
Abstract Many semiarid rangelands have recently ex-
perienced changes in dominant plant life form. Both
woody plant expansion into grasslands and the invasion
of annual grasses into shrublands have potential influ-
ence on regional carbon cycling. Soil carbon content,
chemistry, and distribution may change following shifts
in dominant plant life form because plant life forms dif-
fer in litter chemistry and patterns of detrital input. This
study assesses the amount, quality, and distribution of
soil C below woody vegetation and grasses at three
rangelands in Texas, New Mexico, and Utah. At each of
these sites there has been a well-documented shift in
dominant plant life form. In Texas and New Mexico,
woody plants have increased in grasslands, while grass-
es have invaded into former shrublands in Utah. We
measured total soil carbon, particulate organic matter
(POM) C, and the carbon isotopic composition of soil
carbon beneath woody plants and grasses at each of
these three sites. At the La Copita Research Area in
south-central Texas there was significantly more soil C
found beneath Prosopis glandulosa, the dominant
woody plant, than was found beneath grasses. Mean soil
C content to 1 m was 7.2 kg C m–2 beneath P. glandu-
losa and 6.0 kg C m–2 beneath grasses. There was also
significantly more POM C beneath P. glandulosa than
beneath grasses. Stable carbon isotopic composition in-
dicated that the expansion of P. glandulosa in savannas
in Texas first influences carbon cycling in surface soils,
then deep soil C, and finally throughout the soil profile.
At the Sevilleta National Wildlife Refuge in central

New Mexico, we found that there was significantly
more soil C in the upper 10 cm of the soil profile be-
neath Larrea tridentata than was found beneath Boute-
loua spp. Stable carbon isotopic composition indicated
that the expansion of L. tridentata influenced C cycling
throughout the soil profile. At Curlew Valley in northern
Utah, we found no significant differences in total profile
soil C beneath different plant life forms. However, there
was significantly more soil C found at the soil surface
beneath woody plants than was observed beneath annual
grasses. There was significantly less POM C beneath
annual grasses than was found beneath woody plants or
perennial grasses. Based on stable carbon isotopic ana-
lyses, we concluded that the invasion of grasses into
shrublands influenced only the upper 30 cm of the soil
profile. We determined that following changes in plant
life form dominance, the most consistent change in soil
C was an alteration in content and distribution of POM
C, a slowly cycling pool of soil C. While we failed to
find a consistent change in total profile soil C with plant
life form across our sites, the change in soil C chemistry
may have important implications for long-term soil C
storage in semiarid systems where there have been shifts
in plant life form.
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Introduction

The distribution of woody and herbaceous vegetation in
semiarid and arid regions has changed dramatically dur-
ing the 20th century (Van Vegten 1983; Schlesinger et al.
1990; Skarpe 1991; D’Antonio and Vitousek 1992;
Archer 1994). Woody vegetation has increased globally
in grassland and savanna regions (reviewed in Archer
1994). At the same time, exotic grasses have expanded
into areas previously dominated by woody vegetation
(reviewed in D’Antonio and Vitousek 1992). Three of
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the important changes in plant life form in the semiarid
United States are: (1) Prosopis glandulosa var. glandu-
losa Torr. (honey mesquite) expansion in thorn savannas
and grasslands from Texas to Arizona (Glendening 1952;
Archer 1994; Boutton et al. 1998); (2) Larrea tridentata
(DC.) Coville (creosotebush) expansion in desert grass-
lands in New Mexico and Arizona (Grover and Musick
1990; Schlesinger et al. 1990; Kieft et al. 1998); and (3)
Bromus tectorum L. (cheatgrass) invasion into Great
Basin shrublands (Mack 1981; D’Antonio and Vitousek
1992; Knapp 1996). The increase of woody vegetation in
grasslands and savannas has been implicated in desertifi-
cation and decreased economic productivity of south-
western rangelands (Bogusch 1952; Glendening 1952;
Schlesinger et al. 1990). The invasion of B. tectorum in-
to the Great Basin has reduced forage quality for live-
stock and altered fire frequency (Young and Evans 1973;
West 1988; Knapp 1996).

Many investigators have shown that because of differ-
ences in biomass allocation and litter chemistry, different
plant life forms produce characteristic patterns of soil C
and nutrient accumulation (Hook et al. 1991; Schlesinger
et al. 1990, 1996; Trumbore et al. 1995; Burke et al.
1998). Soil C, N, and micronutrient concentrations are
generally higher under savanna trees and shrubs than in
the bare or grass-dominated interspaces, while there is
also a concentration of soil nutrients below grasses rela-
tive to plant interspaces (Virginia 1986; Belsky et al.
1989; Schlesinger et al. 1990, 1996; Campbell et al.
1994; Scholes and Hall 1996; Burke et al. 1998; Kieft et
al. 1998). Few studies, however, have explored how
shifts in plant life form alter soil C dynamics, chemistry,
and carbon storage vertically throughout a soil profile
(Burke et al. 1987; Connin et al. 1997). Soil C kinetics
are typically more rapid near the soil surface than at low-
er soil depths. Therefore, surface horizons are the most
likely to be altered due to shifts in plant life form
(Trumbore et al. 1995; Van Dam et al. 1997; Gill et al.
1999). However, evidence from tropical and sub-tropical
systems shows that plant functional types may influence
both surface and deep soil carbon dynamics (Nepstad et
al. 1994; Trumbore et al. 1995; Boutton et al. 1998). Any
alteration of deep soil C storage represents a long-term
change in ecosystem C storage, due to the long turnover
time of soil C in the lower soil profile (Trumbore et al.
1995; Van Dam et al. 1997).

