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ABSTRACT / We investigated the influence of long-term (56
years) grazing on organic and inorganic carbon (C) and nitro-
gen (N) contents of the plant-soil system (to 90 cm depth) in
shortgrass steppe of northeastern Colorado. Grazing treat-
ments included continuous season-long (May—October) graz-
ing by yearling heifers at heavy (60-75% utilization) and light

(20-35% utilization) stocking rates, and nongrazed exclo-
sures. The heavy stocking rate resulted in a plant community
that was dominated (75% of biomass production) by the C,
grass blue grama (Bouteloua gracilis), whereas excluding live-
stock grazing increased the production of C; grasses and
prickly pear cactus (Opuntia polycantha). Soil organic C (SOC)
and organic N were not significantly different between the light
grazing and nongrazed treatments, whereas the heavy grazing
treatment was 7.5 Mg ha™" higher in SOC than the nongrazed
treatment. Lower ratios of net mineralized N to total organic N
in both grazed compared to nongrazed treatments suggest
that long-term grazing decreased the readily mineralizable
fraction of soil organic matter. Heavy grazing affected soil inor-
ganic C (SIC) more than the SOC. The heavy grazing treat-
ment was 23.8 Mg ha™" higher in total soil C (0-90 cm) than
the nongrazed treatment, with 68% (16.3 Mg ha™") attribut-
able to higher SIC, and 32% (7.5 Mg ha™") to higher SOC.
These results emphasize the importance in semiarid and arid
ecosystems of including inorganic C in assessments of the
mass and distribution of plant—soil C and in evaluations of the
impacts of grazing management on C sequestration.

Grazing lands are the largest and most diverse single
land type in the United States, covering 336 Mha or
about 55% of the country’s total land surface (Sobecki
and others 2001), which is more than twice the area of
cultivated cropland in the United States (Lal and others
1998). The ecological health of this large land area is
important to all citizens because properly managed
grazing lands provide positive environmental benefits
(e.g., food, clean water supplies, wildlife habitat, and
recreational opportunities), whereas poor manage-
ment can result in environmental and economic deg-
radation (Krueger and others 2002). A major determi-
nant of ecosystem health and stability is the status of the
soil organic matter (SOM). SOM is the primary source
of many nutrients for plant growth, provides much of
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the water-holding capacity of the soil, is largely respon-
sible for the formation of stable aggregates that protect
the soil from erosion, and is the largest reservoir of
carbon (C) and nitrogen (N) in most grazing land
ecosystems (Brady and Weil 1999, Follett 2001). Inter-
est has grown in recent years not only in the health and
sustainability of grazing lands, but also in the potential
of grazing lands to sequester C as part of U.S. efforts to
mitigate the greenhouse effect (Follett and others
2001). Sequestering additional organic C into grazing
land SOM through the use of recommended best man-
agement practices therefore results in the important
co-benefits of improving soil quality and thus ecosystem
health and sustainability (NRC 1994, Doran and Parkin
1995), while effectively mitigating a large portion of the
annual increase in atmospheric CO, (Follett and others
2001).

Most U.S. grazing lands are in the semiarid and arid
western states as native vegetation rangelands (Kimble
and others 2001). Historically, rangeland studies have
focused on the effects of grazing management on live-
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stock production, plant community composition, and
forage production, with relatively few studies evaluating
belowground responses to grazing. Reliable estimates
of the masses and distributions of soil C and N are
therefore limited, and estimates of management-in-
duced changes in C and N cycling are variable and
sometimes contradictory (Milchunas and Lauenroth
1993, Schuman and others 2001). Inconsistencies in
the reported responses of soil C and N to livestock
grazing may be the result of a number of factors that
differ among studies, including differences in climate,
plant community composition, and grazing history
(Milchunas and Lauenroth 1993), and differences in
seasonal grazing frequency, intensity and duration
(Naeth and others 1991, Reeder and Schuman 2002;
Haferkamp and others this issue). Additionally, range-
land ecosystems are generally characterized by a high
degree of spatial heterogeneity in soil C and N at both
microsite and landscape-level scales (Yonker and others
1988, Tongway and Ludwig 1994, Burke and others
1999) as well as within the soil profile (Reeder and
others 2001). Thus, in some instances, failure to detect
significant changes in soil C and N with grazing man-
agement may be the result of high coefficients of vari-
ation caused by comparing grazing treatments across
different soil series, including different soil series
within a grazing treatment mean, inadequate sampling
of the soil profile, or inadequate stratification of sam-
pling to account for inherent spatial heterogeneity
within a given soil series (Reeder 2002).

In contrast to croplands and pastures in humid en-
vironments, arid and semiarid rangeland soils sequester
both inorganic and organic forms of C (Follett and
others 2001). Soil inorganic C (SIC) in the form of
carbonates is a principal component of many arid and
semiarid rangeland soils, with levels ranging from 50 to
310 metric tons of C per hactare (MTC ha™!), and
estimated annual rates of carbonate C sequestration
ranging from 0.03 to 3.4 millions metric tons of C per
year (MMT C yrfl) (Monger and Martinez-Rios 2001).
Until recently, only limited attention has been given to
C storage as SIC (Elbersen and others 2000). Recent
studies have estimated amounts of SIC in grazing land
ecosystems (Fitzpatrick and Merry 2000, Monger and
Martinez-Rios 2002), but studies evaluating the re-
sponses of SIC to grazing management have not been
conducted to our knowledge.

