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Abstract. Global climate and atmospheric changes may interact in their effects on the
diversity and composition of natural communities. We followed responses of an annual
grassland to three years of all possible combinations of experimentally elevated CO2 (1300
mL/L), warming (180 W/m2, 1;18C), nitrogen deposition (17 g N·m22·yr21), and precip-
itation (150%). Responses of the 10 most common plant species to global changes and to
interannual variability were weak but sufficiently consistent within functional groups to
drive clearer responses at the functional group level. The dominant functional groups (annual
grasses and forbs) showed distinct production and abundance responses to individual global
changes. After three years, N deposition suppressed plant diversity, forb production, and
forb abundance in association with enhanced grass production. Elevated precipitation en-
hanced plant diversity, forb production, and forb abundance but affected grasses little.
Warming increased forb production and abundance but did not strongly affect diversity or
grass response. Elevated CO2 reduced diversity with little effect on relative abundance or
production of forbs and grasses. Realistic combinations of global changes had small di-
versity effects but more marked effects on the relative dominance of forbs and grasses.
The largest change in relative functional group abundance (150% forbs) occurred under
the combination of elevated CO2 1 warming 1 precipitation, which will likely affect much
of California in the future. Strong interannual variability in diversity, individual species
abundances, and functional group abundances indicated that in our system, (1) responses
after three years were not constrained by lags in community response, (2) individual species
were more sensitive to interannual variability and extremes than to mean changes in en-
vironmental and resource conditions, and (3) simulated global changes interacted with
interannual variability to produce responses of varying magnitude and even direction among
years. Relative abundance of forbs, the most speciose group in the community, ranged after
three years from .30% under elevated CO2 1 warming 1 precipitation to ,12% under N
deposition. While opposing production responses at the ecosystem level by different func-
tional groups may buffer responses such as net primary production (NPP) change, these
shifts in relative dominance could influence ecosystem processes such as nutrient cycling
and NPP via differences between grasses and forbs in tissue chemistry, allocation, phe-
nology, and productivity.
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INTRODUCTION

Anthropogenic increases in atmospheric CO2 and cli-
mate change—including both warming and altered pre-
cipitation—are inevitably coupled global changes (In-
tergovernmental Panel on Climate Change [IPCC]
2001), yet few field studies have investigated their
combined effects in natural ecosystems. Previous field
studies have addressed the individual effects of an-
thropogenic warming (Chapin et al. 1995, Harte and
Shaw 1995, Fox et al. 1999, DeValpine and Harte 2001)
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or elevated atmospheric CO2 (Nie et al. 1992, Robinson
et al. 1998, Vasseur and Potvin 1998, Leadley et al.
1999, Grime et al. 2000), singly or in combination with
altered precipitation and nutrient availability, on the
composition of natural plant communities. Several
studies have also investigated the effects of nitrogen
(N) addition on diversity and community composition,
including some that used levels of N addition simu-
lating widespread anthropogenic N deposition (e.g.,
Bakelaar and Odum 1978, Tilman 1987, Goldberg and
Miller 1990, Foster and Gross 1998). Field experiments
have not, however, addressed the effects of N depo-
sition or altered precipitation in the context of expected
future levels of both warming and atmospheric CO2.

Studies of plant community response to global
changes are essential to understanding both ecosystem-
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level impacts and potential global change feedbacks
(Diaz and Cabido 1997). Studies in predominantly her-
baceous communities, including grasslands, tundra,
and alpine meadows, show that elevated CO2 and
warming each can influence community composition
and diversity on multiyear time scales, with the poten-
tial for longer-term effects on ecosystem function (Nie
et al. 1992, Chapin et al. 1995, Harte and Shaw 1995,
Potvin and Vasseur 1997, Warwick et al. 1998, Leadley
et al. 1999, Grime et al. 2000, Smith et al. 2000). How
elevated CO2 and warming will combine in their effects
on natural communities remains unclear. Opposing ef-
fects of elevated CO2 and warming on moisture avail-
ability (Harte et al. 1995, Owensby et al. 1996, Fredeen
et al. 1997, Lund et al. 2002), which strongly influences
plant responses in at least some ecosystems (Pitt and
Heady 1978, Stephenson 1990, Harte and Shaw 1995,
Volk et al. 2000), could lead to less community change
than observed in single-factor experiments. Interac-
tions among global warming and atmospheric CO2 con-
centration changes, in addition to regionally variable
changes in precipitation and N deposition rates, could
also produce large or unexpected community respons-
es. In previous results from the Jasper Ridge Global
Change Experiment (JRGCE), a long-term grassland
study of interacting climate and atmospheric changes,
NPP (net primary production) responses were strong,
variable among years, and characterized by interactions
among factors (Shaw et al. 2002). The present study
can clarify whether and how plant community respons-
es contributed to these changes in grassland produc-
tivity.

We followed the responses of species and functional
group diversity, abundance, and production to simu-
lated elevated CO2, warming, precipitation, and N de-
position, singly and in combination, for three years in
an annual grassland. Our approach, which took advan-
tage of the JRGCE facility in coastal California, was
designed to answer the following questions: (1) How
do elevated CO2, warming, precipitation and N depo-
sition affect the abundance, production, and diversity
of forbs and grasses in a C3, annual-dominated grass-
land ecosystem? (2) Do elevated CO2, warming, pre-
cipitation and N deposition interact in unexpected ways
in their effects on plant community composition? (3)
Are annual grasses and forbs useful functional groups
for predicting and generalizing about the responses of
individual grassland species? (4) Do community re-
sponses to single and combined global changes interact
with interannual climate variability?

We hypothesized that grasses and forbs would re-
spond as two distinct groups to elevated CO2, warming,
precipitation, and N deposition; and that individual spe-
cies responses would be consistent within these func-
tional groups. To better characterize and generalize
about community responses to global changes, many
have attempted to classify species into plant functional
groups (Diaz and Cabido 1997, Smith et al. 1997, Reich

et al. 2001b) or otherwise to identify key functional
traits that predict plant responses (Chapin et al. 1996,
Lavorel et al. 1997). Individual species responses to
the direct effects of climate and atmospheric changes
are shaped in part by physiological traits, such as pho-
tosynthetic pathway (C3 vs. C4) and ability to fix at-
mospheric N2 (Reynolds 1996, Reich et al. 2001b).
Results from field studies, though, have not consis-
tently supported predictions about the relative respons-
es of C3 and C4 plants or N-fixers and nonfixers (Walker
and Steffen 1997). In natural communities, life history
and morphological traits could be stronger controllers
of species performance through effects on species’ abil-
ity to compete for key resources (Diaz 1995). In par-
ticular, many studies using the functional group concept
in herb-dominated ecosystems have distinguished be-
tween forbs and grasses (Tilman 1987, Abrams 1995,
Lauenroth et al. 1997, Foster and Gross 1998, Lavorel
et al. 1999, Spehn et al. 2000, DeValpine and Harte
2001, Wilby and Brown 2001) or between forbs and
graminoids (Korner 1993, Symstad 2000) because they
differ in morphology, phenology, and competitive abil-
ity as well as taxonomy (Field et al. 1996).

We also hypothesized that the strength of community
responses to simulated climate and atmospheric chang-
es would vary among years. Large interannual differ-
ences in germination and early survival of California
grassland species (Young and Evans 1989) suggest that
annual community composition can respond within a
single growing season to altered conditions. Precipi-
tation, which varies strongly in amount and temporal
distribution from year to year, is a particularly impor-
tant resource structuring California annual grasslands
(Pitt and Heady 1978, Jackson and Roy 1986, Hobbs
and Mooney 1991). We report results from the pre-
treatment year and three subsequent treatment years of
the JRGCE, to allow comparison of responses to global
change factors across a range of background conditions
as well as evaluation of how sensitive diversity and
relative dominance are to interannual variation versus
long-term, mean changes. The results of such a mul-
tifactor approach are inevitably complex even for a
single response variable. We tackle this complexity by
placing each set of results in the context of responses
across ecological scales, from individual species to
functional groups to whole-community diversity and
production. This approach allows us to discern overall
patterns suggesting how multiple responses at each
scale contributed to aggregated responses, and to eval-
uate the overall importance of global change interac-
tions across these scales.

