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The two largest pools of carbon on Earth,
carbonates and organic matter (kero-

gens, preserved primarily in shales), are
both contained in the lithosphere (1). Both
pools contain signatures of the two stable
carbon isotopes, 13C and 12C; however, the
processes responsible for the resulting iso-
topic fractionation differ. In the precipita-
tion of calcite (the primary preserved form
of carbonate in marine sediments), isotopic
fractionation is dictated by thermodynam-
ics; however, the isotopic discrimination is
relatively small (2, 3). Hence, to first ap-
proximation, the 13Cy12C composition of
carbonates reflects the availability and iso-
topic signature of the
source carbon (sea wa-
ter). In contrast, the
precipitation of organic
carbon is dictated by ki-
netics; that is, when in-
organic carbon is not
limiting, the fixation of
inorganic carbon by the
enzyme ribulose 1,5 bis-
phosphate carboxy-
laseyoxygenase (RubisCO) leads to a '25–
30‰ discrimination against the heavier
isotope in the source carbon (4). As CO2
becomes limiting, the fractionation de-
creases. As all photosynthetic organisms
contain RubisCO, and photosynthesis is by
far the major route of entry of inorganic
carbon into the organic realm, photosyn-
thetic organisms potentially influence both
the total pool of inorganic carbon and its
isotopic distribution at any instance in time
in Earth’s history. The isotopic difference,
«toc, between the inorganic and organic car-
bon pools is, in principle, a semiquantitative
proxy of the total inorganic carbon in the
ocean–atmosphere system. In this issue of
PNAS, Rothman (5) demonstrates that, as
marine animal and terrestrial plant diversity
increased in the latter part of the Phanaero-
zoic, «toc values decreased, and the changes
are significantly correlated. Using a model
of marine phytoplankton isotope fraction-
ation (6), Rothman suggests the relationship
between «toc and the diversity of both ma-
rine animals and terrestrial plants in the

fossil record is causal and inverted the
model (using the diversity index) to recon-
struct Earth’s atmospheric CO2 through the
Phanaerozoic. Whether the model assump-
tions are accurate is anybody’s guess, but the
apparent correlation among these three
proxies deserves inspection.

Geochemical reconstructions of
Earth’s CO2 on multimillion-year time
scales call on vulcanism and metamor-
phism to supply the gas and on weather-
ing reactions driven primarily by tectonic
uplift to remove it (7, 8). Over geological
time, it is generally believed that CO2 in
the atmosphere – ocean system has

largely decreased as
weathering has in-
creased. Weathering
is accelerated by ter-
restrial plants (9),
both physically by
root extension (and
hence fracture of
rocks) and biochemi-
cally through local
acidification in root

metabolism and in the associated rhizo-
spheric degradation of terrestrial organic
matter. In this process, not only are
silicates exposed to weathering reac-
tions, but mineral phosphates are ex-
tracted and mobilized from the litho-
sphere, where a fraction eventually
f luxes to the oceans. The enhanced phos-
phate f lux, coupled with biological ni-
trogen fixation, potentially increases pri-
mary productivity and subsequent export
and sequestration of organic carbon in
marine sediments, thereby (on time
scales of millions of years) further re-
moving CO2 from the atmosphere–
ocean pool (10). Indeed, the reconstruc-
tion of «toc suggests that over the past
'100 million years (Ma) of Earth’s his-
tory, the isotopic fractionation of carbon
has decreased by '6–7‰ and has been
rapidly accelerating through the Ceno-
zoic (the last 65 Ma).

That the overall depletion in atmo-
spheric CO2 affected the diversity of land
plants is not too surprising. Ecologically,

diversity is sustained by a tension between
competition for a limiting resource and
the selection pressures such a limitation
provides on genotypic variation. For ex-
ample, terrestrial plant diversity reaches a
maximum in tropical rain forests, where
sufficient water is available to satisfy most
flora, yet soil nutrient supplies are de-
pleted. If more water is added to the
system, such that bog or swamp conditions
prevail, diversity decreases; similarly, if
water is removed from the system (e.g., by
deforestation, leading to loss of local
rain), diversity decreases. This ‘‘unimo-
dal’’ model of diversity and resource avail-
ability should not be confused with the
relationship between diversity and pro-
ductivity in terrestrial ecosystems (11, 12).
As terrestrial plants assimilate CO2
through their stomates by diffusion into
the leaf tissue, where it is assimilated by
RubisCO, when CO2 concentrations de-
crease below '190 ppm, little net carbon
is fixed. (This is approximately the eco-
logical compensation point for C3 plants.)
The decline in CO2 over the past 65 Ma
was such that '15 Ma ago, another strat-
egy evolved whereby CO2 (as bicarbonate
anion) was fixed at lower concentrations
and then ‘‘pumped’’ into the Calvin cycle.
This so-called C4 pathway became a prev-
alent form of photosynthetic carbon as-
similation in tropical and subtropical
grasses in the late Miocene. In other
words, the general trend, shown in Roth-
man’s figure 2 (5), ‘‘makes sense’’ in that
the Cenozoic CO2 record suggested by
Rothman’s model is consistent with the
reconstruction from «toc (13) and paleosol
carbonates (14), as may be expected from
the high degree of correlation between the
biodiversity and «toc curves. However, the
relationship appears to weaken in the
earlier part of the Phanaerozoic, espe-
cially in the Paleozoic, and the CO2 re-
constructions by Berner et al. (15) and
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Rothman (5) may not be a complete
picture.