We conducted this study to assess the effects of
long-term (56 years) grazing at three stocking rates on
organic and inorganic C and N storage and cycling
within the plant-soil system (to 90 cm) in shortgrass
steppe of northeastern Colorado, and to relate differ-
ences in soil C and N to grazing-induced changes in

plant species composition. We hypothesized that an
increase in C, grasses that Hart (2001) observed with
long-term grazing at the heavy stocking rate would
result in increases in soil C and N because those species
that increased with heavy grazing have higher root-to-
shoot ratios than other plant species commonly found
on the shortgrass steppe.

Materials and Methods

The experiment was conducted at the Central Plains
Experimental Range (CPER), a USDA-ARS research
station located 40 km northeast of Fort Collins, Colo-
rado on the northern edge of the shortgrass steppe.
Elevations range from 1600 to 1690 m, the average
frost-free period is 133 days, and average annual pre-
cipitation is 325 mm, of which 50 to 80% occurs during
the growing season (Hart 2001). The plant community
is approximately 80% perennial grasses (70% C, warm-
season species and 10% Cg cool-season species), 10%
forbs, sedges, and cactus, and 10% shrubs. The C,
grasses include Bouteloua gracilis (H.B.K.) Lag. Ex
Steud.
(Nutt.) Engelm., and Aristida longiseta (Steud.) Vasey.
The Cg grasses include Pascopyrum smithii (Rydb.) A.

(the dominant species), Buchloe dactyloides

Love, and Stipa comata Trin. & Rupr. Other grammi-
noids include Carex elecharis (Bailey), Elymus elymoides
(Raf.) Swezey, and Sporobolus cryptandrus (Torr. Gray).
The cactus Opuntia polycantha (Haw.) is abundant, Ar-
temesia frigida (Wild.) is the most common half-shrub,
and Sphaeralcea coccinea (Pursh Rydb.) is the most com-
mon perennial forb (Hart 2001). Annual production
averages 600 kg ha!, and ranges from 200 to 1100 kg
ha™! (Ashby and others 1993).

A grazing intensity study was established at the CPER
in 1939 to evaluate continuous season-long grazing
(May-October) at light, moderate, and heavy stocking
rates, with 1-ha nongrazed exclosures within each rep-
licate pasture. Grazing treatments were initiated in
1940, and have continued each year to the present
time. The light stocking rate averages 18 heifer-days
ha™', which results in 20 to 35% utilization of annual
forage production. The moderate stocking rate aver-
ages 27 heifer-days ha™' (40-50% utilization), and the
heavy stocking rate averages 37 heifer-days ha™' (60—
75% utilization) (Hart 2001). After 56 years of imposed
grazing treatments, we sampled the light and heavy
stocking rate treatments, and the 1-ha exclosures within
each, for vegetation composition and plant and soil C
and N. Line transects (50-m) were established in both
grazing treatment pastures and their respective exclo-
sures on the dominant topographical feature of the
CPER (gently sloping upland), in areas that had been
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mapped in 1994 by the Natural Resource Conservation
Service as Olney fine sandy loam (fine-loamy, mixed,
superactive, mesic, Ustollic Haplargid), the most fre-
quently occurring soil at the CPER. Depending on
slope and aspect, depth to precipitated CaCOg ranges
from 25 to 71 cm, and thickness of solum (depth of A
and Bt horizons) ranges from 30 to 100 cm, for the
Olney soil. The transects for each grazing treatment
and respective exclosure were positioned within 50 m
of each other on the same slope and aspect to minimize
variation in soil properties. No differences in soil loss by
erosion were visually apparent (i.e., frequency and de-
gree of pedestalling or rilling) between the grazed
treatments and their respective exclosures.

Soil and plant samples were collected at peak stand-
ing crop during the first week of August at 10-m inter-
vals along the 50-m transects. At each sampling loca-
tion, vegetation was clipped to ground level in two 0.18
m? frames that were positioned on either side of the
line transect, approximately 1 m apart (n = 10).
Clipped vegetation was partitioned into litter, standing
dead, and live biomass by species. (Clipped
aboveground plant biomass was influenced by grazing
and does not represent annual production.) Root and
soil cores were collected with a hydraulic soil sampler.
Root cores (10-cm diameter by 30 cm) were collected
within the clipped frames and partitioned into 0 to 15
and 15 to 30-cm increments to assess root biomass and
root C and N content (n = 10). A deep soil core
(4.6-cm diameter by 90 cm) was collected within one of
the two clipped frames at each sampling site (n = 5).
Deep cores were partitioned into 0 to 4, 4 to 8, 8 to 15,
15 to 30, 30 to 45, 45 to 60, and 60 to 90-cm increments.
The first three segments, 0 to 15 cm, generally repre-
sent the soil A horizon, the next three segments, 15 to
60 cm, generally represent the Bt horizon (zone of clay
accumulation), and the 60 to 90-cm segment generally
represents the Bk horizon (zone in which carbonates
begin to accumulate). A shallow soil core (4.6-cm di-
ameter by 15 cm) was collected from the second
clipped frame at each sampling site and composited by
depth increment with the deep core samples to achieve
sufficient sample for analyses. Root and soil samples
were placed in sealed plastic bags, and transported in
coolers to the laboratory for processing.

