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Responses to Changing Atmosphere and Climate
J E F F R EY S. D U K E S AN D M. R E B E C CA S HAW

As previous chapters have illustrated, humans have radically
transformed the extent and species composition of California’s
grasslands. We continue to change the environment that
those grasslands experience in both direct and indirect ways.
Many of the current environmental changes are related to
fossil fuel burning; this activity, along with cement manufacturing and changing land use patterns in the tropics, has
led to a ⬃35% increase in the concentration of carbon dioxide (CO2) in the atmosphere over the past 200 years
(Houghton et al. 2001). Fossil fuel burning also creates reactive nitrogen compounds such as nitrous oxide (N2O).
These nitrogenous compounds are released into the atmosphere, where they join similar molecules released by agricultural activities. Eventually, much of the nitrogen in these
compounds returns to the land surface as some form of
nitrogen deposition, often fertilizing natural ecosystems.
Carbon dioxide and nitrous oxide, along with methane and
other gases released by human activities, trap heat. As
atmospheric concentrations of these gases increase, climate
changes around the world (Houghton et al. 2001). The climate in California is expected to warm substantially by the
end of the century; the amount of warming will depend
largely on human actions between now and then (Hayhoe
et al. 2004).
Each of these human-caused changes—the increase in CO2
concentration, the added nitrogen inputs, and the changes in
climate — will affect California grasslands. In this chapter,
we explore how the grasslands will respond (and have been
responding) to these perturbations. We also review the limited evidence for how these changes may affect the prevalence of invasive species in California. Other chapters examine how California grasslands are affected by changes in
land use (see Eviner and Firestone, Chapter 8; Jackson et al.,
Chapter 9; Harrison and Viers, Chapter 12; and DiTomaso et al.,
Chapter 22), and how species may evolve in response to environmental changes (see Rice and Espeland, Chapter 11).
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We focus primarily on responses relevant to management
concerns. Responses of grassland production and composition are relevant to the well-being of wildlife and livestock as
well as the preservation of rare plant and animal species. In
the context of climate change, the amount of carbon stored
in ecosystems is increasingly relevant to land managers and
politicians. This is because, at the same time humans are
releasing heat-trapping gases, terrestrial ecosystems are taking them up. Current estimates suggest that ecosystems on
land take up and store one-ﬁfth to one-quarter of the carbon
dioxide released by human actions (the oceans take up a similar amount; Houghton et al. 2001, Field and Raupach 2004).
This natural carbon sequestration slows the increase of
atmospheric CO2 concentrations and thus slows climate
change. To understand how rapidly climate may change over
the coming centuries, it is important to know the extent to
which natural ecosystems will continue to be able to
sequester the carbon dioxide released by human activities
under future environmental conditions. California grasslands
have proven to be useful ecosystems in which to examine
this question. To better understand the question of carbon
storage, a great deal of research has examined responses of
nutrient cycles, microbial communities, decomposition, and
other variables. Here, we can include only some of the highlights of this research.

Predicted Environmental Changes in California
Predicted Changes in Temperature and Precipitation
Like many other terrestrial habitats, California grasslands
face an uncertain future climate. Although climate has
changed repeatedly over past millennia, for a variety of reasons (Houghton et al. 2001), anticipated human-driven
changes are likely to be unusually fast and large. Many of
California’s ecosystems are likely to be vulnerable to future

climatic change, because their current ranges are limited and
their potential ranges are bounded by the coast or other
topographical features (Snyder et al. 2002).
To better understand the degree to which California’s climate may change in the near future, climate modelers apply
greenhouse gas emissions scenarios that encompass a range
of energy futures to the suite of general circulation models
(GCMs; Houghton et al. 2001). Most commonly, modelers
will apply relatively “low” and “high” emissions scenarios
to a few GCMs chosen for their particular physical climate
sensitivities. To effectively project these global climate
changes to local and regional scales where environmental
impacts can be evaluated, GCM outputs derived at the grid
scales of 2.5⬚ ⫻ 3.25⬚ are applied to the region of interest
using one of many downscaling methods that provide
increased spatial resolution (Houghton et al. 2001; Pan et al.
2001; Leung et al. 2003; Salathe 2003; Wood et al. 2004).
There are significant uncertainties at each step of such an
analysis, and these uncertainties are reflected in the wide
range of predicted temperature and precipitation changes
for California. In this century, the average annual statewide
temperature is projected to rise 1.7 – 3.0 ⬚C (3.0 – 5.4 ⬚F)
under low emissions, or 3.8 – 5.8 ⬚C (6.8 – 10.4 ⬚F) with
higher emissions (Hayhoe et al. 2004; Cayan et al. 2006).
There is no clear trend among the precipitation projections.
Statewide, the projections for change in annual average precipitation range from a decrease of 157 mm to an increase
of 38 mm (Hayhoe et al. 2004; Cayan et al. 2006), with significant variation in projections among GCMs, scenarios,
and downscaling methods (Pan et al. 2001; Salathe 2003;
Wood et al. 2004).
Regional climate studies indicate that, on average,
California’s ecosystems may experience substantially warmer
and wetter winters, slightly warmer summers, and an
enhanced El Niño/Southern Oscillation (ENSO) in the next
100 years (Field et al. 1999; Gutowski et al. 2000; Cayan et al.
2006), but there is no evidence to suggest that the seasonal,
Mediterranean climate will change (Cayan et al. 2006). That
is, the winters will remain relatively wet and cool and the
summers will remain hot and dry, but the temporal and spatial pattern of precipitation within the winter season, the
form of the precipitation (rain or snow), the frequency and
severity of extreme events (storms and drought), and the
length of the growing season will likely change (Hayhoe et al.
2004). Downscaled temperature projections consistently project a pattern of lesser warming along the southwest coast and
increasing warming to the north and northeast (Figure 19.1;
Hayhoe et al. 2004).
These changes in temperature and precipitation will
drive changes in species interactions, species ranges, community assemblages and ranges, and ecosystem processes.
It is not possible to predict the full suite of changes in
California grasslands, but we can seek clues from a wide
range of experimental and modeling approaches to better
understand the implications of climate change for California
grasslands.