METHODS

Study site and treatments

This study was conducted in an annual grassland at
Stanford University’s Jasper Ridge Biological Pre-
serve, in the interior foothills of the central coast range



November 2003 587GLOBAL CHANGES AND GRASSLAND COMPOSITION

FIG. 1. A study plot in the Jasper Ridge
Global Change Experiment, Jasper Ridge Bio-
logical Preserve, California, USA.

south of San Francisco, California, USA. The study
site has a Mediterranean-type climate with summer
droughts typically extending from April through Oc-
tober and winter rains from November through March.
Water limitation is severe in the summer and is im-
portant both in the autumn, during germination, and in
the spring, the period of peak growth and reproduction.

The Jasper Ridge Global Change Experiment, a long-
term study of grassland responses to climate and at-
mospheric changes, was initiated in the autumn of
1997. Eight replicate blocks, each containing four cir-
cular plots 2 m in diameter, were established at an
annual-dominated grassland site that has remained un-
disturbed for .25 yr. Within each block, each of the
four plots was randomly assigned to one of the follow-
ing primary treatments: control, elevated CO2, warm-
ing, and elevated CO2 1 warming. CO2 concentration
was elevated to ambient 1 300 mL/L using mini-FACE
technology (Miglietta et al. 1996) modified to release
pure CO2 (Miglietta et al. 2001), with a three-part ring
of copper emitters ;20 cm high that fumigated plots
continuously throughout the growing season (October
through late June). Warming of ;18C in the plant can-
opy was applied with infrared overhead heaters
equipped with reflector domes to even the distribution
of 80 W/m2 heat over each plot. Control and single-
factor plots were equipped with dummy heaters, emitter
rings, or both. All plots were surrounded with fiberglass
soil partitions extending from the surface to 50 cm
depth to isolate the plot rhizosphere from surrounding
vegetation (Fig. 1).

Each circular plot was additionally divided with soil
partitions into four 0.8-m2 quadrants, each randomly
assigned one of the following soil resource treatments:
ambient, elevated precipitation, N deposition, and el-
evated precipitation 1 N deposition. Elevated precip-
itation quadrants received ambient rainfall plus an ad-
ditional 50% delivered by drip tubes (1998–1999) or
overhead sprinklers plus drip tubes (1999–2001) after
each natural rain event. Waterings generally occurred

within 48 h of the most recent rain event and were
delivered in evening or early morning to minimize sur-
face evapotranspiration losses. Elevated precipitation
quadrants also received water for 20 d after the last
rains of the year each spring to simulate delayed onset
of seasonal drought. These waterings occurred 10 and
20 d after the last expected rain event of the season,
which was correctly identified in all three years, based
on historical patterns at the site and long-range weather
forecasts. Quadrants receiving the N deposition treat-
ment received a total of 7 g N·m22·yr21, divided into a
liquid Ca(NO3)2 pulse with the first autumn rains and
a time-release pellet application (Osmocote) in January
of each year.

In four of the eight blocks, a procedural control plot
was established that lacked the apparatus and modifi-
cations of the other 32 plots. To protect all plots from
damage, the entire experiment was surrounded with a
fence to exclude deer. Smaller mammals including go-
phers, ground squirrels, and rabbits were trapped and
removed from inside the fence. All treatments com-
menced in November 1998 at the onset of the growing
season.

Temperature, precipitation, and soil moisture

Soil surface temperature was measured continuously
in all plots. Air temperature and precipitation were con-
tinuously monitored throughout the study period at a
location near the experimental site (Jasper Ridge Bi-
ological Preserve, unpublished data). Volumetric soil
moisture was measured using time domain reflectom-
etry (Topp et al. 1980). Soil moisture integrated over
the top 30 cm of soil was measured in each study quad-
rant semiweekly to monthly from November 1998
through June 2000 and January through May 2001.
Calibration curves developed for sandstone soils at the
Jasper Ridge Biological Preserve were used to trans-
form raw output into soil moisture values (C. P. Lund,
unpublished data).
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Aboveground production

Peak aboveground biomass provides a good estimate
of annual aboveground production in communities
dominated by annual species (Sala et al. 1988). In late
April of each year from 1998 to 2001, all live biomass
was clipped at the soil surface and all surface litter was
collected from a 141-cm2 strip within each quadrant.
In 2001 (treatment year 3), a second harvest was col-
lected on 16 May , to compare treatment effects on the
timing of peak biomass. Data are reported from both
year 3 harvests. Harvest areas were moved each year
so that no single area was harvested twice. April har-
vest samples were sorted to species. May samples in
year 3 were sorted into grasses, forbs, and non-grass
monocots. Surface litter was separated from live and
senescent biomass in all five harvests. All samples were
oven dried at 658C for 72 h and weighed to the nearest
0.00001 g. All live and litter biomass results are ex-
pressed in g/m2.

Abundance and diversity

Abundance was chosen as the primary measure of
individual species response because it is less biased by
strong interannual and treatment differences in phe-
nology (E. C. Cleland, unpublished data) than produc-
tion measures are. Abundance by species was measured
in late April/early May of each year from 1998 (pre-
treatment year) to year 3 during the period of peak
flowering. A gridded frame was placed over each quad-
rant and the closest five stems to each of ten numbered
pins dropped at predetermined intersection points on
the frame were recorded, for a total of 50 stems per
quadrant. If the same individual was closest to two pins,
it was recorded only at the first pin and the next closest
individual recorded at the second pin. Each pin tally
was accompanied by a search of the entire quadrant for
all species present. A second measure of species abun-
dance was collected each year by counting stems of
each species harvested in the annual April biomass
harvest. Where results from both methods are similar,
only pin count data are reported because they reflect a
more extensive area of each quadrant and were col-
lected in the same locations every year, while the har-
vest area was intentionally moved each year. Functional
group abundances are computed by summing the abun-
dances of all species in each functional group. All abun-
dance results are expressed as the percentage of total
stems. Total species richness, the selected measure of
diversity, was computed in each quadrant from all spe-
cies detected in the biomass harvest, the pin tally, and
the plot search.

Study species and functional groups

Nine annual species and one biennial species oc-
curred in enough replicate plots of every treatment to
allow analysis of species abundance and production
responses. Five of these species, Avena barbata, Bro-

mus hordeaceus, Lolium multiflorum, Avena fatua, and
Bromus diandrus, are exotic grasses widespread in Cal-
ifornia grasslands. All five have vertical growth forms
typical of annual grasses and can produce either single-
stemmed or tillered plants. Of the four annual forb
species, all of which are exotic, Anagallis arvensis has
a low, spreading growth form; Geranium dissectum has
a branching, ascending to erect growth form; Erodium
botrys has a branching, prostrate to ascending growth
form; and Vicia sativa is an legume with a spreading
growth habit. Crepis vesicaria, the common biennial
forb, is an exotic composite that produces a rosette in
its first year and erect flowering stems in its second
year (Hickman 1993). The pool of all 43 species re-
corded at our site was divided into the two dominant
functional and taxonomic groups present in the study
system for analysis: grasses and forbs. A very small
number of woody and non-grass monocot individuals
were excluded from the functional group analysis.

Statistical analysis

Results were considered to be of potential biological
interest if they were significant at the P , 0.10 level
and are presented alongside their P values throughout
this paper. When data deviated markedly from as-
sumptions of normality, kurtosis, and equality of var-
iance, data were transformed using log(X 1 1). Data
expressed as percents from 0% to 100% were trans-
formed in this manner, rather than as arcsin(X0.5), be-
cause sample sizes were equal (Zar 1996). We analyzed
data separately for treatment and year effects. During
the four years of the experiment, plots in two of the
eight blocks were heavily invaded by a large-statured
biennial forb, Dipsacus sativus, which strongly altered
production and species composition in those plots.
These blocks were excluded from analyses of abun-
dance and functional group production but are included
in analyses of species richness. In 1999 (year 1), data
were missing from 13 of the 96 quadrants (numbers
21, 24, 28, 45, 46, and 57–64) due to nitrogen treatment
application error or faulty heat lamp performance.
These missing data values were replaced by means for
the remaining quadrants receiving the same treatment
combination in year 1. There were no significant effects
of year 1 treatment errors or heat lamp malfunction on
the community responses of these plots in 2000 (year
2), as determined by comparison of year 2 response
values between correctly and incorrectly treated plots.

