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Veracruz, México (Center for Maya Research, Wash-
ington, DC, 1988).

30. We thank V. Fields, E. Boot, J. Justeson, T. Kaufman, J.
Urcid, C. Brown, N. Hopkins, and A. Moreno for their
help in analyzing the early writing. A. Moreno drew
the San Andrés artifacts, K. Womble redrew the
Chiapa de Corzo glyph, and T. Carmona did the
photography. J. Urcid provided the San José Mogote
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Grassland Responses to Global
Environmental Changes

Suppressed by Elevated CO2
M. Rebecca Shaw,1*† Erika S. Zavaleta,1,2‡ Nona R. Chiariello,3

Elsa E. Cleland,1,2 Harold A. Mooney,2 Christopher B. Field1

Simulated global changes, including warming, increased precipitation, and ni-
trogen deposition, alone and in concert, increased net primary production (NPP)
in the third year of ecosystem-scale manipulations in a California annual
grassland. Elevated carbon dioxide also increased NPP, but only as a single-
factor treatment. Across all multifactor manipulations, elevated carbon dioxide
suppressed root allocation, decreasing the positive effects of increased tem-
perature, precipitation, and nitrogen deposition on NPP. The NPP responses to
interacting global changes differed greatly from simple combinations of single-
factor responses. These findings indicate the importance of a multifactor ex-
perimental approach to understanding ecosystem responses to global change.

Human actions are affecting many aspects of
the Earth system. The composition of the
atmosphere, the climate, the abundance of
invasive species, and the area of managed
landscapes have all undergone important
changes in the past century. These changes
are likely to be even greater in this century
(1). In almost any setting, realistic global
change is decidedly multifactorial. Warming,
increased precipitation, increased deposition

of N-containing compounds, and increased
atmospheric CO2 are all likely consequences
of CO2 emissions from fossil fuel combustion
and land use change (2). In the past century,
atmospheric CO2 concentration has increased
globally by more than 30% (2). Temperature,
precipitation, and deposition of biologically
available N have increased for large regions
(3–5). Further increases in the future are al-
most certain.

Most of the experimental research on
ecosystem responses to global change has
addressed responses to single global chang-
es, with relatively few studies exploring
responses to two or more interacting treat-
ments (6–8). Experimental manipulations
of both temperature and CO2 concentration
are rare at the ecosystem scale (9, 10), even
though elevated CO2 is a primary driver of
climate change (2).

Several modeling studies have ad-
dressed ecosystem responses to multifactor
global changes (11, 12), but the theoretical

foundation for predicting ecosystem re-
sponses to simultaneous changes in multi-
ple factors is incomplete. For some pro-
cesses (such as photosynthesis), well-tested
mechanistic models support the simulation
and interpretation of multifactor responses
(13). For many other processes, however,
including biomass allocation, the timing of
seasonal activity, and species replacements,
the empirical data are too sparse to support
credible models or allow comprehensive
hypothesis tests.

Both empirical and modeling studies
highlight potential contrasts in responses to
single global changes and multiple, inter-
acting global changes. Stimulation of plant
growth by elevated CO2, for example, may
be strongest when water is limiting (14 ),
when nutrients are abundant (15), or when
plant species diversity is high (6 ). Simulat-
ed ecosystem responses to future global
changes depend strongly on such interac-
tions. In many settings, simulated warming
increases decomposition more than net pri-
mary production (NPP), leading to a loss of
carbon (16 ). In others, elevated CO2 and N
deposition tend to increase NPP more than
decomposition, leading to carbon storage.
In some simulations, the responses of car-
bon storage to the three factors nearly can-
cel one another out. In others, changes
combine in nonadditive ways, with exam-
ples of both suppression and amplification
(11).

One of the keys to understanding the
long-term impacts of multiple global
changes on ecosystem function will be ex-
periments on model ecosystems that are
amenable to factorial manipulations and re-
spond rapidly. Annual grassland, with a
high diversity of small short-lived plants, is
an attractive model system for global
change experiments. An area of less than 1
m2 is sufficient for a meaningful global-
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change manipulation of a complete ecosys-
tem with thousands of plants and a full
suite of plant, animal, microbial, and soil
processes. The annual life cycle of the
dominant plants allows relatively brief ex-
periments to span several complete gener-
ations (17 ).

