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Abstract

Aim Use a regression model that relates climatic variables to the relative abundances of
shrubs, C4 and C3 grasses to project the plant functional type composition of temperate
grasslands and shrublands within North and South America in response to climate change.

Location The temperate zone grassland and shrubland regions of North and South America.

Methods We used a regression model to project changes in the relative abundances of
shrubs, C4 and C3 grasses under three general circulation model (GFDL, GISS, UKMO)
climate change scenarios. The three climate change scenarios were applied to a global data set
of mean monthly temperatures and precipitation. The regression model, which incorporates
mean annual temperature, mean annual precipitation and seasonality of precipitation as input
variables, was used to project plant functional type changes. Spatial patterns of change were
analysed using a geographical information system.

Results Relative abundance of C4 grasses were projected to increase >10% throughout most
of the study region at the expense of C3 grasses. There were essentially no areas where C4

grasses decreased in abundance, and the areas with no change were largely the southern Great
Plains and the Intermountain Basin and Range of North America. C3 grasses declined
throughout with the exception of the north-western Great Plains of the US and Canada, and
north central Argentina. Changes in shrub abundance were mixed with some increases in
Patagonia and the desert regions of the south-western US; there were also some projected
decreases, however, the locations varied across models.

Main conclusions The projections made by our regression model were consistent with
those of other more complex vegetation dynamics models. Changes in plant community
composition in response to climate change may be substantial in certain areas and will
probably lead to changes in water and nutrient cycling.
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INTRODUCTION

The rapid climatic changes occurring as a consequence of
human activities raise questions regarding the possible
redistribution of current vegetation (Field et al., 1992; Post,
1993; Halpin, 1997). Spatial patterns of temperature and
precipitation are key controls over the distribution of
vegetation at regional to global scales (Holdridge, 1947;
Whittaker, 1975; Lieth, 1978; Prentice et al., 1992; Paruelo
& Lauenroth, 1996; Epstein et al., 1997). We should
therefore expect changes in moisture and temperature
regimes to directly affect vegetation patterns, as certain
species expand their geographical range and abundance,
while others have their range restricted or eliminated (Esser,
1992). The sensitivity of plant biogeography to climate
dynamics and concurrent effects on ecosystem function is a
pressing issue in global change science (Schimel et al., 2000).

Attempts to determine the response of each individual
species to changes in climate may severely restrict our
capacity to make reasonable predictions of vegetation
change for large areas (Steffen et al., 1992; Smith et al.,
1993). Aggregating species by shared traits, into functional
groups or types, is a common methodology for linking
properties of organisms at the species level to environmental
factors that vary over coarse spatial scales (Chapin, 1993;
Paruelo & Lauenroth, 1996; Epstein et al., 1997; Shugart,
1997; Dı́az et al., 1998). Paruelo & Lauenroth (1996)
combined plant species from temperate North American
grasslands and shrublands into functional types using both
physiological and morphological traits. The three functional
types that they defined were shrubs, grasses having the C3

photosynthetic pathway (C3 grasses), and grasses having the
C4 photosynthetic pathway (C4 grasses). They found that
between 37% and 86% of the spatial variation in the relative
abundances of these functional types over large areas could
be explained by climatic variables.

Comparisons among similar regions may help us deter-
mine if we should expect general patterns of vegetation
change as a consequence of changing climate. The similar-
ities between temperate North and South America in both
ecosystem structure (Bailey, 1984, 1989; Paruelo et al.,
1998) and climatic patterns (Paruelo et al., 1995) provide
for an interesting regional comparison. Because regions of
North and South America differ in evolutionary history of
species, land use and predicted degree of climate change, we
may benefit from evaluating the relative influence of climate
in controlling vegetation distributions across two continents.

Several general circulation models (GCMs) have been
developed to forecast climate change (Hansen et al., 1983;
Manabe & Wetherald, 1987; Wilson & Mitchell, 1987), and
these models differ in their approaches and results. For
example, the United Kingdom Meteorological Office model
(UKMO; Wilson & Mitchell, 1987) is considered as a
‘warm, wet’ model while the Geophysical Fluid Dynamics
Laboratory model (GFDL; Manabe & Wetherald, 1987) is
relatively dry and cool. A comparative approach that
considers several models is a valuable way to bracket the
possible consequences of climate change.