Treatment and year effects on relative functional
group abundance were evaluated by testing effects on
forb abundance, because grass and forb abundance are
not independent of each other (grass abundance 1 forb
abundance ù constant). To detect treatment effects on
species richness, functional group production, and the
abundance of the forb functional group and of indi-
vidual species, data were analyzed with a split-plot
ANCOVA model that included the pretreatment (1998)
values of the variable being analyzed as the covariate.
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TABLE 1. Structure of the split-plot ANCOVA model used
in this study.

Source of
variation F n1 n2

C
W
CW
P
N
PN
CP

MSC/MSp(CW)

MSW/MSp(CW)

MSCW/MSp(CW)

MSP/MSPp(CW)

MSN/MSNp(CW)

MSPN/MSPp(CW)

MSCP/MSPp(CW)

1
1
1
1
1
1
1

92
92
92
92
92
92
92

CN
WP
WN
CWP
CWN
CPN
WPN

MSCN/MSNp(CW)

MSWP/MSPp(CW)

MSWN/MSNp(CW)

MSCWP/MSPp(CW)

MSCWN/MSNp(CW)

MSCWN/MSNWP(CW)

MSWPN/MSNPp(CW)

1
1
1
1
1
1
1

92
92
92
92
92
92
92

CWPN MSCWPN/MSNPp(CW) 1 92

Notes: CO2, warming, precipitation, N, and plots are ab-
breviated as C, W, P, N, and p respectively. The notation
‘‘AB’’ denotes interaction between A and B, and ‘‘A(B)’’
denotes A nested within B. The denominator of the test sta-
tistic F indicates the error term specified for each factor and
interaction term in the model. Numerator degrees of freedom
(n1) always equal 1 because all factors have two levels, giving
them all 2 2 1 5 1 degrees of freedom and all of their products
one degree of freedom. Denominator degrees of freedom (n2)
are values associated with analysis of six blocks (24 plots).
For analysis of eight blocks (species richness), n2 5 124 for
all terms.

Factors in the model included CO2 and warming as
fixed, across-plot factors; precipitation and nitrogen as
fixed, within-plot factors; and interaction terms for all
treatment combinations. A general linear model (GLM)
command routine in Systat 9.0 (SPSS, Evanston, Illi-
nois, USA) was used to estimate the model and to per-
form hypothesis tests for the effects of each factor and
each interaction among factors (Table 1). Error terms
for significance tests of across-plot and within-plot fac-
tors and for all interactions were specified after Zar
(1996). To detect effects of year on response variables,
the GLM routine in Systat 9.0 was used to generate an
ANOVA with year as a fixed factor. Bonferroni pair-
wise comparisons were used to test for pairwise dif-
ferences between years.

For the analysis of less common species whose abun-
dance data could not be transformed to satisfy model
assumptions, nonparametric Kruskal-Wallis tests were
performed on across-plots treatment (control, CO2,
warming, or CO2 1 warming), within-plots treatment
(ambient, 1precipitation, 1N, or 1precipitation 1 N),
and year. Multiple comparisons were then performed
among individual pairs of treatments and years with
the Nemenyi test, a Tukey-type nonparametric test (Zar
1996). Because pretreatment data could not be included
as a covariate in nonparametric tests, nonparametric
tests of treatments were performed on both non-nor-
malized data and data normalized to pretreatment val-
ues by subtracting pretreatment values from post-treat-
ment data.

To analyze the consistency of species abundance re-
sponses within functional groups, percent changes in
abundance from each year to the next (year 1–pretreat-
ment year, year 2–year 1, and year 3–year 2) were
compared among species. For each pair of years, var-
iances of species within each functional group (n 5 5
species per functional group) were compared to the
mean variance of species in 20 sets of 5 species selected
at random from the total pool of 10 species. This anal-
ysis was performed on the same six blocks included in
the treatment and year analyses of abundance. Variance
ratio tests were used to test for significant differences
between among-species variation within functional
groups and among-species variation across functional
groups (Zar 1996).

RESULTS

Temperature, precipitation, and soil moisture

Autumn maximum temperatures (September 15 to
December 31) were lowest in year 1 and highest in year
2 (Fig. 2). The pretreatment growing season was an El
Niño winter with high and frequent rainfall. Total pre-
cipitation from 15 September 1997 to 14 September
1998 was 1318 mm, roughly double the totals for each
of the three subsequent growing seasons. Precipitation
totals in the three treatment years were 766 mm, 721
mm, and 566 mm, respectively.

The temporal distribution of precipitation also varied
among years, producing different temporal profiles of
soil moisture loss during the onset of summer drought
in each year (Fig. 3). For example, though rainfall totals
in year 1 and year 2 were nearly identical, May through
June soil moisture was 4–5% lower in year 1 than in
year 2. Autumn (15 September to 31 December) pre-
cipitation also varied among years, from a high of 321
mm in the pretreatment year to a low of 98 mm in year
2. Year 3 had markedly lower rainfall totals than the
two previous years, but soil moisture levels remained
comparable to those in year 2 through the April to May
peak flowering period, possibly due to milder temper-
atures in spring of year 3.

Treatment effects on soil moisture were complex and
varied strongly among dates and years (Fig. 4). Ele-
vated CO2, precipitation, and warming each increased
soil moisture during portions of the study period. In
years 1 and 3, the enhancement of soil moisture under
elevated CO2 was similar in both magnitude and tem-
poral distribution to that in the precipitation treatment.
In year 2, however, elevated precipitation increased soil
moisture much more than did elevated CO2, in both
midwinter and late spring–summer. Warming had a
consistent but small positive effect on soil moisture in
all three growing seasons (Zavaleta 2001). N deposition
reduced soil moisture in the year 1–2 growing seasons
but not in year 3.

Litter biomass

Litter biomass varied strongly among years (n 5 512,
F 5 39.955, P K 0.001; df in Table 1), increasing
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FIG. 2. Daily surface temperature minima (small diamonds) and maxima (3’s) at Jasper Ridge Biological Preserve for
the pretreatment year and subsequent three-year study. The arrow indicates the start date of all treatments.

FIG. 3. Precipitation events (vertical lines from zero) and volumetric soil moisture in the top 30 cm (filled circles), 1998–
2001. Soil moisture values are means across all treatments. Data are not available from July through December 2000.

strongly from the pretreatment year to year 1, declining
from year 1 to year 2, and increasing to a maximum
in year 3. Warming strongly reduced surface litter bio-
mass in year 1 (F 5 8.149, P 5 0.008) but had no
effects in subsequent years. A weak interaction be-
tween warming and CO2 indicated that the effect of
warming tended to occur mainly at elevated CO2 (CO2

3 warming, F 5 3.490, P 5 0.072). Nitrogen depo-
sition increased litter biomass, (F 5 5.807, P 5 0.023),
but only at elevated CO2 (N 3 CO2, F 5 8.613, P 5
0.007) and only in year 2. Elevated precipitation had
no significant direct effects on litter biomass in any
year, though a CO2 3 precipitation interaction indicated
that in year 1 the precipitation treatment reduced litter
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FIG. 4. Single-factor treatment effects on soil moisture availability, 1998–2001. Values indicate differences in percentage
soil moisture between the ambient and elevated levels of each treatment factor (heat, CO2, precipitation, N). Positive values
indicate an increase in soil moisture availability with the elevated level of each factor relative to the ambient level of that
factor. Negative values indicate a decrease in soil moisture with the elevated factor level relative to the ambient factor level.
Data are unavailable for July through December 2000.

biomass slightly under elevated CO2 (F 5 6.756, P 5
0.015). There were no treatment effects on total litter
biomass in year 3.

Individual species abundance

Grasses.—Avena barbata and Bromus hordeaceus
were the codominant grasses at the study site, com-
prising 26.6 6 22.4% and 22.5 6 16.3% (mean 6 1
SE), respectively, of the total stems in all plots across
all four study years. Lolium multiflorum comprised 13.0
6 18.2% of total stems, and Avena fatua and Bromus
diandrus each comprised 6–8% of total stems. None
of these five grasses species responded strongly to any
global change factor (Table 2).