We investigated the impacts of individ-
ual and multiple simultaneous global
changes on NPP of a moderately fertile
California annual grassland (18), using the
Jasper Ridge Global Change Experiment
( JRGCE). The JRGCE involved four global
change factors at two levels: CO2 [ambient
and 680 parts per million ( ppm)], temper-
ature (ambient and ambient plus 80 W m�2

of thermal radiation), precipitation (ambi-
ent and 50% above ambient plus 3-week
growing season elongation), and N deposi-
tion (ambient and ambient plus 7 g of N
m�2 year�1) in a complete factorial design.
The JRGCE, initiated in 1998, includes

eight replicates of each of the 16 treat-
ments. These are organized as a split-plot
design with 32 circular plots, each divided
into four 0.78-m2 quadrants, separated by
solid partitions below ground and mesh
partitions above ground (Fig. 1) (19). Ma-
nipulations began at the start of the 1998 –
1999 growing season. Each year, we esti-
mated NPP as peak biomass (above and
below ground) in late spring (20).

Over the first 2 years of the manipulations
and across all of the treatment combinations,
elevated CO2 had no significant effect on
NPP (21) (Fig. 2). In the third year, 2001, the
mean NPP for all treatment combinations
with elevated CO2 was 988 � 52 g m�2

versus 1089 � 54 g m�2 for all treatment
combinations with ambient CO2 (P � 0.081).
The absence of significant biomass increases
in response to elevated CO2 is consistent with
several prior studies at the ecosystem scale
(8, 9, 14, 22–24) but contrasts sharply with

the results of most greenhouse experiments
and many ecosystem studies, where elevated
CO2 leads to increased aboveground growth
(25–28).

In the third year of manipulations of the
JRGCE, elevated CO2 stimulated above-
ground biomass in the treatment in which all of
the other factors were at ambient levels.
Aboveground biomass in the ambient CO2

treatment was 469 � 27 g m�2, and adding
CO2 increased this to 622 � 24 g m�2 (P �
0.003, table S1) (29). This comparison parallels
results of many other single-factor CO2 exper-
iments. The 32.6% increase in aboveground
biomass is comparable to the 25% increase
observed in North Carolina pine plantations
(25) and the 20 to 43% increase in crop plants
at the Arizona Free-Air CO2 Enrichment
(FACE) site (15, 26).

Each of the treatments involving in-
creased temperature, N deposition, or precip-
itation (alone or in combination) tended to
increase aboveground biomass and NPP, but
elevated CO2 consistently dampened these
increases (Fig. 3) (29). The three-factor com-
bination of increased temperature, precipita-
tion, and N deposition produced the largest
stimulation of NPP (84%, P � 0.021), but the
addition of CO2 reduced this to 40% (P �
0.028). The suppressive effect of elevated
CO2 was even clearer for below ground bio-
mass, where the average effect across all
treatments was a decrease of 22% (P �
0.005) (21).

The NPP response of this ecosystem to
multiple global changes was not a simple
combination of responses to individual global
change factors. Some treatment combinations
(such as warming and precipitation) led to
intermediate responses, with NPP near the
average of the single-factor responses (Fig.
3). Others (such as warming and N deposi-

Fig. 1. (A) Schematic drawing of the study plots, side view (left) and top view (right). The plot is 2 m in diameter. (B) Photograph of a study plot.

Fig. 2. NPP. Open bars
represent all treatment
combinations with ambi-
ent CO2. Gray bars repre-
sent all treatment combi-
nations with elevated
CO2. Values are means �
1 SE, N � 64 plots.
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tion) were approximately additive (Fig. 3).
Across the seven treatment combinations in-
volving elevated CO2 and at least one other
factor (30), the addition of elevated CO2 de-
creased NPP (P � 0.048) (31), which is the
opposite of the effect of CO2 as a single
factor (Fig. 3).