Changes in the distribution of woody and herbaceous
vegetation may potentially influence vertical patterns of
ecosystem processes as well, since plant life forms differ
in vertical biomass allocation patterns (Reynolds et al.
1997; Jackson 1999) and litter chemistry (Connin et al.
1997; Boutton et al. 1998). Two primary differences in
biomass allocation between grasses and woody plants
that may influence carbon, nutrient, and water cycling in
semiarid systems are: (1) root distribution patterns, and
(2) aboveground plant structure (Sala et al. 1997; Rey-
nolds et al. 1997; Jackson 1999). Grasses and woody
plants differ in C allocation to fine and coarse root bio-
mass and in the depth-distribution of roots (Canadell

et al. 1996; Jackson et al. 1996, 1997). The expansion
of P. glandulosa in both Texas and New Mexico is ap-
parently shifting system-level rooting patterns from one
dominated by fine, surface roots to one dominated by
coarse roots concentrated deeper below shrub canopies
(Heitschmidt et al. 1988; Connin et al. 1997; Boutton et
al. 1998). Following P. glandulosa expansions in Texas,
New Mexico, and Arizona, root biomass is higher be-
low shrub canopies than in neighboring grasslands,
while the contribution of fine roots to total biomass is
decreasing (Virginia et al. 1992; McPherson et al. 1993;
Boutton et al. 1998). Aboveground plant structure may
affect ecosystem processes through airflow, albedo, and
water percolation patterns (Haworth and McPherson
1995; Aguiar et al. 1996; Reynolds et al. 1997). Abiotic
conditions differ sufficiently under shrub canopies rela-
tive to beneath grass canopies that decomposition, nu-
trient availability, and evaporation rates are reduced
(Belsky et al. 1989; Jackson and Caldwell 1992; Camp-
bell et al. 1994). Increased heterogeneity of soil C, nu-
trients, and soil water following shrub expansion in the
Chihuahuan desert is likely due to changes in water
infiltration patterns and erosional processes driven
by canopy differences between shrubs and grasses
(Schlesinger et al. 1990, 1996; Connin et al. 1997; Rey-
nolds et al. 1997).

Previous studies have indicated that shifts in plant life
form alter total-ecosystem litter chemistry (Scholes and
Hall 1996; Connin et al. 1997). Litter chemistry, in turn,
controls decomposition rates and soil organic matter
quantity and quality (Melillo et al. 1982). Shrub litter is
generally higher than grass litter in nutrient content and
concentration, although differences may be species-
specific (Vinton and Burke 1995; Scholes and Hall 1996;
Connin et al. 1997; Kieft et al. 1998). However, litter
from many savanna trees and shrubs contains high con-
centrations of lignin and secondary compounds that re-
tard decomposition rates (Scholes and Walker 1993). In
addition, the input of woody litter may have a role in in-
creasing pools of slowly decomposing soil C (Boutton et
al. 1998). Connin et al. (1997) determined that the most
significant biogeochemical effect of P. glandulosa ex-
pansion in desert grasslands was an increase in pools of
slowly cycling soil C, possibly caused by changes in lit-
ter quality.

In this study we examined the effects of changes in
plant life form on the soil C content and chemistry, spe-
cifically focusing on the vertical distribution of soil C
and particulate organic matter (POM) C in three semiarid
rangelands. First, we hypothesized that the expansion of
woody plants into grasslands would increase total soil C,
with significant increases in soil C occurring in both sur-
face and deep soils, and that conversely, grass invasion
into shrublands would decrease total soil C, with the de-
crease primarily occurring at the soil surface. These
changes would occur because of differences in plant lit-
ter quality, with shrub litter containing a fraction of lig-
nin-rich, slowly decomposing material, because C in the
upper soil profile cycles more rapidly than soil C in the
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lower soil profile, and because of differences in root dis-
tribution among plant life forms. We used stable C iso-
topes to explicitly test where in the soil profile plant life
forms have their greatest influence. Our hypothesis was
that the soils under woody plants would have a higher
proportion of slowly decomposing soil C than soils un-
der grasses, and that the accumulation or loss of POM C
would follow patterns of total soil C.

Materials and methods

Site descriptions and field sampling

We collected soil and vegetation samples from three sites in the
semiarid United States that have experienced a change in the dom-
inant vegetation within the past 120 years, and in each case the an-
tecedent C4 vegetation was replaced by C3 vegetation. In addition,
each site has a well-characterized invasion history (Archer 1995;
Julio Betancourt, unpublished photographs; Neil West personal
communication).
La Copita Research Area, Texas. We collected soil samples from
the La Copita Research Area (LCRA) Texas Agricultural Experi-
ment Station, which is 15 km from Alice, Texas (27°40’N,
98°12’W). The average annual rainfall at La Copita is 715 mm,
with historical maxima in May and September. Mean annual tem-
perature is 22.4°C (USDA 1979). Upland topographic positions
are characterized by discrete clusters of woody plants within a
continuous matrix of C4 grasses (Whittaker et al. 1979). Prosopis
glandulosa dominates La Copita woodlands. C4 grasses, primarily
Paspalum setaceum and Setaria geniculata, dominate the under-
story and the shrub interspaces. In heavily grazed areas, Aristida
spp. and Bouteloua trifida are the dominant grasses (Archer et al.
1988). Soil have previously been described in Archer (1995).

Woody vegetation at the LCRA in South Central Texas has ex-
panded out of lowlands onto previously grass-dominated upland
topographic positions (Archer et al. 1988; Archer 1995; Boutton et
al. 1998). Archer et al. (1988) and Boutton et al. (1998) have ex-
tensively documented the Prosopis glandulosa expansion se-
quence at this site. The primary invasive species into the grassland
matrix is P. glandulosa, which then facilitates the establishment of
other woody species, creating shrub clusters (Brown and Archer
1989; Archer 1995). Shrub clusters, as defined by Archer et al.
(1988), are groupings of two or more shrub species that are spa-
tially separated from other woody vegetation. Where subsurface
soils lack an argillic horizon, shrub clusters have expanded, co-
alescing into groves that have more than one dominant P. glandu-
losa overstory tree. Recent research has indicated that the median
age of P. glandulosa in clusters is 20 years and in groves is
45 years (Boutton et al. 1998). Canopy diameter for the dominant
P. glandulosa individual is 6.5 m in clusters and 7.2 m in groves
(Archer 1995). Thus, we considered the transition from individual
shrubs, to clusters and the groves to be a chronosequence of shrub
invasion, spanning approximately 45 years.