Our goals in this analysis were to: (1) determine the
relative sensitivities of different plant functional type distri-
butions to predicted climatic changes for temperate grass-
lands and shrublands of North and South America, using
GCM output and a simple, climate-based vegetation model;
(2) compare the predicted changes in vegetation between the
two continents; (3) contrast how potential changes in
vegetation distribution due to climate change compared
with recently reported vegetation changes in North and
South America; and (4) discuss the impact of these potential
changes on ecosystem function.

METHODS

The spatial extent of our study is the temperate zones of
North and South America, between 30 and 55� latitude of
both the northern and southern hemispheres. The North
American study area lies between 85 and 125� west
longitude, and the South American area is between 48 and
76� west longitude. Climate data were obtained from a
database constructed by Leemans & Cramer (1991). This
dataset includes climate records from 2583 weather stations
around the world and interpolates the data to a resolution of
0.5� latitude by 0.5� longitude. The dataset, which contains
values of mean monthly temperatures, precipitation and
cloudiness, has been used in several ecological studies (e.g.
Prentice et al., 1992; Cramer & Solomon, 1993; Leemans &
Solomon, 1993; Paruelo et al., 1995; Lauenroth et al.,
2001). The number of weather stations used to construct
the Leemans & Cramer (1991) database was greater for
North America than South America, leading to questions
regarding the quality of the South American climate data.
Paruelo et al. (1995), however, found a strong correlation
between the Leemans and Cramer data (1991) and data
from nine additional South American weather stations
(FAO, 1985).

We used climate change scenarios from three general
circulation models developed at GFDL (Manabe & Weat-
herald, 1987), the Goddard Institute for Space Studies (GISS)
(Hansen et al., 1983), and UKMO (Wilson & Mitchell,
1987). We used GCM output to consider the effects of double
atmospheric CO2 concentrations, and the ensuing climatic
changes, on plant functional type abundance throughout
grasslands and shrublands of North and South America.

The relative abundances of C3 grasses, C4 grasses and
shrubs were calculated using equations from Paruelo &
Lauenroth (1996). The equations were derived from data
representing seventy-three sites across the temperate zone of
central and western United States and Canada (see Paruelo
& Lauenroth, 1996 for the actual sites used). Relative
abundance values at each of these sites were either propor-
tion of total plant cover, proportion of above-ground
biomass, or proportion of above-ground net primary pro-
duction for each of the plant functional types. These three
indices of relative abundance were assumed to be equivalent
(Heitschmidt et al., 1985; Lauenroth et al., 1986; Paruelo &
Lauenroth, 1996). This assumption is very reasonable for the
hemicryptophytes, where peak season above-ground
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biomass is strongly related to annual above-ground net
primary production, yet potentially less adequate for the
shrubs with high quantities of perennial woody tissue. The
relative abundance equations are as follows:

Proportion of C3 grasses ¼ 1:19 � 0:0291 � MAT

þ 0:178 ln DJF/MAP

� 0:238 � BIOME

ð1Þ

Proportion of C4 grasses ¼ � 0:984 þ 0:000594

� MAP þ 1:35

� JJA/MAP

þ 0:271 ln MAT

ð2Þ

Proportion of shrubs ¼ 1:71 þ 1:55 � DJF/MAP

� 0:292 ln MAP;
ð3Þ

where MAT ¼ mean annual temperature (�C), MAP ¼
mean annual precipitation (mm), DJF/MAP ¼ proportion
of precipitation falling in winter (December–February for
the northern hemisphere and June–August for the southern
hemisphere), JJA/MAP ¼ proportion of precipitation
falling during summer (June–August for the northern hemi-
sphere and December–February for the southern hemi-
sphere), and BIOME is a discrete variable (1 ¼ grassland
ecosystem, 2 ¼ shrubland ecosystem based on Kuchler,
1964). These regression models, developed with data from
North America, were tested against data from South
American grasslands and shrublands. The models explained
86% of the variation in C3 and C4 abundance and 64% of
the variation in shrub abundance for the South American
sites (Paruelo et al., 1998).

