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Abstract C4 photosynthetic physiologies exhibit funda-
mentally di�erent responses to temperature and atmo-
spheric CO2 partial pressures (pCO2) compared to the
evolutionarily more primitive C3 type. All else being
equal, C4 plants tend to be favored over C3 plants in
warm humid climates and, conversely, C3 plants tend to
be favored over C4 plants in cool climates. Empirical
observations supported by a photosynthesis model pre-
dict the existence of a climatological crossover temper-
ature above which C4 species have a carbon gain ad-
vantage and below which C3 species are favored. Model
calculations and analysis of current plant distribution
suggest that this pCO2-dependent crossover temperature
is approximated by a mean temperature of 22°C for the
warmest month at the current pCO2 (35 Pa). In addition
to favorable temperatures, C4 plants require su�cient
precipitation during the warm growing season. C4 plants
which are predominantly graminoids of short stature
can be competitively excluded by trees (nearly all C3

plants) ± regardless of the photosynthetic superiority of
the C4 pathway ± in regions otherwise favorable for C4.
To construct global maps of the distribution of C4

grasses for current, past and future climate scenarios, we
make use of climatological data sets which provide es-
timates of the mean monthly temperature to classify the
globe into areas which should favor C4 photosynthesis
during at least 1 month of the year. This area is further
screened by excluding areas where precipitation is

<25 mm per month during the warm season and by
selecting areas classi®ed as grasslands (i.e., excluding
areas dominated by woody vegetation) according to a
global vegetation map. Using this approach, grasslands
of the world are designated as C3, C4, and mixed under
current climate and pCO2. Published ¯oristic studies
were used to test the accuracy of these predictions in
many regions of the world, and agreement with obser-
vations was generally good. We then make use of this
protocol to examine changes in the global abundance of
C4 grasses in the past and the future using plausible
estimates for the climates and pCO2. When pCO2 is
lowered to pre-industrial levels, C4 grasses expanded
their range into large areas now classi®ed as C3 grass-
lands, especially in North America and Eurasia. During
the last glacial maximum (�18 ka BP) when the climate
was cooler and pCO2 was about 20 Pa, our analysis
predicts substantial expansion of C4 vegetation ± par-
ticularly in Asia, despite cooler temperatures. Continued
use of fossil fuels is expected to result in double the
current pCO2 by sometime in the next century, with
some associated climate warming. Our analysis predicts
a substantial reduction in the area of C4 grasses under
these conditions. These reductions from the past and
into the future are based on greater stimulation of C3

photosynthetic e�ciency by higher pCO2 than inhibition
by higher temperatures. The predictions are testable
through large-scale controlled growth studies and anal-
ysis of stable isotopes and other data from regions where
large changes are predicted to have occurred.

Key words Photosynthesis á C4 á Climate change á
CO2 á Grassland

Introduction

The core biophysical and biochemical processes of
photosynthesis are the same in all higher plants. How-
ever, in response to decreases in atmospheric CO2 partial
pressure (pCO2) over geologic time scales, plants have
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evolved di�erent mechanisms by which atmospheric
CO2 is delivered to the primary CO2-®xing enzyme,
ribulose 1,5-bisphosphate carboxylase/oxygenase (Rub-
isco). C4 photosynthesis appears to be such an adapta-
tion (Andrews and Lorimer 1987; Ehleringer et al. 1991,
in press; Cerling et al. 1993). In C3 plants which are the
more primitive type, CO2 reaches the site of the Rubisco
reaction in the leaf chloroplasts by di�usion across the
stomata, the intercellular air spaces, the cell wall and,
®nally, the membranes of the cell and chloroplasts. The
pCO2 at the site of ®xation during active photosynthesis
(pi) is, thus, always lower than the ambient pCO2. In C4

plants, CO2 is delivered to the Rubisco reaction sites by
a ``CO2-concentrating mechanism'' which maintains
pCO2 many times higher than in the ambient atmo-
sphere during active photosynthesis. This concentrating
mechanism requires special complementation of bio-
chemical reactions between cell types and the intercel-
lular transport of metabolites within leaves. Metabolic
energy (ATP) derived ultimately from photosynthetic
light reactions is required for each CO2 reaching the site
of CO2 ®xation by Rubisco (see Hatch 1987).

Plants with C3 or C4 photosynthesis respond di�er-
ently to ambient conditions of light, temperature, pCO2,
partial pressure of O2 (pO2) and humidity (e.g., BjoÈ rk-
man and Berry 1973; Collatz et al. 1992). In C3 plants,
the e�ciency of solar energy conversion into carbohy-
drates generally increases with pCO2 and decreases with
temperature. In C4 plants, on the other hand, photo-
synthetic e�ciency is una�ected by pCO2 (Ehleringer
and BjoÈ rkman 1977) and may increase with temperature
(for high light conditions). The di�erences between C3

and C4 responses to pCO2 and temperature at the leaf
level appear to be expressed at the whole plant and
canopy level in CO2 enrichment experiments (Drake
1991; Polley et al. 1993). If we accept that photosyn-
thetic carbon gain plays a role in determining competi-
tive success, then these di�erences between C3 and C4

physiologies should be re¯ected in their geographical
distributions.