At three upland locations where humans had not directly ma-
nipulated shrub density, we collected soil samples from each of
the three phases of the chronosequence, under P. glandulosa and
adjacent grasses. These locations were separated by discrete drain-
ages. At each location, we removed a single soil core (1 m long
and 6.6 cm diameter) from under a randomly selected P. glandu-
losa individual, the dominant P. glandulosa in a discrete cluster,
and under the largest P. glandulosa in a grove. Cores were taken
from soils located at mid-canopy. We also collected soil cores
from the adjacent grassland matrix 3 m from the canopy edge at
each P. glandulosa sampling point. We collected soil in 10-cm in-
crements from the soil surface to 50 cm, with two additional incre-
ments from 70 to 80 cm, and from 90 to 100 cm. The soils were
refrigerated and taken to the laboratory for processing.
Sevilleta National Wildlife Refuge, New Mexico. Sevilleta National
Wildlife Refuge (SEV), a Long-Term Ecological Research Site in
central New Mexico, lies at the ecotone between Chihuahuan De-

sert vegetation and southern shortgrass steppe vegetation (34°3’N,
106°8’W) (Gosz 1993). Historical photographs show that since at
least 1907, the ecotone between Larrea tridentata and grasslands
dominated by Bouteloua eriopoda (Torr.) Torr. (black grama) and
B. gracilis (H. B. K.) Lang. Ex Steud. (blue grama) has moved
northward, increasing the extent of the area dominated by L. tri-
dentata (Julio Betancourt, unpublished photographs). Average an-
nual rainfall from 1989 to 1996 was 255 mm, mean monthly tem-
perature ranged from 2.5°C to 25.1°C, and a mean annual temper-
ature of 11.7°C (Kieft et al. 1998). Soils have been previously de-
scribed by Kieft et al. (1998).

We collected soils from two randomly placed plots on either
side of the ecotone between L. tridentata dominated shrublands
and B. eriopoda and B. gracilis dominated grasslands. Samples
were designated as either coming from the grass dominated side of
the ecotone or from the shrub side of the ecotone. At each plot, we
collected soil cores (6.6 cm diameter) from under randomly select-
ed L. tridentata (n=2) and adjacent grasses (n=2). Samples were
collected in 10-cm depth increments from the soil surface to the
depth of the petricalcic layer. On the grass-dominated side of the
ecotone, we sampled to a depth of 50 cm, while on the shrub side
we sampled to 30 cm, the maximum depth to which we could
manually extract cores. Samples were refrigerated and transported
to the laboratory.
Curlew Valley, Utah. We collected soils from Curlew Valley (CV),
Utah (41°52’N, 113°5’W), located 36 km southwest of Snowville,
Utah. The CV site was an International Biological Program-Desert
Biome site (Charley and West 1975). The United States Depart-
ment of Agriculture Bureau of Land Management currently man-
ages CV for cattle and sheep grazing. Long term average precipi-
tation at the nearby Snowville United States Weather Bureau
station is 244 mm, while mean annual temperature is 7.1°C
(Caldwell et al. 1977). The climate is characterized by cool, wet
winters and hot, dry summers (Caldwell et al. 1977). Historically
this area was dominated by the shrubs Artemesia tridentata and
Atriplex confertifolia, but following a series of fires in the late
1960s and early 1970s, large areas of the valley were either invad-
ed by the exotic annual grass Bromus tectorum or seeded by the
Bureau of Land Management with the exotic perennial bunchgrass
Agropyron cristatum (L.) Gaertn. (N.E. West, personal communi-
cation). Dzurec et al. (1985) included a description of soil charac-
teristics at CV.

We established two randomly placed transects across the
boundary from pure stands of Bromus tectorum to Atriplex confer-
tifolia (Torr. and Frem.) S. Wats. dominated sites and from pure
Agropyron cristatum stands to Atriplex confertifolia dominated
sites. Transects were 60 m long, with 30 m in each vegetation
type. We collected 1-m-deep soil cores in 10-cm increments under
the dominant plant at 30, 10, and 0 m from the boundary. Samples
were refrigerated and transported to the laboratory.

Laboratory analyses

Soils from LCRA, SEV, and CV were processed using the same
procedures. Each soil sample was passed through a 2-mm sieve to
remove roots, coarse surface litter, and large cobble. Roots were
retained for stable isotope determination. Roots were dried for
24 h, shaken to remove attached soil, and roots from soils
containing significant amounts of CaCO3 were washed with
0.5 M H2SO4+2% FeSO4 to eliminate contamination by carbon-
ates (Nelson and Sommers 1982). Due to lack of root material,
roots from the same site, soil depth and vegetation type were com-
posited before analysis, eliminating the possibility of performing
statistical analyses on root data.

Soils were oven-dried at 55°C for 48 h. Sieved, dried whole soils
were weighed and the weights used to calculate fine soil density
based on the known volume of the soil core. Whole soils were ho-
mogenized and a 30-g subsample was used to determine particulate
organic matter. A ~15-g subsample was ground using a ball grinder
and used to determine total organic carbon and the natural abundance
isotopic signature of the soil organic C. All soils found to contain
carbonates were repeatedly washed with 0.5 M H2SO4+2% FeSO4 to
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remove carbonates (Nelson and Sommers 1982). Decalcification was
not considered complete until soils failed to effervesce when the acid
solution was added. All soils from SEV and CV, as well as soils from
below 30 cm from LCRA contained significant concentrations of
CaCO3.

Total soil carbon and nitrogen

We determined percent organic carbon (C) and percent organic ni-
trogen (N) using automated combustion analysis (LECO CHN-1000
Element Analyzer, St. Joseph, Mich., USA). These percentages
were converted using the fine soil density to organic C and N con-
tent (g m–2). We used this measure of organic C and N to determine
whether plant life forms were associated with a consistent pattern in
total soil C and N distributions.

