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Abstract

Resumen

The regional scale response of soil carbon mass to long -term
grazing exclusion was investigated in the Canadian Great Plains.
Vegetation, litter, macro - organic matter and soil were sampled in
paired grazed and ungrazed treatments from 9 independent loca-

En las Grandes Planicies Canadienses se investigó la respuesta,
a escala regional, de la masa de carbón del suelo a la exclusión a
largo plazo del apacentamiento. La vegetación, el mantillo, la
macro materia orgánica (raíces y mantillo subterráneo)y el suelo
se muestrearon en tratamientos apareados de apacentamiento y
sin apacentamiento, el estudio se realizó en 9 localidades independientes a lo largo de un gradiente ambiental en el Sureste de

tions along an environmental gradient in southern Alberta.
Vegetation and litter carbon mass were greater on ungrazed
treatments, but no consistent grazing effect was observed for
macro - organic matter (roots, subsurface litter) or soil (fine particles < 2mm) carbon mass per equivalent soil mass. Soil carbon in
mixed grass prairie was positively correlated with clay content,
but no grazing effect could be detected when this subset (n = 7)
was analyzed by ANCOVA. Comparison of multiple sites with a

consistent sampling and reporting method revealed no general
trend in the response of soil carbon to grazing. Current range
management practices to maintain range types in good to poor

condition appear to be consistent with maintaining the soil
organic matter pool in the northern Great Plains.
Key Words: mixed grass prairie, equivalent soil mass, bulk density, clay, carbon sequestration
Livestock grazing influences the forage production, biological
diversity and soil quality of native rangelands (Holechek et al.
1998). Soil organic matter is the single largest store of organic
carbon in semiarid rangelands (Anderson 1995, Eswaran et al.
1995). Concern over industrial emissions of carbon dioxide
(CO2) into the atmosphere has stimulated much research into soil
carbon sequestration to mitigate the potential for climate change
(Lal et al. 1995, Bruce et al. 1999). Manipulating grazing patterns
might be an option for increasing soil carbon in native rangelands
(Allen -Diaz 1996), but evaluation requires quantitative evidence.
Milchunas and Lauenroth (1993) found no consistent soil carbon

response to grazing across a variety of tropical and temperate

Alberta. La masa de carbón de la vegetación y el mantillo
fueron mayores en los tratamientos sin apacentar, pero no se
observó un efecto consistente del apacentamiento sobre la masa
de carbón de la macro materia orgánica (raíces y mantillo subterráneo) y del suelo (partículas finas < 2mm) por la masa equivalente de suelo. El carbón del suelo en la pradera mixta estuvo
positivamete correlacionado con el contenido de arcilla, pero
cuando este subgrupo (n = 7) se analizó por ANCOVA. no se
apacentamiento La comparación
múltiple de sitios con un método muestreo y reporte consistente
no reveló una tendencia general de la respuesta carbón del suelo
al apacentamiento. Las prácticas actuales de manejo de pastiza-

les para mantener los tipos de pastizal en condición buena

a

pobre parece ser consistentes con mantener la reserva de materia orgánica del suelo de las Grandes Planicies del Norte.

grazing exclusion occurs among temperate, continental rangelands in southern Alberta, Canada. Because a change in soil
organic matter is most often attributed to a concomitant change in
plant production, we tested for differences in both above and
below ground carbon pools.
Inconsistent soil carbon responses to grazing in the northern
Great Plains might be related to the limited scale of sampling and
thus inference in previous research. Among quadrat variation was
used to test for differences between a single grazed and ungrazed

treatment by Dormaar and Willms (1990, 1998), Naeth et al.

rangelands. This may have been too broad a scope, since regional

(1991), Dormaar et al. (1994) and Frank et al. (1995).