Thousands of published papers describe
plant or ecosystem responses to elevated
CO2 (32). Generally, stimulatory responses
in individual plants (27 ) often persist at the
ecosystem scale, in the form of increased
aboveground growth. Relatively few stud-
ies address ecosystem NPP responses
(above- and belowground). Those that do
include examples of substantial NPP in-
creases as well as modest responses and no
change (33). Only a few studies address the
effects of elevated CO2 in combination
with other global changes at the ecosystem

scale. Oechel et al. (9) found that warming
could extend the time over which elevated
CO2 stimulated NPP in arctic tundra. Oren
and colleagues (8) observed a parallel re-
sult with N addition in a pine plantation.
Reich et al. (6 ) reported increased sensitiv-
ity of NPP to elevated CO2 with added N,
but only when species diversity was high.
Several studies from agricultural ecosys-
tems also demonstrate that enhanced N
availability can lead to larger increases in
NPP in response to elevated CO2 (34 ). In
all these studies on N-limited ecosystems,
the sensitivity of NPP to elevated CO2

increased with the addition of N or, in the
tundra example, with a treatment that indi-
rectly increased N availability.

The JRGCE results suggest a fundamen-
tally different kind of ecosystem response.
Previous studies indicate that enhanced

availability of a limiting resource such as N
increases an ecosystem’s potential to take
advantage of elevated CO2. Our results are
more consistent with the idea that, under
some circumstances, elevated CO2 can con-
strain potential NPP. Several aspects of the
JRGCE might account for this contrast. To
our knowledge, this is the only ecosystem-
scale experiment to date in which the treat-
ments have been applied through several
generations of the dominant plants. It is one
of very few experiments to explore interac-
tions between warming and elevated CO2 at
the ecosystem scale. It is also one of few
ecosystem experiments to simulate N dep-
osition with nitrate (the primary form de-
livered from the atmosphere in most loca-
tions) as opposed to a mixture of nitrate and
ammonium.

Several mechanisms could contribute to
the suppressive effects of elevated CO2

reported here. First, it is possible that the
responses depend on specific features of
the treatments. Simulating N deposition
with nitrate may shift the plants from am-
monium to nitrate nutrition, which may
make them less sensitive to elevated CO2

than those grown on ammonium (35). The
response of grassland NPP to elevated CO2

is often greatest when water is limiting
(36 ). CO2-driven alleviation of water stress
through decreases in transpiration may nul-
lify any stimulatory effect of added precip-
itation. Although both of these mechanisms
potentially account for a decrease in CO2

sensitivity, neither is likely to result in a
suppressive effect of elevated CO2.

Second, it is possible that the suppres-
sive effect of CO2 is a consequence of
changes in plant species richness or other
aspects of plant community composition.
The structure of the plant community was
dynamic in the JRGCE. However, the
changes in plant species richness and abun-
dance were similar in the single- and mul-
tifactor CO2 treatments (37 ), arguing
against a major role for community compo-
sition in explaining the suppressive effect
of elevated CO2 on NPP in multifactor
treatments only.

A third possibility is that the suppres-
sive effect of elevated CO2 is a conse-
quence of limitation by some soil nutrient.
This could result from gradual immobiliza-
tion of a limiting nutrient by soil microor-
ganisms under elevated CO2, reflecting in-
creased demand by microbes more richly
supplied with carbon lost from roots (38–
40). Several indicators of soil metabolic
activity were enhanced under elevated CO2

(41, 42). Nutrient limitation under elevated
CO2 could also be a consequence of de-
creased root allocation, which tends to limit
the capacity of plants to forage for nutri-
ents. The effects of decreased root alloca-

Fig. 3. Percent changes in
NPP for each treatment,
relative to corresponding
reference. For each treat-
ment combination, the
reference is defined as all
ambient CO2 plots in
which the variable(s) that
defines each treatment
combination are also at
ambient. amb, ambient;
C, elevated CO2; N, N
deposition; T, increased
temperature; P, increased
precipitation. For treat-
ments T, N, and P, n � 24
plots. For treatments TP,
NP, and TN, n �12. For
treatments C and TNP,
n � 6. For example, the
open bar for the increased
temperature pair ( T) is
calculated using all treat-
ments with increased
temperature but not elevated CO2 (n � 24). The gray bar in the same pair is calculated using all
treatments with increased temperature and elevated CO2 (n � 24).