F I G U R E 19.1. Projected winter (DJF: December through February)
and summer (JJA: June through August) temperature change (⬚C) for
2070–2099, relative to 1961–1990, for a 1/8⬚ grid, based on statistical
downscaling from GCM outputs. Statewide, projections of winter
temperature increases for the end of the century are 2.2–3 ⬚C and
2.3 –4 ⬚C for the PCM and HadCM3 models, respectively. End-ofcentury summer temperatures are projected to increase by 2.2 – 4 ⬚C
and 4.6–8.3 ⬚C based on the PCM and HadCM3 models, respectively.
These projections were generated by Hayhoe et al. (2004), and are
based on two scenarios for future societal structures (SRES B1 and
A1ﬁ, which project low and high dependence on fossil fuel,
respectively). Figure from Hayhoe et al. (2004).

Predicted Changes in Fire Regime
Wildﬁres have helped to shape California’s ecosystems over
evolutionary time and are important in many ecosystems today
for species regeneration. Fire occurs at somewhat regular return
intervals, determining the type and structure of the vegetation, with consequences for all other species (Franklin et al.
2001). Historically, ground ﬁres are thought to have occurred
every 15 to 20 years in red ﬁr forests, 4 to 20 years in mixed
conifer forests, 6 to 8 years in coastal redwood forests, and 5 to
10 years in grasslands and woodlands (Brown and Swetnam
1994; Skinner and Chang 1996; Swetnam et al. 1998), although
Anderson (Chapter 5) and Reiner (Chapter 18) argue that
Native Americans may have burned some California grasslands
every one to three years. In more recent history, a practice of
ﬁre suppression and intensive livestock grazing has radically
decreased the ﬁre return frequencies in some grassland regions,
allowing shrubs to increasingly colonize and dominate.
A number of important factors determine ﬁre frequencies
in grasslands, including climate, vegetation type, and extreme
weather events such as drought or heavy winds (see Reiner,
Chapter 18). Reconstructed ﬁre history shows that ﬁre frequency is highly dependent on climate (Grissino-Mayer and
Swetnam 2000; Carcaillet et al. 2001). Consequently, fire
models project an increase in both ignition rates and ﬁre
spread with the warmer temperatures, lower humidity,
higher winds, and drier fuels that are expected under future
climate scenarios (Torn et al. 1998; Fried et al. 2004). If
precipitation remains high during some years, ﬁre risk during

R E S P O N S E S T O C H A N G I N G C L I M AT E

219

dry years is likely to increase as a result of increased plant productivity in previous years. Torn et al. (1998) projected that
climate change will greatly increase the number of wildﬁres
that escape containment in regions of California that have
large amounts of grass or brush fuels.
Since the 1850s, fire patterns in California have been
altered by human suppression, climate change, and land use
changes. The history of ﬁre suppression and changes in land
use will play an important role in the character of the ﬁres in
a future climate. Even in the absence of climate change, ﬁre
management in some parts of California has led to larger ﬁres
that are more likely to occur in extreme weather (Minnich
and Chou 1997; but see Keeley et al. 1999). In addition, any
increase in the frequency of Santa Ana wind conditions,
which contribute to many of the large fires in California
coastal ecosystems (Moritz 2003), combined with warmer,
drier summers, could escalate economic and environmental
loss to wildﬁres.

Predicted Changes in Nitrogen Deposition
Throughout California, high levels of ammonia and nitrogen oxides are emitted to the atmosphere by nitrogen fertilizer use and feedlots in agricultural areas, and internal
combustion engines in urban areas. Although extremely
patchy, nitrogen deposition rates in parts of California are
among the highest in the United States (Fenn et al. 2003b),
with up to 45 kilograms per hectare per year (kg ha⫺1 yr⫺1)
in Southern California (Bytnerowicz and Fenn 1996; Padgett
et al. 1999), 16 kg ha⫺1 yr⫺1 in Northern California (Blanchard
and Tonneson 1993), and up to 90 kg ha⫺1 yr⫺1 in areas of
extensive fog exposure (Fenn et al. 2003b). In southern
California about 80% of the nitrogen enters ecosystems via
dry deposition during the long, dry summers (Bytnerowicz
and Fenn 1996), and in the north 75% enters as wet deposition (Blanchard and Tonneson 1993). Because nitrogen
can limit primary productivity in grassland ecosystems in
California (see Harpole et al., Chapter 10), nitrogen deposition is likely to alter basic ecosystem functions as discussed
in this chapter. Under one future scenario, increasing nitrogen
emissions are likely to drive a 250% rise in global nitrogen
deposition over the current century (Lamarque et al. 2005). A
recent estimate suggests that about 30% of California’s annual
grassland area currently receives at least 5 kg-N ha⫺1 yr⫺1, and
less than 10% receives 7 kg-N ha⫺1 yr⫺1 or more (Figure 19.2;
Weiss 2006).

Potential of Invasive Species to Interact with
Other Environmental Changes
Species native to areas outside the state have been purposely
and inadvertently imported to California and are now a permanent feature of California’s ecosystems (see D’Antonio
et al., Chapter 6). Non-native, invasive species are commonplace and have replaced native species as dominants in
many of California’s grassland ecosystems (Mooney and
Hobbs 2000). These species can threaten native species by
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F I G U R E 19.2. Total annual nitrogen deposition over areas of annual
grassland in California. Nitrogen deposition is shown at 36 km
resolution. Areas of annual grassland are shown in black. Note that
local hotspots and sharp gradients in N deposition rates cannot be
resolved at the 36 km scale. Figure from Weiss (2006).

competing with them for critical resources, preying on them,
hybridizing with them, or making the environment less suitable for them.
Where climate change occurs at rates that undermine the
ability of native species to persist, disperse, or become
reestablished elsewhere, non-native species may be favored.
Changes in climate could either facilitate or suppress grassland invasions, depending on the type and degree of climate
change and the extent to which non-native invasive species
are adapted to the new climate regime (Dukes and Mooney
1999; Mooney and Hobbs 2000). Thus, climate change could
further facilitate biological invasions and decrease biodiversity in a state where over 350 species are already federally
listed as endangered or threatened (CDFG 2005).
Ecosystem processes, already impacted by climate change,
will also be affected by the presence and expansion of nonnative species. In some ecosystems, ecosystem processes are
likely to be more strongly affected by non-native species than
by climate change. Some species that have already dramatically
altered ecosystem processes in California grassland have the
potential to further alter the systems under future environmental changes. For example, yellow starthistle (Centaurea
solstitialis) populations have rapidly expanded in California
grasslands since 1958 (Maddox and Mayﬁeld 1985), increasing
soil water consumption in invaded grasslands (Enloe et al.
2004; Gerlach 2004). Yellow starthistle success was positively
correlated with late spring water availability in microcosm studies (Dukes 2001a), suggesting that changes in precipitation

regimes might inﬂuence the species, and there is evidence that
the species could beneﬁt from increasing CO2 concentrations
(Dukes 2002a; Ziska 2003; Dukes et al., unpublished data).