Bulk density was estimated on separate soil cores
taken within 0.5 to 1 m of the deep cores. Intact depth
increment segments of these cores were slid into 5-, 10-,
or 20-cm lengths of polyvinyl chloride (PVC) tubing.
The PVC tube was centered along the depth increment,
the soil segment was trimmed at the tube ends, and the
soil contained within the tube was transferred to a soil
moisture can. Bulk density was calculated as the oven-
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dry mass of soil collected within the PVC tube divided
by the soil core volume within the tube (calculated
from the soil core diameter and the length of the PVC
tube). Bulk density was estimated for the surface two
depth increments combined (0—-8 cm).

Soil samples were passed through a 2-mm screen to
remove plant crowns and large roots. A subsample of
field-moist sieved soil was taken for analysis of inorganic
N (NH,N and NO4-N), which was determined by ex-
traction with 1 M KCl and colorimetric analyses of the
extracts with a Technicon autoanalyzer (Braun & Lu-
ebbe, Delavan, WI; mention of a commercial product
does not imply USDA-ARS endorsement of that prod-
uct over similar products). The remaining sieved soil
was air dried, and samples were stored in sealed plastic
bags at room temperature until further analyses. Parti-
cle size analysis was determined by the hydrometer
method (Gee and Bauder 1986). Total organic C was
determined by the Walkley-Black dichromate oxidation
procedure (Nelson and Sommers 1982), and inorganic
C by a modified pressure-calcimeter method (Sherrod
and others 2002). Total soil N was determined by the
micro-Kjeldahl procedure described by Schuman and
others (1973). An aerobic incubation procedure (21-
day, 30°C) measured short-term C and N mineraliza-
tion as indices of N availability and microbial activity
(Reeder and others 1998). Reported mass values of C
and N were corrected to an oven-dry basis.

Roots were separated from root cores by flotation
and hand washing through a 0.1-mm screen. No at-
tempt was made to distinguish live and dead roots.
Plant components were dried at 60°C, weighed,
ground, and analyzed for organic C and N content with
a Carlo-Erba 1500 automated dry combustion analyzer
(CE Elantech Inc., Lakewood, NJ). The C and N con-
centrations of all plant components were adjusted for
ash content.

A four-replication study was initiated in 1939, but
replicate pastures were dropped over the years until by
1970 only a single pasture (approximately 128 ha) of
each stocking rate remained (Shoop and others 1989).
The lack of true replication of grazing treatments limits
statistical comparisons of the two stocking rates, but
does not preclude comparisons within a selected land-
scape position or soil type. Data are reported as means
* S.E.M. One-way analysis of variance and mean sepa-
ration by least significant differences (p = 0.10) were
used to test stocking rate effects on plant community
composition (Steel and Torrie 1980). Comparisons of
total plant biomass and the masses of soil C and N were
limited to #test comparisons of each grazing treatment
with its nongrazed exclosure, because analysis revealed
that the B horizons (15-60-cm depth) of the lightly
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Table 1.
light, heavy, or no grazing by livestock

Biomass, as percent of total, of vegetation on shortgrass steppe rangeland after 56 years of season-long

Light stocking rate

Heavy stocking rate

Plant community component Exclosure (%) Grazed (%) Exclosure (%) Grazed (%) LSD,,
Warm season grasses 26.9 44.5 33.7 73.8 18.8
Cool season grasses 38.8 6.5 13.1 12.7 17.6
Forbs 30.6 20.5 24.6 13.5 ns
Semishrubs (Artemesia frigida) 3.6 20.6 9.0 0 13.8
Cactus (Opuntia polycantha) 0 7.8 19.6 0 18.9

LSD, least significant differences; ns, not significant.

Table 2. Plant biomass (kg ha™") as affected by grazing intensity after 56 years of season-long light, heavy, or no

grazing by livestock (standard errors in parentheses)

Light stocking rate

Heavy stocking rate

Exclosure (kg ha™')

Grazed (kg ha™")

Exclosure (kg ha ') Grazed (kg ha™ ')

Aboveground biomass

Live 1664 (158) 1689 (319) 2084 (219) 993 (105)

Litter 625 (161) 589 (184) 303 (43) 1227 (33)

Total aboveground 2288 (196) 2279 (392) 2387 (216) 1114* (121)
Root biomass (by depth, cm)

0-15 7454 (1146) 6598 (667) 10,393 (2135) 10,991 (2073)

15-30 1152 (147) 785" (123) 1423 (339) 2019* (294)

Total root 8606 (1182) 7383 (678) 11816 (2426) 13,010 (2009)
Total plant biomass 10,895 (1165) 9662 (712) 14,203 (2531) 14,125 (2030)

“Indicates significant difference (p = 0.10) between stocking rate and adjacent exclosure.

grazed pasture and its exclosure were consistently 8 to
10% lower in clay (sandy loam) than the B horizons of
the heavily grazed pasture and its exclosure (sandy clay
loam). Although originally mapped as an Olney soil,
the lower clay content of the B horizon of the lightly
grazed pasture and exclosure more closely resembles a
Remmit fine sandy loam (coarse-loamy, mixed, mesic,
Ustollic Camborthid), the second-most frequently oc-
curring soil series at the CPER. Because of lower clay
content, the Remmit soil has innately lower levels of C
and N in the B horizon than the Olney soil.

