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Abstract

An experiment was conducted to evaluate the influence of long-term (>25 yrs) grazing on soil organic carbon
(SOC) and total soil nitrogen (N) accumulation beneath individual plants of three perennial grasses along an
environmental gradient in the North American Great Plains. The zone of maximum SOC and N accumulation was
restricted vertically to the upper soil depth (0-5 cm) and horizontally within the basal area occupied by individual
caespitose grasses, which contributed to fine-scale patterning of soil heterogeneity. Long-term grazing mediated
SOC and N accumulation in the tall-, mid- and shortgrass communities, but the responses were community specific.
SOC and N were lower beneath Schizachyrium scoparium plants in long-term grazed sites of the tall- and midgrass
communities, but higher beneath Bouteloua gracilis plants in the long-term grazed site of the shortgrass community.
SOC, but not N, was greater in soils beneath compared to between S. scoparium plants in an abandoned field seeded
in 1941, indicating that this caespitose grass accumulated SOC more rapidly than N. SOC and N were greater in the
0-5 cm soil depth beneath a caespitose grass (S. scoparium) compared to a rhizomatous grass (Panicum virgatum) in
the tallgrass community, with no significant accumulation of either SOC or N beneath P. virgatum plants. Grazing
appears to indirectly mediate nutrient accumulation beneath caespitose grasses along the environmental gradient
by modifying the size class distribution of plants. Populations with a greater proportion of large plants have a
greater potential for biomass incorporation into soils and may more effectively capture redistributed organic matter
from between plant locations. Contrasting plant responses to grazing at various locations along the environmental
gradient conform to the predictions of the generalized grazing model, as the selection pressures of grazing and
aridity may have also influenced the ability of caespitose grasses to accumulate nutrients in soils beneath them by
mediating grazing resistance, competitive ability and population structure.

Introduction

Plant-induced soil heterogeneity has been documented
for both arborescent and herbaceous species in diverse
communities including woodlands (e.g. Zinke, 1962),
savannas (e.g. Belsky et al., 1989), desert shrublands
(e.g. Charley and West, 1975; Schlesinger et al., 1990)
and semi-arid grasslands (e.g. Hook et al., 1991; Vin-
ton and Burke, 1995). These ‘islands of fertility’ appear
to result from nutrient accumulation mediated by both
biological and physical processes (Coppinger et al.,
1991; Schlesinger et al., 1996). Soil heterogeneity has
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numerous implications for vegetation dynamics (Hook
et al., 1991; Vinton and Burke, 1995) and has been pro-
posed as an indicator of desertifcation in arid and semi-
arid environments (Schlesinger et al., 1996). Although
‘islands of fertility’ were initially documented with
shrub species (Charley and West, 1975; Halvorson et
al., 1994, 1995; Schlesinger et al., 1990), it has recent-
ly become clear that perennial grasses are also capable
of accumulating nutrients in soils (e.g. Hook et al.,
1991; Jackson and Caldwell, 1989, 1993a, b; Vinton
and Burke, 1995). However, the pattern of soil hetero-
geneity induced by perennial grasses is a finer-scale
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than that associated with shrubs (Schlesinger et al.,
1996).

Soil organic carbon (SOC) and total soil nitrogen
(N) accumulation beneath several species of caespi-
tose (syn. bunchgrass) grasses has been documented
in both semi-arid and mesic environments (Hook et
al., 1991; Rice et al., 1994; Vinton, 1994; Vinton and
Burke, 1995). Caespitose grasses are characterized by
the compact arrangement of a large number of tillers
within a relatively small basal area and the absence of
rhizomes and stolons (Briske, 1991). In contrast, rhi-
zomatous and stoloniferous grasses have a more dif-
fuse arrangement of tillers and generally greater plant
basal area and have been shown to induce less soil het-
erogeneity compared to caespitose grasses in a short-
grass steppe (Vinton and Burke, 1995). However, the
mechanisms and ecological consequences associated
with the occurrence of fine-scale soil heterogeneity
and the contrasting response between caespitose and
rhizomatous grasses merit additional research empha-
sis. For example, does nutrient accumulation beneath
individual plants extend to the zone of nutrient accu-
mulation of neighboring plants, or is it restricted to
the immediate proximity of each plant? What are the
temporal requirements associated with the progression
from coarse-scale to fine-scale soil heterogeneity in
grasslands dominated by caespitose species?The avail-
able evidence suggests that decadal time periods are
required for both SOC and N accumulation in soils
beneath caespitose grasses (Burke et al., 1995).