ecosystems differ in their evolutionary history of, and thus

Independent replicates of grazed and ungrazed treatments from
the same landscape (within 100 m) were used by Dormaar et al.
(1989), Manley et al. (1995), Biondini et al. (1998) and Schuman
et al. (1999). Only Bauer et al. (1987) and Stohlgren et al. (1999)
used replicate pastures from non adjacent sites representing a
variety of soils. The high cost of replicating and sampling multiple pastures and still controlling for variation in soil, grazing
regime and exclusion duration are barriers to "ideally" replicated

response to, grazing (Milchunas et al. 1988). The scope of our
research was to determine if a consistent soil carbon response to
This research was supported through a Matching Investment Initiative between
Agriculture and Agri-Food Canada and the Greenhouse Emissions Management
Consortium. Thanks to Drs. E.W. Bork and R.F. Grant and 2 anonymous reviewers
for helpful comments and suggested changes to the original manuscript. Thanks
also to B. Johnson, L. Kremnijk, C. Gilbertson, V. Merrick and B. Crowder for
field and lab assistance.
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grazing experiments (Brown and Waller 1986, Stroup et al.
1986). The small scale studies still offer potentially useful obser-
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analysis (Osenberg et al. 1999). Our

organic matter pool that turns over more
rapidly than more stable pools. Although

research made use of a single sampling

the overall direction of change below

method and all soil carbon data was

sites up to 500 km apart (independent

ground was difficult to predict given the
variety of responses reported in the literature, we assumed treatment differences in
more labile, coarse soil should be more

reported per equivalent soil mass to adjust
for bias in soil bulk density. We also tested this assumption by comparing the sampling depths required to achieve an equiv-

replicates).

readily detected near the surface than

alent soil mass to illustrate how grazing

There is no standard technique for separating soil from non -soil particles, and this

among more stable fine soil particle frac-

increases bulk density.

vations for regional meta analysis, but are

otherwise pseudoreplicated for making
inferences at the regional scale (Oksanen
2001). Our research compared adjacent
grazed and long -term ungrazed treatments

(blocked for local control) from multiple

complicates comparison of soil organic
matter pools among published studies. The
soil organic matter itself can be separated

into several physically distinct pools that
reflect differences in decomposition state
and turnover rate (Gregorich and Ellert

tions at depth.
Another possibility for inconsistent soil

carbon responses is the variety of sampling and reporting methods used. Soil
carbon can be reported 3 ways: (1) concentration as either % carbon or g kg -'

Materials and Methods
Experimental Design and Site
Descriptions

assumed to represent the oldest, most

(e.g., Dormaar et al. 1994, Stohlgren et al.
1999), (2) carbon mass per either soil volume or area per soil depth increment (e.g.,

humified, and slowly decomposed portion

Schuman et al. 1999, Wienhold et al.

imental units) were sampled during the

of the soil organic matter pool, whereas

2001), and (3) carbon mass per equivalent
soil mass (e.g., Berg et al. 1997,
Mikhailova et al. 2000). The latter 2 units
allow spatial scaling up of results, but carbon mass per volume might be confound-

Monitoring Network established by

1993). Fine soil particles are often

coarse soil particles like roots and litter are
both added and lost more quickly. The relative proportion of each soil organic matter pool also changes with depth, such that
more labile soil organic matter occurs near
the surface (Anderson and Paul 1984). We

separated 2 soil organic matter fractions
for data analysis, since short-term grazing
exclusion may yield differences in a soil

ed because soil mass per volume (bulk
density) is also affected by grazing treat-

A total of 9 blocks, each with a pair of
grazed and ungrazed treatments (18 exper-

summers of 1998 and 1999. These blocks
were selected from the Range Production
Alberta Public Lands (Moisey and Adams
1999), to represent an environmental gradient of rangeland ecosystems in southern
Alberta, Canada (Table 1, Fig. 1). At one

ment (Ellert and Bettany 1995). These
analytical discrepancies may limit the

extreme, blocks 1 and 2 were typical of
high elevation, subhumid, foothill fescue

value of previous research for use in meta-

prairie (Moss and Campbell 1947, Strong

Table 1. Characteristics of nine rangeland blocks and associated grazed and ungrazed treatments located between 49° and 51° , and 110° and 114° W
in southern Alberta.

ßfock

Soil Texture
Type
and Order'
Loam, Orthic
Black Chernozem

Elev.

