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EVOLUTION OF CAM AND C, CARBON-CONCENTRATING MECHANISMS
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Mechanisms for concentrating carbon around the Rubisco enzyme, which drives the carbon-reducing steps in pho-
tosynthesis, are widespread in plants; in vascular plants they are known as crassulacean acid metabolism (CAM) and C,
photosynthesis. CAM is common in desert succulents, tropical epiphytes, and aquatic plants and is characterized by
nighttime fixation of CO,. The proximal selective factor driving the evolution of this CO,-concentrating pathway is low
daytime CO,, which results from the unusual reverse stomatal behavior of terrestrial CAM species or from patterns of
ambient CO, availability for aquatic CAM species. In terrestrials the ultimate selective factor is water stress that has
selected for increased water use efficiency. In aquatics the ultimate selective factor is diel fluctuations in CO, availability
for palustrine species and extreme oligotrophic conditions for lacustrine species. C, photosynthesis is based on similar
biochemistry but carboxylation steps are spatially separated in the leaf rather than temporally as in CAM. This biochemical
pathway is most commonly associated with a specialized leaf anatomy known as Kranz anatomy; however, there are
exceptions. The ultimate selective factor driving the evolution of this pathway is excessively high photorespiration that
inhibits normal C; photosynthesis under high light and high temperature in both terrestrial and aquatic habitats. CAM
is an ancient pathway that likely has been present since the Paleozoic era in aquatic species from shallow-water palustrine
habitats. While atmospheric CO, levels have undoubtedly affected the evolution of terrestrial plant carbon-concentrating
mechanisms, there is reason to believe that past atmospheric changes have not played as important a selective role in
the aquatic milieu since palustrine habitats today are not generally carbon sinks, and the selective factors driving aquatic
CAM are autogenic. Terrestrial CAM, in contrast, is of increasing selective value under extreme water deficits, and
undoubtedly, high Mesozoic CO, levels reduced the amount of landscape perceived by plants as water limited. Late
Tertiary and Quaternary reductions in atmospheric CO,, coupled with increasing seasonality, were probably times of
substantial species radiation and ecological expansion for CAM plants. C, photosynthesis occurs in only about half as
many families as CAM, and three-fourths of C, species are either grasses or sedges. Molecular phylogenies indicate C,
is a more recent innovation than CAM and that it originated in the mid-Tertiary, 20-30 Ma, although some data support
an earlier origin. While the timing of the origin of C, remains controversial, the nearly explosive increase in C, species
is clearly documented in the late Miocene, 4-7 Ma. Increasing seasonality has been widely suggested as an important
climatic stimulus for this C, expansion. Alternatively, based on models of photosynthetic quantum vyield at different
temperatures and CO, concentration, it has been hypothesized that the late Miocene C, expansion resulted from declining
atmospheric CO, levels. This model is most appropriate for explaining the transition from C; grasslands to C, grasslands
but by itself may not be sufficient to explain the more likely scenario of a late Miocene transition from C; woodland/
savanna to C, grasslands. A largely unexplored hypothesis is that climatic changes in late Miocene altered disturbance
regimes, in particular the incidence of fires, which today are often associated with maintenance of C, grasslands. Oceanic
charcoal sediments that appear to represent Aeolian deposits from continental wildfires follow a strikingly similar pattern
of explosive increase in late Miocene. Climate, CO,, and disturbance are not mutually exclusive explanations and probably
all acted in concert to promote the expansion of C, grasslands. More recently, late Quaternary changes in CO, may have
been responsible for driving major changes in the landscape distribution of C, species. The theory is sound; however,
many of the studies cited in support of this model are open to alternative interpretations, and none has eliminated climatic
factors as important selective agents. CAM and C, evolution required coupling of biochemical pathways with structural
changes in photosynthetic tissues, succulence in CAM and Kranz in C,. This was apparently accomplished by piecemeal
evolution beginning with mechanisms for recapturing respiratory CO,, although this need not have been so in aquatic
CAM species. It has been proposed that the extreme rarity of both pathways in the same plant results from biochemical
and structural incompatibilities (Sage 2002). Equally important is the fact that the selective environments are quite
different, with CAM evolution thriving on stressful sites inhospitable to C; species whereas C, evolution has selected for
rapid growth capable of outcompeting associated C; plants.
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Thirty years ago I recall standing in front of the chalk board in George Laties’ lab-
oratory at UCLA with James Bassham, there experiencing first-hand the pervasive
influence of the Benson-Calvin cycle as I discussed evidence for the primary labeling
of C-4 in malic acid. (C. B. Osmond 1997)

Introduction The biochemical steps involved in carbon reduction known as

the Calvin-Benson cycle evolved early in the history of life, re-

The capture of light energy and storage as reduced carbon flected in its ubiquitous presence in photosynthetic plants (Raven
compounds is one of the oldest molecular mechanisms on earth. ~ 1998b). Also reflecting this ancient origin is the suboptimal per-

formance under contemporary atmospheric gas composition,
and the molecular complexity that has resisted experimental
attempts at altering the performance of the main photosynthetic
step catalyzed by the enzyme RuBP carboxylase-oxygenase
Manuscript received October 2002; revised manuscript received January 2003. (Rubisco). In present—day atmospheres when temperature, water,
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and light are not limiting, the majority of plants on earth are
photosynthetically inhibited by the process of photorespiration.
This results when internal carbon dioxide levels are low and
oxygen outcompetes carbon dioxide at the enzyme’s active site.
A significant part of plant evolution has been the development
of mechanisms for inhibiting photorespiration by concentrating
CO, around Rubisco. In vascular plants, CO,-concentrating
mechanisms are crassulacean acid metabolism (CAM) and C,
photosynthesis, while plants lacking any concentrating mecha-
nism are known as C,. CAM and C, are “an addendum to, not
a replacement for, the conventional C; pathway” (Osmond et
al. 1980) and clearly originated from C, progenitors.

Photosynthesis and CO,-Concentrating Mechanisms

Crassulacean acid metabolism (CAM), named for the family
in which this physiological system was first observed, concen-
trates CO, around Rubisco through the use of dual carbox-
ylation pathways, first by CO, fixation with phosphoenolpyr-
uvate carboxylase (PEPCase) and secondarily by Rubisco (fig.
1A). These two processes are separated temporally in the same
tissue, with stomata opening at night to take in and fix CO,
using PEPCase. This carbon is temporarily stored subcellularly
in the vacuole, primarily as the organic acid form of the anion
malate. During the day, stomatal closure (in terrestrial plants)
reduces water loss but results in an internal carbon deficit that
is overcome by decarboxylation of the malic acid stores. This
process concentrates CO, around Rubisco, resulting in daytime
internal inorganic carbon levels two to 60 times ambient levels
(Littge 2002). A significant number of submerged aquatic
macrophytes also exhibit CAM, but they lack functional sto-
mata, and nighttime CO, uptake is largely controlled by di-
urnal changes in ambient CO, levels in the water (Keeley
19984). One of the prerequisites for carbon-concentrating
mechanisms is the prevention of CO, leakage following de-
carboxylation. In terrestrial CAM species, daytime stomatal
closure inhibits leakage. In aquatic species, this is facilitated
by the centripetal placement of chloroplasts and the high dif-
fusive resistance of water.

Both terrestrial and aquatic CAM plants exhibit extraor-
dinary plasticity with respect to the contribution of this CO,-
concentrating mechanism to the plant’s carbon budget. In
many CAM species, dark fixation accounts for nearly all of
the carbon gain, while in others (CAM-cycling species) there
is little or no net contribution, and the primary role of CAM
is in recycling of respiratory carbon (Osmond 1984). This gra-
dient of CAM dependence for carbon uptake has led to the
designation of species as being obligate CAM or CAM flexible
and involves both a genetic component and phenotypic plas-
ticity, allowing some species to change photosynthetic path-
ways in response to seasonal changes in their environment.

C, photosynthesis is a second major mechanism for con-
centrating CO,. C, plants also exhibit a double carboxylation,
but these steps are not separated temporally as in CAM but
rather spatially in different tissues of the leaf (fig. 1B). PEPCase
fixation of CO, occurs in the outer mesophyll, and malate (or
aspartate) are transported to a special sheath of thick-walled
chlorophyllous cells known as the bundle sheath cells, where
these organic acid carriers are decarboxylated and CO, is con-
centrated around Rubisco. Unlike Rubisco, PEPCase is not

inhibited by O, and thus is able to able to act as a CO, pump
from the mesophyll to the only site of Rubisco activity in the
bundle sheath cells. This biochemical pathway is usually as-
sociated with a leaf structure termed Kranz anatomy, in which
the chloroplasts are concentrated in a ring of prominent bundle
sheath cells around the veins. Although older literature tended
to equate this carbon-concentrating mechanism with Kranz
anatomy, there are now clear examples of both aquatic (Bowes
and Salvucci 1984; Keeley 1998b) and terrestrial (Voznesen-
skaya et al. 2001) C, species without this structure. In contrast
to the flexibility in CAM expression, C, species are generally
obligate in the use of this metabolic system, except in the case
of aquatic C,.

One powerful tool for studying CO,-concentrating path-
ways in plants has been carbon stable isotope ratios (6"°C) that
distinguish carbon initially fixed by PEPCase from carbon ini-
tially fixed by Rubisco (Ehleringer and Rundel 1989). Thus,
relatively simple surveys of CAM and C, metabolism can be
made using isotopic analyses of small tissue samples, both fresh
and dried herbarium specimens. Carbon isotope analyses alone
are unable to separate these two CO,-concentrating mecha-
nisms, but morphological structure and phylogenetic relation-
ships established by past surveys are usually sufficient to sep-
arate them. Beyond simple surveys, carbon isotope ratios have
been widely used in studies of CAM plants to identify the
relative proportions of CAM and C, metabolism used by the
plants (Rundel et al. 1999). However, in CAM-cycling species,
where only respiratory carbon is fixed via the CAM pathway,
6"C is incapable of distinguishing these from C; species (Win-
ter and Holtum 2002). §"*C ratios in aquatic plants are affected
by chemical and physical characteristics of the aquatic milieu,
and thus they are not a useful indicator of photosynthetic
pathway (Osmond et al. 1981; Raven et al. 1987; Keeley and
Sandquist 1992). Stable carbon isotopes also have been an
important tool for reconstructing the geological history of C;-
and C,-dominated ecosystems.