Fig. 4. The effect of el-
evated CO2 on NPP in
relation to NPP under
ambient CO2 for the
eight treatment pairs
with and without ele-
vated CO2 (30) for each
of the 3 years of treat-
ment. Each point is the
mean for all replicates
(n � 8) in one treat-
ment pair in 1 year.
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tion should be most severe in settings
where NPP is high, because NPP drives
plant resource demand. In most settings,
plants respond to nutrient limitation with an
increase in root allocation (43). In the re-
sults presented here, however, root alloca-
tion consistently decreased in response to
elevated CO2, a pattern that may or may not
effectively balance nutrient supply and de-
mand (44 ).

Previous studies at Jasper Ridge grass-
lands (45) and many other ecosystems docu-
menting the potential for limitation by phos-
phorus make it an interesting candidate as a
limiting nutrient. It is also possible that N
becomes limiting when NPP is increased and
CO2 is elevated. N limitation in the treat-
ments with N deposition, however, would
require that the additional N be only sparing-
ly available, as a result of either its form or
the timing of its application.

Some of the strongest evidence for the
nutrient limitation mechanism comes from
the multiyear response. Over all 3 years of
manipulations in the JRGCE and all treat-
ment combinations, elevated CO2 tended to
be stimulatory when NPP was low and
suppressive when NPP was high (Fig. 4). In
the eight pairs of treatment combinations
with ambient and elevated CO2, NPP under
ambient CO2 explained 53% of the effect of
adding CO2, with consistent suppressive
effects at levels of NPP greater than 800 g
m�2. This result, closely paralleling that
for several ecosystems studied with single-
factor manipulations (24 ), provides further
support for the hypothesis that negative
effects of elevated CO2 reflect constraints
from a resource that becomes increasingly
limiting as demand for it increases.

We do not yet know the contribution of
each of these mechanisms to the overall re-
sponse, but probably all contribute. Experi-
ments to test the involvement of each are now
underway.

This report of suppressive effects of ele-
vated CO2 has a strong message for global
change research. Ecosystem responses to re-
alistic combinations of global changes are not
necessarily simple combinations of the re-
sponses to the individual factors. Accurate
predictions of ecosystem responses to suites
of global changes depend on successful inte-
gration across a range of processes and time
scales. Multifactor experiments on ecosys-
tems that are easy to manipulate can provide
a rich source of examples as well as test beds
for exploring hypotheses with the potential to
explain the responses of a wide range of
ecosystems. Future experiments should de-
velop theoretical and empirical frameworks
for integrating information from these model
ecosystems with information from less-easily
studied ecosystems that play important roles
in the carbon cycle.

References and Notes
1. P. M. Vitousek, H. A. Mooney, J. Lubchenco, J. M.

Melillo, Science 277, 494 (1997).
2. International Panel on Climate Change, Working

Group 1 Third Assessment Report (Cambridge Univ.
Press, Cambridge, MA, 2001).

3. T. R. Karl, in The Regional Impacts of Climate Change:
An Assessment of Vulnerability, R. T. Watson, M. C.
Zinyowera, R. H. Moss, D. J. Dokken, Eds. (Cambridge
MA, Univ. Press, Cambridge, 1998), pp. 412–425.

4. D. R. Easterling et al., J. Geophys. Res. 105, 20101
(2000).

5. P. M. Vitousek et al., Ecol. Appl. 7, 737 (1997).
6. P. B. Reich et al., Nature 410, 809 (2001).
7. E. H. DeLucia et al., Science 284, 1177 (1999).
8. R. Oren et al., Nature 411, 469 (2001).
9. W. C. Oechel et al., Nature 371, 500 (1994).