Responses and Feedbacks to Global
Environmental Changes
Two main questions have motivated recent global change
research in California grasslands. First, will the functioning
of the system change in ways that feed back to affect atmospheric composition? Stated another way, will grasslands
sequester more (or less) carbon, thus influencing climate
change? Second, will the functioning of the system change in
a way that affects the abundance and composition of different
species?
California grasslands will not respond uniformly to environmental changes, because the grasslands themselves are
not uniform. California’s formerly extensive valley grasslands differ in species composition from coastal and coast
range grasslands, and both of these communities bear little resemblance to the communities found on serpentine
soils. Even within these community types, there is substantial variation from site to site (Harrison 1999b). During
the 1990s a seven-year experiment at Jasper Ridge Biological
Preserve (JRBP), near Woodside in the San Francisco Bay
Area, studied CO2 responses of neighboring grasslands on
serpentine and more fertile sandstone soils. These grasslands differ strongly in productivity and composition, with
native perennial grasses and native forbs comprising a
higher fraction of the biomass and cover in the serpentine
grassland and the sandstone grassland resembling a more
typical, drier coast range or “valley grassland” dominated
by non-native annual grasses (McNaughton 1968; Heady
1988). It is not surprising, then, that the two grasslands can
differ in their response to elevated CO2 (Field et al. 1996;
Fredeen et al. 1997; Rillig et al. 1999a); these responses are
further described in subsequent sections. To date, the
majority of California grassland research relating to global
environmental changes has taken place in what can be
generally called the valley grassland type (see Keeler-Wolf
et al., Chapter 3).
Understanding how the grasslands will respond to
increased nitrogen (N) deposition is perhaps simpler to
address than changes in temperature and atmospheric CO2.
Motivated by the desire to increase forage yields, researchers
have conducted dozens of fertilization trials in California
grassland. These provide clear insight on grassland responses
to additional N inputs.

Responses to Nitrogen Deposition
Studies conducted over several decades in a wide variety of
sites and soil types have shown that nitrogen (N) can be the
major limiting nutrient for plant growth in California
grasslands (e.g., Jones 1974; Woodmansee and Duncan
1980; Jackson et al. 1988; Huenneke et al. 1990, Hull and

F I G U R E 19.3. Proportional responses of NPP (measured as root ⫹
shoot biomass), shoot biomass, root biomass, and root-to-shoot ratio
to the four global change treatments in the JRGCE. Each line
represents the response over time to a single global change factor, and
each data point represents the sum of eight elevated treatment
averages divided by the sum of eight ambient treatment averages.
Elevated CO2, C (gray dashed line and ﬁlled diamonds); increased
temperature, T (thin solid black line); increased rainfall, R (thick black
dashed line and triangles); nitrate deposition, N (thick solid black
line). Figure from Dukes et al. (2005).

Mooney 1990). Recent studies at JRBP have shown an
increase in biomass production with 7 g m⫺2 y⫺1 supplemental nitrate deposition in a valley grassland (Shaw et al.
2002; Dukes et al. 2005). Total and aboveground biomass
responded to N deposition in four out of five years (Figure
19.3); total biomass increased by 21 – 42%, aboveground
by 36 – 61%). The response was largely driven by the two
dominant species of grass, Avena barbata and Bromus
hordeaceous. Forb production did not respond to increased
N deposition (Zavaleta et al. 2003b).
Many studies have documented decreases in grassland
diversity with increasing N inputs (Grime 1973; Tilman 1993);
in California this pattern is driven primarily by decreasing
forb diversity and a rise in dominance of one or two species
of non-native grasses (Hobbs et al. 1988; Huenneke et al.
1990; Brooks 2003, Zavaleta et al. 2003a, b).
In many cases, added N inputs also alter species abundances
in the grasslands. In serpentine grasslands, Huenneke et al.
(1990) found that supplemental nitrogen addition increased
exotic grasses at the expense of native forbs. Weiss (1999)
suggests that anthropogenic N deposition has had the same
effect on serpentine grasslands in the San Francisco Bay Area
that were previously N-limited. He argues that, by favoring
non-native grasses over native forbs, N deposition is reducing the vivid displays of California wildflowers that typically occur on serpentine soils and decreasing habitat
quality for the Bay checkerspot butterfly (Euphydryas editha
bayensis; a “threatened” subspecies under the U.S. Endangered
Species Act), which depends on particular host plant species
that are small forbs. Supplemental nitrate deposition also
favored grasses over forbs in valley grassland at JRBP
(Zavaleta et al. 2003b). In coastal grassland increased soil
nitrogen availability under dead Lupinus arboreus shrubs
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favored non-native annual grasses over native perennial
grasses and forbs (Maron and Connors 1996). This effect
could be mimicked by adding nitrogen to these soils (Maron
and Jefferies 1999) and suggests that nitrogen deposition
might eventually do the same.