POM fractionations

We used a method developed by Cambardella and Elliott (1992,
1993) for fractionation of POM. The fractionation of POM from
whole soil involves both chemical and physical separation and iso-
lates a fraction of soil C intended to correspond with the slow ki-
netic fraction in many ecosystem models (Cambardella and Elliott
1992). Theoretically, POM C includes a slowly decomposing frac-
tion of organic matter that is physically but not chemically occlud-
ed. It consists of recently derived root fragments, as well as non-
clay-occluded organic matter. Kelly et al. (1996) and Gill et al.
(1999) have shown that POM C has a mean residence time of be-
tween 20 and 50 years in grassland soils and therefore is a likely a
fraction that would respond at a temporal scale similar to plant life
form changes in the semiarid United States.

A 30-g sample of whole soil was shaken in sodium hexameta-
phosphate for 18 h to disperse soil aggregates. This solution was
then passed through 500- and 53-µm sieves. The organic C in the
material remaining on the sieve was considered POM C. We con-
verted percent C in the POM fraction to total POM C (g m–2) us-
ing fine soil density and the proportion of soil mass within the
POM size classes. We considered the amount of POM C under
shrubs and grasses to be a measure of the influence of plant life
form on soil C chemistry.

Stable isotope analyses

We used natural abundance isotopic techniques to assess where in
the soil profile invasive vegetation production influenced soil C
cycling, since the transition in dominant vegetation at all three
sites represented a change in the primary photosynthetic pathway.
The initial carboxylating enzyme in photosynthesis differs be-
tween photosynthetic pathways (C3 vs. C4). RuBP carboxylase in
C3 plants discriminates more strongly against 13CO2 than PEP car-
boxylase in C4 plants (Vogel 1980; O’Leary 1981). Consequently,
C3 and C4 vegetation differ in their carbon isotopic composition.
Measured relative to the international PDB standard, the δ13C val-
ues of C3 plants average –27‰ while C4 vegetation averages
–12‰ (Smith and Epstein 1971; Farquhar et al. 1989). Several re-
searchers have shown that the early stages of decomposition
slightly alter the isotopic signature of plant detritus during SOM
formation, but the changes are small relative to differences be-
tween C3 and C4 vegetation (Balesdent et al. 1993; Wedin et al.
1995; Boutton et al. 1998).

Numerous studies have shown the value of using stable iso-
topes to monitor the influence of vegetation changes on soil C dy-
namics (Dzurec et al. 1985; Balesdent et al. 1988; McClaran and
McPherson 1995; Boutton 1996; Connin et al. 1997; Boutton et al.
1998). The isotopic signature of soil C reflects the relative contri-
bution of C3 and C4 production to soil C accumulation, and inte-
grates over long time periods (Boutton 1996; Boutton et al. 1998).
We interpreted differences in the isotopic signature of soil C be-
neath invasive and antecedent vegetation as the net effect of the
invasive plant life form on soil C pools. Most of the grasses at

LCRA and SEV use the C4 photosynthetic pathway, while P.
glandulosa uses the C3 pathway. At CV, A. confertifolia, the domi-
nant shrub, uses the C4 photosynthetic pathway, while both the pe-
rennial and annual grasses use the C3 pathway. Our results are pre-
sented relative to the international standard PDB using a δ nota-
tion (Craig 1957) where

where Rsample was 13C/12C for the sample and RPDB was 13C/12C for
the standard. We analyzed CaCO3-free whole soil samples using a
mass spectrometer (VG ISOGAS, Middlewich, UK) with a com-
bustion elemental analyzer inlet (Fisions NA 1500, Carlo Erba In-
strumentazione) to determine the soil C δ13C value. We also calcu-
lated δ13C values for root biomass under shrubs and grasses,
which we used as endpoints in a two-pool mixing model to deter-
mine the relative contribution of C3 or C4 vegetation to soil C. We
calculated an average δ13C signature for grasses and for woody
vegetation using the roots from each plant life form, averaged
within site and depths. The variation in δ13C among root samples
from the same life form at each site was always within the range
of resolution of the mass spectrometer (±0.2‰). Percent C3-de-
rived soil C was calculated using the equation (Boutton et al.
1998):

δ13C sample was the measured δ13C value of whole soil, δ13C C3 was
the δ13C value of C3 roots, and δ13C C4 was the δ13C value of C4
roots. We solved for x, which was the proportion of C3-derived
soil C, while 1–x was the proportion of C4-derived soil C. We used
these data to determine where in the soil profile changes in plant
life form had the strongest influence on soil C cycling.

At each site, the plant life forms had distinct δ13C signatures.
At LCRA and SEV, roots from under woody vegetation clearly
had a C3 isotopic signature, with roots under P. glandulosa averag-
ing –24.8‰ and roots under L. tridentata averaging –23.7‰. The
roots below grasses at these sites carried a C4 isotopic signature,
averaging –14.3‰ at LCRA and –13.9‰ at SEV. At CV, roots be-
low A. confertifolia carried a C4 signature, averaging –11.6‰,
while roots below A. cristatum and B. tectorum were C3, averag-
ing –25.5‰ and –26.1‰. Aboveground tissue may be an impor-
tant input to soil organic matter, but we used roots as endpoints in
the two-pool model because they are likely the most important in-
put to SOC throughout the soil profile, and because the leaf litter
δ13C values reported by Boutton et al. (1998) were not markedly
different from our measured root δ13C values.

Statistics

Our study objective was to evaluate how shifts in plant life form
influenced the amount, distribution, and quality of organic C and
N stored in soils. To test the hypothesis that the expansion of
woody vegetation increased total soil C storage, while grass inva-
sion decreased total soil C storage, we summed total C for the en-
tire soil profile, interpolating between depths, and performed an
autoregressive analysis of variance for each site (ANOVA, SAS,
SAS Institute Inc., Cary, N.C., USA). We performed the same
analysis with total POM C under woody plants and grasses as the
response variable to test whether plant life form influenced soil C
chemistry. At LCRA, the fixed effects were plant life form (grass
or shrub) and phase of the chronosequence (individual, cluster,
grove). At SEV the fixed effects were plant life form (grass or
shrub) and dominant vegetation (grassland, shrubland). At CV the
fixed effects were plant life form (grass or shrub) and distance
from boundary (0, 10, 30 m).