(m)
1370

MAP

(mm)
480

Jul.
MT
( °C)2

14.7

Jan.
MT

Grazed
Regime

Grazed
Condition

1999

n3

May to Oct

good

(years)
49

( °C)2

-6.8

Ungrazed Ungrazed Subsample
Duration
Area
Quadrats
(Cores)
per Unit
(ha)
0.35

6 (18)

Continuous
Loam, Orthic
Black Chernozem

1370

480

14.7

-6.8

May to Oct
Continuous

good

49

0.35

Loam, Orthic
Dk Brown Chernozem

1240

390

18.0

-7.5

May to Oct
Continuous

fair

29

128.00

Sandy -Loam, Orthic
Dk Brown Chernozem

880

370

18.2

-8.7

May to Oct
Continuous

poor

20

0.18

4 (12)

Sand, Rego
Dk Brown Chernozem

850

360

18.3

-8.9

May to Oct
Continuous

poor -fair

23

0.18

3 (9)

Clay -Loam, Orthic
Brown Chernozem

800

330

19.2

-9.9

fair

20

0.18

3 (9)

7

Loam, Solonetzic Brown Chernozem

940

350

19.3

-11.4

good

50

64.00

6 (18)

8

Sandy -Loam, Orthic Brown Chernozem

940

350

19.3

-11.4

May to Oct
Continuous
May to Oct
Continuous
May to Oct
Continuous

good

71

0.01

3 (9)

9

Silt -Loam, Orthic
Brown Chernozem

930

350

19.3

-11.4

good

71

0.01

3 (9)

5

6

Nov to Apr
Continuous

6 (18)

3 (9)

Based on Agricultural Region of Alberta Soil Information Database (AGRASID 1998), and field descriptions classified according to the Agriculture Canada Expert Committee on
Soil Survey (1987).

2Based on Environment Canada (1996) data for 1961 -1990 at each site, or interpolated from adjacent sites by simple distance weighted averaging (MAP = Mean Annual Precipitation;
MT = Mean Temperature).

3Based on method described by Wroe et al. (1988) and reported in Moisey and Adams (1999).
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Example
Block
Layout

Ungrazed
Experimental
Unit

Subsample
Points

Meters

0

Vegetation and Soil Sampling

Grazed
Experimental
Unit

In each experimental unit, 3 to 6 sub sample points were established. Variation
in this number was due to the extremely
small size of some exclosures (Table 1).
Subsamples were positioned 3 to 5 m from
fence lines to avoid cattle trails and other

i
10

20

30

40

edge effects, which limited the possible
sampling area to a diameter of 4 m in the
smallest exclosures. Thus only 3 points
would fit within these smaller exclosures,
and the adjacent grazed area (though > 100
ha in size) was similarly sampled within a
4 m diameter area on the same range site.
Where larger exclosures and range sites

50

permitted, we increased the sampling
intensity to 4 or 6 subsample points to bet-

ter represent the larger units. In some of
)MOlsr

these cases the range site was large enough
to spread out our sampling points within a

PRAIRIE
ECOREGION

50 m diameter area (Fig. 1). As such, the
sampling area and intensity varied among

Medicine Hat

Block
1&2

*

Block 5

*

Block 4

FOOTHILL FESCUE
PRAIRIE
ECOREGION

/*

MONTANA

blocks but was kept consistent among

50 °N

Block 6

treatments within each block.
At each subsample point, basal cover of

DRY
MIXED -GRASS
PRAIRIE
ECOREGION

Block 3

vegetation, litter and bare ground were
visually estimated within a 0.25 m2 square

quadrat. Standing dead and surface litter
were hand raked from within each quadrat

Block* *
7 to 9

*

49 °N

until mineral soil was reached. The remain-

100 km

ing live, rooted vegetation was clipped at
ground level and removed. To each of these

Fig. 1. Locations of the 9 blocks sampled in southern Alberta, Canada and an example block
and subsample layout.

2 above ground fractions, all dried and
fresh cattle dung was added to the litter
fraction and foliose lichens added to the

and Leggat 1991), and at the other

(Moisey and Adams 1999) provided some

extreme blocks 6 to 9 were typical of low
elevation, semiarid, northern mixed grass

control of treatment effects. This limita-

prairie (Coupland 1950, Strong and

required for plant compositional and associated soil chemical, biological and physical change to occur. The plant communities were visibly different between treat-

vegetation fraction. Both dung and lichens
contribute residues to the soil organic matter pool below, and were essential components of above ground carbon to include.
The resulting vegetation and litter fractions
were oven dried at 70° C for 48 hours prior
to dry wt determination.
At each subsample point, 3 cylindrical