Beyond the use of 6"*C measures, empirical designation of
CAM is most commonly made by the demonstration of noc-
turnal acidification of chlorophyllous tissues with a stoichi-
ometry of 1 malate’™ to 2 H*, followed by daytime acidifi-
cation. Demonstration of nighttime CO, uptake that exceeds
daytime C; uptake is considered indicative of fully expressed
CAM (fig. 2); however, there is much variation both between
species and in seasonal variation within species in patterns of
day and night CO, uptake (Winter and Smith 1996b). C, spe-
cies are most commonly recognized by their distinctive Kranz
anatomy, although the §"°C signature and the physiological
demonstration of a lack of photorespiration in gas exchange
studies are also good indicators. A more definitive measure is
to demonstrate that the 4-C organic acids of malate or asparate
anions are the initial products of carbon fixation and that they
rapidly turn over and release carbon to the Calvin-Benson
carbon reduction cycle of photosynthesis (Edwards and Walker
1983).

The two modal patterns for concentrating carbon (CAM
and C,) will be the focus here. However, an array of carbon-
concentrating mechanisms exists in single and multicellular
organisms from seawater and freshwater habitats. Some of
these are based on biophysical pumps that capitalize on the
rich store of HCOj in many aquatic habitats and specialized
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Fig. 1 Schematic depiction of CAM (A) and C, (B) carbon pho-

tosynthetic pathways (modified from Rundel and Gibson 1996; re-
printed with permission of Cambridge University Press).

organelles known as pyrenoids or carboxysomes (Raven
1985). For a further fascinating discussion of known and hy-
pothetical mechanisms, see Raven and Spicer (1996).

To put this review in historical context, CAM biochemistry
was largely worked out in the late 1940s, only shortly after
the steps of carbon reduction in the C; (Calvin-Benson) cycle
were elucidated (Thomas 1949). There was a 25-yr hiatus be-
fore the C, photosynthetic pathway was discovered and several
more years before it was accepted by the scientific community
(Osmond 1997).

Phylogenetic Patterns of CAM Photosynthesis

CAM is known only from vascular plants and includes spe-
cies from the Lycophyta, Pterophyta, Gnetophyta, and Antho-
phyta divisions. It is known from 33 plant families and because
of its wide systematic distribution would appear to have arisen
independently a number of times (Moore 1983; Smith and
Winter 1996), and this is borne out by the molecular phylogeny
of PEPCase, which shows CAM was antecedent to C, (Chollet
et al. 1996). The vast majority of species are in the Anthophyta
and are well represented in both monocotyledons and dicot-

yledons (Smith and Winter 1996). Terrestrial CAM species are
typically desert succulents and are prominently represented in
the Caryophyllidae (Aizoaceae, Cactaceae, and Portulacaeae),
Rosidae (Crassulaceae and Euphorbiaceae), and Asteridae (As-
clepiadaceae and Asteraceae). Epiphytic species that inhabit
aerial environments are largely monocots from the Lilianae
(Orchidaceae) and Bromelianae (Bromeliaceae).

One of the more remarkable examples of evolutionary con-
vergence is selection for CAM photosynthesis in both desert
succulents and aquatic macrophytes (Keeley 1981, 19984). The
vast majority of aquatic CAM plants are spore-bearing Ly-
cophyta in the genus Isoétes, but there are also five Anthophyta
families, including both monocots and dicots. Only one of the
six aquatic CAM families (Crassulaceae) shares terrestrial
CAM species.

Roughly 6% of the terrestrial (including epiphytes) and 6%
of the aquatic flora are estimated to have CAM (Keeley 19984).
A less phylogenetically biased estimate is the distribution of
CAM in plant families, and it is estimated that 8% of the
terrestrial and 9% of the aquatic families have evolved CAM.
Thus, it would appear that CAM has had an equal likelihood
of evolving in water as on land.

Ecological Distribution of CAM species

Terrestrial CAM Ecology

CAM is best known for desert succulents where daytime
high temperatures and low relative humidities lead to stomatal
resistance that restricts CO, entry. Lower atmospheric water
vapor deficits at night have selected for reverse stomatal be-
havior with the associated increase in water use efficiency (car-
bon gain per unit water loss) as carbon fixation occurs at lower
ambient vapor pressure deficits and high efficiency of carbon
fixation by PEPCase. Terrestrial CAM plants are well repre-
sented as stem succulents and as suffrutescents or small woody
species with succulent leaves but can be found in virtually all
terrestrial plant growth forms. Since the primary advantage of
this pathway is the ability to continue photosynthetic carbon
gain under extreme water stress, summer dormant herbaceous
perennials are seldom CAM, although there are small summer-
dormant succulents that utilize CAM (Rundel et al. 1999).
Under terrestrial conditions, annuals are only rarely CAM,
perhaps because the ephemeral growth selects against slow
growth rates. A notable exception is the annual species of
Mesembryanthemum (Aizoaceae), which switches develop-
mentally from C; to CAM metabolism as they experience water
stress (Edwards et al. 1996). In the Cactaceae, seedlings are
typically C; and later switch to CAM (Altesor et al. 1992);
however, it is unclear whether this is due to stress or a pro-
grammed developmental change or both.

A significant cost to CAM is that the level of daytime carbon
fixation is constrained by the total storage capacity of the
vacuole for the nighttime fixation product malic acid, a 4-
carbon organic acid. Consequently, relative growth rates are
generally low, and thus as aridity decreases these plants are
displaced by C; or C, species with higher growth rates. How-
ever, CAM plants grown under optimal conditions of water
availability exhibit 24-h CO, uptake from both CAM and C,
metabolism and exhibit extraordinarily high growth rates,
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both for terrestrial (Nobel 1996) and aquatic species (Keeley
and Busch 1984).

Vacuolar storage demands of CAM metabolism require a
tight evolutionary coupling of this pathway with succulent
tissues, a linkage present in the majority of Cactaceae, Cras-
sulaceae, succulent Euphorbia, and monocot genera such as
Agave and Aloe. However, this form/function linkage cannot
always be assumed, even among desert plants. Tall stem suc-
culents with deciduous leaves are typically C,, including species
of Fouquieria (Fouquieriaceae), Pachycormus (Anacardi-
aceae), and Bursera (Burseraceae) in the deserts and dry forests
of Mexico. In the succulent karoo of South Africa, there is a
huge number of succulent species of Aizoaceae, Portulacaceae,
Asteraceae, Crassulaceae, Zygophyllaceae, and Asphodela-
ceae, all families in which CAM has been documented (Cowl-
ing et al. 1999). However, carbon isotope studies have shown
that CAM, CAM-flexible, and C, forms of metabolism are all
represented among these leaf-succulent taxa (Rundel et al.
1999) because succulent leaves provide the most energetically
efficient means of storing water (Rundel et al. 1998).

CAM plants do not exhibit the same predictability of dis-
tribution with latitude and elevation as C, plants (Boutton et
al. 1980). This results from their occupation of azonal con-
ditions of extreme soil aridity, such as shallow soils or rock
outcrops. CAM plants commonly increase in diversity and
dominance along aridity gradients, although there is a marked
interaction with temperature. They decline with decreases in
temperature, but examples are known up to 4700 m (Keeley
and Keeley 1989) and at high latitudes (Nobel 1981). CAM
also declines when nighttime temperatures are too high (Moo-
ney et al. 1974). In the Crassulaceae, there is evidence of lat-

itudinal patterns of CAM expression, where southern taxa rely
on nighttime carbon uptake and northern taxa are CAM cy-
clers (Teeri 1982).

Epiphyte CAM Ecology

In Neotropical lowland forests, epiphytes may comprise
35%-50% of canopy leaf biomass and more than a third of
the flora (Gentry and Dodson 1987). CAM metabolism is
widespread in these tropical forest epiphytes, selected largely
because of physiological drought associated with their aerial
growth habit (Littge 1989; Benzing 1990; Martin 1994). Fam-
ilies well represented with CAM epiphytes include monocots
such as Bromeliaceae (1144 epiphytic species, and an estimated
50% are CAM) and Orchidaceae (20,000 species, 60% CAM)
and dicots Asclepiadaceae (135 species, 90% CAM) and Cac-
taceae (120 species, 100% CAM) (Griffiths 1989). Elevational
gradients are evident in epiphytic CAM, being most common
in lowland tropics where fully expressed CAM is common-
place, but decline in higher montane forests where they are
more commonly present as CAM cycling species (Earnshaw et
al. 1987).

Aquatic CAM Ecology

Aquatic CAM species are well represented in Isoétes (Ly-
cophyta: Isoetaceae) and Crassula (Crassulaceae), with many
species found worldwide in both palustrine (marshy, shallow,
often seasonally wet) and lacustrine (deep-water lake) habitats
(Keeley 1998a). Selection for CAM has been driven by daytime
CO, limitation. In palustrine habitats (fig. 3A), extreme diel
fluctuations in CO, are created by biogenic processes, whereas
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Fig. 2 Day/night cycle of CO, fixation and malic acid content in fully expressed CAM. Phase I comprises nighttime PEPC-driven carbon
uptake and acid accumulation; phase Il is a transitional phase with an accelerated burst of CO, uptake due to both PEPC-mediated and Rubisco-
mediated CO, fixation; in phase III CO, uptake is diminished and decarboxylation of malic acid stores generates internal CO, for Rubisco-
mediated CO, fixation; phase IV may include CO, uptake that is fixed directly by Rubisco, not unlike daytime uptake by C, plants (from Winter

and Smith 1996a; reprinted with permission of Springer).
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Fig. 3 Diel changes in water chemistry in a seasonal pool palustrine
habitat (A) and a high-elevation oligotrophic lacustrine habitat (B)
(from Keeley 1996; reprinted with permission of Springer).

oligotrophic lacustrine habitats (fig. 3B) result in continuously
low CO, levels (Keeley 1998a; Madsen et al. 2002).

The extreme carbon deficiency of oligotrophic lacustrine
habitats has also selected for extensive root systems that cap-
ture the copious CO, evolved from organic-rich sediments
(Raven et al. 1988). Thus, there is a steady stream of sediment-
derived carbon diffusing from the roots, and CAM captures
this stream at night; thus, in these species, nighttime uptake
may depend heavily on sediment carbon.

There are a substantial number of reports of dark fixation
of CO, by algae from both saltwater and freshwater. Most of
these have not been studied in sufficient detail to adequately
conclude they are using the CAM pathway, and indeed there
are a variety of metabolic functions that dark fixation may
play. Some have been shown to lack the key CAM character-
istic of overnight acid storage and daytime transfer of carbon
to Calvin-Benson cycle phosphorylated sugars, suggesting
other functions for dark fixation in these species (Keeley
1998a).