Current spatial patterns of abundance of C3 grasses,
C4 grasses and shrubs were derived using the equations from
Paruelo & Lauenroth (1996) and the Leemans & Cramer
(1991) climate database. Climate change scenarios were
developed by modifying the current climatic values from
Leemans & Cramer (1991) using output from each of the
three GCMs. We then used each climate change scenario to
project the new distribution and abundance of C3 grasses, C4

grasses and shrubs, and to calculate the change in relative
abundance for each of these plant functional types under
each of the three scenarios. Given the 0.5 · 0.5� resolution
of the climate data, the extent of our study includes a total of
5048 grid cells, 3816 for North America and 1232 for South
America. These locations are mainly areas of grassland and
shrubland (Bailey, 1984).

RESULTS

Current distribution of plant functional types

In North America, shrubs currently dominate most of the
south-western desert region of southern California, southern
Nevada and western Arizona, in addition to much of
Intermountain Basin and Range region of Utah, Nevada,
Idaho and eastern Washington and Oregon (Fig. 1). In South
America, shrubs presently dominate much of the Patagonia

region of southern Argentina in addition to the semiarid and
arid Chaco-Monte region of north-western Argentina
(Mares et al., 1985; Dı́az et al., 1999). Based on our
vegetation model, the patterns of shrub dominance are the
result of a combination of low mean annual precipitation
and a high proportion of precipitation falling in winter (US
Intermountain Basin and Range, South American Patagonia
region) (Paruelo et al., 1995).

C4 grasses dominate the southern and eastern Great Plains
of North America, with increasing dominance along a
gradient from the north-western part of the region to the
south-eastern part (Epstein et al., 1997) (Fig. 2). An excep-
tion to this appears to be an area of C4 abundance in the
eastern plains of Montana. C4 grasses are also dominant in
the northern Chihuahuan Desert of southern New Mexico
and south-eastern Arizona. In South America, C4 grasses
dominate the Pampas region of eastern central Argentina
and also are abundant in the Chaco-Monte region. Based on
the vegetation model, these patterns are a result of relatively
high summer precipitation (south-eastern US Great Plains,
South American Pampas) and/or high temperatures.

C3 grasses currently dominate the northern and north-
western Great Plains of North America (except for parts of
Montana) in addition to some portions of the northern
Intermountain Region (Fig. 3). In South America, C3 dom-
inance is confined to south-western Patagonia. These
patterns are a result of low temperatures and/or winter
precipitation (Paruelo & Lauenroth, 1996; Epstein et al.,
1997).

Climate change scenarios

Mean annual temperatures increased for all three general
circulation models with the greatest increase projected by the
UKMO model (Table 1). Mean annual precipitation essen-
tially increased between 10% and 25% for temperate North
and South America, with the exception of the GFDL model
for South America where precipitation is projected to be
unchanged. Precipitation seasonality was essentially unal-
tered for both hemispheres in all three models. Temperature
changes in the GFDL and UKMO models increased with
increasing latitude. The UKMO model for example predicts
a 6 �C increase in MAT at 30�N latitude and a >8 �C
increase at 55�N. The GISS model showed the opposite
pattern with projected temperature change decreasing with
increasing latitude (Lauenroth et al., 2001).

Effects of climate change on plant functional type

distribution

For the three GCMs, mean relative abundance of shrubs in
North America declined slightly, ranging from 1% to 5%
(Table 1). For South America the models disagreed on the
direction of change with the GFDL model predicting a 4%
increase, the GISS model predicting no change, and the
UKMO model predicting a 1% decrease. Variability in each
of the model scenarios however, was large. C4 grasses
increased in abundance by 14–23% in North America and
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6–16% in South America, with the GFDL model projecting
the smallest increase, and the UKMO model projecting the
greatest increase. C3 grasses declined from 11% to 16% in
North America and 9–13% in South America: the GFDL
model showed the least decline, and the UKMO model
predicted the greatest decline.

