further ~1 Ga, which
will be succeeded by a period that will see the
survival of thermophilic microbes but not pre-
sent-day eukaryotes. In this respect, the last or-
ganisms to survive on Earth may be similar to
some of the first to appear.

The question of the future life span of the bios-
phere has relevance to estimates of the likelihood
that complex, perhaps intelligent, life evolves on
a given planet. At present, Earth is the only ex-
ample we have of a planet with life, and the fact
that our own existence depends on Earth having
developed complexity and intelligence intro-
duces an anthropic “self-selection” bias into our
sample of one (Bostrom, 2002). If we learned that
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T FIG. 1. Predictions of future atmos-
pheric CO; concentration (in present at-
mospheric values or PAL) and global
planetary temperature, and an index of
land biota productivity from the COPSE
model (Bergman et al., 2004). The model
has representations of the global biogeo-
chemical cycles of carbon, oxygen, sulfur,
nitrogen, and phosphorus. It is run for-
ward in time with steadily increasing so-
lar luminosity. Note the logarithmic axis
for the CO; and vegetation indexes. The
figure is redrawn from Bergman (2003).
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AN ANTHROPIC MODEL FOR EVOLUTION

the planet would be habitable for a set period and
if we had evolved early in this period, then even
with a sample of one, we might suspect that this
suggested evolution from simple to complex and
intelligent life was relatively likely to occur. By
contrast, however, it is now believed that we
evolved late in the habitable period; this suggests
that our evolution is a comparatively unlikely oc-
currence.

DESCRIPTION AND EXTENSION OF
CARTER’S MODEL

This dependence can be made more quantita-
tive with the aid of a simple model that accounts
for anthropic self-selection, which was intro-
duced by Carter (1983). The model assumes that,
on a planet such as Earth where observers even-
tually arise, the pace of this evolution is governed
by the necessity to pass a number n (unknown a
priori) of critical steps, which are defined as be-
ing intrinsically unlikely to occur in the time
available. Each of these critical steps can only oc-
cur after the previous steps in the sequence have
occurred. All other evolution is assumed to occur
rapidly, such that the time taken for the neces-
sary evolution between the steps does not affect
their timing. The critical steps are assumed to oc-
cur stochastically, with uniform but unequal
probabilities, A; . . . A, and the property that they
are intrinsically unlikely is expressed by the con-
dition A;t;, << 1 for all A;, where t;, is the habit-
able lifetime of the planet. No other restriction is
placed on the values of A;—in particular, they
may differ by orders of magnitude, and individ-
ual A; may be arbitrarily small, so that the prob-
ability of the overall sequence might be very low
indeed.

The model is, of course, a highly conceptual-
ized and abstract account of evolution. There is
no obvious basis, for example, for dividing evo-
lutionary steps into “easy” and “hard” classes.
More likely, there is a continuum of likelihoods
that particular evolutionary pathways will occur,
which range from the very likely [which there-
fore recur convergently in diverse settings (Con-
way Morris, 2003)] to the very rare, some of which
may have far-reaching consequences. The critical
step model is useful if, on the longest timescale
appropriate to evolution on Earth, the pace of
evolution is determined by a relatively few steps
of the second kind. Conversely, it would not be
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useful if the timescale for evolution is set entirely
by a long sequence of events, each of which is
likely but takes some time, so that cumulatively
the process is very slow. If this is the reason why
evolution on Earth has taken so long, it would
imply that many planets that are habitable for
long enough would evolve intelligent animals.
An explanation would then be needed for the
“Fermi paradox”—why we see no evidence for
abundant intelligent activity elsewhere in the
COsSMos.

The model assumes that there is at least one
unlikely step in the evolution of intelligence, so
it could be said to incorporate an inherently pes-
simistic view of the probability of this occurring.
If the long, slow fuse idea is rejected, then this
seems the only explanation for why it has taken
so long for intelligence to evolve on Earth. Oth-
erwise, it would have to be argued that evolution
on Earth has been unusually slow, something for
which there is no a priori evidence (Carter, 1983).