10. N. T. Edwards, R. J. Norby, Plant Soil 206, 85 (1998).
11. A. D. McGuire et al., Global Biogeochem. Cycles 15,

183 (2001).
12. D. Schimel et al., Science 287, 2004 (2000).
13. G. D. Farquhar, S. von Caemmerer, J. A. Berry, Planta

149, 78 (1980).
14. C. E. Owensby, J. M. Ham, A. K. Knapp, L. M. Auen,

Global Change Biol. 5, 497 (1999).
15. B. A. Kimball, J. R. Mauney, Agron. J. 85, 706 (1993).
16. P. M. Cox, R. A. Betts, C. D. Jones, S. A. Spall, I. J.

Totterdell, Nature 408, 184 (2000).
17. C. B. Field, N. R. Chiariello, in Earth Systems: Processes

and Issues, W. G. Ernst, Ed. (Cambridge Univ. Press,
Stanford, CA, 2000), pp. 297–314.

18. Research was conducted at Stanford University’s Jas-
per Ridge Biological Preserve in central California
(37°24’N, 122°14’W, elevation 150 m) between Oc-
tober 1998 and June 2001. The grassland is dominat-
ed by annual grasses (Avena barbata and Bromus
hordeaceus) and forbs (Geranium dissectum and Ero-
dium botrys). Typical of a Mediterranean climate, the
growing season (October to May) is cool and wet,
and the summer ( June through September) is hot and
dry.

19. Control, warming, elevated CO2, and warming plus
elevated CO2 treatments were each applied to eight
plots. Infrared heat lamps were suspended over the
centers of the warming plots, heating the plant can-
opy by 0.8° to 1°C. Atmospheric CO2 concentrations
were elevated to �680 ppm with a ring of free-air
emitters surrounding each plot and delivering pure
CO2 at the canopy level. Control, N deposition, in-
creased precipitation, and N plus increased precipita-
tion treatments were randomly assigned to the four
quadrants in every plot. We applied N as Ca(NO3)2 at
the rate of 7 g of N m�2 year�1, with an initial
application of 2 g of N m�2 at the first rains and a
second application of 5 g of N m�2 applied as
slow-release fertilizer in the first week of January
each year. We augmented ambient precipitation
events by 50% with drip irrigation and overhead
sprinklers and added an additional two rain events in
the spring to extend the rainy season by approxi-
mately 3 weeks. After 1 year of preliminary measure-
ments, we began treatments in November 1998.
Each of the 16 possible combinations of CO2, tem-
perature, N deposition, and precipitation was repli-
cated 8 times.

20. We measured aboveground biomass on two dates, 1
month apart, by harvesting all live and senesced
vegetation and litter within a designated harvest
area. We report the greater of the two harvests for
each treatment. Three 22-mm-diameter soil cores
made to a depth of 15 cm were taken within the
aboveground harvest area, 2 days after the first
aboveground harvest. Soils were wet-sieved through
0.5-mm mesh. Live roots were separated from dead
roots. We did not account for additional NPP in root
turnover, which, on the basis of other studies at this
site, may increase annual root production by 44 to
54% (46).

21. We analyzed NPP, aboveground biomass, and below-
ground biomass using a split-plot analysis of variance
with two levels each of CO2, warming, precipitation,
and temperature. The full model is described in (37).
The data were logarithmically transformed.

22. C. Körner, M. Diemer, B. Schappi, P. Niklaus, J. Arnone,
Int. J. Ecol. 18, 165 (1997).

23. B. G. Drake, G. Peresta, E. Beugeling, R. Matamala, in
Carbon Dioxide and Terrestrial Ecosystems, G. W.
Koch, H. A. Mooney, Eds. (Academic Press, San Diego,
CA, 1996), pp. 197–214.

24. G. W. Koch, H. A. Mooney, in Carbon Dioxide and
Terrestrial Ecosystems, G. W. Koch, H. A. Mooney, Eds.
(Academic Press, San Diego, CA, 1996) pp. 415–429.