Shrub abundance is projected to increase at the expense of
grasses in the already shrubby desert ecosystems of southern
California, Nevada and Arizona (Fig. 4). In contrast to the
two other GCMs, the UKMO model predicts a decrease in
shrub abundance for southern California, Arizona and New
Mexico in North America. All three models project some
decreases in shrub abundance for the Intermountain Region
of Idaho, Wyoming, Utah and Nevada, the most widespread
changes associated with the GISS model. Shrubs are projec-
ted to increase relative abundance in the Patagonia region of

southern Argentina, however, the UKMO model also
predicts some declines in shrub abundance for parts of
southern and central Argentina.

For North America, C4 grasses are projected to increase
substantially throughout grassland and shrubland systems,
with the exceptions being the southern Great Plains and the
central Intermountain Region of southern Idaho and
Nevada; no changes in C4 abundance are projected for these
two regions (Fig. 5). Widespread increases in C4 grasses are
also predicted for South American grasslands and shrub-
lands, however, the GFDL model (unlike the other two)
suggests only slight increases.

C3 grasses are projected to decrease in abundance across
grasslands and shrublands of North and South America
(Fig. 6). All three models however, predict no change in C3

grass abundance in central Montana and Wyoming, as well

Figure 1 Current proportional abundance of
shrubs in grassland and shrubland regions of
North and South America, based on Paruelo
& Lauenroth (1996) regression models and
Leemans & Cramer (1991) climate data.
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as northern Argentina. The UKMO and GFDL models
predict no change in C3 grass abundance in the south-
western plains of Canada, and the GISS model even suggests
an increase in C3 grasses for this region.

DISCUSSION

The major prediction of our regression models is that C3

grass relative abundance will decline, and C4 relative
abundance will increase with increasing temperatures im-
plied by three general circulation models. This change is
predicted to occur throughout grassland regions of North
and South America with only few exceptions and could have
important implications for water use, nitrogen cycling and
soil carbon storage. The replacement of C3 grasses with C4

grasses in central US is consistent with the results of several

simulation models. The VEMAP Members (1995) conducted
a model comparison of three biogeographical models
(BIOME2, Haxeltine et al., 1996; DOLY, Woodward et al.,
1995; MAPSS Neilson, 1995) using GFDL, UKMO and
Oregon State University (Schlesinger & Zhao, 1989) GCM
climate change scenarios. They found in all cases that there
was an increase in the extent of C4 grasslands due to a
combination of increased temperatures and lower soil
moisture. In contrast, our regression model predicts greater
C4 abundance with warmer temperatures and greater values
of precipitation (and potentially higher soil moisture). C4

species in general, however, are more water-use efficient
than C3 species (Black, 1973; Pearcy & Ehleringer, 1984)
and tend to dominate warm, dry grasslands as well as more
humid grasslands (Epstein et al., 1997, 1998b). Coffin &
Lauenroth (1996) used a vegetation gap dynamics model

Figure 2 Current proportional abundance of
C4 grasses in grassland and shrubland regions
of North and South America, based on
Paruelo & Lauenroth (1996) regression
models and Leemans & Cramer (1991)
climate data.
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Figure 3 Current proportional abundance of
C3 grasses in grassland and shrubland regions
of North and South America, based on
Paruelo & Lauenroth (1996) regression
models and Leemans & Cramer (1991)
climate data.

Table 1 Average means for projected changes in mean annual temperature (MAT, �C), mean annual precipitation (MAP; proportion of
current), proportion of precipitation falling in summer (SUMMP), percentage abundance of C3 grasses, C4 grasses and shrubs for North and
South America under a double CO2 scenario for three general circulation models (GFDL, GISS, UKMO). Standard deviations are in parentheses

North America South America

GFDL GISS UKMO GFDL GISS UKMO

MAT 4.50 4.69 7.17 4.40 4.47 5.76
MAP 0.12 0.12 0.21 0.00 0.17 0.22
SUMMP )0.02 0.00 0.00 )0.03 0.01 )0.02
% SHRUB )1 (7) )3 (5) )5 (8) 4 (12) 0 (12) )1 (14)
% C4 14 (15) 17 (12) 23 (17) 6 (12) 12 (12) 16 (14)
% C3 )11 (7) )12 (7) )16 (9) )9 (5) )10 (6) )13 (8)
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linked to a soil water model and also predicted a consistent
increase in C4 grass dominance throughout the US Great
Plains with a GFDL climate change scenario.