To test the hypothesis that plant life forms influence the depth
distribution of soil C, POM C, and soil C cycling, we used an anal-
ysis of variance structure similar to the one previously used, except
that we added depth as a fixed effect. For these analyses, total C,
total N, POM C, or δ13C at each soil depth were the response vari-
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ables. Soil core was treated as a random effect. We considered sam-
ples within a single core as repeated measure, since within a core,
data are not independent with depth. We therefore specified that the
covariance structure should be calculated using a first-order autore-
gressive process (Repeated Measures AR(1), SAS, SAS Institute
Inc., Cary, N.C., USA). To determine whether soils from the same
depth increment under shrubs or under grasses were significantly
different, we used Tukey’s test for least significant differences,
with P<0.05 as a threshold for significant differences.

Results

La Copita Research Area, Texas

Soil profiles beneath P. glandulosa had significantly
more soil C, N, and POM C than soils beneath adjacent

grasslands (Fig. 1a). Total C under P. glandulosa, to a
depth of 1 m, averaged 7.3 kg C m–2, and under grass lo-
cations averaged 6.0 kg C m–2 (P<0.001). There was a
significant interaction between life form and soil depth,
indicating that plant life form influenced the depth distri-
bution of soil C (P<0.001). There was significantly more
soil C in the upper 20 cm of the soil profile under P.
glandulosa than under adjacent grasses (P<0.01).

The interaction between plant life form and soil depth
was a significant factor in explaining the distribution of
total soil N (P<0.01). Nitrogen enrichment under shrubs,
relative to adjacent grasslands, occurred in the upper
10 cm and from 90 to 100 cm. Nitrogen declined from a
profile maximum of 17.5 g N m–2 cm–1 at the soil surface
to a profile minimum of 6 g N m–2 cm–1 from 30 to 40 cm,
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Fig. 1 Depth distribution of
mean values of a soil C, b par-
ticulate organic matter (POM)
C, and c the proportional con-
tribution of POM C to total C
at the La Copita Research Ar-
ea. Error bars represent 95%
confidence intervals deter-
mined using Tukey’s least sig-
nificant difference (n=3).
a, b Filled squares and solid
lines are mean values from
soils beneath Prosopis glandu-
losa while open diamonds and
broken lines are mean values
taken from beneath grasses.
c Solid bars are for soils taken
beneath P. glandulosa; open
bars are for soils taken beneath
grasses. These graphs show the
three-way interaction between
plant life form, depth, and
chronosequence



and increased to 8.5 g N m–2 cm–1 from 90 to 100 cm. Un-
der grasses, N declined from 9.3 g N m–2 cm–1 from 0 to
10 cm to a profile minimum of 4 g N m–2 cm–1 from 90 to
100 cm. There were no significant differences in total N
within the whole soil profile beneath grasses and P.
glandulosa.

Of all the response variables, phase of chronose-
quence most dramatically influenced POM C (Fig. 1b,c).
Soils beneath P. glandulosa had more POM C than soils
beneath grasses, and the distribution of POM C through
the soil profile was different between plant life forms. In
addition, unlike total C and N, phase of chronosequence
was a significant main effect in determining variation in
POM distribution (P<0.001). Beneath grasses, POM C
was not significantly different between cores taken adja-
cent to individual P. glandulosa, clusters, or groves, and
averaged 1.37 kg POM C m–2 to a depth of 1 m. POM C
under shrubs increased along the invasion chronose-
quence from 1.80 kg POM C m–2 under an individual to
3.55 kg POM C m–2 under grove vegetation. There was a

significant three-way interaction among plant life form,
phase of chronosequence, and depth. Under individual
shrubs, there was significantly more POM C from 0 to
10 cm than in the surface soils of adjacent grasslands
(Fig. 1b). Within cluster vegetation, there was signifi-
cantly more POM C in the surface 20 cm, and in the 90-
to 100-cm layer under shrubs than under grasses. There
was significantly more POM C under grove vegetation
than adjacent grasslands from 0 to 30 cm and from 40 to
50 cm (Fig. 1b). Carbon in POM was a significantly
higher proportion of total C under P. glandulosa than un-
der grasses (P<0.02); POM C was 40% of total C under
P. glandulosa and 25% of total C under grasses (Fig. 1c).
For the proportional contribution of POM C to total C,
there was no significant interaction between plant life
form and depth or the three-way interaction between
plant life form, depth, and phase of chronosequence.

Under P. glandulosa, average soil δ13C values de-
creased from –18.6‰ under individual shrubs in the
youngest phase of the chronosequence, to –22.3‰ un-
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Fig. 2 Depth distribution of a
whole soil C δ13C and b the
relative contribution of C3-de-
rived soil C. a Filled squares
and solid lines are mean values
from soils beneath P. glandu-
losa while open diamonds and
broken lines are mean values
taken from beneath shrubs. Ver-
tical lines show the δ13C values
of roots taken from beneath P.
glandulosa and grasses b Solid
bars are for soils taken beneath
P. glandulosa; open bars are
for soils taken beneath grasses



der grove vegetation, the oldest phase. The δ13C values
for soil C under grasses did not vary significantly
across the chronosequence. The average value under
grasses for whole soil C was –16.6‰. Under both
shrubs and grasses, δ13C values were low at the surface,
increasing with depth to mid profile, and declining be-
low 40 cm (Fig. 2a). Under shrub whole-soil δ13C val-
ues followed a parabolic distribution, increasing from
–23.3‰ at the soil surface to –18.3‰ at 20–30 cm, and
decreasing to –22.2‰ from 90 to 100 cm. Under grass
δ13C values followed a similar pattern to under shrub

soils, increasing from –18.6‰ at the soil surface to
–14.4‰ at 30–40 cm, decreasing to –17.5‰ at 90–100
cm. The δ13C values were significantly lower under P.
glandulosa individuals in the upper 20-cm of the soil
profile than under grasses, significantly lower from 0 to
20 and from 30 to 100 cm under cluster shrubs (inter-
mediate phase) relative to grasses, and significantly
lower at all depths below groves relative to adjacent
grasses (Fig. 2a).