Leggat 1991). Soils also varied along this

same gradient from black chernozems
(frigid hapludolls) at blocks 1 and 2, to
brown chernozems (aridic haplustolls) at

blocks 6, 8, and 9 (Agriculture Canada
Expert Committee on Soil Survey 1987).
Blocks were limited to level, uncultivated

range sites typical of the landscape in
which each block occurred. Treatments
were assumed to be random in each block,
since the relative orientation of grazed to

ungrazed units varied with each pair.
Adjacent treatments were also assumed to
approximate a before - after, control - impact

arrangement within each block.
Although grazing regime and range condition varied among blocks (Table 1), the

objective of this investigation was to
determine coarse scale responses of northern rangelands to long -term grazing exclu-

sion. Selecting blocks with ungrazed
exclosures 20 years old or greater and

classified as "excellent" condition
404

tion assumed at least 20 years were

ments at each site (Moisey and Adams
1999, Henderson 2000). For example, the
cover of rough fescue (Festuca campestris

Rydb.) was greater in ungrazed units,
whereas Parry's oat grass (Danthonia par -

ryi Scribn.), Idaho fescue (Festuca idahoensis Elmer), and Kentucky blue grass
(Poa pratensis L.) were greater in grazed
units at blocks 1 and 2. Similarly, needle
and thread (Stipa comata Trin. &Rupr.)

and wheatgrass (Elymus lanceolatus
Scribn. &Smith and Pascopyrum smithii

Rydb.) cover was greater in ungrazed
units, whereas blue grama (Bouteloua gracilis HBK) was greater in grazed units at

blocks 4 to 9. Block 3 was transitional
between foothill fescue prairie and mixed
grass prairie both in terms of composition
and treatment response.

soil cores (6.7 cm diameter x 110 cm

depth) were extracted using a truck
mounted hydraulic corer. Coring positions

within each clipped and raked quadrat
were selected to proportionately represent

the basal cover of plant crowns, cryptogams (mosses and lichens) and bare
ground among the 3 cores. Large diameter
cores allowed incorporation of this horizontal heterogeneity in each core, rather
than stratified sampling of plant crowns
and interspaces among multiple cores. The
3 cores removed from each quadrat were

laid out side by side to select common
depth increments based on natural horizons
identified in the field (Agriculture Canada

Expert Committee on Soil Survey 1987).
Up to 10 depth increments were selected
and the 3 cores from each quadrat were
combined for each increment. Increments
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a,

were as little as 5 cm thick, and no increment exceeded 15 cm in thickness, all to
facilitate accurate calculation of organic

carbon mass per equivalent soil mass.
Field soil samples were stored in a cold
room (-0.5° C) up to 2 days before being
processed in the lab (Bates 1993).

Bulk density was determined for each
field soil sample by multiplying the wet
sample mass per volume by an oven dried
proportion; the latter determined from a 50
to 75 g subsample weighed wet and after

drying at 110° C for 48 hours (Culley
1993). The remainder of each field soil
sample was air dried for 1 week, prior to
physical separation of up to 4 fractions.
Plant crowns were separated from surface
samples by hand picking. This fraction
represented above ground portions (stem
and leaf material) of vascular plants and
little clubmoss (Selaginella densa Rydb.)
that could not be removed by clipping.
Macro organic matter represented a combination of live and partially decomposed

roots, litter, seeds, insect exuviae and
other organic debris larger than 0.5 mm
(Gregorich and Ellert 1993). Gravel and
macro organic matter > 2 mm were first
separated by hand crushing each air dried
soil sample and sieving through a 2 mm
mesh. Additional macro - organic matter
was separated from fine soil by 2 to 3 repetitions of hand crushing, sieving (0.5 mm

mesh) and winnowing. For winnowing a
tabletop grain cleaner was used to separate
heavy particles (fine soil) and light particles (macro- organic matter) between 0.5

inorganic CO3-2 (Nelson and Sommers
1996). Acidified samples were oven dried
at 70° C for 24 hours, which retained any
soluble C compounds that might otherwise
be lost by decanting the acid. The resulting organic fine soil organic carbon represents primarily those compounds derived

from the ecosystem since deglaciation.
Organic carbon mass ha-1 was calculated
for vegetation, litter and plant crown fractions by simply multiplying carbon content with biomass ha' measurements. Fine
soil organic carbon and macro - organic

matter carbon mass ha -' calculation
required a more complex method.