Avena barbata abundance showed only slight re-
sponses to global change treatments, and the direction
of the response varied by year. In year 1, A. barbata
abundance tended to increase with N deposition (F 5
4.147, P 5 0.055; df in Table 1). In year 2, contrasting
effects of N at different levels of warming (warming
3 N interaction, F 5 4.666, P 5 0.043) yielded a very
weak overall decline in A. barbata abundance with N
deposition. In year 3, elevated CO2 interacted with pre-
cipitation (F 5 4.722, P 5 0.043) such that elevated
CO2 increased A. barbata abundance only at ambient
precipitation.

Bromus hordeaceus abundance also responded
weakly to treatments. In year 1, N deposition tended
to increase B. hordeaceus abundance (F 5 4.164, P 5

0.055). A weak interaction among N, CO2, and precip-
itation (F 5 3.781, P 5 0.066) suggested that the stron-
gest effect of N deposition was at elevated CO2 and
precipitation. In year 2, N deposition had no overall
effect, but a weak interaction between CO2 and N in-
dicated that N deposition slightly increased B. hordea-
ceus abundance at ambient CO2 (CO2 3 N, F 5 3.408,
P 5 0.080). Interactions with other treatments therefore
influenced the positive effect of N deposition in in-
consistent ways across years.

The three remaining widespread grass species also
responded little to the global change treatments, with
A. fatua showing no responses in any year, B. diandrus
tending to increase under elevated CO2 in one year
(year 1, P , 0.10), and L. multiflorum tending to in-
crease with N deposition in one year (year 2, P , 0.10)
(Table 2).

Of the five grass species, three varied significantly
in abundance among years (Table 3). A. barbata varied
strongly (P , 0.001), but its pattern of variation de-
pended on what measure of abundance was used. Pin
tally data indicated that A. barbata declined steadily
from the onset of the experiment to its end. However,
harvest area data indicated an increase in A. barbata
abundance from the pretreatment year to year 1 fol-
lowed by two years of decline. Pin tally data for A.
barbata and B. hordeaceus, the codominant species in
the community, are negatively correlated across all
treatments and years (Pearson coefficient 520.161, x2



592 ERIKA S. ZAVALETA ET AL. Ecological Monographs
Vol. 73, No. 4

TABLE 2. Individual species responses to single global change factors, 1998–2001.

Species

Treatment

CO2

99 00 01

Warming

99 00 01

Annual grasses
Avena barbata
Avena fatua
Bromus diandrus
Bromus hordeaceus
Lolium multiflorum

1.6
14.2

220
0.2

28.5

20.4
21.6

236.6†
1.5
3.2

12.9
222.8
27.6
27.2

4.3

2.2
21.1
45.9

2.7
216.5

11.5
27.8
23.4

24.3
223.4

23.1
217.2

33.2
26.7

6.6

Forbs
Annual non-legumes

Anagallis arvensis
Erodium botrys
Geranium dissectum

na
240
219

93.1
253.3
28.5

96.5
257.1

2

na
266.7

40.6

230.6
60.5†
25.4*

6.8
18.6

0.1

Annual legume
Vicia sativa na 210.9† 19.5* na 231.9† 26.6*

Perennial forb
Crepis vesicaria 26.3 81.4 22.3 420* 479.6 67.9

Notes: Values are percentage changes in species abundance from the ambient to the elevated level of each factor; ‘‘99,’’
‘‘00,’’ and ‘‘01’’ denote the three years of treatment (1998–1999, 1999–2000, 2000–2001); ‘‘na’’ indicates that the species
was absent from all or nearly all plots in this year.

† P , 0.10; * P , 0.05.

5 10.056, P 5 0.002). This correlation could be in-
terpreted as a sign of shifting competitive balance
among the codominant species. However, the correla-
tion between abundances of the two species in the har-
vest area data is slightly positive (Pearson coefficient
5 0.080, x2 5 2.452, P 5 0.117). This suggests that
the negative correlation between species and the ap-
parent response of A. barbata to interannual variability
in the pin count data are statistical artifacts of that
method, in which total stem number is fixed.

Changes in B. hordeaceus abundance among years
did not differ qualitatively between data collection meth-
ods. B. hordeaceus increased in abundance after the pre-
treatment year of the study (F 5 7.877, P , 0.001,
Bonferroni pairwise comparisons P , 0.05) but did not
differ in abundance among the three treatment years. Of
the remaining three grass species, only A. fatua varied
in abundance across years, declining from the pretreat-
ment year to year 2 (Kruskal-Wallis P 5 0.003, Bon-
ferroni pairwise comparisons P , 0.05).

Forbs.—The most common forb at the study site was
Geranium dissectum, comprising 8.65 6 8.7% of total
stems. The other four widespread forbs each comprised
,3% of total stems.

G. dissectum abundance increased slightly with warm-
ing and elevated precipitation and declined slightly with
N deposition (Table 2). The effect of elevated precipi-
tation was strongest in year 1 (F 5 5.692, P 5 0.028;
df in Table 1), the year with the driest spring (Fig. 2).
The effect of warming was strongest in year 2 (F 5
4.691, P 5 0.043). Nitrogen deposition tended weakly
to decrease G. dissectum abundance in each year, with
the largest effect in year 2 (F 5 2.85, P 5 0.107). In
year 2, a warming 3 N interaction (F 5 7.011, P 5

0.015) indicated that warming mainly benefited G. dis-
sectum at low N. An interaction among warming, pre-
cipitation, and N in the same year suggested that N
deposition had a strong negative effect on G. dissectum
only with extra precipitation combined with no warming
(warming 3 precipitation 3 N, F 5 10.25, P 5 0.004).

Responses of the remaining four forb species to treat-
ments varied (Table 2). A. arvensis did not respond to
any treatment in any year. E. botrys tended to increase
with warming in one year (Kruskal-Wallis, year 2, P
, 0.10) and decreased under N deposition in one year
(year 3, P , 0.05). The legume V. sativa responded to
both elevated CO2 and warming in two years but in
inconsistent directions (Kruskal-Wallis; year 2, P ,
0.10; year 3, P , 0.025). V. sativa showed no response
to elevated precipitation or N deposition in any year.
The biennial C. vesicaria responded to warming with
increased abundance in all three years, but only its year
1 response was significant (Kruskal-Wallis, P , 0.05).

The abundance of every forb species varied strongly
among years (P , 0.001) (Table 3). All four annual
forb species declined from the pretreatment year to year
1. G. dissectum, C. vesicaria, and A. arvensis all in-
creased from year 1 to year 2 and from year 2 to year
3. E. botrys increased from year 2 to year 3, and V.
sativa increased from year 1 to year 2 then declined
from year 2 to year 3.

Functional group abundance

The responses of total forb abundance to treatments
were fairly consistent across years (Figs. 5 and 6). El-
evated precipitation increased forb abundance in both
year 1 (F 5 6.818, P 5 0.017; df in Table 1) and year
3 (F 5 6.092, P 5 0.023) but had no effect in year 2.
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TABLE 2. Extended.

Treatment

Precipitation

99 00 01

N deposition

99 00 01

23.7
6.6

22.2
3.2

27.4

20.6
20.7
32.4

21.9
9.9

26.4
18.7

214.9
23.5
20.7

7.3†
2.5

27.1
6.5†
9.8

25.6
24.8
22.1

2.5
10.7†

28.3
1.5

218
9.5
5.2

na
176.5

30.3*

21.1
242.9
29

120
229.8

6

na
2100
214

8.9
279.5*
210.2

223.2
233.1
26.6

na 27.5 219.9 na 5.2 238.5

220.7 210.8 33 216.9 9.4 230.6

TABLE 3. Responses of individual species abundance to interannual variability, 1997–2001.

Species

Year

1997–1998 1998–1999 1999–2000 2000–2001

Annual grasses
Avena barbata
Avena fatua
Bromus diandrus
Bromus hordeaceus
Lolium multiflorum

37.2A

11.4a

5.02
15.7a

9.47

32.8A

8.39ab

6.77
21.8b

15.2

17.8B

3.86b

4.61
26.5b

16.4

12.5C

5.61ab

4.14
22.9b

10.8

Forbs
Annual non-legumes

Anagallis arvensis
Erodium botrys
Geranium dissectum

1.50ab

2.42A

6.52a

0.00a

0.204B

4.52B

0.97ab

1.22B

8.91C

2.52b

1.61C

17.6D

Annual legume
Vicia sativa 3.20A 0.140B 2.078C 0.954D

Perennial forb
Crepis vesicaria 0.156A 1.84B 1.86B 6.52C

Note: Values are percentage contribution to total stems across all treatments (n 5 96).
Different letters within a species row indicate that values differ at P , 0.05. Pairs of values
with different capital letters within a row differ at P , 0.001.