Results

Vegetation Components

Stocking rate influenced plant species composition
(Table 1). Warm season C, grasses (primarily B. gracilis)
were dominant in both grazing treatments, but exclud-
ing grazing by livestock for 56 years resulted in domi-
nance by coolseason Cg grasses (39% of biomass, pri-
marily S. comata) in the exclosure of the light grazing
treatment, and dominance by nongraminoid species
(O. polycantha, A. frigida, and forbs, 53% of biomass) in
the exclosure of the heavy-grazing treatment. The plant

community of the light-grazing treatment was domi-
nated by C, grasses (45%, primarily B. gracilis), followed
by forbs (21%), A. frigida (21%), and O. polycantha
(16%). In comparison, C, grasses (primarily B. gracilis
and B. dactyloides) comprised 73% of the biomass under
prolonged heavy grazing, and A. frigida and O. polycan-
tha were virtually absent. These results are in general
agreement with plant community composition re-
ported by Hart (2001), with the exception that Hart
(2001) reported higher overall abundance of O. poly-
cantha than we observed along our transects.

Although plant community composition differed be-
tween the light-grazing treatment and its exclosure (Ta-
ble 1), grazing did not significantly affect total
aboveground litter and live biomasses, total root bio-
mass (0-30-cm depth), or total plant biomass (Table
2). In contrast, compared to its exclosure, the plant
community under prolonged heavy grazing was
strongly dominated by the short grass B. gracilis, and
had lower aboveground litter and live biomasses at peak
standing crop, and higher root biomass in the 15 to
30-cm depth (Table 2).

Statistical differences in the mass and distribution of
C and N in the vegetation components (data not
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Table 3. Percent water content (cm® cm™2 X 100) in the soil profile as affected by stocking rate after 56 years of
season-long light, heavy, or no grazing by livestock (standard errors in parentheses)

Light stocking rate

Heavy stocking rate

Depth (cm) Exclosure Grazed Exclosure Grazed

0-4 1.18 (0.09) 1.36 (0.08) 1.14 (0.01) 1.63* (0.17)
4-8 2.07 (0.08) 2.14 (0.09) 2.30 (0.20) 3.58% (0.34)
8-15 5.32 (0.23) 5.22 (0.22) 6.44 (0.29) 7.80% (0.59)
15-30 7.56 (0.06) 7.69 (0.60) 8.86 (1.50) 10.22* (0.34)
30-45 6.94 (0.34) 7.14 (0.48) 10.37 (0.25) 12.21% (0.18)
45-60 6.50 (0.32) 8.52* (1.05) 10.71 (1.51) 13.37* (0.46)
60-90 9.27 (1.54) 14.00* (2.43) 11.40 (0.47) 13.45 (1.56)

“Indicates significant difference (p = 0.10) between stocking rate and adjacent exclosure.

shown) were the same as those observed for plant bio-
mass (Table 2). Total plant C and N for the light-
grazing treatment were 4.3 = 0.3 Mg Cha™'and 0.12 =
0.01 MgN ha™', and 4.8 = 0.5 Mg C ha™' and 0.15 *
0.02 Mg N ha™! for its exclosure. Total plant C and N
for the heavy-grazing treatment were 5.7 £ 0.6 Mg C
ha™' and 0.15 = 0.02 Mg N ha™', and 5.8 + 0.8 Mg C
ha™' and 0.17 = 0.03 Mg N ha™" for its exclosure. For
both grazing intensities, root C:N ratios (0-15, 15-30,
and 0-30-cm depth increments) were significantly
higher with grazing than in adjacent nongrazed exclo-
sures. Average root mass C:N ratios (0-30 cm) were
44.8 = 2.1 and 36.9 = 1.4 for the light-grazing treat-
ment and exclosure, and 50.9 = 3.1 and 42.7 = 2.6 for
the heavy-grazing treatment and exclosure.

Soil Response: Bulk Density and Water Content

Soil bulk density of the 0 to 8-cm soil depth incre-
ment was significantly higher in the heavy grazing treat-
ment (1.23 = 0.05 Mg m~*) compared to its nongrazed
exclosure (1.02 = 0.02 Mg m™?), and in the light-
grazing treatment (1.18 = 0.03 Mg m™”) compared to
its exclosure (1.09 = 0.05 Mg m~?). Below the 8-cm soil
depth, bulk density was not influenced by grazing and
generally ranged from 1.4 to 1.5 Mg m~ 2. Soil clay
content of all depth increments did not differ between
each grazing treatment and its respective exclosure, but
the clay content of the depth increments between 15
and 60 cm were significantly higher by 8 to 10% in the
heavy-grazing treatment and exclosure than in the
light-grazing treatment and its exclosure.