Our regression model predicts some increase in shrub
abundance for the deserts of southern California and a
decrease in shrub abundance for parts of the Intermountain
Region of Idaho, Wyoming, Utah and Nevada. These results
are consistent with those of the study by the VEMAP
Members (1995) mentioned above; they projected in general
a decrease in temperate shrublands and an increase in
subtropical shrublands (south-western US included in this
biome) as a result of increasing temperatures. Bachelet et al.
(2001) used an equilibrium vegetation model (MAPSS,
Neilson, 1995) and a dynamic vegetation model (MC1,
Daly et al., 2000) coupled with seven GCM change scenar-
ios to examine vegetation change. They suggested an overall

decline in the extent of shrublands in the US with most of the
losses in the Great Basin due to increasing precipitation,
which is consistent with our regression model.

Bachelet et al. (2001) and the DOLY model (Woodward
et al., 1995) of the VEMAP Members study (1995) project
some increases in shrublands for the Great Plains. While it is
not apparent from Fig. 4 (because changes of less than 10%
appear as No Change), the GFDL scenario does predict this
increase of shrubs in the Great Plains, and the UKMO
scenario predicts a shrub increase in the southern Great
Plains. The GISS scenario does not predict this increase, and
in fact all three GCM scenarios predict slight decreases in
shrub abundance in the northern Great Plains. In general of
however changes in shrub abundance projected by our
model are rather limited because shrub abundance is closely
linked to the proportion of precipitation falling in winter,

Figure 4 Projected absolute percentage
change in shrub abundance for doubled CO2

scenarios in three general circulation models
(GFDL, GISS, and UKMO).
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and the GCMs predict only minimal changes in the
seasonality of precipitation.

Observations of increased shrub abundance in the US over
the past century have focused on the subtropical desert
grasslands and shrublands of New Mexico and Arizona (e.g.
Thornthwaite et al., 1942; Hastings, 1959; Buffington &
Herbel, 1965). The process of shrub encroachment, during
which shrubs replace grasses in the plant community, has
been hypothesized to yield a persistent shrub-dominated
state, caused by the transport of soil nutrients to ‘islands’
beneath and around shrubs (Grover & Musick, 1990;
Schlesinger et al., 1990; Whitford et al., 1995; Schlesinger
& Pilmanis, 1998). The proposed reasons for shrub en-
croachment are domestic livestock grazing, fire suppression,
increases in atmospheric CO2 and concomitant changes in
climate (Grover & Musick, 1990; Wondzell & Ludwig,

1995), however, it has been difficult to distinguish the
relative importance of these forces (Neilson, 1986; Archer
et al., 1995).

Historical changes in climate may be just as important as
changes in fire frequency for explaining the increase in shrub
abundance over the past century. It has been suggested that
fire was not important for maintaining desert grasslands
(Hastings & Turner, 1965) and that many shrub species
recover from fire as rapidly and robustly as grasses (Corne-
lius, 1988); therefore fire suppression may not be an
important factor controlling shrub abundance in these arid
ecosystems. Wondzell & Ludwig (1995) demonstrated that
the exclusion of grazing over a 26-year period in desert
grasslands of western Texas led to an increase in shrub
cover. However grass cover increased as well over this
period, and it was not possible to separate the effects of

Figure 5 Projected absolute percentage
change in C4 grass abundance for doubled
CO2 scenarios in three general circulation
models (GFDL, GISS, and UKMO).
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grazing from effects of climate fluctuations. Our study, and
the other modelling studies mentioned above (VEMAP
Members, 1995; Bachelet et al., 2001) suggest that climate
changes alone could account for some expansion of shrub-
lands into arid and semiarid grasslands. Shrub encroachment
has been fairly extensive in Patagonia as well (Aguiar et al.,
1996; del Valle et al., 1998; Aagesen, 2000). However, our
model projects only minimal changes in shrub abundance as
a result of climate change. It is possible that grazing has
played a more important role than climate in the expansion
of shrubs in the Patagonia region of South America (León &
Aguiar, 1985).