There was significantly more C3-derived soil C under
P. glandulosa than under grasses (P<0.001). Soil C be-
neath P. glandulosa was 56% C3-derived, while soil C
beneath grasses was 18% C3-derived (Fig. 2b). There
was a significant interaction between life form and phase
of chronosequence. C3-derived soil C increased from
41% under P. glandulosa individuals to 76% under grove
vegetation. There were no significant differences be-
tween the relative contribution of C3-derived soil C un-
der grasses along the shrub development chronose-
quence.
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Fig. 3 Depth distribution of mean values of a soil C, b particulate
organic matter C, and c the proportional contribution of POM C to
total C at Sevilleta National Wildlife Refuge. Error bars represent
95% confidence intervals determined using Tukey’s least signifi-
cant difference (n=4). a, b Filled squares and solid lines are mean
values from soils beneath Larrea tridentata while open diamonds
and broken lines are mean values taken from beneath Bouteloua
spp. c Solid bars are for soils taken beneath L. tridentata; open
bars are for soils taken beneath Bouteloua spp.

Fig. 4 Depth distribution of a whole soil C δ13C and b the relative
contribution of C3-derived soil C. a Filled squares and solid lines
are mean values from soils beneath L. tridentata while open dia-
monds and broken lines are mean values taken from beneath
Bouteloua spp. Vertical lines show the δ13C values of roots taken
from beneath L. tridentata and Bouteloua spp. b Solid bars are for
soils taken beneath L. tridentata; open bars are for soils taken be-
neath Bouteloua spp.



Sevilleta National Wildlife Refuge, New Mexico

There were no significant differences in total profile C
storage between plant life forms at the SEV site, al-
though the surface 10 cm of the soil profile under shrubs
contained significantly more soil C than soils under
grasses (Fig. 3a). We compared the surface 30 cm, due to
constraints on sampling below 30 cm in the shrubland.
There was a significant two-way interaction between
plant life form and soil depth in explaining variation in
total soil C. Below 10 cm there were no significant dif-
ferences in soil C storage under shrubs or grasses.

Organic N values were small and quite variable at
SEV. None of the fixed effects were significant in ex-
plaining variation in organic N. Soils on the grassland
side of the ecotone averaged 10.0 g N m–2 cm–1, while
soils on the shrubland side contained 9.3 g N m–2 cm–1.
Soils under shrubs on both sides of the ecotone were
consistently higher in N than soils under grasses, al-
though these differences were not significant. Beneath
shrubs, soils averaged 11.0 g N m–2 cm–1 versus 9 g N
m–2 cm–1 under grasses.

POM C ranged from 55% of total C in the surface 10
cm under grasses in grasslands to 15% of total C from 20
to 30 cm under shrubs in the shrubland (Fig. 3c). The
highest measured POM C content was found at the soil
surface under shrubs on the shrubland side of the eco-
tone (23 g POM C m–2 cm–1) and under grasses on the
grassland side (20 g POM C m–2 cm–1). There was a sig-
nificant three-way interaction among plant life form,
dominant vegetation, and soil depth (P<0.01).
We found that the whole-profile δ13C values in the
shrubland were significantly more negative than those in
the grassland (Fig. 4a, P<0.056). Average δ13C values
were –16.9‰ in grasslands and –19.0‰ in shrublands.
Soil C δ13C values beneath L. tridentata were signifi-
cantly more negative than soil C δ13C beneath Bouteloua
spp. (P<0.001). Shrub soils averaged –18.4‰, while
soils beneath grasses averaged –16.9‰. There were no
significant interactions among plant life form, dominant
vegetation, or depth.

Under L. tridentata, 43% of soil C was C3-derived.
The highest proportion of C3-derived soil C was beneath
L. tridentata on the shrubland side of the ecotone (Fig.
4b). The surface 10 cm contained 66% C3-derived soil C,
while soil C in the 20- to 30-cm depth increment below
L. tridentata contained 67% C3-derived soil C. The low-
est relative contribution of C3-derived soil C was under
Bouteloua spp. on the grassland side of the ecotone,
where between 20 and 30% of soil C originated from C3
sources. The only significant differences were between
plant life form, where significantly more soil C was C3-
derived below L. tridentata than below Bouteloua spp.

Curlew Valley, Utah

There were no significant differences in total profile soil C
among soils collected from beneath Bromus tectorum,

Atriplex confertifolia, or Agropyron cristatum (P<0.19).
Mean soil C beneath Atriplex confertifolia, Agropyron cris-
tatum, and B. tectorum was 10.2 kg C m–2, 8.9 kg C m–2,
and 8.0 kg C m–2, respectively. At CV, the interaction be-
tween plant life form and soil depth explained variation in
soil C (P<0.01). There were no significant differences
in soil C storage at any depths among plant life forms.
Under annual grasses, soil C declined from 1.11 kg C m–2

at the surface 10 cm to 0.87 kg C m–2 at 90–100 cm
(Fig. 5a). Under A. cristatum, soil C decreased from
1.88 kg C m–2 in the surface 10 cm to a profile minimum
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Fig. 5 Depth distribution of mean values of a soil C, b POM C,
and c the proportional contribution of POM C to total C at Curlew
Valley. Error bars represent 95% confidence intervals determined
using Tukey’s least significant difference (n=6). a, b Filled squar-
es and solid lines are mean values from soils beneath Atriplex con-
fertifola while open diamonds and broken lines are mean values
taken from beneath grasses. c Solid bars are from soils taken be-
neath A. confertifolia; open bars are for soils taken beneath grass-
es (Bromus tectorum, Agropyron cristatum)



of 0.95 kg C m–2 at 90–100 cm. The distribution of soil C
beneath Atriplex confertifolia decreased from 1.76 kg C
m–2 at the surface 10 cm to 0.65 kg C m–2 at 90–100 cm,
while there is possible evidence of a buried soil profile in-
dicated by a peak in soil C of 1.85 kg C m–2 at 40–50 cm.