It needs to be clearly appreciated that there is
no process deterministically governing when, or
whether, the critical steps occur. Considering the
set of all planets, the model assumes that on most
of them none of the steps occur, and for those
planets on which the first step occurs, the second
occurs on only a few, and so on, so that only on
a small subset do n steps occur. Furthermore,
there is nothing special about “observerhood” in
the context of the model. Any other property of
organisms that is governed by a sequence of rare,
random events could be modeled in the same
way. For example, if the evolution of an organ-
ism that is able to breathe fluorine gas requires a
sequence of rare evolutionary events, the same
model could be used to investigate when in the
history of their planets such organisms tend to
appear, in the rare cases that they ever do.

The probability density function (PDF) of the
n'h step in a sequence of length n steps (which I
denote by P,,/,) is given by the following [See Ap-
pendix for a derivation. Barrow and Tipler (1986)
also discussed the model, and this equation may
be obtained by differentiating their cumulative
probability equation 8.6]:

Pup(t) = K T A" (1)
i=1

Here, K is a normalization constant, and the ap-
proximation is valid if t << 1/A;, for all i. If only
the small subset of planets in which intelligence
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does arise is considered, e.g., those on which all
n steps are completed in the interval 0-t;, the nor-
malization constant can be found by equating the
integral of P,, to 1, thus

ntnfl
"

Pyyu(t) = ()
where all the A; are cancelled through by the nor-
malization. This PDF represents the probability
as a function of time of an intelligent observer
species evolving, given the certainty that it does
so before t;,. For n > 1, it is weighted toward the
end of the habitable period, and as Carter first de-
rived, the expectation time for the species to
evolve is

n
n+1

th

<tn/n> = J;) tPy(t)dt = tn

This expression quantifies the comment made
above that a late evolution of intelligence sug-
gests that this is an unlikely event. In fact, ac-
cording to this simple model, it is not so much
the low probability of a single event that leads to
this conclusion but the requirement that several
such events must independently occur in se-
quence. The larger the number of such events re-
quired to reach a given complexity, the later, on
average, it will occur.

If the earliest time at which Earth was habit-
able were 4 Ga and the latest time at which it will
be habitable is 1 Ga in the future, a “best guess”
for n in the case of humans on Earth is 4. Carter,
writing before the studies that constrain the fu-
ture life span of the biosphere, assumed a future
life span of ~5 Ga and obtained a best fit for n of
1. The revised, higher value fits much better with
a number of independent approaches to the
broad-scale structure of evolution, as discussed
further below.

Uncertainty on this number arises first because
the future life span might be shorter or longer. If
the life span is only 0.5 Ga, for example, the best
fit for n would be 8. Second, uncertainty arises
because, in any particular realization, the timing
of a given step will not correspond exactly to its
expectation time, this being only the average that
would be obtained given many realizations.
Large values, however, can be ruled out with con-
fidence. For example, for the case of our evolu-
tion on Earth, Equation 2 can be used to show
that n > 10 is ruled out with >90% confidence if
we are now at 0.8f,. The conclusions from the
model are unaffected even should technologically
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able observers have the capability to extend the
life span of the biosphere (by, for example, plac-
ing giant mirrors in space or colonizing Mars),
providing the “natural,” non-extended estimate
of the habitable period t;, is used in the model cal-
culations.

Starting from Equation 2, I now derive the PDFs
for the earlier steps in the sequence and express
the joint probability of a sequence in which the m'h
event occurs at time t and, in addition, a further
n—-m events occur after ¢ with the last one occur-
ring at t’, as the product of two PDFs like Equa-
tion 2. The PDF of interest is then that joint prob-
ability integrated over all possible values of ¢ "

ty
Pm/n(t) o Pm/m(t) .[ Pnfm/nfm(t’ - t)dt,

Py is proportional to "1 and Py_yn-m is pro-
portional to (' — £)""~1, so it can be written:

th
Pty o 7 [ @ =ty
= Kat" Mty — O (3)

where a new normalization constant, K, is intro-
duced. To find this constant, integration by parts
is used over the range 0-t,, and the integral is
equated to 1, finally obtaining:

n! i, —
(n —m)!(m — 1)! " @

(Figure 2 shows the shapes of these PDFs for the
cases where n = 1, 2, 3 and 4.) Equation 4 can be
used to obtain the expectation time for occurrence
of the m™" term in a series of length 1, a general-
ization of Carter’s result above:

Pr(t) =

m
n+1

th
) = f EP(tdt = t
0

On average, therefore, the steps should tend to be
spaced evenly through the history of life on the
planet. This spacing is quite independent of the val-
ues of the individual A;, providing these satisfy the
criterion that they are much smaller than 1/t
Thus, even if one step was very many orders of
magnitude harder than all the others, it would be
impossible to tell which it was by considering their
timing alone. This property of even spacing was
first appreciated by R. Hanson*, who used Monte

*R. Hanson, “Must early life be easy: the rhythm of
major evolutionary transitions.” Available online at
http://hanson.gmu.edu/hardstep.ps
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FIG. 2. Probability distributions from Equation 3 as a
function of fractional time #/t;, forn =1, 2, 3, and 4.

Carlo simulations, and it has also been discussed
by Bostrom (2002). Flambaum (2003) apparently in-
dependently arrived at a similar result (with, how-
ever, nreplacing n + 1in the denominator) by max-
imizing the probability that the sequence of n
transitions occurs in the available time.

CRITICAL STEPS AS MAJOR
TRANSITIONS IN EVOLUTION

Several routes for identifying candidates for
the critical steps are possible, depending on what

TaBLE 1.
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are considered to be the major constraints on the
evolution of complexity. Here I offer an example
from the perspective of evolutionary biology and,
below, offer a second example from a more geo-
logical-Earth system perspective. The model is
applicable regardless of the mix of constraints,
provided that these lead to the evolution of com-
plexity being paced by stochastic, low-probabil-
ity events.

Table 1 shows the “major transitions of evolu-
tion” as described by Maynard Smith and Szath-
mary (Maynard Smith and Szathmaéry, 1995; Sza-
thmary and Maynard Smith, 1995). These are
transitions in which molecules or organisms com-
bine to form more complex entities, which there-
after reproduce as a single unit. There is no rea-
son a priori to expect these transitions to be critical
in the sense of the model (e.g., so unlikely that
they would not be expected to occur for billions
of years). Nevertheless, only 1 of the 8 (formation
of colonies from individuals) seems definitely to
have occurred more than once in the history of
life and can be excluded on those grounds, which
leaves a 7-step sequence.

Table 1 gives estimates for when the Szath-
mary-Maynard Smith transitions occurred, based
on inferences from the fossil record (almost none
of them uncontroversial). Also tabulated are
probabilities calculated from a model with a 7-
step sequence constrained to last from 4 Ga be-
fore the present (assuming that continuing bom-
bardment made the planet uninhabitable before
that time) to 1 Ga in the future. The tabulated val-

THE MAJOR TRANSITIONS IN EVOLUTION, AFTER MAYNARD SMITH AND SZATHMARY

(MAYNARD SMITH AND SZATHMARY, 1995; SZATHMARY AND SMITH, 1995), witH PROBABILITIES CALCULATED
FROM THE PDFs GIVEN BY EQUATION 4, AS DESCRIBED IN THE TEXT

Possible critical

Probability that step occurs at

Time of or before observed time

occurrence

Transition step? (before present) 7-step model 5-step model
1. Replicating molecules to populations yes <3.5 Ga 52% —
of molecules
2. Unlinked replicators to chromosomes yes <3.5 Ga 15% —
3. RNA as gene and enzyme to DNA and yes <3.5 Ga 2.6% 41%
protein (genetic code)
4. Prokaryotes to eukaryotes yes 2.5-1.5 Ga 29% 66%
5. Asexual clones to sexual populations yes 2.5-1.5 Ga 9.6% 32%
6. Protists to animals, plants, and fungi yes 1-0.6 Ga 22% 41%
(cell differentiation)
Solitary individuals to colonies no 0.4-0 Ga? — —
(non-reproductive castes)
7. Primate societies to human societies yes 0.001 Ga 21% 33%