Our model does not represent the direct effects of
increased atmospheric CO2 concentrations on vegetation
composition. The current literature suggests that both C3

and C4 species will benefit from increased CO2 because of

increases in water use efficiency, with C3 species having a
slightly greater response than C4 species (Wand et al., 1999).
An 8-year CO2 enrichment study in tallgrass prairie of
eastern Kansas showed no competitive advantage for C3 over
C4 grasses under high CO2 conditions (Owensby et al.,
1993). Whereas some studies suggest that the growth
response of shrubs to increased CO2 is greater than that of
grasses (Bassirirad et al., 1997; Polley et al., 1997), other
investigators contend that CO2 increases do not account for
incidences of shrub encroachment in arid and semiarid
systems (Archer et al., 1995; Van Auken, 2000).

Changes in ecosystem function may be associated with
changes in plant community composition. The dramatic
shifts from C3 to C4 grasslands could lead to alterations of
the water, carbon and nitrogen cycles. Particularly relevant
is the fact that water use efficiency of C4 grasses can be

Figure 6 Projected absolute percentage
change in C3 grass abundance for doubled
CO2 scenarios in three general circulation
models (GFDL, GISS, and UKMO).
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approximately two to three times that of C3 grasses
(Black, 1973; Berry & Downton, 1982; Colello et al.,
1998; Verhoef & Allen, 2000). The replacement of C3

with C4 grasses could therefore potentially lead to decrea-
ses in transpiration rates and/or increases in net primary
production. In semiarid regions that receive the bulk of
their precipitation during the warm season, such as the
western Great Plains, rates of bare soil evaporation can be
quite high (Webb et al., 1978; Ripley, 1992; Sala et al.,
1997), which will minimize any effect of changes in plant
community composition on water flux. However in cooler
or wetter grassland–shrubland regions, or those where the
wet season coincides with the cool season (such as the
Intermountain Region west of the Rocky Mountains and
Patagonia in South America), changes from C3 grasses to
C4 grasses could potentially reduce water loss. In most of
the temperate grassland and shrubland regions of North
and South America, actual evapotranspiration is limited by
available water rather than atmospheric demand, and the
water deficient nature of these regions is likely to increase
under climate change scenarios (Lauenroth et al., 2001).
Therefore expected changes to the water cycle should be
driven largely by changes in precipitation, and less due to
shifts in the water use efficiency of the vegetation.

Many C4 grasses have greater C : N ratios than C3 grasses
in humid grasslands such as the tallgrass prairie of the Great
Plains (Wedin & Tilman, 1990; Murphy et al., 1996). This
can lead to decreased rates of net nitrogen mineralization
(Wedin & Tilman, 1990; Epstein et al., 1998a) and a
potentially more conservative nitrogen cycle. The reduced
availability of N for plants also provides a positive feedback
for the sustenance of the C4 community (Hobbie, 1992;
Wedin, 1995). Projected increases in C4 grasses in the north-
western Great Plains and in the Pampas may therefore lead
to changes in the nitrogen cycle. The interaction between
the C3–C4 composition of an ecosystem and the seasonal
(intra-annual) patterns of precipitation can also influence
rates of net primary production, nitrogen mineralization and
the soil organic matter status of the system (Epstein et al.,
1999).