There was a trend of N content being greatest under
shrubs to a depth of 1 m (10.17 g N m–2), followed by
perennial grasses (9.98 g N m–2) and annual grasses
(5.73 g N m–2), although these differences were not
significant. Organic N values were highly variable at
CV, and neither fixed effects nor interactions were sig-
nificant in explaining the distribution. The maximum N
concentration in surface soils was found under Agropy-
ron cristatum, which averaged 0.20 g N m–2 cm–1 at the
surface 10 cm, while surface soils under B. tectorum and
Atriplex confertifolia averaged 0.11 g N m–2 cm–1 and
0.14 g N m–2 cm–1.

At CV, POM C ranged from 37% under Agropyron
cristatum to 23% under B. tectorum (Fig. 5c). The highest
measured POM concentration was 81 g POM C m–2 cm–1

in surface soils beneath A. cristatum. The highest POM
content was below A. cristatum (3.6 kg POM C m–2),
which was not significantly different from Atriplex con-
fertifolia (2.92 kg POM C m–2). The soils beneath B.
tectorum had significantly less POM C than soils beneath
A. confertifolia (P<0.02). In addition, there were signifi-
cant two and three-way interactions among plant type,
distance from the ecotone boundary, and soil depth. POM
C content increased under A. confertifolia toward the
boundary, while POM C increased away from the bound-
ary under both grasses. At the boundary between Agropy-
ron cristatum and Atriplex confertifolia, there was signifi-
cantly more POM C beneath A. confertifolia than beneath
Agropyron cristatum (P<0.02).

There were significant interactions between plant type
and depth, plant type and distance from ecotone, and the
three-way interaction between plant type, depth, and dis-
tance from ecotone. Average δ13C values for the upper
50 cm of soil ranged from –16.8‰ under Atriplex con-
fertifolia to –19.2‰ under Agropyron cristatum. The
δ13C values for soil C under B. tectorum averaged
–18.3‰. The soil C δ13C values in the surface 10 cm be-
neath A. cristatum were significantly more negative than
soil C δ13C values beneath Atriplex confertifolia. Under
both Agropyron cristatum and B. tectorum, soil C δ13C
values were consistently more negative in the upper half
meter than soil C δ13C values beneath Atriplex conferti-
folia, although these differences are not significant.

A large proportion of soil C beneath A. confertifolia
was C3-derived (Fig. 6b). The upper 50 cm of the soil
profile beneath A. confertifolia were approximately 40%
C3-derived, increasing to over 70% C3-derived at 1 me-
ter. Relative to A. confertifolia, a higher proportion of
soil C under B. tectorum and Agropyron cristatum was
C3 derived. Approximately 50% of soil C in the upper
50 cm under B. tectorum was C3-derived. Almost 60% of
soil C under A. cristatum was C3-derived. The only sta-
tistically significant increase in C3-derived soil C, rela-
tive to Atriplex confertifolia, occurred in the surface

10 cm of the soil profile under Agropyron cristatum
(P<0.05).

Discussion

Several researchers have suggested that land cover
changes may be one of the most significant ways that hu-
mans influence ecosystem properties (Vitousek 1994;
Uitto and Ono 1996). The results of this study indicate
that plant life forms influence the content, quality, and
depth distribution of soil C across a range of environ-
ments. Our initial hypothesis was that expansion of
woody plants into grasslands would increase soil C, with
the largest changes observed in both surface and deep
horizons, while grass invasion into shrublands would de-
crease total soil C exclusively in surface horizons. We
found that surface layers beneath Prosopis glandulosa
groves in thorn savannas at LCRA contained nearly
twice the soil C found beneath adjacent grasses. At SEV,
the surface 10 cm of soils beneath shrubs was enriched
in C relative to soils beneath grasses. While there were
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Fig. 6 Depth distribution of a whole soil C δ13C and b the relative
contribution of C3-derived soil C. a Filled squares and solid lines
are mean values from soils beneath A. confertifolia while open dia-
monds and broken lines are mean values taken from beneath grass-
es. Vertical lines show the δ13C values of roots taken from beneath
A. confertifola and grasses b Solid bars are from soils taken beneath
A. confertifola; open bars are from soils taken beneath grasses



no significant differences in soil C storage beneath the
different plant life forms in Utah, the invasion has oc-
curred more recently than the other sites, and the trends
in soil C storage are consistent with our initial hypothe-
sis.

Along the invasion chronosequence at LCRA, P.
glandulosa individuals significantly altered soil C dy-
namics in the surface 20 cm, shrub clusters altered the
surface 20 cm and below 30 cm, and shrub groves al-
tered the entire soil profile to 1 m. At SEV, the systemat-
ic decrease in δ13C under Larrea tridentata relative to
adjacent Bouteloua spp. showed that shrubs had uni-
formly affected the soil C cycle with depth, although in-
creased accumulation of soil C relative to grasses oc-
curred only in the surface 10 cm. At CV, stable isotopes
suggest that both grass species may have influenced soil
C cycling in the surface 50 cm of the soil profile, with
the perennial grass having the largest alteration in soil C
isotopic signature, relative to the shrub. While we did not
have sufficient root data to explicitly test the relationship
between root biomass and soil C, many other studies have
shown that woody plants are almost always more deeply
rooted than grasses. Jackson et al. (1996) synthesized da-
ta from the literature showing patterns of root distribution
for different plant life forms. Grasses generally have
<10% of root biomass below 50 cm, while shrubs have
>40% below 50 cm. Numerous studies have determined
that soil C kinetics are more rapid at the soil surface than
at depth, and therefore, soil C δ13C values most quickly
equilibrate with current vegetation in the upper soil pro-
file (Balesdent et al. 1988; Elzein and Balesdent 1995;
Van Dam et al. 1997; Boutton et al. 1998).

At both LCRA and CV, δ13C values decreased below
30 cm beneath the dominant C4 plants. Decreasing δ13C
values may indicate that the assumption that the grasses
at LCRA and the shrubs at CV have been the dominant
vegetation for centuries to millennia may not be valid.
Boutton et al. (1998) used radiocarbon dating at LCRA
to determine the age of soil organic matter. They found
that soil organic matter at 1 m was between 1500 and
2500 years old, which would be sufficient time for
changes in vegetation. However, the differences that we
observed in deep soil horizons between adjacent woody
and herbaceous vegetation may indicate that changes in
current vegetation is altering soil C dynamics in a soil
region that has very long mean residence times. The in-
creased proportion of C3-derived C in the lower soil pro-
file relative to surface horizons suggests that LCRA and
CV historically had a higher proportion of C3 plants than
was observed prior to the current invasions.