Grazing has been documented to modify both the
magnitude and distribution of SOC and N (e.g., Kieft,
1994; Milchunas and Lauenroth, 1993; Ruess and
McNaughton, 1987), as well as the relative propor-
tion of each of these resources at the plant community
level. However, it is less clear how grazing may poten-
tially modify nutrient accumulation beneath individual
caespitose grasses. Long-term intensive grazing may
decrease the input of organic matter into soils in the
immediate vicinity of individual plants and eventu-
ally reduce nutrient concentrations beneath plants by
limiting availability of photosynthetic and/or meris-
tematic tissues necessary for growth (e.g. Briske and
Richards, 1995). A reduction in organic matter input
into soils beneath these plants may potentially diminish
soil nutrient accumulation and alter their relative com-
petitive ability. Consequently, grazing-induced degra-
dation of caespitose grass populations may be partially
mediated by a reduction of SOC and N in soils beneath
plants.

An experiment was conducted to evaluate SOC and
N accumulation in soils beneath plants of three C4,
perennial grasses along an east-west environmental
gradient in the North American Great Plains. This gra-
dient has previously been utilized to compare nutrient
accumulation beneath contrasting grass growth forms
(Vinton, 1994). We tested the hypotheses that: 1) the
spatial distribution of SOC and N gradually diminished
from the center of individual plants to areas between
plants, 2) SOC and N are greater in soils beneath com-
pared to between caespitose grasses in an abandoned
field seeded in 1941, 3) SOC and N are greater in soils
beneath caespitose compared to rhizomatous grasses
in a mesic grassland, and 4) SOC and N are lower in
soils beneath caespitose grasses in sites with a history
of long-term grazing by domestic cattle compared to
long-term ungrazed sites. These hypotheses were eval-
uated with dominant grasses in tallgrass (Schizachyri-
um scoparium, caespitose; Panicum virgatum, rhi-
zomatous), midgrass (S. scoparium), and shortgrass
(B. gracilis, caespitose) communities. Plants of each
species were evaluated in both a long-term (> 25 yrs)
grazed and ungrazed site within each of the three com-
munities.

Materials and methods

Site descriptions

The tallgrass community site, Konza Prairie Research
Natural Area, was located on a midslope topographi-
cal position in the Flint Hills of eastern Kansas, near
Manhattan (39�050 N, 96�350 W). Vegetation is dom-
inated by Andropogon gerardii Vitman, Sorghastrum
nutans L., S. scoparium, and P. virgatum with a mean
annual net primary productivity (ANPP) of 4,000 kg
ha�1. Annual mean precipitation is 835 mm and annu-
al mean temperature is 12.8 �C (Bark, 1987). The
midgrass community site was located on a midslope
topographical position in west-central Kansas at Fort
Hays State University (38�520 N, 99�230 W), where S.
scoparium, A. gerardii, and B. curtipendula (Michx.)
Kunth comprise the dominant species,and mean ANPP
is 2,200 kg ha�1. This location has an mean annual pre-
cipitation of 588 mm and annual mean temperature of
11.9 �C (Hulett and Tomanek, 1969). The shortgrass
community site was located on a swale topographi-
cal position at the Central Plains Experimental Range
(CPER) in north-central Colorado, approximately 60
km northeast of Fort Collins (40�490 N, 107�460 W).
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Mean annual precipitation is 321 mm and mean annu-
al temperature is 8.6 �C (Lauenroth and Sala, 1992).
Vegetation is predominately (90% of basal area) B.
gracilis (Milchunas et al., 1989), and mean ANPP is
1,000 kg ha�1. Long-term ungrazed (since 1969, 1908
and 1939 for the tallgrass, midgrass and shortgrass
sites, respectively) and nearby moderately grazed sites
were sampled within each community.