At the time of sampling, water content was signifi-
cantly higher in each depth increment to 60 cm in the
soil profile of the heavy-grazing treatment compared to
its nongrazed exclosure (Table 3). In comparison, soil
water content of the light-grazing treatment was com-
parable to that of its exclosure in the 0 to 45-cm depth,
but was higher in the 45 to 90-cm depth of the grazed
treatment. Annual precipitation was normal during the

year before sampling, whereas annual precipitation the
year of sampling was 45% above the 1939 to 1992
average, with an especially wet spring and early sum-
mer.

Soil Response: Carbon and Nitrogen

The light-grazing treatment was comparable to its
exclosure in SOC mass throughout the 90-cm soil pro-
file (Table 4). Similarly, total mass of organic N in the
0 to 90-cm profile was comparable in the light-grazing
treatment (6.1 = 0.4 Mg N ha™') and exclosure (5.7 *+
0.1 Mg N ha™'). In comparison, higher SOC was ob-
served in the 0 to 8, 15 to 30, and 45 to 60-cm depth
increments of the heavy-grazing treatment compared to
its exclosure (Table 4), with 16% higher SOC in the
primary root zone (0-30 cm) and 12% higher SOC in
the total soil profile (0-90 cm). Soil organic N was
comparable in the heavy-grazing treatment (4.3 * 0.1
Mg N ha™') and its exclosure (4.2 = 0.1 Mg N ha™') in
the 0 to 45-cm depth, but was lower in the 45 to 90-cm
depth of the grazed treatment (1.9 = 0.1 Mg N ha™')
compared to its exclosure (2.4 = 0.1 Mg N ha™")

Total mass of NH,-N (0-90 cm) was higher in the
soil profiles of both grazed treatments compared to
their exclosures (Table 5). This trend was significant in
the depth increments between 4 and 90 cm in the
light-grazing treatment, and between 4 and 45 cm in
the heavy-grazing treatment. Total mass of NOgN
(0-90 cm) was significantly lower in the light grazing
treatment compared to its exclosure, whereas NOg-N
was significantly higher in the 30 to 60-cm depth of the
heavy-grazing treatment compared to its exclosure.
Concentrations of NH,-N ranged from 0.5 to 4.4 mg
N/kg soil, whereas, concentrations of NO3-N ranged
from 0.2 to 2.5 mg N/kg soil.

Significantly lower ratios of organic C:N were ob-
served in the light-grazing treatment compared to its
exclosure in depth increments 4 to 8, 15 to 30, and 60
to 90 cm, and in the average C:N ratio of the 0 to 90-cm



490 J. D. Reeder and others

Table 4. Mass of organic C (Mg ha™) in the soil profile (0-90 cm) as affected by stocking rate after 56 years of
season-long light, heavy, or no grazing by livestock (standard errors in parentheses)

Light stocking rate

Heavy stocking rate

Depth (cm) Exclosure (Mg C ha 1) Grazed (Mg C ha™!) Exclosure (Mg C ha™!) Grazed (Mg C ha™!)
0-4 6.04 (0.92) 6.62 (0.75) 5.59 (0.40) 6.27* (0.24)

4-8 3.74 (0.23) 3.92 (0.12) 3.92 (0.16) 4.38* (0.25)

8-15 8.26 (0.20) 9.05 (0.44) 9.03 (0.31) 9.07 (0.40)

15-30 14.61 (0.89) 14.31 (0.70) 12.99 (0.82) 16.85% (0.54)

30-45 8.63 (0.47) 9.20 (0.98) 11.90 (1.12) 12.83 (0.37)

45-60 6.55 (0.63) 7.90 (1.35) 8.58 (0.23) 9.90* (0.82)

60-90 14.38 (0.84) 13.03 (1.60) 12.63 (1.24) 12.81 (0.41)

0-30 32.7 (0.9) 33.9 (1.7) 31.5 (1.3) 36.7* (1.5)

0-90 62.2 (1.4) 64.0 (4.3) 64.6 (2.5) 72.1* (1.7)

“Indicates significant difference (p = 0.10) between stocking rate and adjacent exclosure.

Table 5. Masses of soil mineral N (kg ha™") and weighted ratios of soil C to N as affected by stocking rate after 56

years of season-long light, heavy, or no grazing by livestock

Light stocking rate Heavy stocking rate

Exclosure Grazed Exclosure Grazed

NH,-N (by depth, cm)

0-30 4.1 5.6 4.1 8.8%

0-90 10.5 16.3% 12.6 23.4*
NOg-N (by depth, cm)

0-30 4.2 2.2% 1.9 2.2

30-60 3.9 1.9* 2.1 3.8%

0-90 13.5 6.5% 7.9 9.1
Organic C:N ratio (by depth, cm)

0-30 11.7 11.2% 10.6 11.9%

0-90 10.4 10.1% 9.6 11.8*
Respired COy:mineralized N ratio (by depth, cm)

0-30 14.7 15.6 15.8 19.8%

0-90 16.0 19.1% 19.1 26.8%
Mineralized N:total organic N ratio (X 100) (by depth, cm)

0-30 2.31 1.98 2.11 1.71*

0-90 2.16 1.57% 1.51 1.07%

“Indicates significant difference (p = 0.10) between stocking rate and adjacent exclosure.