(language)
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ues are probabilities that the events would occur
at, or before, the time they were actually observed
(taken as the midpoint when a range is given). A
very low, or very high, probability here indicates
that the event is in one or the other tail of the PDF,
hence a poor fit to the model. Figure 3 shows
graphically the PDFs for this 7-step sequence,
compared to the timing of the events. The major
transitions that occur after prokaryotic life was
established are well spaced throughout Earth his-
tory and are in a pattern consistent with their
identification as critical steps. The relatively low
probability of steps 6 and 7 occurring as early as
observed reflects the fact that 7 is rather higher
than the “best guess” value of 4 for n. However,
under commonly accepted assumptions about
early life, the early part of this sequence does not
fit the model well. Given the evidence for the ex-
istence of prokaryotes by 3.5 Ga (Schopf, 2006),
the first 3 steps are constrained to occur before
10% of the available time has passed. The proba-
bility of this occurring is <3% and is represented
by the small shaded area of the tail of the distri-
bution for the third step in Fig. 3.

The assumption that the planet was not con-
tinuously habitable before 4 Ga may be too re-
strictive. For example, there is evidence that there
was liquid water on the planet by about 4.3 Ga
(Mojzsis et al., 2001), and some have argued that
aspects of the accretion may actually have been
beneficial to the early stages of evolution (Cock-
ell, 2006). If the later bombardment was insuffi-
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FIG. 3. Probability distributions in the
7-step model discussed in the text and in
Table 1. The breaks and change from solid
; to dotted lines indicate where the corre-

sponding Szathmary—Maynard Smith
i transition is assumed to occur for the prob-
3 abilities given in the table, and the illus-
; trative timing of major events is also
=8 shown by the arrowed times. Note that for

5 . the third transition, the constraint that

prokaryotes exist by 3.5 Ga means that the
" transition must occur in the tail of the dis-
5 5 tribution, with a probability <3% (shaded
k area).
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cient to sterilize the planet, then the earliest time
of habitability might be moved back to 4.4 Ga,
which allows, at maximum, 0.9 Ga for these steps
to have occurred. Even in this case, however, the
probability of passing three critical steps before
3.5 Ga remains <10%. By contrast, if a less con-
servative approach is taken and the isotopic sig-
nature of carbon granules in the Isua formation
(>3.7 Ga) is interpreted as evidence for prokary-
otic life (Rosing, 1999), and the end of the late
bombardment at ~3.85 Ga is taken as the earliest
point after which Earth was continuously habit-
able, then the probability of occurrence of three
steps in this time interval falls to <1073.

These low probabilities reflect the well-known
problem of the apparently rapid establishment of
life on Earth. There are several possible resolu-
tions of this problem. For example, life could have
evolved elsewhere, on Mars for instance, over a
less constrained time period (Davies, 2003). Or
prokaryote life may evolve readily on a timescale
of ~0.1 Ga so that none of these steps are critical
in the sense of Carter’s model. However, the
model fits best if there is one, and only one, crit-
ical step involved in evolution to the prokaryote
stage, followed later by several well-spaced dif-
ficult steps in the subsequent lineage that ends
with humans. The model then provides an an-
thropic explanation for why the first evidence for
prokaryotes is observed at a relatively early stage
on Earth—the existence of several further, unre-
lated, and difficult steps later in the sequence
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means that an early occurrence of the first step is
most likely to be observed, no matter how hard
that is. The probabilities associated with the re-
sulting 5-step sequence are recalculated in the last
column of Table 1; this is assuming that only one
of the first 3 of the Szathmary-Maynard Smith
transitions is critical. In this case, the observed
dates for all the steps are comfortably near the
centers of their respective distributions.

DOES THE EARLY ORIGIN OF LIFE ON
EARTH CONSTRAIN THE ABSOLUTE
PROBABILITY OF LIFE ORIGINATING

ON OTHER PLANETS?

Lineweaver and Davis (2002) developed a
quantitative argument to treat this question. They
adopted a model of a repeated lottery, where bio-
genesis corresponds to winning at least once. If
the chance of winning is unknown a priori, it can
be constrained by an observation of how many
times a gambler has to enter the draw before
the first time he or she wins. The early date for
biogenesis on Earth leads to the prediction of a
high probability for biogenesis in this model.
Lineweaver and Davis calculated, for example,
that the probability of biogenesis is >13% at the
95% confidence interval.