The fossil record clearly indicates that
vascular lignin-forming terrestrial plants
increased in spatial range and depth of
rooting during the early Devonian, leading
to enhanced burial of organic matter (9)
and the formation of the first identifiable
forest soils (16). The accumulation of soils
would have resulted in decrease in CO2
through the reaction:

2CO213H2O1CaAl2SiO83Ca21

12HCO3
21Al2SiO(OH)4,

where the moblization of HCO3
2 in the

aqueous phase delivers the inorganic car-
bon to the oceans to be precipitated as
Mg and Ca carbonates (dolomites and
limestones). Assuming that the rate of
CO2 resupplied to the atmospherey
ocean system by vulcanism and meta-
morphism did not exactly match the
drawdown caused by weathering, and
that the enhanced burial of organic car-
bon the overall pool of CO2 in the two
mobile phases (air and water) must have
declined. The drawdown of CO2 during
this period is thought to have led to the
Permo-Carboniferous glaciation, the
most extensive and longest-lived glacia-
tion of the Phanaerozoic. The drawdown
in CO2 during this period is further sup-
ported by the d13C record of carbonates
and sulfur isotopes, as well as stomatal
density analyses of fossil leaves. Al-
though these proxies are by no means
bulletproof, they provide self-consistent
metrics of the relative CO2 levels in the
oceanyatmosphere system during in the
Paleozoic. However, taken at face value,
the «toc data run paradoxically against
this hypothesis. The maximum isotopic
fractionation of carbon in organic mat-
ter, evident from the «toc record, could
be interpreted as suggesting high atmo-
spheric CO2 levels. This simple inference
is at odds with the data and the diversity
of terrestrial plants and marine animals
in the fossil record (15). The reconstruc-
tion provided by Rothman does not re-
solve this apparent paradox (5).

The correlation between marine animal
genera and CO2 levels is even more puz-
zling. Following the simple logic invoked
to relate a limitation to diversity as in
terrestrial plant ecosystems, we might con-
sider that marine animals have become
increasingly limited by some resource(s)
through the Phanaerozoic. We find that
difficult to accept for two reasons. First,
whereas the number of families (one tax-
onomic level higher than genera) of ter-
restrial plants may be a valid signature of
diversity for that group of organisms, and
there appears (albeit not without some
disagreement) to be a relationship be-

tween diversity and productivity in terres-
trial ecosystems (17), the number of gen-
era of marine animals does not necessarily
reflect diversity in the ocean, nor does it
reflect productivity within that ecosystem.
Consider that all f lowering plants belong
to one division (the Magnoliophyta) of the
Viridiplantae. There are '250,000 species
of extant Magnoliophyta; however, the
genetic distance between species within
this class is relatively low; all f lowering
plants are members of a large crown group
on a short evolutionary branch of eu-
karyotes. In contrast, the dominant ma-
rine primary producers, the phytoplank-
ton, are comprised of at least eight
divisions yet are represented by only
'15,000 extant species (18). Within this
phylogenetically diverse group, three ma-
jor classes evolved after the end-Permian
extinction (251 Ma)—the dinoflagellates,
the coccolithopho-
rids, and the dia-
toms—and rose to
ecological promi-
nence in the Meso-
zoic and Cenozoic
oceans. They re-
placed Chloro-
phyte and Prymne-
siophytes, which
dominated in the
Paleozoic. By the
late Cambrian,
however, we can
see fossil evidence
of all of the major
metazoan phyla.
Hence, the applica-
tion of number of genera in marine ani-
mals does not correlate with diversity of
their ultimate food source (phytoplank-
ton), nor does it correlate with productiv-
ity. Productivity of marine ecosystems al-
most certainly increased during the
Mesozoic, when shallow seaways pro-
vided continentally derived nutrients
(phosphate and iron) that led to the
deposition and burial of massive amounts
of organic matter and calcite.