Even before the discovery of the C4 pathway, global
patterns of grass taxa distributions were recognized to
correlate with latitude and climate (Hartley 1958, 1973;
Hartley and Slater 1960). The structural, physiological,
and taxonomic features of C4 photosynthesis became
clear in the 1960s and revealed that tropical grass taxa
are largely C4 while temperate grasses are largely C3

(Hatch et al. 1968; Downton and Tregunna 1967). The
signi®cance of temperature in determining C4 occurrence
has since been corroborated in several studies (e. g.,
Teeri and Stowe 1976; Rundel 1980; Hattersly 1983).
Ehleringer (1978) used an empirical model of photo-
synthetic temperature responses to account for observed
C3/C4 grass distributions in the North American Great
Plains and Sonoran Desert. He predicted that the carbon
gain advantage and, therefore, C4 dominance in the
Great Plains of North America occurred south of 45° N.
His regressions of maximum and minimum temperatures
to latitude can be used to infer that the mean monthly

temperature of the warmest month is 22°C at that lati-
tude. This result compares well with observed distribu-
tions in the Great Plains including a ¯oristic study of C3/
C4 grasses by Teeri and Stowe (1976), biomass mea-
surements compiled by Coupland (1992) and isotopic
measurements by Tieszen et al. (1997). Berry and Raison
(1981) also suggested a 22°C threshold for C4 based on
altitudinal distributions reported by Rundel (1980).

Though most of the earth's vegetation is C3 type,
model simulations of global CO2 ¯uxes suggest that C4

photosynthesis contributes substantially to the global
carbon budget (e.g., Lloyd and Farquhar 1994). Fur-
thermore, C3 and C4 photosynthesis also discriminate
di�erently against 13CO2 (see Farquhar et al. 1989).
Recent analysis of pCO2 and

13d CO2 measurements of
the atmosphere have shown that accurate estimates of
the contribution of C4 to global CO2 ®xation over time
and space are needed to infer the location and nature of
CO2 sources and sinks (Lloyd and Farquhar 1994; Fung
et al. 1997).

Here we present a method for predicting the distri-
bution of C4 grasses globally based on photosynthetic
responses to temperature and CO2 and apply it using
climatological data and estimates of pCO2 . An extensive
literature review of the current distribution of C4 grasses
con®rms the accuracy and generality of the approach for
the current climate and pCO2 regime (35 Pa). The ap-
proach can be used in modeling studies to either pre-
scribe a global map of photosynthetic type as boundary
conditions or to prognosticate distributions during
simulations.

In the past, climate and pCO2 of the earth have varied
to the extent that C4 grass distributions may have been
a�ected. Ehleringer et al. (1991) and Cerling et al. (1993)
have argued that C4 photosynthesis evolved in response
to periods of relatively low pCO2 over 5,000 ka BP.
Vostoc ice cores reveal pCO2 changes of the order of
10 Pa that are positively correlated with temperature
variations of about 10°C over the 150 ka BP (Barnola
et al. 1987; Jouzel et al. 1987). Since pre-industrial times,
pCO2 has increased by about 8 Pa and will continue to
increase in the future, perhaps associated with some cli-
mate warming. The impact of these changes on C4 grass
distributions are examined using observed current cli-
mate and simulated climates for the last glacial maximum
(LGM) and elevated CO2 ``greenhouse'' conditions.

Theory

Calculation of and justi®cation
for C3/C4 crossover temperature

All photosynthetic organisms utilize Rubisco to assimi-
late CO2 into the pentose phosphate pathway (PPP)
ultimately producing triose phosphates, the primary
substrate for synthesis of all organic carbon in the
biosphere. Rubisco-catalyzed carboxylation is strongly
limited by CO2 at current ambient partial pressures and
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by the presence of O2, which is an alternate substrate
and competitive inhibitor of the carboxylation reaction
(see Andrews and Lorimer 1987). At current pCO2 and
pO2 and 25°C, the maximum rate of net CO2 ®xation by
a C3 plant is only about 20% of the maximum capacity
of Rubisco in leaves and about 20% of the photosyn-
thetic light reaction products are used for the unpro-
ductive oxygenation reaction (Laing et al. 1974; Collatz
et al. 1977; Farquhar et al. 1980). As temperature in-
creases, the a�nity of Rubisco for O2 goes up relative to
its a�nity for CO2 causing oxygenation and inhibition
of carboxylation to increase with temperature (Badger
and Collatz 1977). As a consequence of the oxygenation
reaction, all plants exhibit photorespiration in which a
product of oxygenation, phosphoglycolate, is metabo-
lized to usable PPP substrates PGA and CO2. This
process diminishes net CO2 uptake and leads to the
consumption of extra ATP and NADPH derived from
the light reactions of photosynthesis, thus lowering the
e�ective quantum yield of CO2 ®xation. As noted above,
the pCO2 at the site of the Rubisco reaction is always
lower than the ambient atmosphere in C3 plants because
CO2 is transported by di�usion. The CO2-concentrating
mechanism of C4 photosynthesis, on the other hand,
maintains a high CO2 partial pressure at the sites of the
Rubisco reaction, thus minimizing the impact of pho-
torespiration. High CO2 results in full utilization of the
Rubisco capacity of the leaves in contrast to the 20%
utilization typical for C3 CO2 ®xation. However, the
carbon pump in C4 photosynthesis consumes chemical
energy derived from the light reactions of photosynthesis
and reduces potential quantum e�ciency (see Hatch
1987).