Responses to Precipitation Change
Although climate models do not yet converge in their projections for California’s future rainfall patterns, past research has
provided some insight on how the state’s grasslands respond
to different precipitation regimes. This research is reviewed
here, as well as by Reever Morghan et al. (Chapter 7).
For decades, researchers have attempted to correlate forage yield (i.e., shoot growth) in California grasslands with
the timing and amount of annual precipitation. Their work
suggests that there is regional variation in the times in
which grasslands are most responsive to precipitation. At
the Hopland Field Station (HFS) in northwestern California,
Murphy (1970) found that early-season precipitation (i.e., prior
to November 21) explained 49% of the variability in shoot
growth, but this explanatory power weakened to 34% with
additional years of data (George et al. 1989b). On the San
Joaquin Experimental Range (SJER) in central California,
early-season precipitation explained only 8% of this variability, and combined data from the three most predictive
months could only explain 38% of variability (Duncan and
Woodmansee 1975). Shoot growth in this grassland was better explained (r2 ⫽ 0.72) by a multiple regression that
included several environmental factors, including spring precipitation (George et al. 1989b). Pitt and Heady (1978) used
precipitation in October, November, March, and April, along
with temperature, to predict 90% of variability in shoot
growth at HFS. These authors also used precipitation and
temperature to predict growth of different species and groups
of species in this grassland. Species responded individualistically in this study.
Responses of single species to rainfall in JRBP’s valley-type
grassland were also variable, but grouping species into broad
functional types allowed Zavaleta et al. (2003b) to detect
patterns of response. A 50% increase in each precipitation
event and a three-week extension to the rainy season
increased the abundance, diversity, and production of forbs,
as well as the diversity of grasses. Over ﬁve years, this treatment did not affect total production of the grassland, because
increased shoot growth (⫹10%) was offset by a decrease in
root growth (⫺15%; Dukes et al. 2005). A similar treatment
applied by (Suttle et al. 2007) to a coastal grassland in Mendocino County achieved similar results, with moderate
increases in shoot growth of plants during some years. A late
spring watering treatment in this experiment achieved more
dramatic results, more than doubling aboveground biomass
in most years. Increased spring precipitation (or shorter
summer droughts) can also increase establishment and
reproduction of native perennial grasses (Jackson and Roy
1986; Suttle et al. in press). In some locations, wetter springs
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might trigger the conversion of grassland to shrubland by
increasing establishment of native woody species such as
Baccharis pilularis (Williams and Hobbs 1989). In competition
experiments between blue oak seedlings (Quercus douglasii)
and annual grassland species, growth and survivorship of
blue oak were greatest in treatments where soil moisture was
highest, suggesting that wetter springs could also favor
encroachment of oak woodland into grasslands (Gordon and
Rice 1993).
Precipitation patterns may affect the relative abundance of
non-native species in some grasslands. For instance, in the
Mendocino County grassland mentioned in the previous
paragraph, Thomsen et al. (2006b) found that increasing late
spring water availability led to increased survival of seedlings
of Holcus lanatus. This non-native species is a highly aggressive
perennial grass and is considered a threat to native species
diversity in California grasslands (Cal-IPC 2006). In a more
interior site, by contrast, Hamilton et al. (1999) found that supplemental water beneﬁted the native perennial grass Nassella
pulchra because it ameliorated some of the negative effects of
competition with annual grass neighbors. Hobbs and Mooney
(1991) attributed increased populations of the invasive annual
grass Bromus hordeaceus to successive years of high rainfall in
serpentine grasslands at JRBP. However, correlative studies
such as this are difﬁcult to interpret with conﬁdence, and
additional data (Hobbs and Mooney 1995) made this conclusion less clear. Populations of non-native plant species such as
B. hordeaceus likely played a role in the recent extinction of the
Bay checkerspot butterﬂy (Euphydryas editha bayensis) at JRBP
by reducing its host plant densities. However, McLaughlin
et al. (2002) also strongly linked this extinction to a post-1971
increase in the variability of annual precipitation.
Taken together, these studies suggest that precipitation
effects on California’s grasslands vary by region, with wet fall
or spring seasons increasing shoot growth in the northwest
and a wet spring maximizing shoot growth in central regions.
An increase in late spring precipitation, or a decrease in the
length of the summer drought, would favor perennial species
(herbaceous and woody) and would likely promote invasive
non-native species in some grasslands. Composition and production of the grasslands are relatively insensitive to increases
in precipitation during the wet months of winter. In a Kansas
prairie, increasing variability of precipitation has been shown
to decrease shoot growth and soil CO2 ﬂux while increasing
plant diversity (Knapp et al. 2002). In California, consequences for plants of an increase in the variability of precipitation have not been studied, but one might expect to see
similar responses. Increases in variability appear to have
already contributed to the extinction of at least one butterﬂy
population in California.

Responses to Warming
Warming will likely change production, phenology, and
the composition of California grassland, but our ability to
quantify these responses is still somewhat basic. From first

principles, one would expect that warming during winter
months would generally increase production of the grasslands. Net primary production (NPP) typically increases with
temperature across ecosystems (Schuur 2003), and soil warming studies in a variety of ecosystems have typically found
that warming accelerates mineralization rates in soils, leading to increased nitrogen availability and therefore plant production (Rustad et al. 2001). Observational evidence from
California grasslands supports this line of reasoning. Degreedays are commonly used to predict shoot production, and
this metric is more accurate than accumulated days in some
areas, for example, SJER but not HFS (George et al. 1988). In
developing a model to predict shoot growth at HFS, Pitt and
Heady (1978) used mean minimum temperatures in November
through February. As discussed, precipitation is also important to grassland production, and degree-days alone are not
always useful in explaining variability of forage production
(George et al. 1989b). Despite the supportive observational
evidence, research from the Jasper Ridge Global Change
Experiment (JRGCE, discussed subsequently) suggests that
small amounts of warming have little effect on plant production in valley-type grassland (Dukes et al. 2005). In the
JRGCE, a ⬃1 ⬚C warming did not detectably affect plant
growth (Figure 19.3).
Warming during the wet winter months accelerated the
flowering (Figure 19.3; Cleland et al. 2006) and senescence (Zavaleta et al. 2003c) of many grassland species.
Because warming caused the dominant annual grasses to
senesce earlier, transpiration of the warmed grassland
decreased in late spring, and the grassland retained more soil
moisture through at least the early summer. This additional
water (about 1% volumetrically; Zavaleta et al. 2003c) might
beneﬁt species that depend on spring and summer moisture,
such as late-season forbs and woody species.
By accelerating plant phenology, warming will affect the
animal species that depend on plants. Working in serpentine
grasslands, Hellmann (2002) found that warming accelerated senescence of the host plants of Bay checkerspot butterﬂy larvae (Euphydryas editha bayensis), causing the larvae to
switch to an alternative host species earlier in the season.
Consequences of such host shifts are not yet understood.