Forb abundance also tended to increase with warming
in all three years, though this effect was weakly sig-
nificant only in year 1 (F 5 3.160, P 5 0.091). N
deposition tended to reduce forb abundance in all three
years (Fy1 5 3.881, Py1 5 0.063; Fy2 5 3.363, Py2 5
0.087; Fy3 5 7.751, Py3 5 0.011). Elevated CO2 had
no overall effects on forb abundance in any year. How-
ever, forb abundance was lower in plots receiving only
elevated CO2 than in control, warmed, or warmed 1
CO2 plots in all three years.

A number of weak interactions modified forb abun-
dance responses to certain combinations of global
changes. The slight positive effect of warming on forb
abundance in year 1 was present in all precipitation–

nitrogen treatment combinations except 1precipitation
only (warming 3 precipitation 3 N, F 5 3.329, P 5
0.083). CO2 influenced the strength of response to el-
evated precipitation in year 1 (precipitation 3 CO2, F
5 4.509, P 5 0.047) and year 3 (F 5 3.163, P 5 0.091)
but did so in inconsistent directions. In year 3, elevated
CO2 and N deposition together tended to reduce forb
abundance, while neither alone had an effect (CO2 3
N, F 5 3.936, P 5 0.061).

By year 3, the highest forb abundance occurred in
plots receiving both warming and elevated CO2 (Fig.
7). The treatment combination of warming 1 elevated
CO2 1 precipitation produced the highest forb abun-
dance (34.2%), followed by the warming 1 precipi-



594 ERIKA S. ZAVALETA ET AL. Ecological Monographs
Vol. 73, No. 4

FIG. 5. Responses of total forb abundance to elevated precipitation and N deposition treatments, and contributions of
individual forb species to total forb abundance, 1999–2001. A, P, N, and PN denote ambient, 1precipitation, 1N, and
1precipitation 1 N treatments, respectively (n 5 24).

tation combination (30.9%). The lowest forb abun-
dance occurred under the single-factor N deposition
treatment (11.5%).

Forb abundance varied strongly across years (F 5
83.588, P K 0.001). Interannual variation in overall
forb abundance was qualitatively consistent with the
patterns of interannual variation we observed in of each
of four common annual forb species (Fig. 8). Never-
theless, variation among individual forb species re-
sponses to year was no lower than variation among all
species across functional groups (Table 4). Variation
in responses to year was also no lower among the five
forb species than among random five-species assem-
blages (Table 4). The group of four annual forb species
(eliminating the biennial C. vesicaria) had significantly
lower variance than random species assemblages in one
out of three years. In contrast, individual grass species
varied less in their response to interannual variability
than random species sets in all three years (Table 4).

Functional group production

Grass and forb production responded distinctly from
each other to the global change treatments (Figs. 9–
10). Treatment effects on functional group production
were generally consistent with effects on functional
group abundance. N deposition clearly increased grass
production in year 1 (F 5 22.450, P K 0.001; df in
Table 1) and year 2 (F 5 14.811, P 5 0.001) and tended
to increase it in the early harvest of year 3 (F 5 4.135,
P 5 0.055). In contrast, N deposition had no influence
on forb production in year 1 or the early year 3 harvest
and reduced it in year 2 (F 5 7.765, P 5 0.011). El-

evated precipitation had no significant effect on grass
or forb production in any year. Warming tended weakly
to reduce grass production (F 5 2.844, P 5 0.107) but
strongly increased forb production (F 5 9.223, P 5
0.007) in year 1. Warming had no effects on grass or
forb production in years 2 or 3. Finally, elevated CO2

tended to reduce grass production slightly only in year
3 (F 5 3.525, P 5 0.075) and had no effect on forb
production in any year.

Interactions among global change factors modified
the effects of some treatment combinations. Year 1
warming enhancement of forb production tended to be
weakened by N deposition (warming 3 N, F 5 3.305,
P 5 0.084). Forb production tended to be most reduced
by N deposition in year 2 under ambient precipitation
and temperature (N 3 warming 3 precipitation, F 5
3.012, P 5 0.098). Elevated precipitation tended to
increase year 3 forb production only under ambient CO2

(precipitation 3 CO2 interaction, F 5 3.599, P 5
0.073). Finally, the strength of year 2 N deposition
enhancement of grass production depended on warming
and CO2 treatments (CO2 3 warming 3 N, F 5 8.541,
P 5 0.008).

In year 3, biomass was harvested a second time dur-
ing spring to capture late-season treatment effects. In
the late harvest, the suppression of aboveground grass
production observed four weeks earlier under elevated
CO2 disappeared, indicating a delay rather than a sup-
pression of peak biomass under elevated CO2. N de-
position enhancement of grass production became
stronger in the late harvest (F 5 9.490, P 5 0.006).
Precipitation enhancement of forb production also grew
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FIG. 6. Responses of total forb abundance to CO2 and warming treatments, and contributions of individual forb species
to total forb abundance, 1999–2001. X, C, W, and CW denote control, 1CO2, 1warming, and 1CO2 1 warming treatments,
respectively (n 5 24).

FIG. 7. Responses of forb abundance to all factor com-
binations after three years of treatments; x-axis labels indicate
precipitation and N deposition treatments.

stronger (F 5 4.998, P 5 0.037) but was limited to
the ambient CO2 plots (precipitation 3 CO2, F 5 5.573,
P 5 0.029). Warming had no significant effects in the
late harvest.

Grass production varied strongly among years (F 5
9.704, P , 0.001). Grass production did not change
from the pretreatment year to year 1, then declined
sharply in year 2 before recovering to nearly its initial
level in year 3. In contrast, forb production tended to
vary only slightly among years (F 5 2.228, P 5 0.085),
increasing gradually from year 1 to year 3 (April har-
vests).

Species richness

A total of 43 species occurred at least once in the
study plots over the four years of the study. Treatment
effects on total species richness increased progressively
over the three years of treatment application (Figs. 11
and 12). In year 1, there were no significant total rich-
ness responses to any treatment. The N deposition treat-
ment reduced total richness in year 2 (F 5 6.622, P 5
0.016; df in Table 1) and year 3 (F 5 4.582, P 5 0.041).
Elevated precipitation tended to increase richness in
year 3 (F 5 4.092, P 5 0.053). Elevated CO2 had no
effect in year 2 but tended to decrease richness in year
3 (F 5 3.485, P 5 0.072). Warming tended to increase
total richness in years 2 and 3, but these effects were
not significant (P . 0.20). There were no significant
interactions among treatment effects in years 2 and 3.

Treatment effects on forb species richness were sim-
ilar to effects on total richness in direction, but stronger
in magnitude. There were no overall treatment effects

on forb richness in year 1. However, in year 1, N de-
position had already begun to reduce forb richness at
ambient temperature (warming 3 N, F 5 3.632, P 5
0.067), and only with elevated precipitation (warming
3 precipitation 3 N, F 5 6.179, P 5 0.019). In year
2, N deposition reduced forb richness (F 5 14.760, P
, 0.001) and elevated CO2 tended to reduce it (F 5
3.997, P 5 0.059). In year 3, forb richness declined
under N deposition (F 5 7.336, P 5 0.011) and ele-
vated CO2 (F 5 6.728, P 5 0.015) and increased under
elevated precipitation (F 5 6.325, P 5 0.018).

Grass species richness responded differently from
and more weakly than forb and total species richness
(Figs. 11 and 12). N deposition, which reduced forb
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FIG. 8. Interannual variability in total forb and individual
forb species abundance across all treatments, 1999–2001 (n
5 96). Different letters denote that total forb abundance dif-
fers at the P , 0.001 level.

TABLE 4. Variation in species response within and among
functional groups.