At low irradiances, the e�ciency of photon absorp-
tion by chlorophyll limits photosynthesis, a process that
is relatively insensitive to temperature (Osmond et al.
1980). Studies by Ehleringer and BjoÈ rkman (1977)
showed that the quantum e�ciency of CO2 ®xation in C3

plants is superior to C4 plants when pCO2 is elevated
or pO2 is reduced from normal ambient levels. At 30°C
and current ambient pCO2 and pO2, C3 and C4 plants
showed similar e�ciencies, leading Ehleringer and
BjoÈ rkman to suggest that the cost of the C4 mechanism
was similar to the loss of e�ciency in C3 plants due to
photorespiration. They also noted that the C3 quantum
yield for CO2 ®xation decreases as temperature increases
while for C4 it does not change with temperature. Ap-
parently, the stoichiometric energy requirement of the

carbon pump in C4 photosynthesis is insensitive to
temperature while increasing temperature alters the
kinetics of Rubisco and thus photorespiration and CO2

®xation in C3 plants.
These e�ects were expressed mathematically by Far-

quhar et al. (1980), who formulated a model of C3 pho-
tosynthesis based on the competitive inhibition kinetics
of Rubisco and the stoichiometry of photosynthetic ATP
and NADPH generation and consumption. The light-
limited rate of photosynthesis (A) is expressed as:

A � a aC3
I

pi ÿ pO2

2s

Pi � 2 pO2

2s

�1�

where a is the absorptance of the leaf to photosynthet-
ically active radiation (PAR), aC3

is the potential maxi-
mum (intrinsic) quantum yield of C3 photosynthesis in
the absence of O2, I is the PAR incident on the leaf
surface, pi is the pCO2 in the chloroplasts, pO2 is the
partial pressure of O2 in the chloroplasts, and s is the
temperature-dependent speci®city of Rubisco for CO2

relative to O2 (see Table 1, Appendix). This expression
fully explains the temperature and CO2 dependence of
photosynthetic CO2 ®xation by C3 plants when light is
rate limiting.

Figure 1a shows the responses of the e�ective quan-
tum yield of CO2 ®xation or dA/dI (Eq. 1) to tempera-
ture at four pCO2, 20 Pa representing LGM conditions,
27 Pa for pre-industrial, 35 Pa for current and 70 Pa for
double current conditions. These responses include the
e�ects of leaf absorptance (a) and of the pCO2 gradient
between the atmosphere and the sites of carboxylation.
For the latter case, the value for pi was assumed to be
equal to 0.8 ´ pCO2. Instantaneous leaf gas exchange
(Wong et al. 1979; Ball and Berry 1982), plant growth
measurements (Polley et al. 1993) and analysis of pre-
served leaf material (PenÄ uelas and AzcoÂ n-Bieto 1992)
show that the ratio of pi to pCO2 remains relatively
constant as pCO2 varies provided humidity remains
constant. The value of 0.8 used here is appropriate for
C3 leaves at high atmospheric humidities (see Wong et al.
1979; Ball and Berry 1982).

The intrinsic quantum yield of C4 photosynthesis
(aC4

) varies among the C4 plant taxa between 0.052±
0.065 mol mol)1 but less so for C4 grass taxa (0.060±
0.065 mol mol)1 (see Ehleringer et al. in press). This
variation may be related to the independent emergence
of C4 photosynthesis in several taxa each with unique

Table 1 Model parameters (see
Collatz et al. 1991, 1992) (PAR
photosynthetically active radia-
tion)

Parameter Value Unit

a PAR absorptance 0.8 ±
aC3

Intrinsic quantum e�ciency of C3 photosynthesis 0.085 mol mol)1

aC4 Intrinsic quantum e�ciency of C4 photosynthesis 0.06 mol mol)1

pO2 Atmospheric O2 partial pressure 21,000 Pa
s25 Speci®city of Rubisco for CO2 relative to O2 at 25°C 2,600 ±
Q10 Relative change in s due to 10°C temperature change 0.57 ±
pCO2 Atmospheric CO2 partial pressure 18±70 Pa
pi/pCO2 Ratio of intercellular to atmospheric CO2 partial pressure 0.8 ±
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structural and biochemical variations (Ehleringer et al.,
in press). In all cases, the quantum yield for C4 photo-
synthesis does not respond to pCO2 or non-stressful
temperatures. In contrast, there is no indication that aC3

or photorespiration varies much among C3 plants (Eh-
leringer et al., in press). The plots shown in Fig. 1a in-
dicate graphically the crossover temperature (Tx) at
which C3 and C4 species have identical quantum yields
for CO2 ®xation. The gray band indicates the mean
range observed in aC4

for C4 grasses causing Tx to vary
between 17±22°C at pCO2 � 35 Pa. An analytical ex-
pression for Tx is given in the Appendix. Figure 1b
shows the strong dependence of Tx on pCO2 . However,
the range in Tx resulting from variation in aC4

(�5°C) is
independent of pCO2. Figure 1c shows the response of
the derivative of the crossover temperature formulation
with respect to pCO2 (dTx/dpCO2) to pCO2, and the
analytical expression is given in the Appendix. Note that
this derivative which de®nes the sensitivity of Tx to pCO2

depends solely on pi and the Q10 for s. It is not a�ected
by prescribed values of aC3

, aC4
, s, or pO2.

If we assume that photosynthetic e�ciency is im-
portant in determining competitive success, then the
distributions of these photosynthetic types should re-
spond to variations in climate and pCO2. The physio-
logical crossover temperature analogy has been used to
explain distributions in terms of a climatic crossover
temperature, below which C3 plants will be more e�-
cient and above which C4 plants will have the photo-
synthetic advantage (Ehleringer and BjoÈ rkman 1977;
Ehleringer 1978; Berry and Raison 1981). We extend this
concept to examine the e�ects of climate change and
associated changes in pCO2 on the distribution of C4

plants in the past and future.