Evolution of CAM

Terrestrial CAM Plants

Since water use efficiency is a function of atmospheric CO,
(Raven and Spicer 1996), as CO, levels decrease, one should
expect an expansion of habitats selecting for CAM, and as
CO, increases, those habitats shrink. Thus, constraining the
timing of terrestrial and aerial CAM evolution requires ex-
amination of paleoatmospheric changes. Direct measures of
the partial pressure of carbon dioxide (PC0O,) in bubbles from
ice cores have provided valuable insights into Quaternary (ta-

ble 1) atmospheric CO, levels (Petit et al. 1999), but we have
no direct measures for earlier periods. However, from the wide-
spread interest in global carbon cycles, much attention has
been given to geochemical mass balance models of past atmo-
spheric CO, levels (Berner 1998). Models (fig. 4) predict ex-
traordinarily high levels (>2000 ppmv) prior to 350 Ma. The
Paleozoic rise of land plants through direct consumption and
indirectly through increased soil weathering drew down CO,
so that by 300 Ma levels were comparable to contemporary
atmospheres (Raven 1998a). Over the subsequent 150 Ma,
CO, increased to levels four to five times higher than the cur-
rent atmosphere (fig. 4). Beginning in the mid-Cretaceous pe-
riod (ca. 100 Ma), there was a gradual drop in CO,, and from
the early Miocene, levels have been below 600 ppmv and
reached their lowest levels (180-200 ppmv) during full glacial
episodes in the Pleistocene. These patterns are supported by
proxy measures of carbon isotopes from paleosol carbonates
(Cerling 1991; Mora et al. 1996), boron isotopes from marine
plankton fossils (Pearson and Palmer 2000), and stomatal den-
sity (McElwain 1998; Retallack 2001), and these measures
indicate considerably finer scale temporal variation than illus-
trated in figure 4.

Relative to CAM evolution, analysis of paleoatmospheres
indicates that glacial episodes during the Pleistocene would
have produced global atmospheric conditions more favorable
to CAM species than atmospheric conditions during the pre-
vious 100 million years (Raven and Spicer 1996). However,
since microsite aridity is the ultimate factor selecting for ter-
restrial CAM, examining patterns of paleoclimates (fig. 4) can-
not completely constrain the timing of terrestrial CAM origins
but can only broadly indicate the geological periods when se-
lection would have been most intense for CAM evolution and
radiation. Even under doubled current atmospheric CO,, pho-
tosynthetic responses of CAM species are comparable to C;
plants (Drennan and Nobel 2000). Considering the limitations
to growth imposed by other nutrients on stressful oligotrophic
sites, there may have been many earlier opportunities for the
evolution of CAM.

The essential steps of the CAM biochemical pathway are
present in stomatal guard cells of C, species, and thus it has
been proposed that the origin of CAM was a simple matter

Table 1

Stratigraphic Classification of the Relevant Geologic Timetable

Beginning
Era Period Epoch (ca. Ma)
Cenozoic Quaternary Holocene 0.01
Pleistocene 1.6
Tertiary Pliocene 52
Miocene 22.5
Oligocene 35.4
Eocene 56.5
Paleocene 65.0
Mesozoic Cretaceous 145
Jurassic 195
Triassic 230
Paleozoic Permian 280
Carboniferous 345
Devonian 395
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Fig. 4 Variations in atmospheric CO, (solid line) and O, (dashed
line) over the past 400 million years predicted by the geochemical mass
balance model (from Beerling et al. 1998; reprinted with permission
of the Royal Society of London).

of transferring these reactions to mesophyll cells (Cockburn
1981). Consistent with this model are genomic studies that
show CAM induction is controlled primarily by transcriptional
activation (Cushman 2001). Certain key enzymes such as PEP-
Case have specific isoforms whose expression is controlled by
a cascade of signals that are turned on by various factors. These
characteristics would provide the capacity for repeated evo-
lution of CAM in different lineages and help explain the ex-
traordinary flexibility evident in CAM expression.

The importance of this flexibility may lie in the proposition
that the precursor to fully expressed CAM was CAM cycling
(Monson 1989). Perhaps an example of this early form of
CAM is Welwitschia mirabilis, a morphologically unusual
gymnosperm restricted today to the deserts of Namibia and
Angola, which exhibits CAM cycling of organic acids but not
CAM gas exchange (Ting and Burk 1983). On the basis of a
putative fossil-pollen record, it is possible this species dates
back to the early Permian (Taylor 1981), when CO, levels are
estimated to have been extraordinarily low (fig. 4). Also, within
the Crassulaceae family, CAM cycling appears to have pre-
ceded the evolution of fully developed CAM (Teeri 1982).

Aquatic CAM Plants

CAM photosynthesis is an ancient pathway probably pre-
sent in early vascular plants that lived in seasonal pools in the
Mesozoic era more than 200 million years ago (Keeley 19984).
This would place the origin of CAM during a time when atmo-
spheric CO, levels were moderately high (fig. 4). However,
atmospheric CO, levels were likely less relevant to the evo-
lution of aquatic CAM because diffusional limitations and
biogenic processes in the water buffer these systems from atmo-
spheric concentrations; in most surface waters CO, supersat-
uration results in ecosystems that are sources rather than sinks
of atmospheric CO, (Cole et al. 1994). Contemporary diel
changes in CO, concentrations in shallow palustrine habitats
exceed the estimated changes in atmospheric CO, since the
Paleozoic era (600 Ma) and thus there is reason to believe
Mesozoic pools were selective environments for aquatic CAM.

CAM is apparently present in all aquatic species of Isoétes

(over 30% of ca. 125 species have been investigated; Keeley
1998a). This is a relatively ancient taxon known to occupy
palustrine habitats as far back as the early Triassic period
(>230 Ma) (Retallack 1997a), and part of the success of this
taxon is thought to be tied to its CAM physiology that allowed
it to capitalize on open high-light marshy environments fol-
lowing the Permian-Triassic biotic crisis (Looy et al. 2000).
The nearly ubiquitous presence of CAM in Isoétes indicates
that CAM has originated just once in the Isoétaceae, which
represents the oldest clade of CAM plants. There is cladistic
evidence for loss of CAM in several Isoétes lineages that lead
to the secondary evolution of terrestrial C; species (Keeley
1998a).

Whereas the CO, levels in palustrine habitats are driven by
autogenic processes within the pools, such is not the case for
the oligotrophic lacustrine (lake) habitats. Thus, the latter may
have been influenced to a much greater degree by past atmo-
spheric changes, and potentially, Isoétes have invaded these
habitats more recently as atmospheric CO, levels dropped dur-
ing Pleistocene glacial episodes (fig. 4). Cladistic analysis sup-
ports this scenario. Based on the absence of many plesio-
morphic traits in [soétes from lacustrine habitats, it appears
that these species are more recently derived from palustrine
ancestors (Hickey 1986; Taylor and Hickey 1992).

Cladistic analyses further show that species from both pa-
lustrine and lacustrine habitats have given rise to terrestrial
Isoétes taxa, which represent two distinct patterns, the terres-
trial C, syndrome and the terrestrial CAM syndrome (Keeley
1998a). In the former, CAM has been lost, functional stomatal
are present, and photosynthesis is strictly through the C, path-
way. These are all temperate zone geophytes that go dormant
during stressful periods. In tropical alpine habitats there are
some rare evergreen terrestrial Isoétes that have retained CAM
(Keeley et al. 1984, 1994). These appear to be derived from
lacustrine species and have also retained extensive root systems
necessary for the sediment-based nutrition typical of species
from these oligotrophic habitats. They lack functional stomata
and obtain most of their carbon from the sediment, and CAM
plays a role in recycling respiratory CO, as well as extending
the carbon fixation period to 24 h.

The second globally most widespread aquatic CAM taxon
is Crassula (Keeley 1998a). This is the nominant genus for
crassulacean acid metabolism, and it includes an amazing di-
versity of terrestrial CAM species. The majority of terrestrial
Crassula are CAM-obligate perennials (Rundel et al. 1999)
restricted to South Africa, but there are a number of annual
CAM-flexible aquatic species distributed worldwide (Tolken
1977). These aquatic CAM species (sometimes placed in the
genus Tillaea) are distributed in both palustrine and lacustrine
habitats on four continents and are distantly related to their
perennial congeners (Tolken 1977; Van Ham 1995). In this
family, as well as the Isoetaceae, CAM apparently has had but
a single origin. It appears that CAM has been lost several times
in Crassula but only in terrestrial annuals that are likely de-
rived from aquatic ancestors (Keeley 1998a).

Phylogenetic Patterns of C, Photosynthesis

C, photosynthesis occurs in 18 families, half as many as in
CAM, and in only one-third as many species as CAM (Sage
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et al. 1999a). It is restricted to flowering plants and is a much
more recent innovation than CAM (Chollet et al. 1996). Spe-
cieswise, it is primarily a grass and sedge phenomenon; 61%
of all C, species are Poaceae (comprising nearly half of the
grass family) and 18% Cyperaceae. By comparison, C, is far
less common in dicots, comprising about 21% of the total C,
flora and less than 1% of all dicots. The majority of these are
in the order Caryophyllidae, which includes the Chenopodi-
aceae, Amaranthaceae, and Polygonaceae with 550, 250, and
80 species, respectively. Two other dicot orders with C, are
the Rosidae (Euphorbiaceae) and Asteridae (Acanthaceae,
Asteraceae).

The C, pathway for concentrating carbon occurs in sub-
merged aquatic angiosperms, both monocots and dicots. The
former is only known from one very small tribe of Poaceae,
the Orcuttieae (Keeley 19985b), and the latter from two genera
in the Hydrocharitaceae (Reiskind et al. 1997; Lara et al.
2002).

Multiple origins of C, are readily apparent based on sys-
tematic considerations (Moore 1983), and recent molecular
phylogenies reveal 31 origins, with multiple origins within sev-
eral families, in particular, the Poaceae and Asteraceae (Mon-
son 1996; Kellogg 1999). One key to the multiple origins is
the fact that there are three known biochemical subtypes that
probably had independent origins. Biochemical pathway di-
versity coupled with extraordinary anatomical diversity illus-
trates that C, is actually a composite of many different inde-
pendently evolved photosynthetic modes (Kellogg 1999).