Ellert and Bettany (1995) promote
reporting soil elemental concentrations on

mm sieve was combined with heavy particomprise the fine soil fraction. The macro
organic matter was oven dried at 70° C for

48 hours and dry weight determined for
calculation of dry mass.

Carbon and Equivalent Soil Mass
Determination
Organic carbon content of all vegetation, litter, macro organic matter and fine
soil organic fractions was determined by
dry combustion and gas chromatography
in a Carlo -Erba NC2100 elemental analyzer (Pella 1990) located at the Agriculture
and Agri-Food Canada Research Centre in

and made possible a more sensitive and
robust parametric test for treatment differences. It was also possible these 2 foothill
fescue prairie sites differed in response to

grazing, relative to mixed prairie sites

(Dormaar et al. 1977, Dormaar and
Willms 1993). However, this reduced data
set (n = 7) limited the scope of the gradient and the objective of this investigation.
As such, to illustrate an intraregional gradient among blocks 3 to 9, yet still mini-

mize among block variation to test for
grazing treatment differences, ANCOVA

was applied (Steel et al. 1997). Seven
potential soil organic matter covariates
(Parton et al. 1987) were assessed from

quantitative measure independent of treatment differences in bulk density. Fine soil
organic carbon and macro organic matter

elevation, climate and soil textural data for
each site (Table 1). The only covariate significantly correlated (P < 0.05) for all fine
soil organic carbon variables was % clay

carbon mass values from original depth
increments were adjusted by adding an

content of the soil. None of the environmental variables correlated with macro

additional organic carbon mass from a portion of the next deepest increment until an
equivalent soil mass was achieved among

analyses were pursued for this variable.

an equivalent mass basis to provide a

all 74 subsamples within the 18 experimental units. Each of the 4 equivalent soil

organic matter carbon, and no further

Results and Discussion

mass values selected (1000, 2000, 4000
and 8000 Mg ha-') represents soil from the

surface to successively greater depths;

Equivalent Mass Determination
Sampling depths to achieve equivalent

although soil layer thickness varied among
experimental units for the same equivalent
soil mass (Fig. 2). Analyses were restricted

masses of 1000 and 2000 Mg ha' were

to samples above 80 cm, because it was
not always possible to sample to 110 cm

increased on grazed areas in response to
compaction by livestock. Differences in
bulk density between blocks varying in
soil texture and soil organic matter were
apparent. Low bulk densities from blocks

depth in each experimental unit.

and 2 mm in size. Soil that passed a 0.5

cles (0.5 to 2 mm) from winnowing to

foothill fescue prairie improved normality

Data Analyses

significantly deeper (P < 0.05) under graz-

ing exclusion (Fig. 2). Bulk density

treatment differences (alpha = 0.05).

1 and 2 may have been related to the large
soil organic matter component (9 to 13%
organic carbon) and clay content (32 to
36 %), and a greater volume of soil was
required to achieve equivalent mass rela-

Paired analyses assume among block vari-

tive to other sites. High bulk densities

ation is greater than between treatments
within a block. As such, the Wilcoxon
Signed Rank test sums the proportional
change between treatments in each block
(n = 9) to test the null hypothesis that the
sum of pair differences is equal to zero
(Steel et al. 1997). The Wilcoxon Signed

from blocks 4 and 5 may have been related to the large sand content (55 to 82 %),
and a smaller volume of soil was required
to achieve equivalent mass.
Similar research often reports treatment
differences in both bulk density and soil

Rank tests were also conducted to evaluate
whether the prediction soil sampling depth

researchers have reported soil carbon on

Data for all carbon mass variables were
skewed and heteroscedastic, so a nonpara-

metric Wilcoxon Signed -Rank test was
used to identify paired grazed vs. ungrazed

carbon mass per volume, but few

ground preparation of vegetation, litter,

should be shallower under grazed (corn
pacted) treatments to achieve a soil mass

macro - organic matter and fine soil organic
samples to pass a 0.1 mm sieve, a 10 to 40

equivalent to the ungrazed treatments.

an equivalent mass basis (Berg et al. 1997,
Mikhailova et al. 2000). Although Berg et
al. (1997) compared methods of reporting
soil carbon, they still recommended mass