Data

Current climate

Current climate (L&C) was prescribed using the Lee-
mans and Cramer (1990) mean monthly temperature
and precipitation data set, a compilation from over
13,000 land stations for 1930±1960, and includes an
interpolation scheme to correct for altitudinal e�ects
on temperature. The original data at 0.5° ´ 0.5° spatial
resolution was averaged to 1° ´ 1° to match that of the
vegetation maps (see below).

Fig. 1a±c Simulations illustrating the response of the crossover
temperature (Tx) for the apparent quantum yield of CO2 ®xation to
temperature and di�erent partial pressures of atmospheric CO2
(pCO2). Results are corrected for leaf absorptance and di�usion of
CO2. a Response of quantum yield of CO2 ®xation to temperature
and pCO2. The C3 responses are represented by the family of curves at
the indicated pCO2 (Pa). The gray band represents the mean range of
quantum yields observed for C4 grasses. b Tx as a function of pCO2.
The gray band indicates the range of responses associated with the
observed range in mean quantum yield of C4 grasses. c The sensitivity
(dTx/dpCO2) as a function of pCO2

b
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LGM

Simulated temperature and precipitation ®elds for the
LGM �18 ka BP produced by the GISS GCM (Hansen
et al. 1983, 1984) were obtained from the National
Oceanographic and Atmospheric Administration
(NOAA) Paleoclimatology Program World Wide Web
site (http://www.ngdc.noaa.gov/paleo/model.html). Ac-
cording to the accompanying documents, these simula-
tions were run at a horizontal resolution of about
8° ´ 10° with nine atmospheric layers in the vertical. The
boundary conditions for the LGM simulations included
ice sheet con®guration, sea surface temperatures (SSTs),
sea ice 18 ka BP orbital forcing, and pCO2 � 20 Pa.
The control simulation used current climatological
SSTs, ice, and pCO2 of 32 Pa.

Doubled atmospheric CO2

Two simulated mean climates were obtained using SiB2-
GCM (Randall et al. 1996; Sellers et al. 1996a, b) with
pCO2 prescribed at 35 and 70 Pa. The model was run at
4° ´ 5° horizontal resolution, 17-layer vertical resolution
at a 6-min time step for 30 simulated years. Vegetation
amount, phenology, and type were prescribed at current
conditions as estimated from satellite observations
(Sellers et al. 1996c). Precipitation and temperatures
from the last 10 years of the control and 2 ´ CO2 runs
were averaged to monthly means.

Vegetation map

The global 1° ´ 1° vegetation data set of Matthews
(1983) was used to identify grassland regions of the
world. This data set is based on literature surveys and
speci®es the potential vegetation (excluding human land
use change such as agriculture and urbanization). The
Matthews grassland biomes were pooled and the re-
sulting map used with C3/C4 climate classi®cation to
identify C3, C4, and mixed grasslands.

Results and discussion

Current C4 distributions

Figure 2 is a map showing (in red) the regions where we
predict C4 grasses would be equal to or superior to
competing C3 grasses at approximately current pCO2

(35 Pa) and the current climate as de®ned by the L&C
data set. We constructed this map by selecting those cells
where the mean monthly temperature was above 22°C
(Tx at pCO2 � 35 Pa, see above) for at least 1 month of
the year. These cells are shown in blue or red in Fig. 2.
The areas shown in red also met the constraint that at
least 25 mm of precipitation occurred in that month.
Areas which did not meet this constraint (shown in blue)
are regions (deserts and Mediterranean climate regions)
where the warm and dry seasons coincide and are un-
likely to support C4 grasses. Note that di�erences in aC4

among the grasses results in a range of Tx rather than
just one value such as 22°C. We have not included this in
our analysis since this uncertainty is probably small
compared to the uncertainty in the climate data.

The data in Fig. 2 have been combined with vegeta-
tion classi®cation maps of Matthews (1983) and DeFries
and Townshend (1994) to produce land surface boun-
dary conditions for a general circulation model (Randall
et al. 1996; Sellers et al. 1996a, b) and used to study the
global atmospheric carbon budget (e.g., Denning et al.
1995; Ciais et al. 1997; Fung et al. 1997). This vegetation
map is available to the public on compact disc (Sellers et
al. 1996d).

Validation

Our validation approach relied on reported descriptions
of plant cover for regions of all the continents. Gener-
ally, photosynthetic type is not included in these de-
scriptions but we were able to obtain this information by
genus from Watson and Dallwitz (1992). Many of the
regional ¯oristic descriptions were obtained from vari-

Fig. 2 Map of land surfaces
satisfying the ``>22°C for any
month'' constraint (red + blue
areas) and satisfying the
``>22°C and >25 mm precipi-
tation for any month''
constraint (red only areas). The
latter represents the area pre-
dicted to have a climate that
favors dominance by C4 grass-
es over C3 grasses
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ous volumes in the Ecosystems of the world series (e.g.,
Nix 1983; Coupland 1992; Soriano 1983, 1992). A lit-
erature survey (Table 2) of the global distributions of
grass genera according to photosynthetic type revealed
that the most consistent criterion for the occurrence of
C4 grass genera was mean temperature >22°C and
mean precipitation >25 mm for any month. Non-grass
herbaceous taxa such as the Cyperaceae show a similar
climate-dependent distribution of C3 and C4 species
(Takeda et al. 1985b).

Discrepancies between predictions and reported oc-
currence were mostly caused by errors in the climate
data. For example, the Tamarin Basin in central Asia is
misclassi®ed as favoring C4 grasses because L&C
precipitation estimates are too large for this region (as
compared to data from Walter and Box 1983).