Responses to Rising Atmospheric CO2 Concentrations
LEAF-LEVE L R E S P ON S E S

A rise in CO2 increases net rates of leaf photosynthesis in
many plants, including native and non-native C3 grasses and
forbs in the California grasslands (Jackson et al. 1995). Under
an approximate doubling of CO2 relative to current levels,
assimilation rates may increase by as much as 70 to 132%
depending on the environmental conditions and plant growth
form (Jackson et al. 1995; Dukes 2002a). Long-term exposure
to elevated CO2 can result in a range of responses in grasslands, including the maintenance of increased rates of photosynthesis (Huxman and Smith 2001), the down-regulation of

photosynthesis (a homeostatic adjustment that aligns wholeplant processes and carbon gain rates to within some bounds
important for coordinated function; Oechel et al. 1995), or
nonsigniﬁcant responses (Jackson et al. 1995). In the case
where increased photosynthesis under elevated CO2 occurs
initially, the plant may later down-regulate its photosynthetic
capacity, resulting in a decrease or leveling off of the CO2
fertilization effect (Tissue et al. 1993), often characterized by
a decline in essential nutrients in the leaf that leads to the
reduction of photosynthetic capacity. Elevated CO2 can result
in greater leaf-level photosynthesis, therefore, during periods
of high water and nutrient availability. However, in California
grasslands, this CO2 fertilization effect on leaf-level photosynthesis does not consistently lead to an increase in plant
growth (see subsequent discussion).
The behavior of stomata on plant leaf surfaces simultaneously regulates carbon dioxide uptake and water loss from
the leaf to the atmosphere. The term stomatal conductance
refers to the rate at which gas molecules can enter or exit
the leaf. When stomata close down, stomatal conductance
decreases, meaning that gas molecules, including water
vapor, exchange more slowly. Increases in atmospheric CO2
concentrations cause stomata to close somewhat (Linsbauer
1917), slowing transpiration (Ketellapper 1963). The role of
CO2 in regulating stomatal conductance has been well studied, with C3 herbaceous species showing, on average, a
40% decrease in conductance in response to a doubling of
ambient CO2 concentration (Morison 1985). In California
grasslands, elevated CO2 led to a 45% decrease in stomatal
conductance in midseason (Jackson et al. 1994; Oechel et al.
1995). Continuous, long-term exposure to elevated CO2 is
unlikely to dampen this response, based on studies of
Mediterranean grassland species growing near natural CO2
springs, where plants have been exposed to an elevated CO2
environment for many generations (Betterini et al. 1998).
Thus, rising atmospheric CO2 allows plants in Mediterraneantype ecosystems to meet the growth demand for carbon with
less water lost through transpiration. This leads to an increase
in water-use efﬁciency (WUE; the mass of carbon ﬁxed per
mass of water transpired), and less drawdown of soil moisture
(Jackson et al. 1994).
The direct CO2-induced responses of decreases in stomatal
conductance—increases in leaf water potential and increases
in WUE — can enhance production and fecundity of individual species in the California grassland (Jackson et al. 1994)
and reduce plant community evapotranspiration (Field et al.
1997; Fredeen et al. 1997; Lund 2001). This reduction in
plant community water use causes soils to be wetter in the
spring relative to soils in ambient CO2 (Fredeen et al. 1997;
Zavaleta et al. 2003c; Morgan et al. 2004). The additional
soil moisture is particularly important at the end of the
growing season, when moisture is limiting to plant growth,
effectively lengthening the growing season (Fredeen et al.
1997; Lund 2001; Zavaleta et al. 2003c). This indirect
response to elevated CO2 can potentially accelerate nitrogen cycling (Hungate et al. 1997a) and increase plant
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production in water-limited ecosystems such as California
grasslands (Chiariello and Field 1996; Volk 2000; see subsequent discussion).

availability in the late spring is potentially more important
for increasing total plant productivity in Mediterraneanclimate grasslands than is the direct effect of elevated CO2.
This possibility deserves further study.

B IOMAS S AN D ALLO CATION CHANG E S
M IC ROB IAL C OM M U N IT Y R E S P ON S E S

Increased carbon ﬁxation at the leaf level does not always
lead to an increase in the biomass production of individual
species, functional groups, or the plant community (Morgan
et al. 2004). In addition, from existing analyses of the data,
growth responses to CO2 are not consistent from species to
species, within functional groups, across years, or across
grassland types (Poorter and Navas 2003).
In California grasslands, there have been a number of
efforts designed to address the impact of elevated CO2 on
grassland species and community production responses in
both sandstone and serpentine systems using microcosms
(Field et al. 1996) and in situ experiments (Hungate et al.
1997a; Shaw et al. 2002). The great majority of this work has
been conducted at JRBP.
In microcosms (essentially large pots of grassland soil maintained outdoors in ﬁeld conditions), single- and multiplespecies experiments consistently showed increases in aboveground biomass with elevated CO2 (Chiariello and Field
1996; Verville 2000; Joel et al. 2001; Dukes 2002a), but the
species-speciﬁc and functional responses varied in each study
(Joel et al. 2001). In microcosms simulating nutrient-poor serpentine grasslands, where aboveground production is 50% of
that in the sandstone community in ambient conditions
(approximately 800 vs. 400 g/m2; S. S. Thayer, unpublished
data), the response of NPP was less than in microcosms using
more fertile sandstone-derived substrate (18% vs. 54% increase
in NPP, respectively; Joel et al. 2001), but responses of both
were consistently positive.
In contrast to microcosm experiments, in situ experiments
in sandstone and serpentine grasslands have shown inconsistent responses from year to year. Field experiments have
shown small (Field et al. 1996; Shaw et al. 2002) or ﬂat (Dukes
et al. 2005; see also Hungate et al. 1997a) responses of plant
growth to elevated CO2, indicating that indirect feedbacks
play an important role in determining grassland production
responses to elevated CO2. In a year when CO2 increased
total plant production, root growth decreased sharply with
CO2 enrichment (Shaw et al. 2002). Zavaleta et al. (2003b)
found no aboveground production response after three years
of exposure to elevated CO2. There is some indication that
summer-ﬂowering species respond more strongly to elevated
CO2 than the grassland dominants. Unlike the dominant
annual grasses, these species require soil moisture in late
spring and summer and may take advantage of the soil moisture savings seen during the spring as a result of reduced
evapotranspiration of the dominants (Chiariello and Field
1996; Field et al. 1996; Moore and Field 2006). Shrubs such
as Baccharis pilularis, because they are active into the summer,
may also respond to water savings generated by elevated CO2
(Zavaleta 2006). This indirect effect of enhanced water
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Elevated CO2 alters microbial communities in California
grasslands, with the most dramatic effects on fungal communities. Supplemental CO2 signiﬁcantly increased active
fungal biomass early in the growing season on both sandstone and serpentine soils at JRBP (Hungate et al. 2000).
Infection of roots by arbuscular-mycorrhizal (AM) fungi
increased on both substrates under elevated CO2, and hyphal
lengths of these fungi increased on sandstone substrates
(Rillig et al. 1999a). The increases in AM fungi could have
been driven by increases in carbon ﬁxation and root carbon
exudation by plants under elevated CO2. The increase in AM
fungi may have led to observed increases in soil aggregation,
which could lead to increased carbon retention in soils
(Rillig et al. 1999b). AM fungi produce glomalin, which is
thought to be important in maintaining soil aggregate stability (Tisdall and Oades 1982). In contrast, artiﬁcial climate
warming increased AM fungi, but decreased glomalin concentration and, therefore, soil aggregate stability and carbon
retention (Rillig et al. 2002).
R E S P ON S E S OF P LANT C OM M U N IT Y C OM P OS ITION,
AB U N DANCE AN D DIVE R S IT Y