Sampling methods

SOC and N directly beneath, between, and at the
periphery of plants, within long-term grazed and
ungrazed sites in each community, were determined
by the collection of soil samples from ten pairs of
equidistant plants in June 1994. The mean distance
between plants in a pair was 20 cm at each community,
and tiller number plant�1 was counted for each plant
pair. The relatively large plant basal areas of S. scopar-
ium plants in grazed compared to ungrazed sites within
the tallgrass community very likely resulted from the
greater grazing avoidance associated with large com-
pared to small plants (Ganskopp et al., 1992; Truscott
and Currie, 1989). Additional soil samples were col-
lected from ten pairs of rhizomatous P. virgatum plants
in the tallgrass community and S. scoparium plants
seeded on abandoned cropland in 1941 near Fort Hays
State University (Riegel et al., 1963). These data pro-
vide a comparison between caespitose and rhizomatous
grasses in the tallgrass community, and a temporal ref-
erence for the accumulation of SOC and N within soils
beneath caespitose grasses, respectively.

Two soil cores (2 cm diameter�30 cm deep) were
collected from five locations for each pair of plants and
pooled to reduce sample variability. Locations includ-
ed: 1) plant centers, 2) midpoint between plant periph-
eries, and 3) the periphery of both plants. Soil cores
were divided into three depth increments (0-5, 5-15
and 15-30 cm) and large roots (>2 mm) were removed
by passing the soil through a 2 mm sieve. These soils
were dried at 60 �C for 5 days. Fine-earth soil bulk
density was determined on ten additional soil cores
(2�30 cm) taken directly beneath and between plants
for each grazed and ungrazed site in the three commu-
nities. Soil passing a 2 mm sieve was dried at 105 �C
for five days and weighed with soil volume calculated
using the volume of a cylinder. Rock fragments (par-
ticle size > 2 mm) were dried and weighed and their
volume was determined through water displacement
(Vincent and Chadwick, 1994). Fine-earth soil bulk
density was calculated by subtracting rock fragment

weight and volume from total weight and core volume
(Vincent and Chadwick, 1994).

Soil samples were ground with a ring pulverizer
(Model TE250, Angstrom, Inc., Belleville, Michi-
gan, USA) and analyzed for SOC (Niewenhuize et
al., 1994) and N using a Carlo-Erba NA1500 (Fisons
Instruments, Danvers, Massachusetts, USA) elemen-
tal analyzer. Average precision (standard deviation for
triplicate samples) was 0.25 g kg�1 for SOC and 0.025
g kg�1 for N. Pool sizes of SOC and N in a cylinder
directly beneath the basal area of individual plants were
expressed on a tiller plant�1 basis to allow comparisons
among plants with similar basal areas, but varying
numbers of tillers plant�1. A cylinder directly beneath
the basal area of individual plants was selected because
this volume provided the least arbitrary approach for
defining a resource volume directly accessible to the
plant. Within this cylinder, SOC and N pools were
calculated by multiplying pools (g m�2) by the plant
basal area (cm2) and dividing the product by 10,000
for expression on a g cm�2 basis, which is an appropri-
ate scale for individual plant investigations. Division
of this pool size by the number of tillers in a plant
allowed expression of this pool size on a tiller plant�1

basis. Logistic regression equations were developed
to estimate spatial patterning of SOC and N among
sample points within a soil core location.

Statistical analyses

The experiment was analyzed as a split-plot design
with grazing and soil core location comprising the main
factors and soil depth designated as the split factor.
Communities were not replicated across the environ-
mental gradient so analyses were performed separately
for each community. The error term used to test main
factors was the interaction of the main factors while
the split factor and interactions were tested with the
residual error (Steel and Torrie, 1980, p 377). Data
from soil core locations beneath plants in each pair
and the periphery locations were pooled leaving three
soil core locations in each community (i.e. beneath
plants, between plants, and plant periphery). Data were
analyzed for each community using GLM procedures
(SAS Institute Inc., 1988) and means were separated
with Bonferroni t-tests when a factor was signifcant
(p<0.05). Data collected from S. scoparium plant pairs
in the seeded field were analyzed using t-tests with
comparisons contrasting soil core locations beneath
and between plants within a soil depth.
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Table 1. Mean (� SE) values for soil attributes within
three communities along an environmental gradient in the
North American Great Plains. Letters indicate significant
(p<0.05) differences among soil depths within a soil core
location (GLM, n=10)