soil profile (Table 5). In the heavy-grazing treatment,
the average C:N ratio for the 0 to 90-cm soil profile was
higher with grazing compared to its exclosure, and this
trend was significant in the depth increments between
8 and 90 cm. The average immobilization ratio (the
ratio of microbially respired CO, to net mineralized N)
for the 0 to 90-cm soil profile was significantly higher in
the light-grazing treatment compared to its exclosure
(Table 5), and this trend was significant in the 0 to 4, 8
to 15, and 60 to 90-cm-depth increments. In the heavy-
grazing treatment, average immobilization ratio for the
0 to 90-cm soil profile also was significantly higher with
the grazed compared to the nongrazed treatment, and
this trend was significant in the 0 to 4, 8 to 15, and 45
to 60-cm depth increments. The proportion of total soil

organic N in the 0 to 90-cm soil profile that was readily
mineralized was lower in both grazing treatments com-
pared to their exclosures (Table 5). In the heavy-graz-
ing treatment, this proportion was significantly lower
with grazing compared to its exclosure in all but the
surface depth increment (0—4 cm). (Average ratios are
weighted by the lengths of depth increments that are
included in the average.)

Inorganic C mass was larger and depth to lime zone
shallower in the soil profiles of the heavy grazing treat-
ment and exclosure compared to the soil profiles of the
light-grazing treatment and exclosure (Table 6). In the
light-grazing treatment and exclosure, inorganic C rep-
resented less than 5% of total C in the surface 60 cm,
and 32 to 38% of total C in the 60 to 90-cm-depth
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Table 8. Mass of inorganic C Mg Ha™" in the soil profile (0-90 cm) as affected by stocking rate after 56 years of
season-long light, heavy, or no grazing by livestock (standard errors in parentheses)

Light stocking rate

Heavy stocking rate

Depth (cm) Exclosure (Mg Ha™!) Grazed (Mg Ha™ 1) Exclosure (Mg ha™!) Grazed (Mg Ha™ !
0-4 0.038 (0.010) 0.071* (0.006) 0.014 (0.014) 0.021 (0.007)
4-8 0.039 (0.012) 0.087* (0.007) 0.001 (0.001) 0.015* (0.007)
8-15 0.067 (0.016) 0.167% (0.017) 0.034 (0.015) 0.025 (0.010)
15-30 0.17 (0.07) 0.41* (0.02) 0.05 (0.02) 2.29% (1.85)
30-45 0.22 (0.06) 0.35% (0.03) 1.03 (0.94) 5.33% (2.71)
45-60 0.24 (0.05) 0.40* (0.03) 7.42 (1.96) 14.82* (0.066)
60-90 6.01 (1.85) 8.63 (2.55) 16.81 (0.81) 19.73* (1.03)
0-30 0.31 (0.10) 0.74* (0.03) 0.10 (0.02) 2.35% (1.85)
0-60 0.78 (0.17) 1.49* (0.06) 7.71 (2.05) 22.62% (3.14)
0-90 6.78 (1.99) 10.12 (2.59) 25.36 (3.04) 42.22* (2.59)

“Indicates significant difference (p = 0.10) between stocking rate and adjacent exclosure.

increment. Mass of SIC was significantly higher in the
depth increments between 0 and 60 cm of the light
grazing treatment compared to its exclosure (Table 6).
In comparison, total mass of SIC in the soil profile
(0-90 cm) was significantly higher in the heavy-grazing
treatment compared to its exclosure, and this trend was
significant in the 4 to 8-cm depth and in the depth
increments between 30 and 90 cm (Table 6). Inorganic
C represented 9, 46, and 56% of total C in the 30 to 45,
45 to 60, and 60 to 90-cm-depth increments, respec-
tively, of the nongrazed exclosure within the heavy-
grazing treatment, compared to 12, 30, 60, and 60% of
total C in the 15 to 30, 30 to 45, 45 to 60, and 60 to
90-cm-depth increments of the heavy-grazing treat-
ment. The 15 to 30-cm-depth increment of the heavy-
grazing treatment was a transition zone of patchy and
highly variable levels of SIC in the soil profile.

Discussion

In agreement with the findings of studies to charac-
terize the plant community of the CPER (Ashby and
others 1993, Milchunas and others 1989, 1990, and
1992, Hart 2001), we found that decades of season-long
heavy grazing of the shortgrass steppe resulted in de-
creased cool season Cg grasses and halfsshrubs and
increased warm season C, grasses (primarily B. gracilis),
whereas decades of excluding livestock resulted in in-
creased cool season Cg grasses and/or prickly pear
cactus. Hart (2001) reported that small patches of O.
polycantha observed in the nongrazed exclosures by Fis-
ser and others (1969) increased in frequency and bio-
mass with protection from trampling by livestock. Sim-
ilarly, cool-season grasses increased in the exclosures
with protection from selective grazing by livestock
(Hart 2001). We had expected the plant communities

of the two nongrazed exclosures to be similar. The lack
of similarity (increased cool season grasses in one ex-
closure, and increased O. polycantha in the other) ap-
pears to be caused by the patchiness of subdominant
plant species on the shortgrass steppe, and the small
number of samples collected in this study being insuf-
ficient to capture the uneven distribution of these spe-
cies.