Changes in individual plant performance should affect
competitive hierarchies and the representation of different
species in terrestrial communities at elevated CO2 (Bazzaz
1990). This theory is based on the assumptions that elevated CO2 will change total biomass production and that
changes in species-specific production will scale directly to
changes in fecundity. This assumption is supported by the
strong, species-specific effects of elevated CO2 seen in grasslands (Jackson et al. 1994; Chiariello and Field 1996;
Verville 2000; Joel et al. 2001; Zavaleta et al. 2003b). In a
one year sandstone microcosm experiment, Joel et al.
(2001) found increases in the number of individuals of
Avena barbata and Lotus wrangelianus, and concurrent
increases in production of those species relative to others,
but no change in the allocation to reproductive structures.
How seed production and the growth potential of future
offspring are influenced by elevated CO2 is not well known
and has been addressed in only one grassland study with
one species, Avena barbata, where seed production
increased by 30 % (Jackson et al. 1994).
Evidence from multiple year studies suggests that elevated
CO2 may not cause drastic shifts in dominance among the
species typical of California’s valley grasslands. In a
three year in situ experiment on the sandstone grassland,
Zavaleta et al. (2003b) found a small and inconsistent
growth response of Avena barbata to elevated CO2, but little
or no response from other species. At the community level,

elevated CO2 produced no overall change in functional
group production, a decreased abundance of forbs, and a
decrease in overall species richness, but analysis across multiple years showed no directional change.
The observed and predicted rise in CO2 may foster nonnative species invasions, especially in conditions where
plant growth rates are CO2-dependent (Dukes and Mooney
1999; Dukes 2000; Weltzin et al. 2003). Recent studies suggest that native and non-native species sometimes differ in
their growth responses to elevated CO2, and that some nonnative species could be more competitive in a more CO2-rich
atmosphere (Dukes 2002a). However, results to date are
merely suggestive and will likely depend on the particular
composition of a site. Future species composition, abundance, and diversity of California grasslands are likely to be
determined by the suite of global changes, the novel environment that results as well as the movement of native and
non-native species.

Responses to a Complex Future: The Jasper Ridge Global
Change Experiment
Over the current century, changes in the composition of the
atmosphere and in the climate are expected to occur simultaneously. How can we predict the future composition and
performance of any ecosystem when so many factors are
changing at once? It is tempting to extrapolate from studies
that have looked at responses to a single variable such as CO2.
However, there are many reasons to suspect that some effects
of these factors may not be additive. For instance, will effects
of water savings from elevated CO2 disappear if precipitation
increases? Globally, very few experiments have tested the
responses of natural ecosystems to more than one global
change at a time. Grasslands, because of the high density and
small stature of individual plants, are some of the more
tractable systems for examining such questions. In California
grassland, many such questions have been addressed by one
of the oldest multifactor studies: the Jasper Ridge Global
Change Experiment (JRGCE), which began operating in 1998.
In its original design, the JRGCE exposed plots of valleytype grassland at JRBP to a factorial combination of warming, elevated CO2, increased precipitation, and increased
nitrogen deposition (Figure 19.4). Circular, 2-m diameter
plots experienced either ambient conditions, ⬃1 ⬚C of
warming from infrared heat lamps, CO2 enhancement of
⬃300 ppm via a Free-Air CO2 Enrichment (FACE) system, or
warming and CO2 enrichment together. Each plot was
divided into four quadrants, which received ambient or
increased precipitation and nitrogen deposition. Some
results from this multifactor experiment are described in the
following sections.

erated the onset of ﬂowering of grassland species, precipitation had no clear effect. Elevated CO2 and supplemental
nitrate deposition both accelerated ﬂowering of forbs but
delayed ﬂowering of grasses (Figure 19.5). Since the grasses
generally ﬂower earlier than the forbs, these two treatments
led to a more synchronous ﬂowering of all grassland species,
with possible consequences for the timing of resource uptake
in this ecosystem. Phenological responses to warming and
CO2 were additive, as were the late spring water savings due
to these treatments (discussed above in previous sections;
Zavaleta et al. 2003c).
Shaw et al. (2002) described responses of the grassland’s
peak biomass (above- plus belowground) to the global
change treatments after three years of exposure, focusing
primarily on the CO2 response. During the 2000 – 2001
growing season warming, precipitation, and nitrogen all
tended to stimulate biomass production, individually or in
combination. Plant growth responses to some treatment
combinations were approximately additive. For example,
the plots that were warmed increased NPP by 18% relative
to all those at ambient temperature and the N deposition
plots increased NPP by 34% overall, but the combination
of warming and N deposition increased NPP by 62%. Other
treatment combinations showed similar patterns. The
interaction of CO2 with other manipulations was the most
complex. CO2 enrichment increased aboveground biomass
when all other factors were at ambient levels, an observation typical of grassland responses to CO2 elsewhere
(Nowak et al. 2004). However, elevated CO2 significantly
suppressed production responses to elevated levels of precipitation, warming, and nitrate deposition (Figure 19.6).
Much of the suppression occurred in the root biomass,
which declined by 22% in response to CO2 across all treatment combinations.
Although this strong interaction appeared in the 2001 season,
interactions involving CO2 or warming were less common in
other years. Dukes et al. (2005) found only one interaction

C OM M U N IT Y R E S P ON S E S TO M U LTI P LE G LOBAL CHANG E S

Most global change treatments affected the phenology of
grassland species, with occasionally surprising consequences
(Cleland et al., 2006). Although warming consistently accel-