Depth Bulk density

Community (cm) Soil pH (g cm�3)

Tallgrass 0-5 6.32�0.02a 0.91�0.02a

5-15 6.16�0.03b 1.13�0.01b

15-30 6.47�0.08c 1.22�0.01c

Midgrass 0-5 8.06�0.02a 0.92�0.02a

5-15 8.21�0.02b 1.05�0.02b

15-30 8.31�0.02c 1.09�0.03b

Shortgrass 0-5 8.10�0.09a 1.21�0.02a

5-15 8.55�0.06b 1.23�0.02a

15-30 8.63�0.04b 1.21�0.02a

Results

Soil attributes and root biomass

Soil bulk density and soil pH did not differ significantly
beneath or between plants or within long-term grazed
or ungrazed sites in any of the communities (data not
shown). Soil bulk density increased with depth for all
three communities (Table 1). Soil pH in the upper soil
depth (0-5 cm) was significantly different compared to
the lower soil depths in all three communities (Table
1).

Large root biomass was signifcantly greater in the
0-5 cm soil depth beneath compared to between plants
of all species from both grazing histories (Table 2).
Large root biomass in the 0-5 cm soil depth was signif-
cantly lower beneath S. scoparium plants in long-term
grazed sites at both the tall- and midgrass communities,
while no signifcant effect was associated with grazing
history for B. gracilis plants in the shortgrass commu-
nity. Large root biomass between plants exposed to the
contrasting grazing histories did not differ significantly
at any soil depth in any community.

Soil organic carbon and total nitrogen

SOC and N within the 0-5 cm soil depth beneath cae-
spitose grasses along the environmental gradient were
highest for S. scoparium plants in the midgrass com-
munity and lowest for B. gracilis plants in the short-
grass community (Figures 1, 2). SOC and N at the plant

Figure 1. Pools (mean�SE) of soil organic carbon (g m�2) in soils
beneath, at the periphery and between dominant caespitose grasses
in a long-term (>25 yrs) ungrazed site at each community (a, c and
e), and beneath caespitose grasses only in long-term (>25 yrs) grazed
and ungrazed communities along an environmental gradient in the
North American Great Plains (b, d and f). Asterisks (*) indicate a
significant (p<0.05) difference within a soil depth.

periphery and between plant locations were not signifi-
cantly different within any soil depth in any community
(Figures 1, 2, 3).
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Table 2. Mean (�SE) values for large root (> 2 mm) biomass (g cm�3) beneath
and between caespitose grasses within three communities along an environmental
gradient in the North American Great Plains. Letters indicate signifcant (p<0.05) dif-
ferences between grazing histories within each soil depth for each species. Asterisks
indicate significant differences (p<0.05) beneath and between plants within each soil
depth in a grazing history for each species (GLM, n=10)