Because plant root residues are the primary source
of SOM, the mass and distribution of SOM depend
heavily on the decomposability and distribution pat-
terns of the root systems of the different plant species
comprising the vegetation community (Dormaar 1992,
Reeder and others 2001). On the shortgrass steppe, 55
to 60% of root biomass generally is concentrated in the
0 to 10-cm depth, and approximately 80% in the 0 to
30-cm depth of the soil profile (Bartos and Sims 1974,
Sims and Singh 1978). The dominant species, B. graci-
lis, is shallow rooted and concentrates approximately 65
to 80% of its root mass in the 0 to 15-cm depth, and
approximately 75 to 98% in the 0 to 30-cm depth of the
soil profile, whereas more deeply rooted subdominant
Cg grass species, such as P. smithii, have approximately
one third of root mass below 30-cm depth (Weaver and
Darland 1949). The light-grazing treatment and its
non-grazed exclosure were comparable in total above-
and belowground plant biomass, and these similarities
are reflected in the lack of significant difference in
amounts of SOC and organic N throughout the soil
profile. In contrast, the plant community under pro-
longed heavy grazing was strongly dominated by the
short-grass B. gracilis, and aboveground plant mass was
lower and root mass in the 15 to 30-cm depth higher in
the heavy-grazing treatment compared to its exclosure.
We had expected the strong dominance of B. gracilis
with heavy grazing to result in a larger root mass in the
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0 to 15-cm depth compared to the nongrazed exclo-
sure. Although this trend was observed, it was not sta-
tistically significant because of high variability among
replicate samples in estimates of root mass. Mass of
SOC, however, was 12% higher in the 0 to 8-cm-depth
increment of the heavy-grazing treatment compared to
its exclosure. Observed differences in plant biomass
components between the heavy-grazing treatment and
its exclosure are reflected in 16% higher SOC in the
primary root zone (0-30 cm), and the 12% higher SOC
in the total soil profile to 90 cm, of the heavy-grazing
treatment (Table 4). Wider ratios of organic C:N (Ta-
ble 5) with heavy grazing reflect an increase in SOC but
not in organic N.

Most of the studies conducted on northern Great
Plains grasslands that have reported increased SOC
with grazing have occurred where grazing has resulted
in a significant increase in B. gracilis at the expense of
cool-season midgrasses and other species (Smoliak and
others 1972, Frank and others 1995, Schuman and
others 1999, Reeder and Schuman 2002). The increase
in SOC observed with increased B. gracilis suggests that
B. gracilis is a more efficient producer of SOC than are
other species. With its high root:shoot ratio, B. gracilis
transfers more of its photosynthate C to belowground
biomass than other species common to the shortgrass
steppe (Coupland and Van Dyne 1979, Detling and
others 1979). Whether part of the increase in SOC with
increased B. gracilis is the result of higher levels of C
assimilation remains unclear. In a companion study,
LeCain and others (2002) measured C exchange rates
for 3 years along the same transects sampled for this
study. They reported that, when averaged over the
growing season, levels of C assimilation were not signif-
icantly different between grazed and nongrazed treat-
ments, but when temperature and precipitation condi-
tions were near-normal, C assimilation was higher in
the heavy grazing treatment than in its exclosure dur-
ing the first half of the growing season, and comparable
during the last half of the growing season.

Our results suggest that long-term grazing may alter
the quality as well as the quantity of SOM. The ratios of
net mineralized N to total organic N were lower with
both grazing treatments compared to nongrazed exclo-
sures (Table 5), indicating that long-term grazing de-
creased the readily mineralizable fraction of SOM.
Grazing results in losses of both C and N from the
soil:plant system as animal tissue, and further losses of
N by volatilization from animal wastes (Woodmansee
1979, Schimel and others 1986). Of the N consumed by
cattle, approximately 17 to 21% is converted to animal
tissues, 40 to 47% returns to the soil as feces and 23 to
27% as urine, and 12% is lost to the atmosphere from

livestock as gaseous products of digestion (N, and
NH;) (Dean and others 1975). Depending on condi-
tions, volatilization losses of NHg from urine and feces
can be as high as 84 to 90% for urine and 80% for feces
(Woodmansee 1979). Although C is replenished
through photosynthesis, annual inputs of N (by wet and
dry deposition and symbiotic and nonsymbiotic N, fix-
ation) are small at the CPER and may not be sufficient
to replenish losses, especially with high grazing inten-
sities (Woodmansee 1979).

Higher immobilization ratios (the ratio of respired
CO, to net mineralized N) also were observed in both
grazed treatments compared to nongrazed treatments,
suggesting that soil microflora were N-limited in the
grazed treatments. Defoliation appears to stimulate
root exudates (Dyer and Bokhari 1976), and exudation
of C-rich labile organic substrates stimulates microbial
activity in the rhizosphere (Biodini and others 1988,
Cheng and others 1994). Grazing-induced increases in
microbial immobilization of N may limit plant-available
N in the soil, and the observed higher C:N ratios of root
mass in grazed compared to nongrazed treatments sug-
gest that grazed plants may be unable to take up suffi-
cient N from the soil to replenish the N transported
from roots to shoots for regrowth after grazing. Al-
though higher levels of NH,-N occurred in both grazed
treatments compared to nongrazed treatments (which
suggests higher rather than lower levels of plant-avail-
able N in the grazed treatments), the levels of mineral
N were very low in all treatments (less than one-half of
1% of total soil N). Because the chemical characteristics
and decomposability of roots change during the grow-
ing season (Dormaar and others 1981), and because
the roots of each species in a grassland system take up
nutrients from different regions in the soil at different
times and with different intensities (Weaver 1958), data
need to be collected throughout the season (rather
than at one point in time) in order to accurately assess
C and N cycling and N losses (Dormaar 1992).