Low-temperature intolerance has been proposed to
explain the predominance of the C4 type in warm cli-
mates (see Long 1983), although C4 photosynthesis is
not entirely excluded from cool and cold climates. C4

shrubs, for instance, are a signi®cant component of the
Great Basin region of the central-western USA (Caldwell
et al. 1977a, b). C4 plants are also a major component of
high-latitude coastal salt marshes and C4 grasses occur in
the boreal forest zone of North America (Schwarz and
Redmann 1988). In all of these environments, soil sali-
nity may confer some as yet unknown advantage to C4

over C3, allowing C4 species to extend into regions in
which they are at a quantum yield disadvantage.

It has been noted that growing season minimum
temperatures are sometimes better than maximum tem-
peratures for predicting C4 distributions (see Long
1983). This may in part be because minimum growing
season temperatures are often positively correlated with
atmospheric humidity and precipitation (Teeri and
Stowe 1976). In other words, warm dry climates will
tend to have lower growing-season minimum tempera-
tures than warm wet climates. The minimum precipita-
tion constraint used here will tend to reject areas with
low growing-season minimum temperatures.

Classi®cation of grasslands

The regions delineated in Fig. 2 as C4 are not necessarily
dominated by C4 vegetation. Where resources permit,
competition for light leads to dominance by tall vege-
tation. With some exceptions, C4 plants are of short
stature and concentrated among the grass taxa. This
means that, if resources such as water and nutrients
permit trees to grow, then the C3 trees will outcompete
C4 grasses for light, as is the case for tropical forests. An
exception that seems to support the rule is the bamboo
subfamily, which is one of the few C3 grass taxa that is
well represented in topical and subtropical climates
(Takeda 1988) and is also the only grass taxon with
species that grow to tree height and are capable of
outcompeting short C4 grasses for light. When tropical
forests are removed by logging in Amazonia, C4 grasses
become dominant components of the early regrowth
(Nobre et al. 1991).

Global maps of vegetation classi®cations can be used
to identify where grasslands occur within the climate
domains predicted by the temperature and precipitation
constraints. One such map (Matthews 1983) assigns
about 25% of the ice-free land surface as grassland
biomes and of that about 57% is C4 based on our criteria
and the L&C climate. C4 is generally absent from
grasslands in the north, at higher elevations, and in
Mediterranean climate regions. African grasslands are
largely C4, Asian largely C3, and in North and South
America, both C3 and C4 grasslands are well represented.

Some grasslands classi®ed here as C4 have months of
the year that are cooler than 22°C but warm and wet
enough to support C3 species. Seasonal changes in the
relative C4 dominance have been described, especially in
the Great Plains region of North America (e.g., Sellers
et al. 1992, Tieszen et al. 1997; see also Syverson et al.
1976; Werger 1986). We can predict where C3/C4 should
vary seasonally by identifying grasslands in which some
monthly temperatures are at or below the crossover
temperature of 22°C and precipitation is greater than
25 mm. In Fig. 3a, ``C4 only'' (shown in red) are grass-
land grid cells where all months have mean temperatures
>22°C and more than 25 mm precipitation. ``C3 only''
(shown in blue) are those grasslands with mean tem-
peratures and precipitation never greater than 22°C and
25 mm, respectively, for the same month. About 1% of
all grassland grid points, mostly located in the Andean
and Himalayan regions, had no monthly temperature

Table 2 References used to validate the predicted current dis-
tribution of C4 grasses

Location Reference

North America Teeri and Stowe 1976; Coupland 1992;
Lauenroth and Milchunas 1992;
Tieszen et al. 1997

Africa Tieszen et al. 1979; Wyk 1979;
Werger 1986

Asia Kawanabe 1979; Walter and Box 1983;
Ellis 1992; Lavrenko
and Karamysheva 1993; Ting-Cheng 1993

Australia Hattersley 1983
Europe Knapp 1979
Hawaii Rundel 1980
Japan Kawanabe 1979; Takeda et al. 1985a;

Takeda 1988
South America Soriano 1983, 1992
Global Hartley 1958, 1973; Hartley

and Slater 1960; Nix 1983

Fig. 3 Distribution of C3 and C4 grass based on L&C climatology
and the land classi®cation scheme of Matthews (1983). The upper
panel shows the areas corresponding to C3 (blue), C4 (red), and mixed
C3C4 (yellow) grasslands based on the Tx � 22°C, corresponding to
pCO2 � 35 Pa (�current levels). The lower panel shows the
corresponding distributions based on Tx � 18°C, corresponding to
pCO2 � 27 Pa (�pre-industrial CO2 levels). The middle panel is the
di�erence between the pre-industrial and present distributions. Areas
shown in green are predicted to have changed from mixed C3C4 to C4

and areas shown in red to have changed from C4 to C3

c
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above 0°C with >25 mm of precipitation. Mixed C3C4

grasslands (shown in green) have months that satisfy the
precipitation constraint above and below 22°C. Mixed
grasslands are most evident in the western hemisphere
and their occurrence is consistent with ¯oristic descrip-
tions in the literature (North America: Teeri and Stowe
1976; Tieszen et al. 1997; South America: Soriano1992).
The South African and eastern and western Asian
grasslands are also predicted to support seasonally
varying mixtures of C3 and C4 grasses.