Large root biomass

Grazing Depth Beneath Between

Species history (cm) plant plant

Schizachyrium Ungrazed 0-5 0.0766�0.0136a� 0.0246�0.0047

scoparium, 5-15 0.0067�0.0020 0.0046�0.0011

tallgrass 15-30 0.0008�0.0002 0.0010�0.0003

community

Grazed 0-5 0.0445�0.0086� 0.0255�0.0075

5-15 0.0038�0.0006 0.0042�0.0005

5-30 0.0017�0.0005 0.0013�0.0003

Schizachyrium Ungrazed 0-5 0.0826�0.0157a� 0.0263�0.0050

scoparium, 5-15 0.0180�0.0013b 0.0128�0.0022

midgrass 5-30 0.0073�0.0012 0.0066�0.0015

community

Grazed 0-5 0.0336�0.0031� 0.0155�0.0025

5-15 0.0095�0.0013 0.0059�0.0010

5-30 0.0027�0.0004 0.0030�0.0008

Bouteloua Ungrazed 0-5 0.0407�0.0032� 0.0091�0.0021

gracilis 5-15 0.0049�0.0005 0.0059�0.0010

shortgrass 5-30 0.0028�0.0004 0.0021�0.0005

community

Grazed 0-5 0.0379�0.0025� 0.0080�0.0041

5-15 0.0044�0.0006 0.0043�0.0008

15-30 0.0024�0.0005 0.0021�0.0005

For S. scoparium plants in the tallgrass community,
SOC and N in the 0-5 cm soil depth were significantly
higher (16% and 10% for SOC and N, respectively)
beneath compared to between plants in the ungrazed
site (Figures 1a, 2a). SOC and N in the 0-5 cm soil
depth beneath plants were significantly lower (23% and
18%, respectively) in the long-term grazed compared
to the ungrazed site (Figures 1b, 2b). Pool sizes tiller�1

plant�1 were significantly (p<0.10) higher (36% for
both SOC and N) in the long-term grazed compared to
the ungrazed site (Table 3).

For S. scoparium plants in the midgrass commu-
nity, results followed the same trend as in the tall-
grass community. SOC and N in the 0-5 cm soil depth
were significantly higher (45% and 25%, respectively)
beneath compared to between plants in the ungrazed
site (Figures 1c, 2c). SOC and N in the 0-5 cm soil
depth beneath plants were significantly lower (24%

and 19%, respectively) in the long-term grazed com-
pared to the ungrazed site (Figures 1d, 2d). SOC and
N pool sizes tiller�1 plant�1 were significantly higher
(66% and 100%, respectively) in the long-term grazed
compared to the ungrazed site (Table 3).

For B. gracilis plants in the shortgrass community,
SOC and N in the 0-5 cm soil depth were significantly
higher (41% and 30%, respectively) beneath compared
to between plants in the ungrazed site (Figures 1e,
2e). In contrast to the two previous communities, SOC
and N were significantly higher in the 0-5 cm (43%
and 53%, respectively) and 5-15 cm (55% and 75%,
respectively) soil depths in long-term grazed compared
to the ungrazed site (Figures 1f, 2f). Correspondingly,
pool size tiller�1 plant�1 for SOC was 19% higher in
the long-term ungrazed compared to the grazed site,
while no difference was observed for N (Table 3).
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Table 3. Relationship of soil organic carbon and total nitrogen (means � SE) from cores beneath caespitose grasses (depth = 30 cm)
to plant structure within three communities along an environmental gradient in the North American Great Plains. Pool size directly
beneath plants was calculated as the product of total pool size (g m�2) and individual plant basal area (cm2) divided by 10,000.
Expression of pool size below plants on a tiller plant�1 basis was determined by dividing tiller plant�1 into pools below plants.
Asterisks indicate significant (� p<0.10, �� p<0.05) differences between grazing histories within each community (t-test, n=10)

Organic carbon Total nitrogen

Species Ungrazed Grazed Ungrazed Grazed

Schizachyrium basal area (cm2) 96�13�� 172�23 96�13�� 172�23

scoparium pool size below plant

tallgrass (g plant�1) 86�11�� 135�20 6.9�0.9�� 10.8�1.6

community (g cm�2 plant�1) 0.902�0.032�� 0.780�0.018 0.073�0.002�� 0.062�.001

(tiller number plant�1) 77�10�� 49�6 77�10�� 49�6

(g cm�2 tiller�1 plant�1) 0.0135�0.0017� 0.0184�0.0022 0.0011�0.0001� 0.0015�0.0002

Schizachyrium basal area (cm2) 187�17 218�13 187�17 218�13

scoparium pool size below plant

midgrass (g plant�1) 145�13 164�15 14.2�1.3 15.7�1.4

community (g cm�2 plant�1) 0.779�0.021 0.748�0.036 0.076�0.002 0.071�0.003

(tiller number plant�1) 231�14�� 132�9 231�14�� 132�9

(g cm�2 tiller�1 plant�1) 0.0035�0.0002�� 0.0058�0.0004 0.0003�0.0000�� 0.0006�0.0000

Bouteloua basal area (cm2) 257�14 240�10 257�14 240�10

gracilis, pool size below plant

shortgrass (g plant�1) 66�4�� 80�5 5.7�0.3�� 7.7�0.6

community (g cm�2 plant�1) 0.258�0.008�� 0.337�0.024 0.022�0.001�� 0.032�0.003

(tiller number plant�1) 142�12�� 223�19 142�12�� 223�19

(g cm�2 tiller�1 plant�1) 0.0019�0.0002 0.0016�0.0002 0.0002�0.0000 0.0002�0.0000