Group 1999 2000 2001

Random draw (5)
Forbs (5)
Annual forbs (4)
Grasses (5)
All species (10)

4.577
8.267
0.660*
0.680*
7.912

14.507
20.380
18.988

0.910**
22.702

1.997
2.907
1.344
0.881†
3.124

Notes: Values are variances of the percentage change in
abundance from each year to the next by each species in a
group. Numbers in parentheses indicate the number of species
in each group; †, *, and ** indicate values that are signifi-
cantly lower than random draw values at P , 0.10, 0.01, and
0.001, respectively. Random draw values are mean results of
20 random draws.

and total species richness, had no significant effect on
grass richness in but tended weakly to increase it in
year 1 (F 5 1.777, P 5 0.193). CO2 and warming alone
each appeared to reverse this effect of N deposition
richness (CO2 3 warming 3 N interaction, F 5 6.683,
P 5 0.015). In year 2, elevated precipitation increased
grass richness (F 5 6.831, P 5 0.014) while the other
three global change factors had no effect. In year 3,
elevated CO2 and N deposition each slightly increased
grass richness but had no combined effect (CO2 3 N
interaction, F 5 5.783, P 5 0.023).

After three years of treatments, the lowest total spe-
cies richness occurred under 1N 1 CO2 (8.6 species),
and the highest richness occurred under warming 1
precipitation 1 N (11.2 species) (Fig. 13). At the end
of year 3, the lowest forb richness also occurred under
1N 1 CO2 (2.8 species), while the highest forb rich-
ness occurred under 1precipitation only (4.6 species).
Despite the distinct responses of grass richness from
total and forb richness, after three years of treatments
the lowest grass richness also occurred in the
1N 1 CO2 treatment combination (5.6 species) and the
highest under warming 1 precipitation 1 N (7.0 spe-
cies).

Total richness varied strongly among years (F 5
13.491, P , 0.001), with richness in year 1 much lower
than in all other years (Bonferroni pairwise compari-
sons, P , 0.001) (Fig. 14). Variation in forb richness
among years was similar to but stronger than variation
in total richness (F 5 25.925, P K 0.001). Forb rich-
ness was lower in year 1 than in the other three years
(Bonferroni pairwise comparisons, P , 0.001), while
forb richness in the pretreatment year tended to be high-
er than in year 2 (P , 0.10) or year 3 (P , 0.05).

Variation in grass richness among years was strong (F
5 7.371, P , 0.001) but differed in pattern from total
and forb richness. Grass richness increased gradually
from the pretreatment year to year 3 (P , 0.001), with
each year’s value tending to be higher than the previous
one (P , 0.10).

DISCUSSION

Four general points emerge from our results. (1)
Grassland communities at our site changed signifi-
cantly in the three years following step changes in cli-
mate and atmospheric conditions to levels expected in
the next century. Grassland diversity and composition
were sensitive to all four of the individual global chang-
es we simulated, extending the previous suggestion that
grasslands containing fast-growing or short-lived spe-
cies are especially responsive to climate change (Grime
et al. 2000). (2) Community responses to combinations
of these four global changes were complex, highlight-
ing the importance of exploring the combined effects
of co-occurring climate and atmospheric changes. In
particular, community responses to warming and at-
mospheric CO2 were modified in important ways by
elevated precipitation and N deposition and by envi-
ronmental variation from year to year. (3) Individual
species responses to both global change treatments and
interannual variability were weak but sufficiently con-
sistent within functional groups to drive stronger re-
sponses at the functional group level. The two domi-
nant functional groups—grasses and forbs—responded
distinctly and contributed differently to overall diver-
sity and production responses. However, species re-
sponses—particularly of forbs—were too individual-
ized to predict based on functional group membership.
In our system, broad functional groups therefore appear
useful for capturing the distinct, aggregated responses
of different types of species, but individual species
responses cannot be consistently predicted based on
functional group membership. (4) Both individual spe-
cies abundances and community measures varied
strongly among years—in some cases, more strongly
than they varied across treatments. The strengths of
global change treatment effects also varied among
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FIG. 9. Effects of elevated precipitation and N deposition
on (a) forb production and (b) grass production, 1999–2001.
Data for early and late harvests in 2001 are labeled 2001a
and 2001b, respectively (n 5 96).

FIG. 10. Effects of elevated CO2 and warming on (a) forb
production and (b) grass production, 1999–2001. Data for
early and late harvests in 2001 are labeled 2001a and 2001b,
respectively (n 5 96).

years, with one species—Vicia sativa—actually re-
versing the directions of its responses to elevated CO2

and warming in successive years. This interaction be-
tween global change effects and interannual variability
could produce punctuated or inconsistent community
changes in association with gradually occurring global
changes.

Environmental variables and interannual variability

Variability among treatment years in temperature,
precipitation, and the timing of annual soil moisture

declines contributed to variation in the magnitude of
community responses to treatments across years. Treat-
ments began after the 1997–1998 El Niño event, which
deposited unusually high precipitation and mild winter
temperatures in central California (Fig. 2). The sub-
sequent three years were progressively cooler, with de-
clining spring and summer high temperatures and re-
peated freezes in the winter of year 3.

Responses of soil moisture to warming and elevated
CO2 treatments in the Jasper Ridge Global Change Ex-
periment have been described in more detail elsewhere
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FIG. 11. Responses of total and functional
group species richness to elevated precipitation
and N deposition, 1999–2001. A, P, N, and PN
denote ambient, 1precipitation, 1N, and 1pre-
cipitation 1 N treatments, respectively (n 5
32). Means are ANCOVA-adjusted to correct
for preexisting differences among plots.

FIG. 12. Responses of total and functional
group species richness to CO2 and warming,
1999–2001. X, C, W, and CW denote control,
1CO2, 1warming, and 1CO2 1 warming treat-
ments, respectively (n 5 32). Means are AN-
COVA-adjusted to correct for preexisting dif-
ferences among plots.

(Zavaleta 2001). Elevated CO2 and precipitation had
similar, positive effects on spring soil moisture in years
1 and 3 but had contrasting community effects in each
of those years. This indicates that the community ef-
fects of elevated CO2 were mediated largely by mech-
anisms other than soil moisture. In year 2, elevated
precipitation enhanced soil moisture much more
strongly than elevated CO2 did in that year and than
elevated precipitation did in any other year, illustrating
that a uniform increase in precipitation amount can
have varying effects on moisture availability at a single
site as other conditions vary. The slight soil moisture
increases under warming in all three years apparently
resulted from accelerated spring canopy senescence
and corresponding declines in plant transpiration (Za-
valeta 2001). N deposition likely decreased soil mois-
ture through increased transpiring leaf area accompa-
nying N deposition enhancement of aboveground pro-
duction (Shaw et al. 2002).

Sharp declines in total and forb species richness, forb
abundance, and the abundances of individual forb spe-
cies occurred in year 1 and were followed by recoveries
in year 2 even though precipitation totals were nearly
identical in years 1 and 2. The timing rather than the
total amount of precipitation might have played an im-
portant role in this response, as autumn was wetter but
spring was drier in year 1 than in year 2. The timing,
as well as the amount, of rainfall strongly influences
grassland community responses elsewhere in coastal
California (Pitt and Heady 1978). Cold daytime tem-
peratures in year 1 might also have reduced forb ger-
mination and/or seedling survival. Finally, the soil dis-
turbance associated with the installation of plot parti-
tions and measurement apparatus might have induced
transient responses in year 1 comparable to those gen-
erated by gopher disturbance in nearby California
grasslands (Gulmon et al. 1988, Hobbs and Mooney
1995, Stromberg and Griffin 1996).
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FIG. 13. Responses of total species richness to all factor
combinations after three years of treatments. A, P, N, and PN
denote ambient, 1precipitation, 1N, and 1precipitation 1
N treatments, respectively (n 5 8). Means are ANCOVA-
adjusted to correct for preexisting differences among plots.

FIG. 14. Interannual variability in total and functional
group species richness across all treatments, 1999–2001 (n
5 128). Different letters indicate significant differences in
total species richness at the P , 0.001 level.

Surface litter biomass could also play an important
role in strong interannual community responses
through suppression of small-statured species includ-
ing forbs (Carson and Peterson 1990, Facelli and Pick-
ett 1991, Foster and Gross 1998, Wilby and Brown
2001). Litter biomass at our site varied strongly among
years, alternating between high and low levels in a
pattern consistent with an endogenous, periodic, litter
suppression of production, which produces oscillations
in some California grasslands (Bascompte and Rodri-
guez 2000). These strong year-to-year changes in litter
biomass could have directly affected community com-
position and influenced species and community re-
sponses to treatments. We await data from additional
years to confirm the presence of litter-driven oscilla-
tions in our system, which would suggest that an im-
portant component of the species pool at our site is
sensitive to surface litter biomass.