F I G U R E 19.4. One of 32 experimental plots in the Jasper Ridge Global
Change Experiment.
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FIGURE 19.6. Response of NPP (root ⫹ shoot biomass) to
F I G U R E 19.5. Shift in date of ﬂowering onset caused by the four

simulated global changes, for nine common species observed in the
JRGCE. The effect shown for each species is the difference in mean
ﬁrst ﬂowering date for all plots, where each aspect of environmental
change is elevated (N ⫽ 64) versus ambient (N ⫽ 64), over three years
of observation. Figure from Cleland et al. 2006.

in plant growth responses over the first five years of the
experiment (a four-way interaction in the 1999 –2000 growing season).
Beyond their effects on total production, some global
change treatments affected the relative abundance of species
or groups of species. Zavaleta et al. (2003b) characterized
these responses over the ﬁrst three years of the study. The
treatment combination that featured warming, elevated CO2,
and increased precipitation caused the greatest change in relative abundance of the functional groups: a 50% increase in
forb abundance. Despite this, forb richness tended to
decrease in plots with elevated CO2 or supplemental N.
Much of the response of grassland composition to global
change may be driven by altered patterns of herbivory. Peters
et al. (2006) found that changes in gastropod feeding preferences under the various global changes could frequently
account for ⬎50% of the changes in grassland composition
observed in the JRGCE.
E C O SYSTE M R E S P ON S E S TO M U LTI P LE G LOBAL CHANG E S

Systems that do not increase biomass production under
future conditions are unlikely to store additional carbon and
therefore unlikely to slow climate change. Thus, it is important to know why elevated CO2 did not increase plant growth
in this system. The answer may provide clues to whether
other systems will respond similarly. Some evidence suggests
that phosphorus (P) limitation may account for the lack of
CO2 response by the plant community. Cleland (2005) found
reduced P concentrations in plants growing under elevated
CO2 or increased N deposition. Under some treatment combinations, elevated CO2 even reduced total plant P uptake.
The mechanism behind this pattern is still unclear. Phosphorus has been shown to be limiting to production in some
California grassland ecosystems (Chapter 10).
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environmental change treatments in the JRGCE during the
2000–2001 growing season. Bars show percent changes in NPP for
treatments or pooled groups of treatments, relative to a corresponding
reference. For each treatment combination, the reference is deﬁned as
all ambient CO2 plots in which the variable(s) that deﬁnes each
treatment combination are also at ambient. Abbreviations: amb,
ambient; C, elevated CO2; N, nitrate deposition; T, increased
temperature; R, increased rainfall. For treatments T, N, and R, n ⫽ 24
plots. For treatments TR, NR, and TN, n ⫽ 12. For treatments C and
TNR, n ⫽ 6. For example, the open bar for the increased temperature
pair (T) is calculated using all treatments 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). Figure adapted from Shaw et al. (2002).

In the summer of 2003, an accidental ﬁre burned through
part of the JRGCE, changing the experimental design somewhat and providing the opportunity to compare the global
change responses of burned and unburned patches of
grassland. An analysis by Henry et al. (2006) found a negative response of production to elevated CO2 in unburned
grassland, but no response in burned areas. Plant growth
responded more positively to experimental nitrate deposition in burned compared to unburned areas. The ﬁre may
have released P limitation by making phosphorus available
in ash. This possibility is supported by N:P ratios of annual
grass shoots, which were lower in burned compared to
unburned plots. Although the burn may have released nutrients, the burn alone did not affect plant production in the
grassland, suggesting that increases in CO2 and nitrate
availability may somehow trigger P limitation. Because the
fire simultaneously added ash and changed the microclimate in burned plots, Henry and colleagues could not conclusively link P availability to the observed CO2 and N
responses. The role of P in the grassland is being further
explored, and researchers are examining whether changes in
herbivory, allocation, phenology, or other factors may
prevent a positive CO2 response.
Because species differ in their chemical makeup, shifts in
community composition can affect litter quality. Henry
et al. (2005) found that global change treatments affected
lignin and nitrogen concentrations in litter but that some
of these direct effects were counteracted by the shifts in
community composition. Direct effects included CO2-

induced increases in lignin (which were attenuated by
warming in grasses and increased precipitation in forbs)
and increases in litter nitrogen concentration in response to
nitrogen addition. This latter effect was dampened by
increased precipitation. Overall, these changes in litter
quality did not markedly affect decomposition rates over
the period measured.
Litter decomposition and many other ecosystem functions could be altered by shifts in microbial community
structure. Horz et al. (2004) observed shifts in the abundance and community composition of ammonia-oxidizing
bacteria in response to some global change treatments. In
this case, all responses depended on the level of other factors. Nitrogen deposition affected community structure,
but only at ambient temperature and precipitation, and
elevated CO2 affected bacterial abundance, but only under
increased precipitation.

Modeling Grassland Responses
It is not possible to assess the full extent of ecosystem
responses to global environmental changes through experimentation alone (Aber et al. 2001). To better understand
how these changes might alter the distribution and extent
of grassland ecosystems in California, researchers use
ecosystem models that incorporate information from field
experiments.
Dynamic global vegetation models (DGVM) (Cramer
et al. 2001) use plant physiological and ecological traits to
categorize vegetation into plant functional types (PFTs) and
establish life history characteristics for each type. The models parameterize the physiological processes and climatesensitivity associated with each PFT based on experimental
results. The models also consider competitive interactions
that take place when two different PFTs occupy the same
physical space, also based on experimental results. The
newest generation of DGVMs incorporates the complexity
of ecosystem dynamics into the analysis of responses to a
changing climate (Lenihan et al. 2003).
There are important limitations of DGVM exercises.
Because of the focus on plant functional types, these models do not incorporate species migration patterns or dispersal capabilities. Consequently, these models have limited
value in projecting ecosystem distributions, given that
species will move as individuals in response to climate
change and not as ecosystems or plant functional types. In
addition, they simulate only potential or natural vegetation, not existing vegetation, and they do not adequately
integrate the impacts of other global changes such as land
use change (fragmentation and human barriers to dispersal),
nitrogen deposition, or invasive species. The majority of
California grasslands are under some form of management
(e.g., grazing), which itself will likely change as socioeconomic considerations change. Also, as discussed earlier,
many grassland sites are experiencing N deposition. It is