Ecological Distribution of C, Species

Terrestrial C, Ecology

The C, pathway has an added energetic cost compared to
C; species (Ehleringer and Monson 1993); therefore, only in
a subset of environments are the benefits of this CO,-concen-
trating mechanism sufficient to outweigh the costs. The pri-
mary benefits are an ability to eliminate photorespiration,
which can lead to substantially higher photosynthetic rates and
an ability to maintain high rates of water use efficiency. C,
habitats are most commonly environments where light and
temperature are not highly limiting to carbon uptake (Ehler-
inger and Monson 1993). Terrestrial C, dominance increases
as growing season temperature increases and declines with
cooler growing seasons and shading (Sage et al. 1999b). Due
to a lower investment of nitrogen in Rubisco, C, plants have
higher nitrogen use efficiency (nitrogen per unit carbon fixed),
but there are no clear-cut correlations between C, distribution
and soil nitrogen content.

Tropical and subtropical grasslands are dominated by rhi-
zomatous perennial C, grasses and sedges. For example, in
East Africa, the Kenya grass flora (Ibrahim and Kabuye 1988,
based on Watson and Dallwitz 1992) records 606 species (in-
cluding subspecies); 62% are C, perennials and 27% are C,
annuals. In terms of sedges (Hesla et al. 1982; Haines and Lye
1983), Kenya has 220 species, of which 55% are C, perennials
and 10% are C, annuals. In these summer rainfall environ-
ments, the high growing season temperatures give C, grasses
a clear advantage over C; species. This advantage changes with
elevation, and temperature appears to be the primary factor.

Along one tropical transect, the balance between C; and C,
species was at the elevation where the warmest month averaged
21°C (Rundel 1980). In central African grasslands, C, species
comprise 99% of the grass flora below 2000 m and are absent
above 3000 m (Tieszen et al. 1979). Similar patterns are evi-
dent in subtropical latitudes except that the crossover point
between C, and C, occurs at lower elevations (Cabido et al.
1997). Exceptions to these broad patterns are present, how-
ever. Extensive areas of tropical savannas in Southeast Asia
are commonly dominated by C; bamboo under climate regimes
considered favorable to C, (P. W. Rundel, personal observa-
tion). At the other extreme, a C, grass species in the genus
Mublenbergia grows well at 3900 m (Sage and Sage 2002).
Special azonal habitats may also favor C, species. For example,
while C, grasses comprise only 9% of the grassland flora in
the mediterranean climate of California, they are substantially
more important where water accumulates in roadside ditches,
agricultural fields, or vernal pools; e.g., in the latter habitat
63% of the grass flora is C, (Keeley 1998b). This is consistent
with broader patterns because in this summer drought climate,
temporary wetlands extend the growing season and thus in-
crease the mean growing season temperature.

C, annual plants are a conspicuous component of the sum-
mer flora of desert regions with summer rains (Mulroy and
Rundel 1977). These annuals commonly include species of
Amaranthaceae, Asteraceae, Euphorbiaceae, Nyctaginaceae,
and Poaceae, and they are able to achieve high rates of pho-
tosynthesis because of the absence of photorespiration in C,
metabolism. C, also represents an important ecological strat-
egy in certain desert shrubs, most notably species of Atriplex
(Chenopodiaceae), particularly in saline soils. In these shrubs,
the key adaptation is the ability to maintain growth under
high summer temperatures and drought conditions at a time
when C; shrubs are dormant (Caldwell et al. 1977), thus re-
ducing interspecific competition for water. The maximal rates
of photosynthesis in these desert C, shrubs are generally no
higher than that of co-occurring C; shrubs, but the water use
efficiency is far greater.

C, metabolism in trees is rare. This is to be expected since
the tree growth form is ultimately a response to light com-
petition. Such habitats would not be sites of C, evolution since
the major photosynthetic advantage of higher quantum effi-
ciency in C, species is only expressed in high light environ-
ments. The only known C, trees were apparently derived from
ancestors indigenous to high light environments. One example
comes from the Hawaiian islands, where ancient colonization
events by herbaceous C, Euphorbiaceae led to an evolutionary
lineage of C, woody shrubs and a C, tree (Euphorbia forbesii)
whose habitat is relatively open forests (Pearcy et al. 1987).
Frequent sun flecks in this habitat are sufficient to recoup some
of the cost of C, but only enough to break even with the
associated C; tree species. Other C, trees include species of
Haloxylon (Chenopodiaceae) and Calligonum (Polygonaceae)
from deserts of middle Asia, which are variously described as
trees or large shrubs from saline habitats (Winter 1981; Pyan-
kov et al. 2000).

Aquatic C, Ecology

A significant number of emergent aquatics include C, grasses
(e.g., Spartina spp) and sedges (e.g., Cyperus spp), in both
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fresh- and saltwater wetlands (Long 1999). Enhanced nitrogen
use efficiency has been advocated as the primary selective
factor for C, in these habitats (Jones 1987; Li et al. 1999).
However, many of these wetlands are frequently flushed with
nutrients, and because forests are excluded from these water-
logged soils, C, species apparently flourish due to their much
greater photosynthetic efficiency in the absence of both nutri-
ent and water limitations (Long 1999). Certain Cyperaceae
species exist in wetlands both as emergent and submerged
aquatics, and when submerged, switch from C, to C;, both in
anatomy and carbon assimilation (Ueno 1996).

Somewhat surprising are submerged aquatic species that
have fully functional C, carbon assimilation (Salvucci and
Bowes 1983; Keeley 1998b). Like their terrestrial counterparts,
these aquatic macrophytes occupy high light and high tem-
perature environments. They appear to lack Kranz anatomy,
but nonetheless exhibit reduced photorespiration. For such a
C, pump to be effective and avoid a futile cycling of carbon,
it is necessary that there be a disequilibrium between the CO,
pool at the active site of Rubisco and the CO, pool in the
ambient environment (Monson 1989). This is accomplished
by intracellular separation of the two carboxylating enzymes
(Reiskind et al. 1997), maintenance of high Pco, in lacunae,
and the high diffusional resistances of water that inhibit CO,
leakage (Keeley 1998b).

Evidence for the C, pathway in unicellular algae has recently
been reported by Reinfelder et al. (2000), but serious questions
have been raised by Johnston et al. (2001). While this report
does show C, fixation into malate and turnover into phos-
phorylated sugars (the sine qua non for the C,-concentrating
mechanism), their extraordinarily long 60-s pulse of **C prior
to the >C chase makes it hard to interpret how much of the
malate is indeed due to primary PEPCase fixation. Secondary
labeling of malate is considerable with multicellular tissues
exposed to "C pulses far shorter than 60 s and is likely to be
an even more acute problem with unicellular organisms.

Evolution of C,

C, genes are homologous with ancestral C; genes; thus, the
modifications required to produce the C,-concentrating mech-
anism involved changes in gene expression, such that cues turn
on and turn off expression, dependent upon location within
the leaf (Monson 1999). In short, C, photosynthesis has not
arisen de novo from the evolution of newly transcribed gene
regions but rather from duplication of nonphotosynthetic C,
genes and modification of the expression of those genes for a
photosynthetic function (Westhoff et al. 1997; Monson 2003).
This indicates that the biochemical steps involved in C, were
widespread in flowering plants long before this pathway was
fully expressed. Further evidence of this is the demonstration
by Hibberd and Quick (2002) of C, carbon assimilation from
vascular stem cells of two distantly related C; species, Nico-
tiana tabacum (Solanaceae) and Apium graveolens (Apiaceae).
Although all carbon gain in these species is through C; pho-
tosynthesis, the C, machinery appears to play a role in recap-
turing respiratory CO,. Such metabolic adaptations were pos-
sibly the precursor to fully expressed C, (Raven 2002), and
the diverse mechanisms controlling gene expression support

this and other “piecemeal” pathways of C, evolution (Taylor
et al. 1997).

An alternative model is that C, carbon assimilation was a
later stage in the evolution of C, photosynthesis, arising only
after the origin of enhanced Rubisco activity in bundle sheath
cells (Ehleringer and Monson 1993; Monson 1999). This
model requires early evolution of a carbon-concentrating
mechanism driven by enhanced glycine decarboxylase activity
in bundle sheath cells, an enzyme that recaptures CO, from
products of photorespiration. Such a model depends upon
mechanisms for intercellular movement of metabolites, and
one model is a glycine-serine shuttle between mesophyll and
bundle sheath cells (Leegood and von Caemmerer 1994). It is
hypothesized that subsequent steps in the further evolution of
C, included the thickening of bundle sheath cells to prevent
leakage of glycine decarboxylase—generated CO, and other an-
atomical changes in leaf structure, the addition of PEPCase
capture of CO,, and the restriction of Rubisco to bundle sheath
cells. One of the strengths of this model is that it avoids the
potential futile cycling of CO, between carboxylation and de-
carboxylation if C, fixation were to first arise in the same cells
as the Rubisco enzyme (Monson 1989). But work on the sub-
merged aquatic Hydrilla is instructive in that apparently C,
fixation can act as an efficient CO, pump even though it op-
erates within the same cell as Rubisco (Bowes and Salvucci
1984; Reiskind et al. 1997). Edwards et al. (2001) have ex-
pressed doubt that relocation of the photorespiratory CO,-
evolving apparatus into bundle sheath cells would be an ef-
fective precursor to a CO,-concentrating mechanism. One
reason for this skepticism is that the glycine decarboxylase
model is fundamentally different from the mechanism for re-
ducing photorespiration in C, photosynthesis (Monson 1989).
To some it seems doubtful a mechanism that initially concen-
trates carbon through up-regulation of glycine decarboxylase
would evolve into functional C,, which abolishes that mech-
anism (C. B. Osmond, personal communication).

Studies of nearly two dozen monocot and dicot species that
combine physiological, anatomical, and biochemical traits of
C, and C, have been used to provide support for this model
(Monson and Moore 1989; Ku et al. 1991). These C;-C, in-
termediates all exhibit a high concentration of chloroplasts,
mitochondria, and peroxisomes in the bundle sheath cells, and
most also exhibit reduced photorespiration, but only some
exhibit C, carbon assimilation. Flaveria (Asteraceae), which
has radiated into open sites on alkaline or gypseous soils in
the New World subtropics, is particularly important because
it contains C,, C,, and C;-C, intermediates. Monson (1996)
has mapped these photosynthetic pathways onto a tentative
phylogenetic tree, providing insight into the evolutionary pat-
tern in this functional plant trait (fig. 5). It appears that C,
has arisen independently at least two times, and both were
apparently preceded by the C;-C, intermediates. These inter-
mediates are often interpreted as taxa that have not yet suc-
ceeded to the stage of fully expressed C, (Kellogg 1999; Blising
et al. 2000). Alternatively, the presence of distinctive features
in some C;-C, intermediates not found in either C, or C, rel-
atives (Leegood and von Caemmerer 1994; Teese 1995), cou-
pled with the apparent evolutionary labiality of photosynthetic
pathway in Flaveria (Monson 1996), suggests the hypothesis
that some of these C,-C, intermediates represent a fully func-
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Fig. 5 Phylogenetic tree for Flaveria (Asteraceae) based on 15 mor-
phological characters (photosynthetic pathway in parentheses). Path
of greatest parsimony indicates that C, evolved independently more
than once and was preceded by C,-C, intermediates (from Monson
1996; reprinted with permission of the Missouri Botanical Garden).

tional alternative carbon-concentrating mechanism and may
not be intermediates to some better future state.