In¯uence of atmospheric CO2 on C4 distributions
for current climate and vegetation

There is remarkable though possibly fortuitous agree-
ment between the observed C4 distributions and the
crossover temperature for current pCO2 predicted by
our model (Appendix 1, Fig. 1a, b). According to the
model, climate warming would favor expansion of C4

grasses whereas increasing pCO2 would favor C3 grasses.
Substantial pCO2 and climatic temperature changes
have occurred in the past and will continue in the future.
By combining climate data (observed and simulated)
with the physiological crossover temperature model we
infer ecological ®tness and, thus, past and future distri-
butions of grass photosynthetic types.

One implication of this analysis is that recent in-
creases in pCO2 (�8 Pa since pre-industrial times)
should have substantially altered the global distribution
of C4 grasses. At pre-industrial CO2 levels (�27 Pa, the
model predicts a Tx of 18°C and produces the map
shown in Fig. 3C assuming no change in climate or
vegetation type. The occurrence of C4 grasses is pre-
dicted to have decreased from 74% to 57% of the total
grassland area as a result of the increase in pCO2

(Fig. 3B). In particular, large regions of the North
American Central Plains and Central Asian steppe are
predicted to have changed from mixed C3C4 to C3

grasslands following the rise in pCO2. This result did not
change appreciably if we included the estimated 1°C
warming over the last century.

How much of the surface of the earth is favorable for
C4 grass dominance depends on the response of Tx to
pCO2 and on the availability of land area meeting the
temperature and precipitation requirements. Figure 4
shows a frequency distribution of land area classi®ed
according to the mean temperature of the warmest
month with >25 mm of precipitation. The solid line
shows all land area, and the area under this curve is
normalized to 1.0. The dashed line shows the corre-
sponding areas classi®ed as grasslands, which comprise
about 25% of the total land area. The vertical lines in
Fig. 4 are the values of Tx at pCO2 � 20, 27, 35, and
70 Pa. The fraction of area that would be classi®ed as C4

under di�erent CO2 levels is represented by the area
under the curves and to the right of the respective lines.
At very low and very high pCO2 (low and high crossover
temperatures, respectively), C4 fractional area changes

are small because few places on the globe show such
extreme maximum temperatures. Greatest sensitivity
occurs when the Tx changes around the middle of the
frequency distribution (15±30°C, Fig. 4).

Figure 5 shows the cumulative land area that exceeds
the Tx calculated from pCO2 as well as land area and
grassland area that also satisfy the precipitation con-
straint (>25 mm). The result is the fraction of land area
or grassland area that is predicted to favor C4 grasses as
a function of pCO2. The C4 fractional grassland area

Fig. 4 The frequency distribution expressed as fraction of global land
area versus the warmest growing-season month (precipitation
>25 mm). The frequency of global grassland area in relation to
warmest growing-season temperature is also shown. The vertical lines
represent the crossover temperature (Tx) for the indicated atmospher-
ic-pCO2 (Pa). The area under the curves and to the right of the
crossover temperature line represents the total land and grassland
areas predicted to be favorable to C4 dominance

Fig. 5 The frequency of climates favoring C4 grasses (expressed as
fraction of global land area) as a function of atmospheric pCO2. The
fraction of global land area with temperatures warm enough and
fractions of global land area (long-dash line) and grassland area (short-
dash line) that are warm and wet enough to favor C4 grasses are also
shown
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and global land area decreased in parallel from about
0.8 to 0 as pCO2 is increased from LGM levels to
2 ´ current pCO2. The precipitation constraint removes
a relatively constant fraction of the global land area
from C4 climate designation (�0.1). Grasslands follow
the global trends with greatest sensitivity occurring at
around the current value of pCO2.

At a pCO2 � 20 Pa (and current climate), more than
70% of world grasslands would be C4, while at
2 ´ present CO2 (and current climate), very little if any
grasslands would be C4. However, these estimates do not
take into account changes in climate. For example, when
the pCO2 was 20 Pa during the last glacial maximum,
land temperatures were substantially cooler, and when
pCO2 reaches 70 Pa in the next century, land tempera-
tures are expected to be warmer. These changes in tem-
perature would tend to counter the impact of pCO2. We
have analyzed simulated climates to address this issue.

LGM climate

Mean precipitation and temperatures for January and
July produced by the GISS GCM using LGM and
current boundary conditions were used to estimate the
net change in the distribution of C4 climate. The control
simulation produces a map (not shown) that is in general
similar to that produced from the L&C climatology
(Fig. 2). Mean of January and July land surface tem-
peratures for the control simulation (0 ka BP) were
similar to L&C mean for the year (12.4°C vs 12.7°C,
respectively) as were the C4 fractions of total land area
(0.43 and 0.44, respectively).

The land surface was �7°C cooler (annual mean) in
the simulated LGM climate. Taken by itself this would
be expected to lead to a reduction in the area available
for C4 species, but the lower pCO2 (20 Pa) that prevailed
during the LGM would be expected to lead to expansion
of the C4 area. Our model suggests that the net e�ect of
these opposing forces was a slight contraction of the
area favoring C4 from the LGM (0.53) to the present
(0.43). Figure 6 is a map showing the di�erence in C4

distribution between the LGM and the control simula-
tions. Areas where C4 species may have advanced during
the LGM are shown in red. In general, our analysis
predicts an expansion of C4 species at high latitudes
during the LGM. This is evident on all of the continents
except North America where the cooling due to the ice
sheet was apparently su�cient to o�set the e�ect of
lowered pCO2. This result is consistent with arguments
recently put forward by Ehleringer et al. (in press), and
they suggest that it may be possible to test these pre-
dictions by analysis of the carbon isotopes in paleosols
and sediment cores that span this transition.