This test was used to support the choice of

per volume (referred to as "concentra-

mg subsample was removed for carbon
analyses. Due to the carbonate (CO3-2)
rich parent materials in which these soils
developed, all fine soil organic subsam-

equivalent mass as a superior reporting

tion") because it generated greater, though

method.

not statistically significant, differences

Lethbridge, Alberta. Following fine

ples were acidified with 6M HC1 to evolve

Data from blocks 1 and 2 were the out-

between grazed and ungrazed treatments.

liers that skewed each distribution.
Removal of these 2 outliers from the

Since livestock grazing can cause soil
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compaction, or conversely grazing exclu-
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Block Number and Grazed (G) or Ungrazed (U)
2

1

GU

GU

3

4

GU

GU

6

7

8

9

GU

GU

GU

GU

5

GU

u.

Depth from 40
Surface
(cm)

50

::.

ILayer thickness to 1000 Mg ha-1 Soil

MAdditional layer to 4000 Mg ha-1 Soil

Additional layer to 2000 Mg ha-1 Soil

Additional layer to 8000 Mg ha-1 Soil

Fig. 2. Sampling depths required to achieve 4 equivalent soil masses from long -term grazed and ungrazed grasslands at all 9 sites in southern

Alberta, Canada. Significantly greater depths were required for ungrazed treatments to achieve 1000 and 2000 Mg ha' soil (P < 0.05
Wilcoxon Signed -Rank Test).

lion can permit a loosening of soil through
root growth and freeze -thaw, controlling
for bulk density differences is essential. A

Above Ground Responses to

compact, heavy sample of soil from the

carbon mass were both greater under grazing exclusion (Table 2). This response was

uppermost 10 cm of soil may contain more
carbon by mass than a loose sample of soil

from the same depth, even though both
may have the same % carbon. To draw the

conclusion that grazing increases soil

organic carbon would be incorrect,
because there were no corrections for
treatment differences in bulk density.
Concentration by % or g kg-' is another
approach to compare treatments and control for bulk density differences, but does

not allow spatial scaling of results. A
quantitative measure of soil mass per area
is necessary for modeling landscape and
regional responses of soil organic matter

to grazing and grazing exclusion (Ellert
and Bettany 1995).

Grazing
Litter cover, and litter and vegetation
expected, since defoliation by livestock

should reduce live plant biomass and
residue inputs to the litter pool (Milchunas

and Lauenroth 1993). In the absence of
livestock trampling plant root growth
loosens soil, forms more macropores and
increases infiltration (Naeth et al. 1990,
Facelli and Pickett 1991). Litter moderates
the soil microclimate such that shade lowers temperatures during summer and insulation lengthens the frost -free period during
spring and fall. Litter also reduces evaporation and retains soil moisture (Knapp and
Seastedt 1986, Willms et al. 1986, 1993,
Facelli and Pickett 1991). Grazing exclusion altered patterns of litter accumulation

and this change may have affected soil
406

nutrient cycles and pool size (Holland and
Coleman 1987, LeCain et al. 2000).
There was no difference among grazing
treatments in basal area of cryptogams or

vascular vegetation (grasses, forbs, and
shrubs), nor was there a difference in plant
crown carbon mass. Although there was a

change in relative species composition
(Moisey and Adams 1999, Henderson
2000), this was not reflected in the horizontal structure of grazed and ungrazed
range types. However, species compositional change may have affected the vertical distribution of below ground biomass
(Weaver 1950).

Below Ground Responses to
Grazing
There was no difference among grazing
treatments in macro organic matter carbon

mass for all 4 equivalent soil masses
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Table 2. Comparison of vegetation cover and organic carbon mass among long -term grazed and
ungrazed grasslands at 9 sites in southern Alberta, Canada.
Above Ground
Fraction

Ungrazed
(Mean ± SE)

Grazed
(Mean ± SE)

Wilcoxon Signed
Rank (P)

Basal Cover (%)
Bare Ground
Litter

Cryptogams

Vascular Plants

Plant Crowns
Litter

Vegetation

2.6 ± 0.9
35.6 ± 6.1
13.7 ± 5.2
48.0 ± 3.4

0.011
0.011
0.086
0.953

Organic Carbon (Mg C ha')
1.70 ± 0.32
1.37 ±0.21
1.79 ± 0.60
0.62 ± 0.20
1.01 ± 0.24
0.71 ± 0.14