The results discussed here support the view
(Flambaum, 2003) that this is an overestimate be-
cause it does not take into account the several fur-
ther difficult steps that are necessary to get from
biogenesis to “observerhood.” In terms of the lot-
tery analogy, we need to condition our observa-
tions on winning not just the lottery of biogene-
sis, but several subsequent lotteries as well, in
which tickets are only issued to those who have
won in the previous round. In such a model, the
constraint on absolute probability given by an
early win in the first round becomes rapidly less
useful as further rounds are added.

To be more quantitative, I have included be-
low a means by which to test against the as-
sumption that there is only one critical step in the
evolution to the stage implied by the earliest ev-
idence for life on Earth. The constraint on the ab-
solute probability of biogenesis becomes useful
only if biogenesis occurred much more rapidly
on Earth than the expectation time to the first step
in the stochastic model: t; <<t,/(n + 1). Taking
the best-guess values of n = 4 and t;, = 5 Ga, this
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translates to t; << 1 Ga. For small values of ¢, the
probability that the first step should occur before
t is approximately equal to nt/t,. Thus Py /4) <0.1
for t; < 0.125 Ga, and the random model at the
90% confidence level can be rejected if the time
for biogenesis was shorter than this. Lineweaver
and Davis estimated the time to biogenesis as
0.1193 Ga. If the most likely figure or lower end
of this range is taken into consideration, their
broad idea remains valid even after accounting
for the later difficult steps: one would conclude,
using our model with n =4 and t, = 5 Ga, that
biogenesis occurred unusually quickly and,
therefore, is probably relatively common in the
universe, though the actual probabilities calcu-
lated by Lineweaver and Davis would require ad-
justment. On the other hand, toward the upper
end of the range the constraint is of little use. The
probability of biogenesis could be arbitrarily
small, but it would still be expected to occur this
early.

In their reply to Flambaum, Lineweaver and
Davis (2003) discussed the critical step model. As
they pointed out, if biogenesis is sufficiently un-
likely to qualify as a (single) critical step, then the
model predicts that the period between Earth’s first
becoming continuously habitable and biogenesis
should be of the same order as the habitable period
that remains after observers evolve. In my view, I
cannot at present rule out that the time to biogen-
esis is ~0.5 Ga; therefore, no firm conclusion can
be drawn as to whether biogenesis might be a com-
mon event on other planets. However, the discus-
sion illustrates that a modest improvement in our
knowledge of the timetable for biogenesis on Earth
does have the potential to constrain the probabil-
ity of biogenesis elsewhere, if it happens to be in
the right direction, for example, pointing to life aris-
ing on a sufficiently short timescale to be inconsis-
tent with the critical step model.

In his unpublished paper on the study of the
critical-step model (cited above) by way of Monte
Carlo simulations, Hanson was the first to point
out that the model could yield a natural expla-
nation for why biogenesis might have occurred
early on Earth even if it is an unlikely event. He
also discussed the possible correspondence be-
tween critical steps and the Szathméary-Maynard
Smith evolutionary transitions, noting that the
clustering of 3 transitions before the earliest fos-
sil evidence for life argued against that interpre-
tation.



CRITICAL STEPS AS
REORGANIZATIONS OF THE
EARTH SYSTEM

Catling et al. (2005) argued that, for energetic
reasons, the establishment of a high atmospheric
oxygen concentration is a sine qua non for com-
plex life and intelligence to evolve on any planet.
On Earth, there is evidence that oxygen rose to
its present value in 2 steps (Holland, 2006): the
first at the Archean-Proterozoic transition begin-
ning at ~2.4 Ga when it rose to ~1073 atm, and
the second at the Proterozoic-Phanerozoic
boundary when it rose to essentially modern val-
ues, ~10~1 atm. These transitions involved ma-
jor reorganizations in the carbon and nutrient cy-
cles of the planet, with the buildup of a gas in the
atmosphere that was potentially highly toxic.
Both transitions seem to have been associated
with repeated severe glaciations and may have
been accompanied by extinctions, followed by ra-
diation of new forms once the global climate sta-
bilized. The number of these known transitions,
which are sufficiently evenly spaced in time be-
tween the origin of life and the present, fits the
criteria for critical events in Carter’s model; and
it is tempting to identify them, as such, as an al-
ternative to the strictly evolutionary biological
approach explored above.