Table 4. Mean (� SE) values for soil organic carbon and total nitrogen (g m�2) beneath and between Panicum
virgatum plants in a tallgrass community (Konza Prairie Research Natural Area) and for Schizachyrium scoparium
plants in a field seeded in 1941 near Ft. Hays State University (Hays, Kansas). Asterisks indicate a significant
(p<0.05) difference between soil core locations within each soil depth (t-test, n=10)

Organic carbon Total nitrogen

Depth Grazing Beneath Between Beneath Between

Species (cm) history plant plant plant plant

Panicum 0-5 Ungrazed 2129.4�86.5 2106.7�72.8 154.7�5.5 157.7�5.0

virgatum Grazed 1833.7�54.6 1783.6�36.4 136.5�3.6 136.5�3.2

5-15 Ungrazed 2915.4�101.7 3039.7�135.6 237.3�6.8 248.6�9.0

Grazed 2825.0�90.4 2881.5�56.5 226.0�7.9 226.0�5.7

15-30 Ungrazed 3239.1�146.4 3147.6�91.5 292.8�9.2 274.5�7.3

Grazed 3037.8�128.1 3239.1�73.2 256.2�7.3 274.5�5.5

Schizachyrium 0-5 Seeded 2051.6�119.6� 1637.6�73.6 156�7.4 142.6�6.0

scoparium

5-15 Seeded 189.0�6.3 189.0�6.3

15-30 Seeded 179.9�11.4 196.2�9.9
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Figure 2. Pools (mean � SE) of total soil nitrogen (g m�2) in soils
beneath, at the periphery and between dominant caespitose grasses
in a long-term (>25 yrs) ungrazed site at each community (a, c and
e), and beneath caespitose grasses only in long-term (>25 yrs) grazed
and ungrazed communities along an environmental gradient in the
North American Great Plains (b, d and f). Asterisks (*) indicate a
significant (p<0.05) difference within a soil depth.

Figure 3. Mean pattern (n=10) of soil organic carbon concentrations
(g kg�1) in soils beneath a pair of Schizachyrium scoparium plants
from a long-term (>25 yrs) ungrazed site in a midgrass community
near Hays, Kansas. Soil cores were collected directly beneath plants,
between plants, and at the plant peripheries. Soil cores were sepa-
rated into depth increments of 0-5, 5-15, and 15-30 cm. Logistic
regression equations were developed to determine the distribution
patterns beneath and between plants.

In the tallgrass community, SOC and N beneath
and between rhizomatous P. virgatum plants were sim-
ilar at all soil depths for both the long-term grazed or

ungrazed site (Table 4). SOC and N in the 0-5 cm soil
depth beneath S. scoparium plants were significant-
ly greater (14% and 9%, respectively) than beneath
P. virgatum plants in the ungrazed site (t-test, n=10,
p<0.05).

In the seeded field, SOC, but not N, in the 0-5 cm
soil depth beneath S. scoparium plants was significant-
ly higher (25%) than between plants (Table 4). SOC
and N in the 0-5 cm soil depth beneath S. scoparium
plants were significantly lower (19% and 23%, respec-
tively) in the seeded field compared to the ungrazed
site (t-test, n=10, p<0.01), but were not statistically
different than the grazed site (t-test, n=10, p>0.05).

Discussion

Caespitose grasses accumulated SOC and N in soils
directly beneath individual plants and nutrient accumu-
lation differed in response to long-term grazing along
the environmental gradient.SOC and N in soils beneath
S. scoparium plants in the tall- and midgrass commu-
nities were lower in long-term grazed sites, but higher
beneath B. gracilis plants in the long-term grazed site
in the shortgrass community. SOC, but not N, was
greater in soils beneath compared to between 50-year
old S. scoparium plants in a seeded feld. The rhizoma-
tous grass, P. virgatum, in the tallgrass community,
did not significantly accumulate SOC and N beneath
compared to between plants in contrast to the caespi-
tose grass, S. scoparium. Therefore, hypotheses one
and two, pertaining to the gradual diminishment of
SOC and N from the center of plants to areas between
plants and greater SOC and N accumulation beneath
compared to between caespitose grasses in an aban-
doned field seeded in 1941, respectively, were rejected.
Hypothesis three addressing greater SOC and N accu-
mulation beneath caespitose compared to rhizomatous
plants was not rejected and hypothesis four which pro-
posed lower SOC and N accumulation beneath caespi-
tose grasses in long-term grazed compared to ungrazed
sites was not rejected in two of the three communities.