0.515
0.008
0.050

12.7 ± 2.8
18.0 ± 5.0
20.8 ± 6.7
48.5 ± 3.6

Differential Responses Along A

suggested the shift in species composition
with grazing leads to both horizontal and
vertical changes in plant community architecture. In fescue prairie, grazing should

Gradient
Mean annual precipitation and % clay
content were positively correlated with
both macro organic matter carbon and fine
soil organic carbon mass at all 4 equiva-

overall root biomass. A smaller root mass
should contribute less organic residue to
the soil and macro organic matter carbon
mass should decrease. In contrast, several
researchers suggest a direct and dependent

lent masses (P < 0.05, n = 9). Sims and

relationship between an increase in soil
carbon with grazing and an increase in
blue grama (Bouteloua gracilis HBK)

and 2 were consistent outliers in and

cover on mixed grass prairie. This species

the fine soil organic carbon and macro
organic matter carbon mass of all other

reportedly leads to increased residue
and thus soil carbon (Dormaar and
Willms 1990, 1993, Derner et al. 1997,
Kelly and Burke 1997). While localized
effects under individual plants may occur,
at the larger scale our data do not support
these earlier findings; because, there was
no difference among treatments for macro
organic matter carbon despite a change in

blue grama cover (Moisey and Adams
1999, Henderson 2000).

No significant difference occurred in
fine soil organic carbon mass for all 4

equivalent soil masses (Fig. 3). The
response of northern rangeland soils to

grazing or grazing exclusion may be
unique to each independent location, and
this may account for the high variability
and lack of a general trend. Replication at
the landscape scale, instead of the region

as in this study, would be necessary to
detect landscape scale differences. In that
case, a sample size of 7 to 9 may be insufficient for detecting regional scale differences (if, in fact, a single pattern exists).
Alternatively, treatments separated spatial-

Nielsen (1986) found the same 2 environmental variables were correlated with soil

organic matter along a similar gradient
immediately south in Montana. Blocks 1
biased interpretation of correlation analyses, since both blocks were nearly twice

experiments with replicates restricted to 1
mixed grass prairie landscape. Following
7 years of experimental grazing in North
Dakota, Biondini et al. (1998) reported no
difference in soil organic carbon mass per
volume within the top 10 cm of soil. Naeth
et al. (1991) reported a similar observation
for a mixed grass prairie site in southern
Alberta. In Wyoming, both Manley et al.
(1995) and Schuman et al. (1999) found
soil organic carbon was up to 10 Mg ha'
greater in the near surface soil under the

same grazed treatments after 11 to 12
years. Dormaar and Willms (1990) and
Dormaar et al. (1994) observed a similar
pattern for 2 Alberta mixed prairie sites.
In cases where replication beyond a single landscape has been attempted, increases in soil organic carbon tend to be associated with grazing exclusion. Stohlgren et
al. (1999) compared 3 separate pasture and

exclosure pairs (13 to 31 years since

in % clay content as the only significant
correlate (P < 0.05, n = 7) and only with

and surface soils under exclosures had

fine soil organic carbon mass. The 7
remaining sites were all semiarid, mixed
grass prairie. Sims et al. (1978) and Sala et
al. (1988) identified 370 to 400 mm mean
annual precipitation as the point at which a

transition in above ground ecosystem
responses to grazing occurs in the northern
Great Plains, which may confer a differential below ground response. By removing

the 2 subhumid blocks (> 400 mm mean

annual precipitation) this differential

exclusion) in Montana mixed grass prairie,

consistently greater % carbon than adja-

cent grazed areas. Bauer et al. (1987)
found a similar pattern in carbon mass per
volume after comparing 12 grazed and 12
ungrazed, independent mixed grass prairie
sites in North Dakota, representing a variety of soil textural groups. In that study,
the magnitude of grazing treatment differences was greater for sandy textured soils
than loam and clay. Duration of grazing or

grazing exclusion was unknown, but at

Table 3. Comparison of fine soil organic carbon and macro - organic matter carbon mass at 4 equiv-

alent soil masses among long -term grazed and ungrazed grasslands at 9 sites in southern
Alberta, Canada.
Equivalent Soil
Mass

(Mg Soil ha')
1000
2000
4000
8000

Ungrazed
Grazed
(Mean ± SE)
(Mean ± SE)
Macro- Organic Matter Carbon (Mg C ha')