The ultimate cause of the first of these transi-
tions was the evolution of oxygenic photosyn-
thesis. Though Kopp et al. (2005) recently argued
that this event immediately predates the atmos-
pheric oxidation, it is more generally thought to
have originated before 2.7 Ga, on the strength of
biomarker evidence for cyanobacteria of that time
(Brocks et al., 2003). Models of Archean biogeo-
chemical cycling suggest that oxygenic photo-
synthesis might have led to oxidation of the at-
mosphere only after a lengthy period during
which the surface environment became oxidized
due to hydrogen escape (Catling et al., 2001),
which eventually led to a sudden switch from
very low to comparatively high atmospheric oxy-
gen (Goldblatt et al., 2006). Oxygenic photosyn-
thesis appears to have evolved only once. The
photosystem II water-oxidizing complex, which
is the core of the enzymatic reaction responsible,
appears to have remained unchanged over bil-
lions of years (Dismukes et al., 2001). This is de-
spite the fact that it is tremendously useful meta-
bolically (utilizing as it does sunlight and the 2
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most abundant volatiles on the planet, both to fix
carbon and provide energy). The conservative na-
ture of the basic chemistry has been ascribed to
the complexity of the system required to catalyze
this thermodynamically very unfavorable pro-
cess, which involves a 4-electron, 4-proton cou-
pled reaction with the absorption of 8 photons
per molecule of oxygen released (Dismukes et al.,
2001). As such, the sequence of changes that be-
gan with the origin of oxygenic photosynthesis is
a candidate for an intrinsically unlikely, critical
step.

The cause of the second transition near the end
of the Proterozoic has been suggested to be an in-
creased efficiency in the chemical weathering of
continental rocks. This also can be traced to bio-
logical innovations, in this case the evolution of
eukaryotes [another step arguably in the “diffi-
cult” category, see Margulis et al. (2006) and Em-
bley and Martin (2006) for recent discussions],
which led, after a considerable time, to cell dif-
ferentiation and the origin of fungi and plants.
Early lichens were able to survive on bare rocks
by weathering nutrients from them, which led to
enhanced nutrient availability (Lenton and Wat-
son, 2004) and carbon burial (Kennedy et al.,
2006), both of which tend to force an increase in
atmospheric oxygen.

Though the biological advances that initiated
both of these transition periods may have been
related to evolutionary inventions that occurred
at specific points in time, the transitions took
hundreds of millions of years to complete before
a new dynamically steady state of the bio-
geochemical system emerged. Presumably, this
achievement of stability with a new and more en-
ergetic biosphere was by no means inevitable and
may not even have been very likely. There is ev-
idence that, at both transitions, repeated climatic
catastrophes in the form of global glaciations
were triggered. It seems possible, therefore, that
these transitions would have come to nothing
with the extinction of the organisms responsible
for the new invention and perhaps the eradica-
tion of many (or all) other organisms on the
planet as well.

CONCLUSION

The critical-step model has not been widely
discussed by evolutionary or paleobiologists.
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One reason for this may be the conclusion origi-
nally reached by Carter (1983), that there was
only 1 such step or, at most, 2, based on the as-
sumption that we are presently only midway
through the life span of the biosphere. This result
is quite difficult to square with what is known
about evolution on Earth. It implies, for instance,
that the origin of what we call intelligence—the
transition which separates humans from the other
apes—is just about the most unlikely event to
have happened in the history of life. However,
the history of life includes increases in structural
and genetic complexity concentrated in certain
major transitions (Szathmary and Maynard
Smith, 1995) that can be correlated with major
changes in the fossil record (Schopf, 1992) and up-
heavals in the biogeochemistry of the whole Earth
system (Lenton ef al., 2004). These earlier transi-
tions appear, on the face of it, to have been of
equal or greater difficulty than the origin of hu-
man intelligence.