Terrestrial Origins

Models predict that the C,-concentrating mechanism is un-
likely to evolve except under CO,-limiting conditions (Ehler-
inger et al. 1991, 1997). In terrestrial environments, atmo-
spheric conditions would not have been conducive to C, until
late Carboniferous (fig. 4), when models predict the feasibility
of the C, pathway (Beerling and Woodward 2001). Cerling et
al. (1997) also propose that during the late Carboniferous to
Permian glaciation some plants may have evolved the C, path-
way, but they contend that it would have been lost in the
Mesozoic when CO, levels were once again high (>1000
ppmv). Several lines of evidence have been offered to support
the speculation that the C, pathway persisted through the Me-
sozoic. Empirical studies of contemporary species’ responses
to conservative estimates of hypothetical late Cretaceous atmo-
spheric conditions indicate that despite high CO, levels, the
elevated O, levels (fig. 4) were a potential driver in the evo-
lution and maintenance of C, physiology (Gale et al. 2001).
While contemporary modeling studies of O, versus CO, im-
pacts on Rubisco activity may not fully support these specu-
lations, elevated atmospheric oxygen could have had indirect
impacts relative to the competition of C, versus C, (Rachmi-
levitch et al. 1999). C,-like Cretaceous 6"°C values from marine
carbonates (Kuypers et al. 1999), terrestrial sediments (Wright
and Vanstone 1991), dinosaur collagen, and wood fragments
(Bocherens et al. 1993) have all been offered as evidence of a
C, or CAM presence during this period. As with many proxy
measures, these have been questioned as to whether or not
they are truly indicative of a C, origin (Cerling 1999). Another
potential period of C, evolution would have been the early
Tertiary (65 Ma), when CO, concentrations dropped to near
current levels (Ehleringer et al. 1991). Increased temperatures

and open high light environments following the Cretaceous/
Tertiary catastrophic event at 65 Ma (Tschudy et al. 1984;
Wolfe 1990) would have further intensified selection for C,.
Despite this window of opportunity for C, origins, the sub-
sequent CO, increase is thought to have suppressed C,
throughout much of the Tertiary (Ehleringer et al. 1991).

The dominant C, family, the Poaceae, appears to have had
a Cretaceous origin in South America or Australia (Bremer
2002), and pollen records place the family back at least to 70
Ma (Linder 1987), although the earliest macrofossils date only
to the early Eocene (Jacobs et al. 1999). In North America,
the earliest fossils assignable to Poaceae subfamilies are late
Eocene—early Oligocene and belong to the Pooideae (Stebbins
1981), an entirely C; subfamily of grasses. The earliest fossil
evidence of a C, grass, based on Kranz anatomy (Thomasson
et al. 1986), dates from the mid-Miocene, 12.5 Ma (Jacobs et
al. 1999). However, these records cannot rule out an earlier
origin of C, grasses, particularly because the fossil record is
highly biased against recording macrofossils from the types of
arid habitats where grass evolution is thought to have begun
(Cerling 1999). On the basis of soil carbonate §"*C, the first
hint of C, is at ca. 15 Ma (Morgan et al. 1994); however, this
represents the point where C, biomass is sufficient to override
the C; signal. Considering the range of values indicative of C,
and C, plants, it is feasible that as much as a quarter or more
of the biomass could be C, and still generate a paleosol §°C
value within the C, range. Molecular clock estimates indicate
the origin of one C, clade, the Andropogoneae in the Poaceae,
dates to at least the late Oligocene, more than 25 million years
ago (Kellogg 1999).

Reasonable bounds on the origins of C, lineages in the Po-
aceae are between 15 and 30 million years ago. Since this was
long after the breakup of the continents, the global distribution
of large, entirely C, grass genera, e.g., Andropogon, Chloris,
Eragrostis, Ischaemum, Hyparrhenia, Mublenbergia, Pas-
palum, Pennisetum, Setaria, and Sporobolus (Watson and
Dallwitz 1992) indicates dispersal rather than vicariance ac-
counts for the global distribution of many C, grass genera. By
the late Miocene, C, grasses had a global distribution (Cerling
1999).

The marked evolutionary success of C, metabolism in two
monocot families, the Poaceae and Cyperaceae, is not matched
by an equal dominance or adaptive radiation of C, metabolism
among dicots and there is no consensus on the causes behind
this phylogenetic disparity. It appears that constraints imposed
by the dicot leaf anatomy lead to lower quantum yields at
most temperatures for C, dicots relative to C, monocots (fig.
6) (but see Sage 2001). Based on this observation, it has been
hypothesized that CO, levels sufficiently low to favor C, in
monocots may still be too high to greatly favor C, in dicots
(Ehleringer et al. 1997). Further, it has been hypothesized that
CO, levels low enough to favor C, dicots were absent prior
to the glacial episodes of the Pleistocene when CO, dropped
below 200 ppmv. Thus, this presumed recency of C, in dicots
is a possible factor accounting for limited evolutionary radi-
ation of C, in the group (Ehleringer et al. 1997). Such a recent
origin may be inferred from the patterns of C,-C, intermediates
in Flaveria (fig. 5), and biogeographic patterns support a Pleis-
tocene radiation for the genus (Powell 1978). However, the
phytogeographic patterns of C, in Chenopodiaceae suggest
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Fig. 6 Modeled crossover temperatures of the quantum yield (de-
fined as the leaf level ratio of photosynthetic carbon gain to photons
absorbed) as a function of atmospheric CO, concentrations and day-
time growing season temperature under saturating light conditions.
Boundary conditions vary between monocots and dicots and between
different decarboxylase subtypes and are defined as the temperature
at which a particular CO, results in quantum yields for CO, uptake
that are equivalent between C; and C, species (from Ehleringer et al.
1997; reprinted with permission of Springer).

otherwise; C, genera such as Atriplex are found worldwide in
both temperate and tropical saline or alkaline habitats. Also,
in this family, in the tribe Salsoleae, C, apparently arose just
once and radiated in central Asia and then subsequently dis-
persed to Africa and Europe (Pyankov et al. 2001). In Atriplex
and other Chenopodiaceae, the origin of C, appears to predate
the Pleistocene, although there is evidence of more recent ra-
diation in some C, lineages (Osmond et al. 1980; Akhani et
al. 1997).

Other potential historical constraints on C, dicot evolution
include that of genetic limitations; specifically, it has been pro-
posed that life history characteristics of dicots have made them
less prone to gene duplication and subsequent neofunction-
alization that is considered the precursor to C, evolution (Mon-
son 2003). This model hypothesizes that large population sizes
and rapid turnover of generations are most conducive to the
evolution of gene duplication and innovative new gene func-
tions. While this is likely true, there are reasons to question
whether or not it adequately accounts for the disparity in ra-
diation of the C, pathway between monocots and dicots. To
be sure, on a proportionate basis, these life history character-
istics achieve greater dominance in monocots than in dicots;
however, in terms of absolute numbers, it is not apparent from
either tropical or subtropical floras that dicots are inferior to
monocots in terms of numbers of annuals and other short-
lived herbaceous species. Consider, for example, the eastern
Mojave Desert of California and Nevada with ca. 275 annuals,
96% of which are dicots, and C, dicots outnumber C, mono-
cots 4 to 1 (based on data from Thorne et al. 1981). It is our
impression that in most tropical floras the annual life form
comprises as many, if not more, dicots as monocots.

We propose an alternative hypothesis tied to different eco-
logical traits associated with monocots and dicots. These two

groups have modal growth form distributions that have spe-
cialized on different adaptive landscapes, and these vary in
their selective value for C, photosynthesis. The two prominent
C, monocot families, Poaceae and Cyperaceae, have attributes
that favor them in high light environments, which is a nec-
essary prerequisite for C,. Both have basal intercalary meri-
stems that give them a distinct advantage when exposed to
intense grazing pressure or to the grazers’ primary competitor,
fire. Intense grazing and browsing or fire are all correlated
with a reduction in biomass, and more important, a reduction
of plant stature associated with elimination of woody growth
forms (Bond and van Wilgen 1996), leading to a relatively
permanent and uniform high light environment. Another con-
tributor to tree-free high light environments is predictable se-
vere drought, and basal meristems provide a decided advan-
tage, allowing for more rapid recovery than is the case for
dicots. Many Cyperaceae are wetland species where grazing is
of lesser importance; however, waterlogged soils are another
means of reducing woody plant growth and thus ensuring a
high light environment. Dicots comprise a much greater di-
versity of forms that are structurally more complex than mono-
cots. A substantial proportion of dicots are woody, reflecting
competition in more light-limited environments where C,
would be of less advantage, illustrated by the nearly complete
absence of C, in trees and vines. Dicots that have specialized
on stressful saline or alkaline habitats are ensured a high light
environment free of forest shading, and, not surprisingly, hal-
ophytic families such as Chenopodiaceae exhibit the greatest
radiation of C, known for dicots (Winter 1981; Pyankov et
al. 2000).

Aquatic Origins

The evolution of aquatic macrophyte C, species does not
appear to be tied to geological patterns of atmospheric CO.,.
Hydrilla verticillata switches between C, and C, dependent on
changes in CO, in the water, and these are driven by biogenic
depletion of carbon in dense mats of vegetation (Salvucci and
Bowes 1983). Thus, it is more problematical to temporally
constrain the origin of aquatic C, by inspection of the atmo-
spheric history.