unclear how climate change will interact with these other
changes, and the models as yet do not address this question.
Despite these caveats, modeling exercises have provided
interesting insights into possible responses of California
vegetation to climatic changes.
Lenihan et al. (2006) conducted a modeling exercise to
understand biome shifts in California under a changing climate. Their objective was to “dynamically simulate the
response of vegetation distribution, carbon and fire to three
scenarios of future climate change for California using
the MAPSS-CENTURY (MC1) dynamic vegetation model,”
driven by climate output from two GCMs (Bachelet et al.
2001; Lenihan et al. 2003, 2006). Valley grasslands, southern coastal grassland, and desert grassland were modeled as
a single biome type (no land was occupied by agriculture or
urban areas in the simulations). Grassland total percent
cover increased by ⬎65% under all future climate scenarios
(Figure 19.7). Grasslands and shrublands were both initially
favored by the increase in moisture under future climate
scenarios, but increases in grass biomass produced more
fine fuel, which promoted a higher frequency of fire, resulting in the expansion of grasslands (Lenihan et al. 2006). All
scenarios showed percent cover declines of ⬎60% for
alpine/subalpine forest, ⬎30% for shrubland, and ⬎20%
for mixed evergreen woodland. Only grasslands and mixed
evergreen forest increased in total percent cover. Other
modeling efforts, using a statistical climate envelope model,
also support the probability of large shifts from woody vegetation to grasslands (Kueppers et al. 2005). Although none
of these simulations and exercises can be interpreted as predictions of the future, they provide important insight into
direct and indirect feedbacks that will influence biome distribution under a changing climate.
In the study by Lenihan et al. (2006), ﬁre plays a critical
role in major biome shifts, either by slowing encroachment
of shrubland into grasslands under high-precipitation scenarios or by increasing the rate of transition of woody biomes to grasslands under low-precipitation scenarios. Field studies in the Central Coast of California support this ﬁnding;
there, woody communities are intolerant to high ﬁre frequency
and are replaced by grassland under such conditions (Callaway
and Davis 1993; Keeley 2002; Tyler et al., Chapter 14; Reiner,
Chapter 18).
Changes in fire regime and the relative dominance of
woody and grass PFTs will have consequences for climate
impacts on total ecosystem carbon storage (Lenihan et al.
2006). Under a warmer, wetter climate, increases in productivity could lead to increases in ecosystem carbon storage
but this process could be undermined by an increase in ﬁre
frequency. Under a warmer, drier climate, decreases in productivity could be accompanied by decreases in decomposition,
which would cause ﬁne fuels to persisfor longer. In addition,
the increase in percent cover of grasslands, which are better
adapted to frequent fire than are most woody vegetation
types, could decrease carbon storage in the short term by
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Alpine/Subalpine Forest
Conifer Forest
Mixed Evergreen Forest

decreasing the amount of carbon stored in plant biomass. In
the long-term (⬎100 years), an increase in the percent cover
of grassland could either increase total carbon storage (plant
and soil) by increasing carbon inputs to soil (Jackson et al.
2002; Golubiewski 2006), or decrease total carbon storage by
reducing plant carbon pools (Hibbard et al. 2003).

Mixed Evergreen Woodland
Grassland
Shrubland
Arid Lands
California Boundary

Historical (1961 – 1999)

Summary
Several experiments and dozens of researchers have sought
to better understand how California grasslands will respond
to changes in the atmosphere and climate (Table 19.1).
Biomass production in these grasslands is not highly
responsive to increases in atmospheric CO2, small increases
in temperature, or increases in winter precipitation. Rather,
changes in the length of the rainy season would be more
likely to affect production, as would increases in nitrogen
deposition. Species compositional changes may be more
dramatic than changes in production but are also generally
more difficult to predict because of the specificity of
responses and the high diversity of species in California
grasslands. Studies to date have largely focused on changes
that might occur within the current vegetation type. Nonnative species and native woody species, however, may have
the opportunity to enter and spread under new climate and
atmospheric regimes, which might lead to greater changes
in the functioning of the ecosystem. Studies examining this
possibility are now underway at JRBP (C. Field, personal
communication). Model simulations suggest that changes
in fire regime could strongly promote or constrain any shifts
in vegetation types.
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FIGURE 19.7. Simulated historical (1961–1990) and future
(2070 – 2099) vegetation class distributions from the MC1 dynamic
vegetation model of Lenihan et al. (2006). The vegetation class shown
in each cell occupied that cell most frequently during the relevant
time period. Future distribution is based on the GFDL-B1 climate
scenario. Figure from Lenihan et al. (2006).
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⫹
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Forbs earlier,
grasses later
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⫹
0/⫹
All species earlier
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0

High
Medium
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High, but see note
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Medium
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Conﬁdence in
predicted responseb

⫹
⫺
0
In winter, favors
forbs; in spring,
favors perennials
⫹forbs

0/⫹/⫺
⫺
Forbs earlier,
grasses later
Favors lateseason species
⫺forbs

Direction of
response

Dependent on timing

Dependent on timing
Dependent on timing

Varies by year

Notes

3
3
6
8
9

9

8, see also
Chapter 10

3, 10, 11, 12, see
also Chapter 10
3
6

9

3, 4, 13
3
6
4, 8, 13, 14, 15

9

1, 7, 8

1, 2, 3
2, 3, 5
6

Related
referencesc

bConﬁdence

is a subjective assessment of the likelihood of the environmental change occurring in the indicated direction prior to 2100. These assessments are informed by several documents cited in the text.
in predicted response is a subjective measure but is based on the number of studies that have examined a given response, the magnitude of the treatment applied in these studies, and the
consistency of response across these studies. More studies, greater departures from ambient conditions, and greater consistency among results lead to higher conﬁdence.
cKey to references: 1: Field et al. 1996; 2: Shaw et al. 2002; 3: Dukes et al. 2005; 4: Suttle and Thomsen, in press (note that this is a coastal range grassland); 5: Higgins et al. 2002; 6: Cleland et al., 2006
7: Chiariello and Field 1996; 8: Zavaleta et al. 2003b; 9: Zavaleta et al. 2003a; 10: Jones 1974; 11: Woodmansee and Duncan 1980; 12: Jackson et al. 1988; 13: Seabloom et al. 2003b; 14: Jackson and Roy 1986;
15: Gordon and Rice 1993.

aThis

Warming (high)

Nitrogen deposition
(medium; spatially
variable)

Increased precipitation
(low; spatially and
temporally variable)

Elevated CO2 (very high)

Global change prediction
(conﬁdence in predictiona)

TA B L E 19.1
Some Expected Responses of California Valley-Type Grasslands to Global Changes