The recognition that Earth’s biosphere is in its
old age, such that the critical-step model allows
a larger number of these events, resolves this
problem and suggests that a re-examination of
evolution on Earth in light of the model may be
worthwhile. According to the analysis de-
scribed here, the difficult steps that have paced
evolution at the longest timescale have occurred
at ~1 Ga intervals. This suggests that the penul-
timate step before the origin of observers (our-
selves) on Earth was around the time of the late
Proterozoic and may have been the differentia-
tion of the eukaryotic kingdoms of plants, ani-
mals, and fungi. To reach that point, several
previous difficult steps were passed; so complex
life may be a rare phenomenon and observers
rarer still. On the other hand, the rapid estab-
lishment of life on Earth after its formation may
indicate that simple microbial life is relatively
common. These conclusions lend some theoret-
ical support to the Rare Earth hypothesis of
Ward and Brownlee (2000).

It is worth emphasizing that, while I have fo-
cused on the set of steps that leads to intelligence,
this is in a sense an arbitrary choice dictated by
our special interest in this defining property of
humans. The critical step model is quite general
and could be applied to any other set of steps. For
example, suppose we were interested in the evo-
lution of elephant-like animals and considered
the possession of a trunk as the most important
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attribute an organism could have. Suppose fur-
ther, that the evolution of a trunk requires one
unlikely step beyond those required for the evo-
lution of complex animals. The model could then
be used to predict the probability distribution for
the time of appearance of animals with trunks
within the set of all planets on which animals
evolve. As it happens, this would be identical to
the distribution for intelligent observers within
their set of planets, as has been discussed, since
they appear to require the same number of criti-
cal steps.

While the existence of transitions to increas-
ingly complex life-forms through evolutionary
time is widely recognized, there seems no ob-
vious process within evolution itself to explain
this directionality. The view that evolution in-
volves a predictable progression, such that the
emergence of intelligence is inevitable, is today
generally considered to be overly anthropocen-
tric [though Conway Morris (2003) put forward
a well-argued case for it]. There are numerous
examples where complex traits have apparently
been lost from organisms, and the question of
whether increases in complexity are in fact any
more intrinsically likely than decreases remains
unresolved (McShea, 2001). From the perspec-
tive adopted here, this appearance of evolution
as a monotonic “progress” toward ourselves re-
sults from “anthropic self-selection bias”
(Bostrom, 2002). In this case, there is no need to
postulate any directionality to evolution; and,
in general, the kind of outcome seen on Earth
may be vanishingly unlikely. However, ob-
servers are necessarily complex, and only on
those rare planets on which complex creatures
happen to evolve can there exist observers who
ask questions about evolution and care about
the answers.
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APPENDIX: DERIVATION OF
EQUATION 1

The critical steps are assumed to occur sto-
chastically, with uniform (but not necessarily
equal) probabilities, A; . . . A, and the property
that they are intrinsically unlikely is expressed by
the condition At;, << 1 for all A;, where t;, is the
habitable lifetime of the planet. The probability
of the first step occurring per unit time is

Py(t) = A

The joint PDF of 2 events occurring, the first at
time t’ and the second at a later time ¢ is:

Ppo(tt') « A1

and the PDF of the second event is obtained by
integrating this expression over all possible val-
ues of t/, i.e., from O to ¢t

t
Pz/z(t) * A1Ap f dt' = )\1)\2t
0

where the notation P, , for this PDF signifies that
it refers to the second event in a sequence of 2
events. Strictly, only the first occurrence of either
event is of interest, but provided consideration is
restricted to time periods << 1/A, the probabil-
ity of more than one occurrence of a step can be
neglected, and this expression is valid.

The PDF for the third event in a sequence of 3
can similarly be found:

t t
Py 5(t) = f Py o(F)P3(t)dt = AihsAs j bt
= )\1)\2)\3t2/2

and the formula deduced for the PDF of the nth
step in a sequence of n steps:

n
Pup(t) = K JT Aat" !
i=1
which is Equation 1 in the text. = has been re-
placed by equality, and K, a normalization con-
stant, has been introduced.
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