Different aquatic C, species have had very different origins.
The presence of C, in Hydrilla and Egeria, which comprise
separate lineages of the Hydrocharitaceae, indicate more than
one origin of C, within the family. All taxa in the family are
aquatic, and C, is absent from the nearest sister groups (Kel-
logg 1999), supporting an independent aquatic origin for C,.
However, the presence of C, photosynthesis in aquatic foliage
of species in the grass tribe Orcuttieae shows a very different
origin, one from terrestrial C, ancestors (Keeley 1998b). The
Orcuttieae comprises three genera and nine species endemic to
shallow rain-filled seasonal pools in California. It is one of
four tribes in the Chloridoideae, a subfamily of ca. 1400 spe-
cies, all but one with C, photosynthesis; thus, Orcuttieae likely
were derived from upland C, ancestors, and monophyly of the
Orcuttieae is supported by shared synapomorphies not found
in any other grass. Cladistic analysis supports a basal position
for the monotypic Neostapfia and more recent origin for the
six Orcuttia species (fig. 7). These phylogenetic patterns par-
allel the relative degree of specialization to the aquatic milieu;
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Fig. 7 Phylogenetic tree for aquatic grasses in the Orcuttieae tribe
and sister genus Distichlis. Separation of Tuctoria and Orcuttia from
Neostapfia is supported 100% by bootstrap analysis with 1000 rep-
licates (from Keeley 1998b; reprinted with permission of Springer).

on a relative scale, 0.28, 0.40, and 1.00 for Neostapfia, Tuc-
toria, and Orcuttia. Aquatic foliage of Neostapfia (fig. 8B, 8C)
retains full expression of Kranz anatomy, Tuctoria (fig. 8E,
8F) partial, and some Orcuttia species (fig. 8H, 8I) exhibit an
apparent loss of Kranz anatomy. However, enzymology and
"“C pulse chase data show clear retention of the C, carbon
assimilation in Orcuttia (fig. 9). These patterns indicate a ter-
restrial origin for C, in the group, partial or complete loss of
Kranz anatomy with increasing specialization to the aquatic
environment, but retention of the C, pathway under aquatic
conditions.

Expansion of Terrestrial C,

From both pollen and macrofossils it appears that extensive
grasslands were uncommon until mid to late Miocene (Wolfe
19855 Jacobs et al. 1999). Despite the paucity of a fossil record
on the development of C, grasslands, there are numerous stud-
ies utilizing the proxy signal of §°C. One of the best records
of C, grassland expansion is from sediments in a region of
northern Pakistan known as the Siwaliks (summarized in Barry
et al. 2002). Based on selected paleosols (fossil soils) with
carbonate deposits, it has been possible to develop a chro-
nology of changes in stable isotopic content through the mid
to late Miocene. With the implicit assumption that CAM plants
were not part of this flora, the isotope signatures have been
calibrated to reflect the contribution of C; and C, plant species
(Cerling 1991). Late Miocene increases in 6"°C values from
soil carbonates have been interpreted as reflective of an in-
creasing importance of C, grasses, and after 7 Ma, dominance
by C, (fig. 10). Despite this apparent dominance of C, on
carbonates, it is quite likely that C, vegetation persisted on
many paleosols lacking carbonates necessary for 6"°C deter-
mination (Barry et al. 2002). This late Miocene switch appears
to have been the result of community type conversion from
C, woodland and forests to C, grassland (Quade et al. 1989).

Isotopic signatures from both mammalian and avian fossils
from northern Pakistan also reflect a switch from C; to C,
plants in their diet; however, this began earlier, between 8 and
9 Ma (Morgan et al. 1994; Stern et al. 1994). This difference
in apparent “emergence” of C, is not surprising since these
two techniques have different attributes (Barry et al. 2002).
Paleosol data provide a long-term time-averaged 6"°C signal
of plant composition on a limited number of soil types. The

fossil teeth enamel isotope data are not a good sampling of
plant composition because of selective feeding; however, they
may provide a broader picture of plant availability on more
soil types.

Late Miocene expansion of C, grasslands was a global phe-
nomenon documented for many tropical, subtropical, and even
temperate sites, but at slightly different times. In East Africa,
8C from fossil tooth enamel indicates the presence of C,
grasses more than 15 Ma (Morgan et al. 1994), but paleosol
carbonates do not reflect the presence of C, until 8-9 Ma and
dominance not until 3-4 Ma (fig. 11) (Cerling 1992). In South
America, based on §"°C values of paleosols and fossil teeth,
C, grasses first appear somewhat later than in either Pakistan
or East Africa, ca. 7 Ma, and like the latter, did not dominate
until 4 Ma (fig. 12) (MacFadden et al. 1996; Latorre et al.
1997). Many paleosols from South America reveal only a very
weak C, signal in the late Miocene, presumably because An-
dean uplift resulted in lower temperatures at sites between
1000 and 2000 m, which diminished the photosynthetic ad-
vantage of C, (MacFadden et al. 1994). In North America,
8"C of fossil teeth enamel (fig. 12) shows C,-dominated grass-
lands beginning between 5 and 6 Ma (Wang et al. 1994).

While C, grasslands expanded in many parts of the globe
between 4 and 8 Ma, the ecological courses may have followed
different successional trajectories. Evidence from the Siwaliks
in South Asia is consistent with a model of woodland/forest
conversion to grassland during late Miocene. The positive cor-
relation between the 6"°C and §'*0 value of carbonate in many
paleosols has been interpreted as evidence of a reduction in
forest cover (Cerling et al. 1993), as does the shift in fossil
leaf and log deposition (Quade et al. 1995). In addition, the
paleoecology of Neogene mammalian faunas supports the idea
that the C, grassland expansion was at the expense of wood-
lands (Gunnell et al. 1995), as does the sudden appearance of
grassland type soils in the late Miocene (Retallack 1991). In
addition, both African and South American C, grassland ex-
pansions appear to have resulted from the replacement of
woodlands and forests (Retallack et al. 1990; Morgan et al.
1994; Latorre et al. 1997).

In apparent contrast, the North America radiation in early
Miocene horses with hypsodont teeth designed for grazing in-
dicates that (C;) grasslands were widespread prior to the C,
expansion (Simpson 1951; MacFadden and Hulbert 1988; but
Prothero 1999). In addition, there are paleosol data (Retallack
1997b; Retallack et al. 2002) and soil phytolith evidence
(Stromberg 2002) to support this early origin of grasslands.
Also, the early development of carnivore locomotor adapta-
tions suggests prey that inhabited open grassland habitats (Van
Valkenburgh 1999). However, faunal assemblages argue for a
mixture of woodland and grassland in the mid-Miocene plains
region of North America. At this time not only were grazers
radiating but several different lineages of browsers exhibited
species radiations as well (Janis et al. 2000, 2002). Coincident
with the expansion of C, was the beginning of a sharp decline
in equid diversity (Cerling et al. 1998b), which would be con-
sistent with a shift from a more complex C;-dominated wood-
land/grassland mosaic to a more monotonous C, prairie.

In terms of the driving forces behind the late Miocene ex-
pansion of C, grasslands, three factors need to be considered:
(1) climate change, (2) atmospheric changes in CO,, and (3)
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Fig. 8 Transverse sections of terrestrial (A, D, G) and aquatic (B, C, E, F, H, I) leaves of Orcuttieae taxa (bar = 50 pm, EA = extracellular
airspace, IA = intracellular airspace, bE = abaxial epidermis, dE = adaxial epidermis). Top row (A-C) is Neostapfia colusana, middle row
(D=F) is Tuctoria greenei, and bottom row (G-I) is Orcuttia viscida. Folding of aquatic leaves (B, E, H) was due to a greater proliferation of
cells on the abaxial than on the adaxial surface. Aquatic leaves differed from terrestrial leaves as follows: in the species least specialized to the
aquatic habitat, N. colusana, chloroplasts lost grana and were centripetal in more elongate and thinner-walled bundle sheath cells; in the species
most specialized to the aquatic habit, O. viscida, lacunal airspace comprised 75% of cross-sectional area, Kranz anatomy was lost, chloroplasts
were centripetally concentrated in mesophyll cells (similar to the pattern described for a terrestrial C,, which lacks Kranz anatomy; Voznesenskaya
et al. 2002), vascular bundles were greatly reduced, and there was a several-fold increase in the number of mesophyll cells between veins (from
Keeley 1998b; reprinted with permission of Springer). Orcuttia exhibits unusual structural variation as the arrangement of chloroplasts in
terrestrial leaves of O. viscida is centrifugal (G), but it is centripetal in Orcuttia tenuis (Sage et al. 1999a).

changes in ecological equilibria induced by fire. In all likeli-
hood, each of these factors has played a role, although the
relative importance of these is a matter of debate.

Climatic changes. The 60 of carbonates in the Siwalik
paleosols shift toward more positive values in the late Miocene,
and a similar but delayed pattern is evident from East Africa.
Changes in these isotope signatures are generally interpreted
to indicate changes in climate (Cerling 1992), but we are a
long way from understanding their full meaning since paleosol
6'80 values are a function of both temperature and the isotopic
signature of meteoric water. To some, these changes in §'*0O

are considered to represent greater aridity, and this, coupled
with a shift toward increasing summer precipitation in the late
Miocene, is thought to be sufficient explanation for the C,
grassland expansion (Pagani et al. 1999b; Huang et al. 2001).

In general, it appears that the late Miocene was characterized
by increasing seasonality, both in tropical (Retallack 1991;
Pagani et al. 1999b) and temperate regions (Utescher et al.
2000). Quade et al. (1989) provided evidence that late Miocene
was marked by a strong intensification of the Asian monsoon
beginning ca. 11 Ma. Further evidence of Miocene climate
changes is in the alterations in oceanic sedimentation rates,
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Fig. 9 Pulse chase experiments in the light for aquatic leaves of
Orcuttia viscida. After a 5-s pulse of “C, over 95% of label was in
C, products malate (filled circles) and asparate (filled triangles), and
during the '*C-free chase, label was quickly transferred to phosphor-
ylated (open squares) and other (open diamonds) sugars (from Keeley
1998b; reprinted with permission of Springer).

which peaked between 5 and 12 Ma (Davies et al. 1977),
perhaps reflecting greater continental weathering due to re-
duced global precipitation. Increased seasonality and associ-
ated seasonal droughts have the potential for eliminating
woodlands and forests and favoring herbaceous associations.