Our model predicted minimal shifts between grasslands
and shrublands, yet these shifts may have important impli-
cations for water and nutrient cycles in the areas where
changes do occur. Consistent general inferences, however,
regarding the differential functioning of grasslands and
shrublands are limited in the current literature. Increased
shrub cover at the expense of grasses may lead to increases in
bare soil evaporation (Aguiar et al., 1996; Dugas et al.,
1996; Dodd et al., 1998) and potentially increased deep
drainage losses (Aguiar et al., 1996), because of the removal
of the relatively dense, shallow layer of roots associated with
grass cover. A shift from grass-dominated to shrub-domin-
ated ecosystems could also lead to reduced transpiration
losses (Sala et al., 1989; Paruelo & Sala, 1995; Aguiar et al.,
1996; Dodd et al., 1998). However, observations are varied,
and the effects of shrub vs. grass-dominated vegetation on
transpiration and total ecosystem water loss may be the
result of a combination of several factors, such as soil

texture, seasonality and quantity of precipitation, and more
detailed plant properties, rather than just vegetation type
(Peláez et al., 1994; Dugas et al., 1996; Verhoef & Allen,
2000). Essentially, grasses and shrubs compete for soil
moisture in the more shallow soil layers, and in some cases
shrubs have exclusive access to a deeper soil moisture
reservoir (e.g. Sala et al., 1989; Scholes & Walker, 1993).
Replacement of grasses by shrubs could therefore result in
more soil moisture in the upper soil layers, with greater
potential for evaporative losses and percolation to deeper
soil layers where shrub roots may be present (Peláez et al.,
1994; Montana et al., 1995; Dodd et al., 1998; Le Roux &
Bariac, 1998).

Changes in the relative abundances of grasses and shrubs
could also affect carbon and nitrogen cycles. Increases in
shrub cover at the Jornada Experimental Range near Las
Cruces, New Mexico have led to substantially greater
standing biomass and leaf area index (Gibbens et al.,
1996), however, others report similar values of biomass
carbon and above-ground net primary production between
grasslands and shrublands (e.g. Schlesinger & Pilmanis,
1998; Jobbagy & Sala, 2000). Changes in rooting depth
associated with shifts in plant functional types may also alter
the quality and distribution of soil organic matter, with
important implications for rates of carbon cycling in these
systems (Gill & Burke, 1999; Jobbagy & Jackson, 2000).
Wood biomass of course will increase with more shrubs, as
will whole plant C : N and lignin : N ratios (Aber &
Melillo, 1991). Changes in the chemical composition of
plant litterfall will alter rates of dead organic matter
decomposition and nitrogen mineralization (Meentemeyer,
1978; Melillo et al., 1982). A key change as shrubs replace
grasses is the increase in spatial heterogeneity of soil
nutrients as ‘resource Islands’ form (Schlesinger & Pilmanis,
1998). Runoff losses of nitrogen are probably greater in a
shrub-dominated landscape compared with a grassland, due
to greater volumes of water transported by bare ground
interspaces between shrubs (Parson et al., 1993; Schlesinger
et al., 1999).

The models used in this analysis make the assumption that
spatial relationships between vegetation and climate remain
in place under future climate change scenarios. The models
do not however, account for any possible migration of trees
into neighbouring areas previously dominated by grasses or
shrubs, such as the potential for tree expansion into the
tallgrass prairie of the eastern US Great Plains (Danner &
Knapp, 2001). Because of potential constraints on both
vegetation growth and migration, the general assumption of
constant vegetation–climate relationships may be a dubious
one (Lauenroth & Sala, 1992; Burke et al., 1997; Epstein
et al., 2000). An example is the lack of C4 grasses in regions
such as the Intermountain Basin‘ and Range of the western
US and Patagonia of Argentina (Paruelo et al., 1998), and
the potential for C4 migration into these regions in response
to a warmer climate. However, in the absence of dynamic
vegetation models for regional scale applications that incor-
porate mechanisms of coarse-scale propagule dispersal and
plant establishment (Woodward & Beerling, 1997), these
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statistical models may be our best estimates of vegetation
change for large spatial extents and may produce very
reasonable projections. They may also provide an ‘upper-
bound’ for the potential migration of plant functional types
in the absence of constraints. In addition, predictions based
on these climate–vegetation regression equations were
consistent with several more ‘complex’ models and therefore
may be just as adequate for projecting the effects of climate
change on plant functional type abundances and distribu-
tion.
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