Whatever its cause, the strong, observed interannual
variation in community responses indicates that indi-
vidual species, functional group dominance and total
diversity are all capable of rapid response in our study
system. The treatment effects observed in this study
are therefore not likely to be strongly constrained by
long time lags. In particular, large yearly variation in
individual species responses illustrate that the modest
treatment effects observed on individual species were
not due strictly to time lags. Treatment-driven changes
in the composition of the seed bank, soil nutrient avail-
ability, and microbial dynamics over longer time scales
could produce more marked responses in individual
species populations in future years (Young and Evans
1989, Hungate et al. 1996, 1997, Hu et al. 2001). How-
ever, the contrast between large interannual responses
to varying weather and weak multiyear responses to
global change treatments indicate that individual spe-
cies in our system are more sensitive to temporal var-
iation and extremes than to multiyear, mean changes
in resource availability and environmental conditions.

This is consistent with predictions that a significant
component of global change effects on ecosystem will
be mediated by changes in weather variability and the
frequency of extreme events rather than mean changes
in temperature, atmospheric CO2 concentration, N de-
position, and precipitation (IPCC 2001).

Community responses

Individual responses of the dominant species in our
system to treatments were slight and variable across
years but produced more meaningful patterns when ag-
gregated into functional groups. N deposition increased
the abundance of three of the five most widespread
annual grasses in at least one year (Table 5) but reduced
one forb species and caused all five forb species to
decline somewhat by year 3. These responses are con-
sistent with a model of grass production increases with
N fertilization driving reduced forb performance and
survival (Tilman 1993, Foster and Gross 1998). Ele-
vated precipitation significantly affected only one of
the 10 focal species, the forb Geranium dissectum, de-
spite the important role of rainfall in shaping inter-
annual variation in California grasslands (Pitt and
Heady 1978, Hobbs and Mooney 1991, 1995). Our pre-
cipitation treatment did not alter the temporal distri-
bution of rainfall events except for the last weeks of
the growing season. We interpret these results as evi-
dence that the timing of rainfall events and midseason
droughts can influence individual species performance
at least as strongly as rainfall amounts and the timing
of drought onset do. Warming tended to increase abun-
dances of all five forb species by year 3, with significant
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TABLE 5. Summary of treatment effects on species, functional groups, and total diversity.

Response
variable C W P N Max/min values Interactions

Total diversity
Litter production

↓†
0

0
↓*

↑‡
↑†§

↓*
↑*

W 1 P 1 N/C 1 N None
C 3 N*, C 3 P*, C 3 W†

Forbs
A. arvensis
E. botrys
G. dissectum
V. sativa
C. vesicaria
Abundance

0
0
0
]
0
0

0
↑†
↑*
]
↑*
↑†

0
0
↑†
0
0
↑*

0
↓*
0
0
0
↓* C 3 P*, C 3 N†, W 3 P†

Diversity
Production

↓*
0

0
↑*

↑*
↑*

↓*
↓*

P/C 1 N
P 1 N/C 1 P 1 N

W 3 P 3 N*, W 3 N†
W 3 N†, W 3 P 3 N†, C 3 P†

Grasses
A. barbata
A. fatua

0
0

0
0

0
0

↑†
0

B. diandrus
B. hordeaceus
L. multiflorum
Diversity
Production

↓†
0
0
↑‡
↓†

0
0
0
0
↓‡

0
0
0
↑*
0

0
↑†
↑†
↑‡
↑*

W 1 P 1 N/C 1 N
W 1 P 1 N/C 1 N

C 3 W 3 N*, C 3 N*
C 3 W 3 N*

Notes: ↑, ↓, and 0 indicate positive, negative, and no (P . 0.20) effects, respectively. ] indicates contrasting effects in
different study years. C, W, P, and N indicate elevated CO2, warming, precipitation, and nitrogen deposition treatments,
respectively. Only single-factor treatment effects could be tested for individual species.

* P , 0.05; † P , 0.10; ‡ P , 0.20.
§ Only at elevated CO2.

positive effects on four species, while grasses were
almost entirely unresponsive to warming. Warming, el-
evated precipitation, and N deposition hence produced
diversity and production responses at the whole func-
tional group level that were consistent with their in-
dividual species effects (Table 5). Elevated CO2’s weak
and mixed effects on individual species corresponded
less well with its effects at the functional group level.

All four widespread annual forb species at our site
responded similarly to interannual variability, with de-
clines in abundance from the pretreatment year to year
1 followed by increases in year 2. Still, the magnitudes
of individual forb species responses varied too widely
to allow prediction of species responses based on over-
all functional group trends. Grass species, which varied
significantly less than expected from one another in all
three years, may differ less from one another than forb
species in growth form and physiology, allowing great-
er generalization about annual grass responses from
functional group trends. The lack of significant con-
sistency among individual species within one of the
two functional groups did not preclude sufficient con-
sistency to drive stronger aggregated responses. Slight
but somewhat directionally consistent responses by the
many species that make up each functional group ap-
parently summed to detectable responses at the whole
functional-group level (Table 5). Forb and grass func-
tional groups responded distinctly to both global
change treatments and interannual variation and con-
tributed distinctly to variation in total diversity and
ecosystem production. These functional groups could
therefore be useful tools for modeling community re-

sponses and feedbacks to ecosystem functioning, even
where they cannot predict the responses of individual
species.

At the functional group level, the relative abundance
of forbs responded quickly to precipitation, N depo-
sition, and warming. Forb production responded in the
same directions as relative forb abundance to each of
the four treatment factors (Table 5). The relative con-
tributions of grasses and forbs to ecosystem function-
ing, through changes in both relative abundance and
production, hence can shift under altered climate and
atmospheric conditions on time scales of just years (see
also Nie et al. 1992, Vasseur and Potvin 1998, Grime
et al. 2000, Smith et al. 2000). Shifts in the relative
dominance and species pools of grasses and forbs could
have important implications for ecosystem functions
such as productivity and nutrient cycling (Hooper and
Vitousek 1997). Ecosystem-scale responses such as to-
tal NPP to climate and atmospheric changes could be
small compared to functional group responses because
contrasting responses of different functional groups can
offset one another (Chapin et al. 1995). However, long-
term shifts in the relative dominance of functional
groups with contrasting effects on ecosystem function
could also lead to larger responses of certain ecosystem
attributes than predicted by extrapolation from short-
term ecophysiological effects (Zavaleta 2001).

Changes in total diversity throughout our study, in
response to both treatments and interannual variability,
were due mainly to forbs, despite the overwhelming
dominance of grasses in the system. Studies in other
grasslands have also found that forbs are the group
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vulnerable to changes in resource availability, com-
petition from grasses, and surface litter (Carson and
Peterson 1990, Goldberg and Miller 1990, Tilman
1993, Foster and Gross 1998). Total diversity, forb di-
versity, and forb abundance responded in the same di-
rections to each of the four treatment factors and to
interannual variability. Grass diversity was relatively
unresponsive to both treatments and interannual vari-
ability. Individual forb species also responded more
strongly than individual grass species to interannual
variability. In year 1, for example, even common forbs
like Anagallis arvensis and Vicia sativa virtually dis-
appeared from the entire study area only to recover in
the next year. Forbs—which include most of the re-
maining native species in California grasslands (Hick-
man 1993)—could be the group of species in grasslands
most vulnerable to environmental changes in general,
including climate and atmospheric changes.

The observed reduction of plant diversity through
losses of some forb species under N deposition is con-
sistent with findings that even modest increases in N
reduce grassland diversity (Grime 1973, Goldberg and
Miller 1990, Tilman 1993), mainly through losses of
understory forbs (Carson and Peterson 1990, Huenneke
et al. 1990, Foster and Gross 1998). At our site, strong
increases in grass production under N deposition in all
three years could have driven forb diversity declines
through increased competition for light (Newman
1973). In years 1 and 2, adding precipitation to the N
deposition treatment eliminated the suppression of both
forb diversity and soil moisture that occurred under N
deposition alone, suggesting that reduced soil moisture
under N deposition (Fig. 4) also could play a role in
diversity declines.