Paleoatmospheric CO,. It has been hypothesized that an
atmospheric drawdown in CO, during the late Miocene was
the primary driver causing the rapid expansion of C, grass-
lands (Cerling et al. 1993, 1998a), perhaps driven in turn by
tectonic activity (Raymo and Ruddiman 1992). It is argued
that during the late Miocene, CO, levels reached a critical
threshold where C, species were at a decided competitive dis-
advantage to C, (Cerling et al. 1997; Ehleringer et al. 1997).
This conclusion derives from the long-established difference in
quantum efficiency (CO, fixation per quantum of light) be-
tween C; and C, species and from models of leaf level pho-
tosynthetic performance in response to temperature and CO,.
It is predicted that, under high light conditions, C, grasses will
have a photosynthetic advantage over C, grasses at low CO,
and high temperatures, because of photorespiratory effects (fig.
6). The crossover point corresponding to a shift favoring C;
versus C, is a CO,/O, ratio of less than 0.025 or 500 ppmv
CO, at 21% O, (Ehleringer et al. 1991). Because of the carbon-
concentrating ability of C, plants, internal CO, in the bundle
sheath cells is several thousand ppmv, and so photorespiration
is virtually absent. In C, species, photorespiration increases
with temperature, and thus the crossover point favoring C,
over C, grasses is dependent on atmospheric CO, and growing
season temperature. Collatz et al. (1998) have provided some
bounds for these parameters; however, one of the primary lim-
itations in realistic application of the threshold model is the
fact that the growing season’s midday temperatures may not
adequately describe the photosynthetic competitive environ-
ment for C; and C, species. Temperatures vary in ways that
could greatly alter the photosynthetic balance not only from
month to month but also from hour to hour throughout the
day. Field studies conducted between 200 and 500 ppmv CO,
indicate C, responses are more complex than can be encom-

passed in a model that considers only CO, and temperature
(fig. 6) (Wand et al. 1999; Anderson et al. 2001). Additional
ecological information is needed in order to scale from leaves
to ecosystems for both past and future environments.

Critical to the threshold model (fig. 6) is the extent of Mi-
ocene changes in atmospheric CO,. Geochemical models and
proxy measures using different isotopes and fossil stomata are
in general agreement on the broad changes in CO, since the
Paleozoic (fig. 4). However, Miocene patterns of CO,, includ-
ing the period of C, grassland expansion in the late Miocene,
have been more controversial and do not appear to support
the early predictions of a marked decrease in CO, correlated
with the expansion of C, grasslands. Recently, Pearson and
Palmer (2000) report very slight changes in CO, over the last
20 Ma (between 200 and 300 ppmv) and Pagani et al. (1999a,
1999b) report a slight rise in CO, (fig. 13) through the period
of C, grassland expansion (from 220 to 320 ppmv). However,
such reports have not gone unchallenged, and Cowling (1999a)
has argued these low CO, estimates are unlikely because pho-
tosynthetic models predict plant life would not have survived
and thrived under such conditions.

More recently, Cerling et al. (1998a) have suggested that the
rapid expansion of C, grasslands need not be accompanied by
a large change in atmospheric CO,; rather, once levels dropped
between 400 and 600 ppmv, this range provided sufficient
advantage to C, species to allow them to dominate. Temper-
ature is a critical part of this equation, and the evidence for
cooling during the late Miocene (Zachos et al. 2001) indicates
the C, threshold would require even lower CO, levels (fig. 6).
Low temperatures likely account for the lack of C, expansion
at higher latitudes or higher elevations during the late Miocene
(MacFadden et al. 1994; Quade et al. 1994; Franz-Odendaal
et al. 2002).

One of the characteristics of the C; to C, transition that has
been held up as evidence for the overriding importance of
atmospheric changes in CO, is the fact that this transition
occurred at the same time on many continents. However, this
conclusion is dependent upon the temporal scale of reference
since the transitions did occur in different regions over a period
of ca. 4 million years. In support of CO, changes as the primary
driver of global C, expansion, it has been suggested that such
synchronization could not be climate driven. However, some
events, as for example the uplift of the Tibetan plateau, are
thought to have had global climatic impacts (Raymo and Rud-
diman 1992). Global links in climate change are also apparent
from other events during the Pleistocene (Porter and Zhisheng
1995).

Changes in ecological equilibria due to fire.  Under a sce-
nario where CO, levels are declining during the Miocene, the
photosynthetic efficiency model (fig. 6) predicts the late Mio-
cene replacement of C, grasslands by C, grass species. How-
ever, this is a less convincing model if C, grasslands owe their
origin to type conversion from woodland formations, which
seems to have been the case in many parts of the globe. This
is not to say that figure 6 does not predict a photosynthetic
advantage for C, grasses over C; trees, but it is an oversim-
plification for predicting landscape scale vegetation change
(Osmond 1987; Field et al. 1992; Henderson et al. 1995). C,
trees with lower maximum photosynthetic rates are commonly
capable of outcompeting C, grasses, even at CO, levels lower
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Fig. 10 Stable carbon isotope ratios for paleosol carbonates of different ages from the Siwaliks of northern Pakistan (modified from Quade
and Cerling 19935, recalculated and plotted by Barry et al. 2002; reprinted with permission of the Paleontological Society).

than those predicted for the late Miocene. That is because
photosynthetic advantage is only one of many factors in the
competitive equation, and these must be taken into account
in predicting the outcome of competition between different
growth forms. The threshold model (fig. 6) is only relevant
under high light conditions, and C, trees have the capacity to
overtop and shade C, grasses, thereby reducing light and tem-
perature and thus diminishing the C, photosynthetic advan-
tage. Indeed, the fact that C, is rare in trees indicates it is not
highly relevant in the competition between trees and grasses.
This raises the question, What other event took place in the
late Miocene to prevent C; trees from overtopping the C,
grasses?

Low CO, alone would seem to have limited ability to explain
C, grassland replacement of woodlands and forests since there
is no evidence of a global collapse in tropical C; woody di-
versity during the late Miocene. In general, trees lose out to
grasses when seasonally arid conditions produce greater water
demand for trees and their seedlings (Goldstein and Sarmiento
1987). Additionally, trees are displaced by grasslands when
the ecosystem is challenged with disequilibrial processes such
as increased disturbance by fire (Huntley and Walker 1982;
Coupland 1993; Goldammer 1993; Knapp and Medina 1999).

We hypothesize a scenario where sharply declining CO, lev-
els beginning in the mid-Tertiary spurred the origin and di-
versification of C, grasses. Thus, they were widespread, but
of limited importance in tropical and subtropical habitats long
before the late Miocene C, expansion. By mid-Miocene, a di-
versity of C, grasses adapted to various open woodland mi-
crosites were poised for a change in conditions that would
reduce tree canopy cover. These woodland/grassland mosaics
were probably favored by increasing seasonality but perhaps
enhanced by large mammalian herbivores present since early
Oligocene (Sage 2001). We suggest that the rapid expansion
of C, in the late Miocene was due to the greatly increased
probability of fires in these increasingly seasonal climates, par-
ticularly monsoonal systems dominated by convective storms

with associated lightning. There is widespread agreement that
late Miocene climates were becoming more seasonal, meaning
that ecosystems were being predictably exposed to a dry season
where biomass fuels would be vulnerable to ignition and com-
bustion. In Southeast Asia, increased drying and seasonal char-
acter of the late Miocene climate would certainly have made
vegetation more prone to fires, and the increasing intensity of
the Asian monsoon would have brought a ready source of
lightning ignitions at the end of a long dry season, when most
aboveground grass biomass is dead (Keeley and Bond 2001).
The warm growing season immediately follows the fire season
and within months the prefire biomass is restored (Sarmiento
1984), and C, metabolism would have had an added benefit
under conditions selecting for rapid growth.

Evidence of such a change in fire incidence is the several
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Fig. 11 Stable carbon isotopic composition of paleosol carbonate

from East Africa (from Cerling 1992; reprinted with permission of
Elsevier Science Publishers).
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Fig. 12 §"C values of horse tooth enamel versus age-showing iso-
topic shift in the diet of Miocene horses that parallels paleosol shifts
from Southeast Asia and East Africa (from Wang et al. 1994; reprinted
with permission of Elsevier Science Publishers).

orders of magnitude increase in North Pacific Ocean charcoal
deposition, some containing particles similar in morphology
to modern grasses (Herring 1985). Those deposition sites in
the western Pacific (fig. 14; at similar latitudes and downwind
of the Siwaliks likely represent Aeolian deposits) show rapid
increases in charcoal that parallel the late Miocene expansion
of C, grasslands evident from South Asia (fig. 15). Such events
may have taken place in many parts of the world. Global
synchrony of climate-driven changes in fire regimes is lacking
for the late Miocene; however, Quaternary studies show such
phenomenon for widely separate regions such as South Amer-
ica and Indonesia (Haberle and Ledru 2001). This model of
seasonality driving fire conversion of woodlands to grasslands
is even more powerful when accompanied by the “threshold”
model (fig. 6). As Bond and Midgley (2000) point out, the fire-
driven interaction between savanna trees and C, grasslands
could have had an important CO, component. Tree establish-
ment is often dependent upon rapid regrowth prior to recurring
fires, and this would be affected by CO, such that lowered
Miocene levels could have decreased the regrowth potential of
trees during the fire-free interval. Perhaps a time/space com-
pressed demonstration of the Miocene C, grassland expansion
is the modern fire-driven displacement of Hawaiian C, forests
by exotic C, grasses (D’Antonio and Vitousek 1992). The over-
riding importance of disturbance is emphasized by the fact that
this recent displacement is occurring during a period of in-
creasing global CO,, a situation opposite of what might be
interpreted from the threshold model (fig. 6).

While the late Miocene data coupling climate change and
fire disturbance in the C,: C, balance are circumstantial, a
more robust demonstration is evident for the Holocene grass-
land/woodland boundary in North America (Clark et al. 2001)
or Mayan forest clearance with fire (Huang et al. 2001). It is
certainly clear that contemporary grassland ecosystem dynam-
ics are determined by the interaction between fire, grazing, and
climate. For example, tropical savannas in both the Old World

and New World require fire to maintain open C, grassland
(Huntley and Walker 1982; Sarmiento 1984; Goldammer
1993; Bond et al. 2001). In the southwestern United States,
nineteenth-century ponderosa pine savannas with C, grasses
have been type-converted to dense coniferous forests by the
exclusion of fire, and this is reflected in changes in §"°C of soil
organic matter (Kerns et al. 2001).