A twofold pCO2 climate

The dominant role of pCO2 changes in determining C4

grass distributions implied in the above analysis has

signi®cant implications for future distribution, given
projected increases in pCO2. As shown in Fig. 5, the
land area held by C4 plants should decrease sharply with
increasing pCO2, assuming that climate does not also
change. To examine the possible impact of climate
change on this result, we have examined a pair of GCM
runs with control (35 Pa) and 2 ´ pCO2 (70 Pa) forcing
(Sellers et al. 1996a). The radiative forcing resulted in a
1.9°C increase in the mean land surface temperature of
the 2 ´ pCO2 treatment (R) relative to the control (C).
The frequency distribution of the mean monthly tem-
perature of the warmest month with >25 mm precipi-
tation is plotted for the two treatments in Fig. 7. The
control simulation (C) yields a slightly warmer mean
temperature for the land surface (24.3°C) than the L&C
climatology (21.0°C), but there is no signi®cant change
in the shape of the pro®le. Radiative forcing shifts the
frequency distribution, but there is no disproportionate
increase in the land area with warm temperatures.

Climate versus CO2

Figure 8 shows the cumulative area that would be
dominated by C4 species (according to our model) as a
function of pCO2 for all of the climate scenarios exam-
ined in this study. As discussed above, there is a strong
tendency for C4 to expand with decreasing pCO2. This is
partially counteracted by the cooler temperatures that
co-occurred with low pCO2 at the LGM. On the other
hand, climatic warming predicted to occur with
2 ´ pCO2 is not expected to compensate for the increase
in pCO2. In all scenarios, C4 plants should be largely
replaced by competing C3 species. It is well known that
there has been extensive invasion of grasslands by
shrubs (e.g., Polley et al. 1994). While there is no con-
sensus as to the cause(s) for this invasion, it is signi®cant
that this is generally a replacement of C4 grasses with C3

shrubs. Cole and Monger (1994), for example, used
carbon and oxygen isotope measurements to infer that a
C4-grass-dominated region in the south-western USA
shifted to C3 shrubs in the Holocene largely as a result of
increased atmospheric pCO2 rather than climate changes
during that period. It is clear that pCO2 will continue to
increase well into the next century but other climatic
feedbacks such as parallel increases in aerosols or
cloudiness appear to be moderating the ``greenhouse''
warming (e.g., Santer et al. 1996), further favoring C3

expansion globally into the future..

Caveats

The model we propose here is based on the assumption
that changes in the value of Tx will lead to changes in the
land area occupied by C3 and C4 grasses. While the exact
value of Tx depends on the quantum yield of the C4

species considered, it is signi®cant to note that the sen-
sitivity of Tx (dTx/dpCO2; Fig. 1c) is independent of the
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C4 quantum yield. The sensitivity of Tx to pCO2 is de-
termined by pi and the temperature dependence of the
parameter, s. The latter is a property of the enzyme,
Rubisco, and there is evidence that this is a conservative
kinetic property (Jordan and Ogren 1983; Berry et al.
1994). If the theory that CO2 ®xation e�ciency deter-
mines competitive success is correct, this should be
a robust relationship. We acknowledge, however, that
there are obvious weaknesses in this simple theoretical
approach. These include:

(1) The relationship described in Eq. 1 applies to
light-limited photosynthesis. Under some conditions,
photosynthesis may be limited by other processes such
as the activity of Rubisco with di�erent temperature and

CO2 sensitivities (Farquhar et al. 1980). In both C3 and
C4 plants, there is a gradual transition from limitation
due to light absorption to Rubisco limitation (dA/
dI ® 0) as irradiance increases (Collatz et al. 1990, 1991,
1992). In general, however, PAR limits or co-limits CO2

®xation over most of the naturally occurring range of
PAR (Woodrow and Berry 1988; Collatz et al. 1990).
Optimality theory and some empirical observations in-
dicate that most carbon gain occurs under conditions in
which photosynthesis is partially limited by both PAR
and Rubisco (Field 1988; Farquhar 1989; Sellers et al.
1992a). Even when PAR is not limiting photosynthesis,
the di�erences in responses to pCO2 and temperature are
qualitatively preserved; C4 photosynthesis tends to be
more e�cient at higher temperatures and lower pCO2.

Fig. 7 The frequency of global land area (expressed as fractional land
area) versus temperature of the warmest growing-season month for
the control (solid line) and 2 ´ CO2 (dashed line) simulated climates.
The mean temperatures for the warmest growing-season month are
shown in parentheses. The vertical lines indicate the crossover
temperature associated with each scenario. The area under the curve
and to the right of the crossover temperature line represents the total
area predicted to favor C4 grasses

Fig. 8 Response of global land area classi®ed as C4 climate to
atmospheric pCO2 for various simulated climates and the observed
mean climate (black solid line). The last glacial maximum (blue) and
2 ´ CO2 (red) climates are the solid lines, while their respective control
climates (0 ka BP and C) are shown as dashed lines. The means for the
warmest growing-season month for each climate are shown in
parentheses

Fig. 6 Map showing areas that
changed from C4 to C3 (red)
and from C3 to C4 (blue) since
the last glacial maximum
(20 ka BP) as a result of the
combined increases in tempera-
ture and atmospheric pCO2.
Climate conditions were derived
from climate model simulations
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(2) The calculated crossover temperature is sensitive
to the estimation of an e�ective global pi for C3 plants.
Ehleringer and Cerling (1995) discuss evidence for the
consistency of pi/pCO2 in response to past changes in
pCO2. In the real world, pi will vary as the humidity of
the atmosphere varies, low humidities resulting in lower
stomatal conductance and pi (Lloyd and Farquhar 1994)
causing the crossover temperature to decrease. Low-
humidity-induced stomatal closure also occurs in C4

plants but because of lower sensitivity to CO2 we ex-
pected no signi®cant e�ect on Tx. The relatively high
value for pi/pCO2 (0.8) used here (Table 1) lies between
ratios close to 1 when A is low at low light and ratios of
0.5 that may occur during light-saturated A at low
atmospheric humidities. Lower pi/pCO2 would imply
greater increases in water use e�ciency but the signi®-
cance for the competitive interaction of C3 and C4 plants
is not clear because the same factors should also increase
the water use e�ciency of C4 plants (Polley et al. 1994).