5.23 ± 0.91
5.98 ± 0.97
6.80 ± 1.00
7.66 ± 1.03

5.31 ± 0.79
5.96 ± 0.80
6.66 ± 0.77
7.36 ± 0.73

Wilcoxon Signed
Rank (P)
0.859
0.859
0.906
0.678

Fine Soil Organic Matter Carbon (Mg C ha')

exclusion and the assumption of adjacent
unwise.

covariate (Fig. 2).
Reports of no change or increases in soil

blocks. Removal of these 2 blocks resulted

ly may have differed prior to grazing
sites approximating a BACI design is

soil masses with % clay content as the
organic carbon with grazing come from

(Table 3). Dormaar and Willms (1998)

decrease the cover of rough fescue and

response among ecoregions could not be
analyzed, although it was possible to test
for grazing treatment effects along a soil
texture gradient within the mixed grass
prairie ecoregion alone. There were no
significant differences in fine soil organic
carbon mass intercepts at all 4 equivalent

1000

35.89 ± 9.37

2000
4000
8000

54.27 ± 13.07
78.05 ± 16.36
107.99 ± 19.68
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36.93 ± 10.35
56.77 ± 15.17
80.84 ± 18.97
106.52 ± 22.08

0.441
0.515
0.678
0.374
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Fig. 3. Analysis of covariance for fine soil organic carbon (FSOC) mass at 4 equivalent soil masses among paired grazed and ungrazed grass.
lands at 7 mixed -grass prairie sites in southern Alberta, Canada. Open circles with the dashed trend line are grazed and black circles with
the solid trend line are ungrazed.

least 75 years. Frank et al. (1995) and

this research. Much of the soil organic

Wienhold et al. (2001) reported a similar
pattern in % carbon for the same North
Dakota site sampled after 75 and 80 years

matter in temperate Canadian grasslands is
an ancient product of vegetation, climate

of consistent treatment application.
Stocking rates and grazing regimes differed among independent locations in all
previous research, and no single study has
adequately replicated grazing systems or
exclusion durations, further complicating
interpretation.

Assumptions that predictable differences in above ground range type and production among grazed and ungrazed treatments contribute to predictable differences
in below ground soil organic matter have
not been supported in the literature or by
408

and soil development over 10,000 years
since deglaciation, or even older inert lignite coal ground in the glacial till parent
material (Anderson 1995, Seastedt 1995).

Current estimates of organic carbon

in equilibrium under continuous grazing.
Short -term modification of the grazing
regime may have less impact than complete grazing exclusion on an organic carbon pool subjected to grazing for millennia; yet no consistent grazing exclusion
response has emerged from this investigation or others.

turnover rates for uncultivated, cold and

dry grasslands suggest a significant
change in the soil carbon pool may require
centuries to millennia (Anderson and Paul
1984, Paul et al. 1997). In addition, continuous grazing by large ungulates on the

northern Great Plains has been the norm

for at least 8,000 years (Wells 1970,
Axelrod 1985), and the ecosystem is likely

Conclusions
No consistent response of soil organic
carbon mass to grazing was demonstrated.

Treatment differences were small (less
than 5% of total soil organic carbon mass)
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and not statistically significant. Including
the large and heterogeneous background
mass of old organic carbon at depth may
complicate detection of short -term treatment responses. However, there were no
differences in more labile residues (macro organic matter carbon) at shallower depths
(1000 Mg ha-1 soil). Inconsistent treatment

responses among blocks may indicate
grazing impacts are related to a combination of site factors and difficult to generalize, even within an ecoregion.
Current range management in the northern Great Plains aims to optimize forage
production through litter carryover for soil
moisture conservation (Wroe et al. 1988,

Willms and Jefferson 1993), and this
appears to be consistent with maintaining

the soil organic carbon pool. Definitive
answers lay in a combination of similarly
controlled experimental sites, with replicated grazing regimes, that use a single
sampling and reporting protocol.
Coordination amongst researchers in the
design, execution and analysis of longterm grazing experiments will yield both
accurate and precise data for meta analysis
and regional models of grazing impacts on

ecosystem processes and patterns. Such
coordination is necessary to provide data
sets useful for developing general theory
on the ecological impacts of grazing, and

management prescriptions for carbon
sequestration.
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