The zone of maximum SOC and N accumulation
was restricted vertically to the upper soil depth (0-5
cm) and horizontally within the basal area occupied by
individual plants, which coincides with the location of
greatest root mass for caespitose grasses (Hook et al.,
1994). Root turnover is an important N input into low
productivity soils in addition to the incorporation of
aboveground litter (Vasquez de Aldana et al., 1996).
Documentation of greater SOC and N accumulation
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beneath compared to between caespitose grasses is in
agreement with previous investigations conducted in
this region (Burke et al., 1995; Hook et al., 1991;
Kelly et al., 1996; Vinton, 1994; Vinton and Burke,
1995), but these results further illustrate the fine-scale
pattern of soil heterogeneity induced by nutrient accu-
mulation directly beneath individual caespitose grasses
(e.g. Schlesinger et al., 1996). The fine-scale pattern
of SOC and N accumulation beneath individual cae-
spitose grasses very likely results from both root and
shoot organic matter input (Vasquez de Aldana et al.,
1996) and deposition of plant litter redistributed from
surface soils between plants during the long life-span
of these grasses (e.g. Coppinger et al., 1991).

The dynamics of SOC and N accumulation in soils
beneath a caespitose grass (S. scoparium) in the seed-
ed field of the midgrass community indicate that SOC
accumulates more rapidly than total N. It is not unex-
pected that SOC would accumulate more rapidly than
N based on large inputs of carbon-rich litter from root
and canopy turnover and deposition of redistributed
plant litter. A comparable rate of SOC accumulation
was documented beneath B. gracilis plants in fields
abandoned for a comparable time period (53 yrs) in
the shortgrass community (Burke et al., 1995). How-
ever, it is difficult to envisage the adaptive value of
nutrient accumulation on a decadal time scale given
an estimated maximum longevity of 30-80 years for
caespitose grasses (Briske and Derner, 1997; Gatsuk
et al., 1980).

The caespitose species, S. scoparium, induced
greater fine-scale soil heterogeneity in the tallgrass
community than did the rhizomatous species, P. virga-
tum. This difference corroborates the patterns of soil
heterogeneity that have previously been documented
for these distinct grass growth forms in the shortgrass
(Vinton and Burke, 1995) and tallgrass communities
(Vinton, 1994) that we investigated. One potential
explanation for less plant-induced soil heterogeneity
associated with P. virgatum is that this species possess-
es short, long-lived rhizomes that are known to func-
tion as sites of carbon and nitrogen storage (Hartnett,
1989, 1993). Consequently, this species may accumu-
late resources primarily in rhizomes, rather than soils,
to maintain dominance in the tallgrass community.
However, direct comparisons of nutrient storage pools
within rhizomes and soils beneath caespitose grasses
have not been conducted. A second potential expla-
nation for the occurrence of less plant-induced soil
heterogeneity associated with the rhizomatous grass
growth form is based on the diffuse spatial arrange-

ment of tillers within a large basal area (Briske, 1991).
This canopy architecture may not concentrate and cap-
ture redistributed organic matter as effectively as the
more compact caespitose grass growth form. In addi-
tion, greater primary productivity and uniform plant
cover in the tallgrass community than in either the mid-
or shortgrass community (Sims et al., 1978), may fur-
ther minimize the development of plant-induced soil
heterogeneity.