Curiously, the apparent decrease in
«toc in the Mesozoic and its continued
steep rise in the latter portion of the
Cenozoic corresponds to the radiation of
the three aforementioned groups of eu-
karyotic phytoplankton taxa and, simul-
taneously, the structure of marine food
webs. Whereas all phytoplankton have
the potential to discriminate against CO2
by 25–30‰ (18), as pointed out by Roth-
man (5), the actual fractionation de-
pends on the growth rate, the surface-
to-volume ratio of the cell (i.e., cell size),
and the ‘‘permeability’’ of the cell mem-
brane. In seawater, almost all inorganic
carbon is in the form of bicarbonate
anion, whereas RubisCO is highly spe-
cific for free CO2 as its substrate (19).

The concentration of free CO2 in the
surface waters of the open ocean is '10
mM, about an order of magnitude lower
than the half-saturation constant for
RubisCO. To compensate for low sub-
strate concentration, phytoplankton
have, to varying degrees, evolved mech-
anisms to concentrate inorganic carbon;
that is, they ‘‘pump’’ inorganic carbon (in
the form of either CO2 or HCO3

2) from
the bulk aqueous phase into the cell and
thence to the site of carboxylation (in
the plastids in photoautotrophic eu-
karyotes). The carbon concentrating
mechanism buffers the cell from changes
in free CO2 in the aqueous phase and
confounds the interpretation of the iso-
topic signature in the organic matter.
Hence, to first order, unlike terrestrial
plants, marine phytoplankton are not
directly limited by CO2, and conse-

quently the isotopic sig-
nature of organic matter
does not, a priori, ref lect
aqueous CO2 concentra-
tions. This biological
‘‘inter ference filter’’
makes the direct inter-
pretation of the isotopic
signature, as used by
Rothman in equation 2
(5), difficult to verify ex-
perimentally; in effect, k
is highly variable (unlike
in terrestrial plants).
Why then the long-term
trend in «toc, especially
since the Permian? And
why is «toc apparently

correlated with the diversity of terres-
trial plants and marine animals?

One fundamental process, which ex-
plains the correlation among all three
poxies, is the breakup of Pangea and the
opening of the Atlantic ocean in mid-
Mesozoic time, about 180 Ma. The tec-
tonic processes during this period ex-
posed large continental surfaces of
silicate to the atmosphere, thereby ac-
celerating weathering reactions that led
to a long and apparently steady depletion
of CO2. This process accelerated
throughout the Cenozoic, presumably
because orogenic (mountain-building)
activity increased the rate of mantle ex-
posure (or outgassing of CO2 declined)
(20). Simultaneously, however, the same
process greatly facilitated the diversifi-
cation of terrestrial plants through iso-
lation and subsequent genetic drift (the
same occurred with mammals, birds, rep-
tiles, and insects in this period). With the
formation of the new ocean basin,
benthic marine invertebrates became in-
creasingly genetically isolated from the
seed stock supplied from the Pan-
Thalassian Ocean, such that new species
(but not classes) emerged. Indeed, the
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tempo of evolution was accelerated by
continental drift while the associated
geochemical processes helped to deplete
a vital resource, CO2.

The fundamental issue raised by Roth-
man (5), whether biological diversity can
be used as a proxy for CO2, has provoked
us to examine the mechanisms responsible
for maintaining CO2 and diversity. We
conclude that, on the time scales Rothman
considers, the correlations derived are not
casual but also are not causal; they are all
forced by tectonics. Interestingly, the ef-
fects of human activities over the past 200

years correspond to Rothman’s overall
model. When Hannibal crossed the Alps
and Washington crossed the Delaware,
atmospheric CO2 concentrations were
about the same, 280 ppm. From the mid-
dle of the 18th century to the present, the
concentration of that molecule in Earth’s
atmosphere has risen exponentially, to the
present value of '370 ppm, and will con-
tinue to rise through this century to ap-
proximately double that value. The rapid
change is entirely a consequence of human
energy-related activities, the conse-
quences of which remain uncertain. Si-

multaneously, the rapid loss of habitat for
both marine animals (e.g., coral reefs) and
tropical rain forests is effectively the most
rapid rate of extinction since the Permian.
The causes for these two processes are also
based on resource plunder. In conclusion,
understanding the causal mechanisms
controlling the global carbon cycle is the
key for gaining confidence in any paleo
CO2 reconstruction.
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