(3) The climatic mean monthly temperature under-
estimates the typical daytime temperature at which
photosynthesis operates.

(4) The distributions are assumed to always be in
equilibrium with changing climate and pCO2 resulting in
no lags. Because of more frequent disturbance and
shorter species life spans typical of grassland, it is likely
that grasslands will respond faster than woody vegeta-
tion types to these environmental changes.

(5) Other ecological factors such as soil salinity may
be more important than quantum yield advantage in
determining the relative ®tness of C3 and C4 species. C3

grasses grow successfully in warm tropical regions with
excess water such as marshes (Phragmites) and agricul-
ture systems (rice). C4 grasses do occur in cool climates
but are generally restricted to saline soils. Competition
for light, soil nutrition, grazing, ®res, and so on, could
also in¯uence relative ®tness.

(6) Non-grass C4 taxa can be an important compo-
nent of woody shrub vegetation in some areas (e.g.,
Caldwell et al. 1977a, b). In general, our analysis should
apply to the distribution of herbaceous C4 taxa (e.g.,
Amaranthus, Carex). Woody C4 plants are generally
restricted to saline soils and we have neither a model
that considers salinity in determining relative ®tness nor
the necessary global data sets.

Conclusions

Here, we present a strategy for predicting the distri-
bution of C4 grasses using monthly mean temperature
and precipitation. The crossover temperature approach
is simple, it has a biological (mechanistic) interpretat-
ion, and it makes predictions that are inherently
testable. The predicted current distribution of photo-
synthetic types in grasslands of the world can be veri-
®ed through ®eld observations. Previous distributions
(i.e., pre-industrial, LGM) may be inferred from the
analysis of the isotopic composition of relic organic

matter. For instance, analysis of d13C composition in
environments where terrestrial organic matter has been
preserved, e.g., mires (Sukumar et al. 1993) and
paleosols (Cerling et al. 1989; Quade et al. 1989; Am-
brose and Sikes 1991; Cole and Monger 1994) can
identify the relative prevalence of C4 photosynthesis.
Ehleringer et al. (in press) cite examples of measured
decreases in d13C of preserved organic matter as cli-
mate and atmospheric conditions changed since the
LGM. These shifts in d13C values in the paleo record,
however, could be caused by changes either between C3

and C4 in grasslands or by changes in vegetation type
such as between C4 grasslands and C3 woodlands.
Shifts in d13C values cannot be taken as an unambig-
uous indicator of shifts in Tx since changes in the
precipitation regime might, for example, result in the
replacement of C4 grasses with C3 trees without a
change in Tx. A combination of pollen, 18O, 13C, and
14C measurements could perhaps provide information
on vegetation type, temperatures, C4 dominance, and
age, respectively. If we are correct in assuming that
photosynthetic carbon gain plays a role in determining
the competitive success of grasses, and that our model
captures the mechanisms which control carbon gain in
C3 and C4 species, then it follows that there have been,
and will continue to be, large-scale changes in the
abundance of C4 plants in the world. This could be one
of the more easily measured responses of the biosphere
to global climate change.
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APPENDIX We de®ned the crossover temperature (Tx) as the tem-
perature at which the quantum yield for photosynthetic CO2 ®xa-
tion is equal for C3 and C4 photosynthesis. The Tx can be expressed
mathematically as the temperature at which the derivative of
photosynthesis with respect to incident PAR ¯ux (dA/dI) is equal
for both C3 and C4 photosynthesis. A formulation for light-limited
CO2 ®xation in C4 plants is given by Collatz et al. (1992):

A � a aC4
I �A1�

where A is the photosynthetic CO2 ®xation rate, a is the leaf ab-
sorptance for PAR, aC4

is the intrinsic quantum yield for C4 pho-
tosynthesis and I is the PAR incident on the leaf surface. By setting
dA/dI of Eq. 1 and A1 equal and de®ning the speci®city (s) in Eq. 1
as:

s � 2; 600 Q
Txÿ25
10

10 �A2�

s25 is the value of s at 25°C and Q10 is the relative change in s for a
10°C change in temperature Tx is then de®ned as:

Tx � 10

lnQ10
ln

pO2

pi s25

1� 0:5
aC3
aC4

aC3
aC4
ÿ 1

0@ 1A �A3�

where aC3
is the intrinsic quantum yield for C3 photosynthesis and

pi is the leaf internal pCO2 assumed to be equal to 0.8 ´ atmospheric
pCO2.
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Using parameters from Table 1, Eq. A3 produces response of
Tx to pCO2 shown in Fig. 1b. The derivative of Eq. A3 with respect
to pCO2 is:

dTx
dpi
� 10

lnQ10

ÿ1
pi

�A4�

and its response to pCO2 is shown in Fig. 3c.
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