Smaller pools of SOC and N beneath caespitose
grasses in long-term grazed compared to ungrazed sites
of the tall- and midgrass communities may be related
causally to grazing-induced modifications of popula-
tion structure of S. scoparium. Intensively grazed cae-
spitose grass populations are frequently characterized
by higher densities of plants with smaller mean basal
areas compared to ungrazed populations (Briske and
Richards, 1995; Butler and Briske, 1988; Pfeiffer and
Hartnett, 1995). Intensive grazing may decrease organ-
ic matter input into soils in the immediate vicinity of
grasses and eventually reduce nutrient pools beneath
individual plants by limiting availability of photosyn-
thetic and/or meristematic tissue necessary for growth
(e.g., Briske and Richards, 1995). This may potential-
ly suppress the ability of caespitose grasses to accu-
mulate nutrients, monopolize resources, and maintain
dominance. However, a reduction in SOC and N pools
would require several years based on the time required
for soil organic matter turnover in temperate regions
(Burke et al., 1987; Schimel et al., 1994). Therefore,
grazing-induced population degradation of caespitose
grasses in tall- and midgrass communities must initial-
ly be mediated by the suppression of plant function
because population structure can be modifed by inten-
sive grazing within a shorter time frame (Butler and
Briske, 1988).

Grazing-induced modifications to population struc-
ture may indirectly mediate nutrient accumulation
beneath caespitose grasses in tall- and midgrass com-
munities because ungrazed populations with a higher
proportion of large plants may produce and incorpo-
rate greater amounts of organic matter into soils and
more effectively capture redistributed organic mat-
ter. In contrast, long-term grazing in the shortgrass
community results in larger plant basal areas for B.
gracilis (Milchunas et al., 1989), which may be par-
tially responsible for greater SOC and N accumula-
tion beneath individual plants in the grazed site of the
shortgrass community. Increases in SOC and N have
been documented in previous investigations in a short-
grass (Vokhiwa, 1994) and nearby midgrass communi-
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ty (Manley et al., 1995). However, other investigators
have not found significant differences in SOC and N
between grazed and ungrazed sites in the shortgrass
community (Burke et al., 1997).

The interpretation of a grazing-induced suppres-
sion of plant function, rather than a direct reduction
of nutrient accumulation, is supported by a dispro-
portionate decrease in tiller number plant�1 compared
to SOC and N pools for S. scoparium plants in the
long-term grazed sites for both the tall- and midgrass
communities. Lower tiller number plant�1, while SOC
and N pool sizes remained relatively constant, sug-
gest that grazing suppressed tiller number plant�1 to
less than maximum numbers potentially supported by
resource availability. Grazing is known to reduce tiller
recruitment, tiller number plant�1, and basal area in
S. scoparium (Butler and Briske, 1988; Murphy and
Briske, 1992), while B. gracilis is much more resis-
tant to grazing (Milchunas et al., 1989). Tiller number
plant�1 and SOC and N pools were proportionately
greater beneath B. gracilis plants in long-term grazed
compared to ungrazed sites which maintained simi-
lar concentrations of SOC and N tiller�1 plant�1. This
correlative relationship between nutrient accumulation
beneath plants and tiller number plant�1 suggests that
the magnitude of nutrient accumulation may partial-
ly regulate plant structure. However, nutrient accu-
mulation beneath plants has not been demonstrated to
directly increase plant growth or fitness (Aguilera and
Lauenroth, 1995). In addition, availability of inorganic
N may potentially decrease with increasing amounts of
total N because of greater N immobilization (Ihori et
al., 1995).

Contrasting plant responses to grazing at various
locations along the environmental gradient are substan-
tiated by previous investigations (e.g. Hartnett, 1989;
Milchunas et al., 1989) and support the generalized
grazing model proposed by Milchunas et al. (1988).
This model hypothesizes that grazing will increase
plant species diversity in mesic, but not semiarid
grasslands with long evolutionary histories of grazing.
Greater species diversity may potentially be associated
with a grazing-induced reduction of P. virgatum and S.
scoparium dominance in the tallgrass community, and
S. scoparium dominance in the midgrass community.
However, continued dominance of B. gracilis in grazed
sites of the shortgrass community may potentially con-
strain increases in species diversity. The selection pres-
sures of grazing and aridity which are central to the
generalized grazing model (Milchunas et al., 1988),
may have also influenced the ability of caespitose

grasses to accumulate nutrients in soils beneath them
by mediating grazing resistance, competitive ability
and population structure.
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