Elevated precipitation increased total and forb di-
versity progressively over the three-year study. The
mechanisms behind this increase remain unclear, but
increased soil moisture in the autumn might benefit
forbs by promoting seedling survival and growth be-
tween widely spaced rain events (Fig. 3). A previous,
long-term California grassland study associated years
of high B. hordeaceus abundance, the most common
annual grass at our site, with years of long intervals
between autumn precipitation events (Pitt and Heady
1978). Forb abundance and species diversity in this and
other Mediterranean grasslands could benefit from both
elevated precipitation in the autumn, promoting forb
seedling survival, and extended moisture availability
in spring and summer.

Warming increased total diversity only slightly over
three years. Drying contributed to the community ef-
fects of warming in other ecosystems (Chapin et al.
1995, Harte and Shaw 1995), but the slight increases
in soil moisture under warming in our system rules out
this mechanism (Fig. 4) (Zavaleta 2001). Enhanced
forb abundance and production under warming in year
1, which occurred in association with reduced litter

biomass under warming, may have contributed to slight
diversity increases in years 2 and 3.

Declines in total and forb diversity under elevated
CO2 could not have resulted from increased production,
since CO2 had no strong effects on total (Shaw et al.
2002) or grass aboveground NPP (ANPP). Elevated
CO2 also had no significant effects on spring litter bio-
mass, though another study in California grassland
found that elevated CO2 increased autumn litter (C. P.
Lund, unpublished data). Elevated CO2 increased soil
moisture as much as did elevated precipitation in two
of three years (Fig. 4), but these two treatments had
dissimilar effects on functional group responses and
contrasting effects on diversity. Elevated CO2 effects
on the community therefore appear to have been me-
diated largely by a mechanism other than moisture
availability, despite other recent findings (Chiariello
and Field 1996, Volk et al. 2000). Delayed growth and
senescence of grasses under elevated CO2 (E. E. Cle-
land, unpublished data) remain as possible factors un-
derlying the dominant effects of elevated CO2 on di-
versity and composition in this grassland, but identi-
fying mechanisms linking elevated CO2 to losses of
forb species and reduced grassland diversity will re-
quire further study.

Functional group production responses show that
grasses and forbs also made distinct contributions to
treatment effects on total ANPP. At the end of three
years, precipitation, N deposition, and warming all in-
creased ANPP, while elevated CO2 had no effect (Shaw
et al. 2002). These ANPP increases were due entirely
to forb production under the elevated precipitation
treatment, entirely to grass production under the N de-
position treatment, and to small increases in both forb
and grass production under warming. This highlights
the range of mechanisms by which grassland produc-
tivity can increase. Opposing production responses of
two major functional groups can ‘‘cancel out’’ at the
scale of ecosystem ANPP (Chapin et al. 1995), as in
year 2 when N deposition increased grass production
but reduced forb production, resulting in no significant
ANPP response (Shaw et al. 2002). Such shifts in rel-
ative contributions to ecosystem ANPP, though they
did not affect its overall magnitude, were nevertheless
associated with marked changes in diversity and com-
position—which could shape important ecosystem-
scale changes at time scales longer than the current
experiment.

The different ways in which ANPP increased across
treatments might also explain why total diversity re-
sponses to global change treatments were not consis-
tently related to changes in the magnitude of total
ANPP. For example, while both elevated precipitation
and N deposition strongly increased total ANPP (Shaw
et al. 2002), they had contrasting effects on plant di-
versity. In our study system, the relationship between
altered productivity and diversity appears to depend
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more on the mode than on the direction or magnitude
of productivity change.

Combined global changes

Our research design allowed us to measure responses
to realistic combinations of global changes as well as
to single global change factors. For key community
measures, including diversity and the relative domi-
nance of major functional groups, responses to realistic
combinations (elevated CO2 1 warming 1 0, 1, or 2
of the remaining factors) depended on whether N de-
position and elevated precipitation were included. For
example, the highest forb abundance after three years—
an increase of nearly 50% over ambient plots—oc-
curred under warming 1 CO2 1 elevated precipitation.
This combination of global changes is expected to af-
fect much of California (Giorgi et al. 1994). However,
N deposition strongly reduced forb abundance, such
that warming 1 CO2 1 N deposition reduced forb abun-
dance by .15%. Our simulated precipitation increase
more than offset our level of N deposition, so that the
combination of all four global change factors increased
forb abundance by ;25% after three years. The direc-
tions of key community responses such as relative dom-
inance to future global changes could therefore depend
strongly on regionally variable changes in precipitation
and N deposition, which remain somewhat poorly un-
derstood.

Our approach also permitted evaluation of the im-
portance of global change interactions. We observed
interactions among global change factors ranging from
none for the responses of total diversity to as many as
three two- and three-way interactions for litter and forb
production (Table 5). None of these interactions oc-
curred consistently among years, and many of them
could not be interpreted as biologically meaningful.
Certain community responses in certain years did de-
pend strongly on interactions—for instance, in year 1,
N deposition reduced forb species richness only at el-
evated precipitation levels. Certain global change fac-
tors interacted more frequently than others; N depo-
sition interactions affected all but one of the commu-
nity response variables examined in this study in at
least one year, and N 3 CO2 interactions specifically
affected the majority of community responses in at least
one year (Table 5). Nevertheless, the transient and in-
consistent nature of these interactions (CO2 and N de-
position did not, for instance, consistently strengthen
each other’s effects) lead us to conclude that in our
study system after three years of treatments, interac-
tions among global change factors did not strongly af-
fect community responses.

Interactions have proven important, however, for
other response variables in the JRGCE, including
aboveground, belowground, and total ANPP (Shaw et
al. 2002) and establishment by woody colonizers (Za-
valeta 2001). The importance of two-way interactions
among climate and atmospheric change factors for

community responses examined in other field experi-
ments has also varied (e.g., Nie et al. 1992, Chapin et
al. 1995, Chiariello and Field 1996, Reich et al. 2001a),
with some studies finding important multiplicative in-
teractions between N fertilization and elevated CO2 or
warming. The answer to whether interactions are im-
portant in shaping ecological responses to global
changes depends on the response variable in question
and perhaps also the composition of the community
under study. We hypothesize that the importance of
interactions for particular ecosystem processes will de-
pend on the mechanisms governing each global change
effect and the degree to which these mechanisms over-
lap in time and space, such as through alleviation of
multiple resource colimitations. The role of interac-
tions in shaping ecological responses and feedbacks to
future global changes, particularly when projections are
based on extrapolation from single-factor global
change experiments, is an area in much need of ex-
panded study.

Conclusion

Community effects of global changes in this annual
grassland appeared to be driven largely by interactions
between dominant canopy grasses and understory
forbs. Existing conceptual frameworks about species
responses to global changes, which are based mainly
on physiological traits such as photosynthetic path-
ways, could be more applicable to whole communities
if expanded to include phenological, structural, and
other traits explicitly governing competition and spe-
cies interactions. It is beyond the scope of this study
to pinpoint how trait differences between forbs and
grasses at our site yielded distinct responses of these
functional groups to global changes. Further study of
these mechanisms could clarify what factors other than
ecosystem productivity exert controls on plant diversity
in grasslands and could improve our capacity to gen-
eralize about global change responses in other ecosys-
tems.

Our results show that ongoing and future global
changes could have important combined effects on both
diversity and the relative dominance of functional
groups in grasslands. They also illustrate that future
responses of grassland diversity and dominance will
depend on the relative strengths of regionally variable
global change factors with contrasting effects. Changes
in relative dominance that do occur are likely to affect
ecosystem functioning, modifying the physiology-driv-
en responses to global changes that dominate obser-
vations in short-term experiments. In the real world,
as climate, atmospheric CO2 concentrations, and N de-
position change gradually over decades and interact
with factors like land use change and biological in-
vasions, communities will change in composition, con-
tinually modifying the ecosystem effects driven by
short-term responses of individual plants and species.
Experimental observation of community response to
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global changes paired with investigations of how
changes in community composition affect ecosystem
functioning will improve our ability to predict how
major biomes, such as the world’s grasslands and sa-
vannas, will be altered in the coming century by human
impacts on the world’s atmosphere and climate.
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