Our second hypothesis was that shifts in plant life
form would alter the amount and distribution of POM C.
The invasion chronosequence at LCRA showed a clear
trend – POM C storage increased with P. glandulosa age.
At SEV there was more POM C in soils under shrubs
than in soils beneath grasses. Soils beneath Bromus
tectorum at CV were depleted in POM C relative to
Atriplex confertifolia stands, although there were no sig-
nificant differences in POM C beneath A. confertifolia

and the perennial bunchgrass Agropyron cristatum. The
higher content of POM C under shrubs relative to most
grasses at all three sites indicates that soil C quality may
be determined in large measure by the relative abun-
dance of woody and herbaceous plants. Campbell et al.
(1994) and Connin et al. (1997) also showed that woody
plants altered soil C chemistry by increasing the relative
contribution of slowly decomposing fractions of soil C.

Schimel et al. (1995) proposed that increased soil C
beneath trees and shrubs in south Texas is a by-product
of increases in net primary production following woody
vegetation expansion. They used a simulation model to
suggest that the increased storage of soil C under trees in
savanna ecosystems was primarily due to N fixation by
P. glandulosa, and additional N increased net primary
production in the simulation. Vitousek et al. (1987) ob-
served similar increases in soil C when an N-fixing tree
invaded ecosystems in Hawaii. However, the higher con-
tent of POM C under non-N fixing shrubs at SEV and
CV relative to grasses indicates that higher C content un-
der shrubs may be controlled primarily by differences in
plant litter chemistry.

In addition to changes in productivity, litter chemis-
try, and allocation patterns associated with shifts in plant
life form, alteration in hydrology may influence rates of
C cycling. Several researchers have demonstrated dis-
tinct differences in hydrological patterns between grasses
and shrubs. These patterns affect water storage, evapo-
transpiration, water-use efficiency, and use of water from
different soil layers (Walter 1971; Walker and Noy-Meir
1982; Knoop and Walker 1985; Sala et al. 1989; Joffre
and Rambal 1993; LeRoux et al. 1995). The presence of
deep-rooted species also may induce hydraulic lift,
pumping deep soil water to the soil surface (Richards
and Caldwell 1987). Any alteration in hydrology in
semiarid systems influences carbon cycling, since both
production and decomposition are tied to water availabil-
ity and respond positively to increased soil moisture
(Burke et al. 1989). Virginia (1986) found that woody
plants altered soil characteristics primarily by changing
site hydrology.

Other below-canopy changes in microenvironment
may occur following changes in plant life form (Stark
1994). Shading under woody vegetation reduces evapo-
rative demand from the soil surface and in many cases
enhances water storage (Belsky 1994; Haworth and
McPherson 1995; Scholes and Archer 1997). Stark
(1994) found that soils beneath woody vegetation con-
tained plant available water much later in the growing
season than soils in grass dominated areas, presumably
due to decreased evaporation. Since soils beneath tree
canopies are typically cooler than grassland soils, de-
composition may be constrained at these lower tempera-
tures (Belsky 1994).

Our study design did not account for changes in inter-
spaces between plants, limiting our ability to scale up
from our results and interpret what may be occurring at a
stand level. In semiarid systems with discontinuous plant
cover, the relative importance of plant interspaces varies
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between plant life forms and is important in determining
stand level biogeochemistry (Vinton and Burke 1995;
Connin et al. 1997; Burke et al. 1998; Burke, in press).
In this study, we did not determine if there were any
changes in total C associated with plant interspace soils.
Connin et al. (1997) found that soils beneath P. glandu-
losa in southern New Mexico were enriched in soil C,
but these increases were offset by decreases in soil C in
shrub interspaces. Consequently, there was no net in-
crease in soil C storage at a landscape scale following
P. glandulosa invasion in southern New Mexico. M.R.
Aguiar, I.C. Burke, W.K. Lauenroth, and J.E. Anderson
(unpublished work) found that scaling up from individual
plants to a stand level reduced or eliminated the signifi-
cant influence of plant life forms on soil properties.

The results from all three sites collectively demon-
strate how difficult it is to define plant functional types
in order to predict the influence of vegetation change on
the distribution of soil C. Evidence from LCRA and CV
showed that the depth distribution of soil C may be
largely controlled by root distributions and soil C kinet-
ics. However, there were not significant plant life form-
induced changes in the depth distribution of soil C at
SEV, except at the soil surface. In addition, this study did
not explicitly control for differences in physiological and
life history characteristics. The largest observed response
in C storage occurred beneath P. glandulosa, an N-fixing
species. Both annual and perennial grasses, with unique
life history characteristics, had distinct influences on C
cycling. At CV, perennial grasses stabilized the same
amount of soil C and POM C as shrubs, while soils be-
neath annual grasses contained less total C and POM C
than adjacent shrublands.

Discussions concerning the development of plant
functional types have focused attention on differences
between woody plants and grasses (Barkman 1988; Rey-
nolds et al. 1997; Sala et al. 1997; Lauenroth et al. 1997;
and many others). Some, such as Barkman (1988) and
Shmida and Burgess (1988), have focused on above-
ground morphology to explain differences in the ecosys-
tem functions of photosynthesis and soil hydrology. Oth-
ers, notably Jackson et al. (1996) and Sala et al. (1997),
have evaluated how rooting patterns within certain
groups influenced and were influenced by ecosystem hy-
drological patterns, feeding back to primary production.
We determined that following changes in plant life form
dominance, the most consistent change in soil C was an
alteration in content and distribution of POM C, a slowly
cycling pool of soil C. While we failed to find a consis-
tent increase or decrease in total soil C across our sites,
the POM C and stable isotopes serve as sensitive indica-
tors demonstrating that vegetation changes may have im-
portant implications for local and regional C storage and
cycling.
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