Our results suggest that, besides altering the charac-
teristics of SOM, grazing also stimulated precipitation
of inorganic carbonates. Mass of SIC was slightly but
significantly higher (0.7 Mg ha™') in the 0 to 60-cm
depth of the light-grazing treatment compared to its
exclosure, whereas mass of SIC was 10.3 Mg ha™!
higher in the 45 to 90-cm depth of the heavy-grazing
treatment compared to its exclosure. Whether the in-
crease in SIC with grazing represents newly fixed C, or
whether it represents redistribution of existing parent
material SIC, is uncertain at this time. The C source for
SIC sequestration is CO, from the atmosphere and
from root and soil microbial respiration. This CO,
combines with soil water to form carbonic acid and
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bicarbonate (HCO3) in the soil solution, which precip-
itates as CaCO3 under conditions of decreased soil
moisture, decreased pCO,, increased concentration of
Ca™ and HCOj5 ions, or increased soil pH (Lal and
Kimble 2000). The source of the Ca*? ions that react
with carbonic acid determines whether or not precipi-
tation of carbonates results in a net increase in SIC. If
the Ca*? is derived from a new source, for example,
enhanced weathering of calcium silicates or atmo-
spheric additions of noncarbonate Ca'?, then the re-
action of Ca™? with carbonic acid results in sequestra-
tion of new SIC as “atmogenic” carbonate. If the Ca*?
ions are derived from preexisting sources, then forma-
tion of carbonates is a lateral transfer and reprecipita-
tion of “lithogenic” carbonate, and there is no net
sequestration of SIC (Monger and Martinez-Rios 2002).

We hypothesize that the large observed increase in
SIC with heavy grazing is a combination of newly se-
questered C and redistributed C from deeper in the soil
profile. The higher SIC content with heavy grazing
compared to its nongrazed exclosure occurred primar-
ily in the 30 to 90-cm depth, below the primary root
zone of B. gracilis. At the time of sampling, soil water
content was higher throughout the soil profile to 90 cm
with the heavy-grazing treatment compared to its adja-
cent nongrazed exclosure, and this same trend of
higher soil water content with the heavy grazing treat-
ment was frequently observed in the surface 30 cm of
the soil profile over three growing seasons (LeCain and
others 2002). The wetter soil profile of the heavy graz-
ing treatment compared to its exclosure likely reflects
the higher water use efficiency and lower levels of
evapotranspiration of B. gracilis compared to other
grasses of the shortgrass steppe (Pearcy and Ehlinger
1984, Morgan and others 1998). If grazing stimulates
root exudation as suggested by Dyer and Bokhari
(1976), then higher levels of organic acid root exudates
should enhance the weathering of primary calcium-
bearing minerals (feldspars and amphiboles) and re-
lease new Ca™? into the soil solution of the primary root
zone of the heavily grazed treatment (Mengle and
Kirby 1982). Soil water movement through the primary
root zone into the subsoil would transport this newly
released Ca*? and HCOj; formed from respired COs,
down into the subsoil beneath the rhizosphere, where
lower pCO, and higher pH facilitate the precipitation
of CaCOg4 (Lal and Kimble 2000). The higher water
content in the lower portion of the soil profile of the
heavy grazing treatment also facilitates dissolution of
existing parent material carbonates and reprecipitation
higher in the profile (30-90 cm) as the soil profile dries
during the growing season. Future studies to evaluate C
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Figure 1. Total soil C (0-90-cm depth) after 56 years of
season-long light, heavy, or no grazing by livestock (ttest
comparisons of heavy grazing and adjacent nongrazed exclo-
sure: p = 0.002 for total C; p = 0.006 for inorganic C; p =
0.006 for organic C).

isotopes will help elucidate the sources of the increased
SIC in the soil profile of the heavy-grazing treatment.

The grazing-induced change in SOC was small rela-
tive to the grazing-induced change we observed in SIC.
For the long-term heavy-grazing treatment compared to
its adjacent nongrazed exclosure, average annual in-
crease in SOC was 0.13 Mg ha™! yrfl, whereas average
annual increase in SIC was 0.29 Mg ha ™! yrfl. Total soil
Cwas 22.8 Mg ha ! higher in the soil profile (0-90 cm)
with heavy grazing compared to the nongrazed exclo-
sure, of which 16.3 Mg ha~! (68%) was increase in SIC,
and 7.5 Mg ha™' (32%) was increase in SOC (Figure 1).
This study demonstrates the importance in semiarid
and arid ecosystems of including inorganic carbon in
assessments of the amount and distribution of C in the
soil-plant system, and of the impacts of management on
C sequestration.
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