In summary, climate, CO,, and disturbance are not mutually
exclusive explanations. Probably they all acted in concert dur-
ing the late Miocene to drive the explosive increase in C,

Selective Factors Driving Pleistocene Fluctuations of C,

Periods of Pleistocene glaciation have dominated nearly
90% of the last 1.6 million years (Petit et al. 1999). Glacial
episodes not only reduced global temperatures but there was
also a substantial drawdown of atmospheric CO, from carbon
burial and perhaps also a reduction in biomass emissions from
greatly reduced wildfire activity (Bird and Cali 1998). Esti-
mates for the last glacial maximum (LGM) at ca. 18,000 ka
are 180-200 ppmv CO,, which increased to 280 ppmv by the
late Pleistocene and stabilized at that level until late nineteenth
century industrialization drove CO, to its current 370 ppmv
(Petit et al. 1999). In light of the photosynthetic advantage of
C, species under low CO,, it is to be expected that during
glacial and interglacial periods, CO, changes alone could have
resulted in changes in the distribution of C; and C, species
(Ehleringer et al 1997; Cerling et al. 19984). As discussed
below, there are a number of studies that appear to show C,
dominance on many sites during the LGM, only to be replaced
by C, vegetation during the Holocene. In many cases, it is
hypothesized that increasing CO, since the LGM was the pri-
mary driver of this change. The apparent anomaly where Pleis-
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ation during marine photosynthetic carbon fixation (from Pagani et
al. 1999a; reprinted with permission of American Association for the
Advancement of Science).
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Fig. 14 Deep-sea drilling project site localities from the north Pacific used in Neogene charcoal deposition study. Approximate surface wind
zones indicated (from Herring 1985; reprinted with permission of the American Geophysical Union).

tocene C, grasses were retreating at a threshold CO, <280
ppmv, but Miocene C, grasses were advancing at CO, >400
ppmv, may be explained by the interaction between temper-
ature and CO, (fig. 6). However, temperatures were moving
in the opposite direction predicted for these transitions: tem-
peratures were declining in the late Miocene and rising in the
late Pleistocene (Zachos et al. 2001).

Evidence of CO,-driven changes in C, dominance was pre-
sented by Cole and Monger (1994), who showed a marked
decline in 6"*C from soil carbonates in the Chihuahuan Desert
of New Mexico between the end of the Pleistocene and early
Holocene, 7-9 ka. They interpreted this as a replacement of
C, grasslands, which they presumed had dominated sites since
the LGM, by C, shrublands during the Holocene. Since soil
carbonate 6"”C is unable to distinguish between C, grassland
and C, Atriplex shrublands, LGM vegetation is not entirely
resolved. However, Pleistocene packrat midden studies do not
generally report Atriplex this far east (Van Devender and
Spaulding 1979). Regardless, the increased C, flora during the
LGM was hypothesized to have been the result of low atmo-
spheric CO, because the very limited changes in §'*O over this
period were interpreted as showing little change in precipita-
tion regimes. It was concluded that during the Holocene the
increasing CO, reached a threshold where C, grasses were no
longer competitive with C; shrubs. This explanation, however,
is unwarranted since CO, levels were close to preindustrial
levels long before the early Holocene switch from C, to C,.
Also, Boutton et al. (1994) have outlined reasons why climate
cannot be ruled out in this C, to C; transition, and Nordt et
al. (1994) have reported opposite shifts, from C, to C,, in
plant biomass over the last 15 ka in central Texas.

Other studies have reported Pleistocene to Holocene changes
in organic matter §"°C from sediments in small, shallow trop-
ical lakes (in both Africa and South America) that have been
interpreted as reflecting changes in the photosynthetic path-
ways of terrestrial biomass in the surrounding watersheds

(Street-Perrott et al. 1997; Huang et al. 1999; Boom et al.
2001). These studies found 6"C values were 8-12 per mil
higher at the LGM than were more modern lake sediments,
although there were often other (unexplained) peaks during
the Holocene. These changes in 6"°C were interpreted as a
decline in terrestrial C, grasslands since the LGM, and it was
hypothesized that they were displaced because higher Holo-
cene atmospheric CO, increased the competitive ability of C;
species (fig. 6).

Caution is warranted in accepting these studies as evidence
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Fig. 15 Estimated charcoal flux measured for the three sites (302,
305, 310) directly downwind from Southeast Asia sites with demon-
strated late Miocene grassland expansion (e.g., fig. 5) (redrawn from
Herring 1985). That these deposits result from aeolian transport of

continental origin is supported by studies of Holocene (Bird and Cali
1998) and recent (Smith et al. 1973) fires.
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Fig. 16 Carbon isotope stratigraphy for one core from Sacred Lake, Mount Kenya, showing carbon isotope values of putative terrestrial
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the Advancement of Science).

of C, grassland expansion during glacial periods because as-
sumptions about the source of the lake sediments were never
adequately tested. Palynologists often use lake sediments to
study terrestrial vegetation changes where identification of pol-
len microfossils provides clear evidence of their terrestrial or-
igin. There is little evidence that the organic sediments of these
small tropical closed basin lakes were derived from terrestrial
sources, and plenty of reason to suspect these sediments are
not largely allochthonous in nature (Richardson and Richard-
son 1972; Dieffenbacher-Krall and Halteman 2000). For ex-
ample, Carpenter’s (1981) Lake Wingra study of a small, shal-
low lake reported that the sediment carbon contribution from
net annual production of submerged macrophytes was about
three times greater than terrestrial inputs. Small, shallow mid-
elevation tropical lakes are often dominated by aquatic CAM
species (Keeley 1998a; J. E. Keeley, personal observations).
Aquatic macrophytes have 6"°C signals that vary from C;-like
to C,-like as a function of not just photosynthetic pathway
but also HCOj use, basin lithology, diffusional resistances,
and physical mixing patterns that influence leaf boundary lay-
ers (Osmond et al. 1981; Raven et al. 1987; Keeley and Sand-
quist 1992). In addition, decreases in the ratio of precipitation/
evaporation can markedly increase 6"°C values of the dissolved
inorganic carbon substrate for submerged aquatic plant pho-
tosynthesis (Talbot and Johannessen 1992).

Certain of these lake studies have attempted to deal with
the fact that sediments are a complex mixture of aquatic and
terrestrial signals by focusing on 6"°C values from presumed
terrestrial biomarkers, most commonly long chain leaf waxes
(alkanes > n-C,,). One of the more detailed investigations is
that of a small shallow tropical montane lake, Sacred Lake on
Mount Kenya (Street-Perrott et al. 1997; Huang et al. 1999,
2001). In these studies, the putative terrestrial biomarkers (7-
C,,~C;, alkanes) showed about a 10-mil drop in 6"°C from the

LGM to the present (fig. 16), which was interpreted as dem-
onstrating a decline in terrestrial C, grasslands since the LGM.
However, these studies failed to demonstrate the validity of
these biomarkers, and their assumptions about the origins of
these waxes are contradicted by other studies (Amaral et al.
1990; Ficken et al. 2000) that demonstrate both submerged
and emergent aquatic macrophytes producing these same
waxes (fig. 17). Thus, in light of the likelihood that the bulk
of organic matter deposited in these shallow lakes is from the
aquatic flora, it is probable that the changes observed in C,,,
C,s, C;, alkane 6°C were largely from both submerged and
emergent aquatic macrophytes. Consistent with this interpre-
tation is the observation that the temporal changes in 6"°C of
these waxes closely parallel the total organic matter in these
sediments. Without a clearer understanding of the origin of
the lake sediments, these studies cannot be used as evidence
of terrestrial C, grassland expansion during the LGM.

A possible clue to the interpretation of these changes in 6"*C
is a comparison of lake sediments in two Mesoamerica sites
that experienced contrasting moisture regimes since the LGM
(Huang et al. 2001). One lake that dried down ca. 10 ka
showed an increase in 6"°C, and a lake that remained filled
showed a decrease in 6"°C values. These patterns were inter-
preted as evidence that regional climate was far more impor-
tant than atmospheric CO, levels in determining the success
of C; and C, species. However, these results have relevance to
all of the lake sediment studies, particularly those from small
shallow lakes. They raise the possibility that the glacial to
interglacial patterns in 6"°C may be driven by lake basins al-
tering between terrestrial and aquatic conditions. Indeed, the
littoral zone surrounding many tropical and subtropical lakes
are dominated by C, sedges (Cyperaceae; Haines and Lye
1983) and C, grasses. The Kenya grass flora (Ibrahim and
Kabuye 1988) lists over 20 C, species restricted to such wet-
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Ficken et al. 20005 reprinted with permission of Elsevier Science
Publishers).

lands. Altered lake levels before and after the LGM could have
altered the biomass contribution of these emergent aquatic C,
grasses and sedges (Jones 1987; Hillaire-Marcel et al. 1989).
Relevant to the Mount Kenya Sacred Lake studies discussed
above is the fact that Mount Kenya was 25% drier at the
LGM (Hostetler and Clark 2000), and lake levels throughout
East Africa were greatly reduced (Beuning et al. 1997), which
could have expanded the littoral zone. Consistent with this
scenario is the marked drop in C : N ratios (indicative of de-
clining emergent or terrestrial biomass) that parallels the de-
cline in 6“C during the Pleistocene-Holocene transition
(Street-Perrott et al. 1997).

Alternative signals for Pleistocene to Holocene changes in
terrestrial C, vegetation may hold promise. Ficken et al. (2002)
reported a peak in the ratio of C, : C; grass cuticle deposition
from a lake on Mount Kenya during the LGM and suggested
that this demonstrated an increase in C, grassland. However,
inconsistent with that interpretation is the demonstration that
this was also the period of the lowest deposition of grass cu-
ticle. In addition, 6"*C from lake sediment organic matter failed
to demonstrate any clear evidence of a C, signal nor did
changes in isotope levels link up well with peaks in C, grass
cuticle deposition.

The one lake sediment study that almost certainly avoided
aquatic macrophyte contamination of the §°C values was by
Clark et al. (2001), who examined §"*C of charcoal particles.
Their study included only the Holocene, during a period of
relatively constant atmospheric CO, and provided evidence of
aridity driving changes in C, grass distribution in the northern
Great Plains of North America. Similar conclusions have been
reached using 6"°C of paleosols in this region (Kelly et al.
1993). Likewise, longer-term studies of C, abundance in Aus-
tralian Pleistocene deposits shows no obvious correlation with
CO, but a strong relationship to climatic patterns, in particular
the strength of the Australian monsoon (Johnson et al 1999).

To summarize the Pleistocene patterns, glacial episodes have
dominated much of the past 1.6 million years and were as-
sociated with lower temperatures and lower CO,. These pe-
riods would have dropped the vertical coordinate on the
threshold model (fig. 6) in a direction favoring C, and moved
the horizontal coordinate to the left, in a direction favoring
C,. The net effect would have been site specific and varied with
other parameters such as total and seasonal precipitation pat-
terns, soil nutrients, etc. One lesson to be drawn from modeling
studies of photosynthetic response is that during glacial peri-
ods, the lower CO, may very well have translated into lower
aridity tolerance for C; species than what is presently observed
(Cowling 1999b). The impact of changes in stomatal density
and growth rates on this effect are not clear; however, there
is some empirical evidence for it (Polley et al. 2002). As a
consequence, plant distributions during glacial episodes might
not be directly interpretable in terms of contemporary climates
(Cowling and Sykes 1999; but cf. Williams et al. 2000).
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