25. E. H. DeLucia et al., Science 284, 1177 (1999).
26. B. A. Kimball et al., Global Change Biol. 1, 429 (1995).
27. B. A. Kimball, Agron. J. 75, 779 (1983).
28. H. Poorter, C. Roumet, B. D. Campbell, in Carbon

Dioxide, Populations, and Communities, C. Körner,
F. A. Bazzaz, Eds. (Academic Press, San Diego, CA,
1996), pp. 375–412.

29. A Student’s t test paired by block was performed on
logarithmically transformed data. See supporting on-
line material available on Science Online.

30. The 16 experimental conditions can be viewed as 8
pairs in which the members of a pair are identical
except that one set of replicates experiences ambient
CO2 and one set experiences elevated CO2. Seven of
these eight pairs have elevated levels of one or more
of the following factors: warming, precipitation, or N
inputs (see supporting online material).

31. A Student’s t test paired by block was performed to
determine the effect of elevated CO2 on NPP under
all treatment combinations, except control and ele-
vated CO2 alone. This was a posthoc test of the
hypothesis that, in the presence of at least one other
global change factor, the effect of elevated CO2 was
to decrease NPP. The data were logarithmically trans-
formed.

32. C. Körner, Ecol. Appl. 10, 1590 (2000).
33. H. A. Mooney et al., in The Terrestrial Biosphere and

Global Change: Implications for Natural and Managed
Ecosystems, B. H. Walker, W. L. Steffen, J. Canadell,
J. S. I. Ingram, Eds. (Cambridge Univ. Press, Cam-
bridge, MA, 1999), pp. 141–189.

34. K. E. Idso, S. B. Idso, Agric. For. Meteorol. 69, 153
(1994).

35. A. J. Bloom, D. R. Smart, D. T. Nguyen, P. S. Searles,
Proc. Natl. Acad. Sci. U.S.A. 99, 1730 (2002).

36. M. Volk, P. A. Niklaus, C. Körner, Oecologia 125, 380
(2000).

37. E. S. Zavaleta, thesis, Stanford University (2001).
38. S. Hu, I. F. S. Chapin, M. K. Firestone, C. B. Field, N. R.

Chiariello, Nature 409, 188 (2001).
39. Z. G. Cardon et al., Soil Biol. Biochem. 33, 365 (2001).
40. S. Diaz, Plant Soil 187, 309 (1996).
41. Y. Luo, R. B. Jackson, C. B. Field, and H. A. Mooney,

Oecologia 108, 130 (1996).
42. B. A. Hungate, C. H. Jaeger III, G. Gamara, F. S. Chapin

III, C. B. Field, Oecologia 124, 589 (2000).
43. F. S. Chapin III, A. J. Bloom, C. B. Field, R. H. Waring,

Bioscience 37, 49 (1987).
44. Y. Luo, C. B. Field, H. A. Mooney, Plant Cell Environ.

17, 1195 (1994).
45. R. T. Koide, L. F. Huenneke, S. P. Hamburg, H. A.

Mooney, Funct. Ecol. 2, 335 (1988).
46. P. A. T. Higgins, R. B. Jackson, J. M. Des Rosiers, C. B.

Field, Global Change Biol. 8, 841 (2002).
47. Thanks to all of the people who helped with the

JRGCE: building, harvesting, counting, and sorting.
Thanks also to Jasper Ridge Biological Preserve. Sup-
ported by grants from NSF, the Morgan Family Foun-
dation, the David and Lucile Packard Foundation, the
Jasper Ridge Biological Preserve, and the Carnegie
Institution of Washington. M.R.S. was supported by a
Hollaender Postdoctoral Fellowship from the U.S.
Department of Energy. E.S.Z. and E.E.C. received grad-
uate support from the U.S. Environmental Protection
Agency STAR Fellowship Program, the Switzer Foun-
dation, and the A. W. Mellon Foundation. This is
Carnegie Institution of Washington, Department of
Global Ecology. Publication number 1.

Supporting Online Material
www.sciencemag.org/cgi/content/full/298/5600/1987/
DC1
Table S1

4 September 2002; accepted 22 October 2002

R E P O R T S

6 DECEMBER 2002 VOL 298 SCIENCE www.sciencemag.org1990

 o
n 

Ju
ly

 1
9,

 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/

