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Abstract. The objective of this study was to evaluate for an 8-yr period the ecosystem-
level impacts of no grazing vs. sustained moderate and heavy cattle grazing in terms of:
(1) plant species basal cover, density, and composition; (2) aboveground net primary pro-
duction (ANPP), N content of ANPP (ANPP-N), belowground net primary production
(BNPP), and N content of BNPP (BNPP-N); (3) litter and root decomposition and N loss;
and (4) soil C, total soil N, and net in situ soil N mineralization. Moderate and heavy
grazing treatments were designed to achieve an end-of-the-grazing-season residual vege-
tation of 50% and 10%, respectively, of the long-term average ANPP of comparable un-
grazed sites. The main factor affecting the vegetation response was the increase in precip-
itation after the drought of 1988; few differences were due to grazing intensity. The total
absolute basal cover of grasses increased steadily in all treatments, from an average of 4%
during the drought of 1988 to 14% in 1993. Forb density and diversity increased from 51
plants/m2 and 14 species in 1988 to 412 plants/m2 and 36 species in 1995. Grazing, however,
increased the relative composition of Poa pratensis and Achillea millefolium, but reduced
the relative composition of Bouteloua gracilis and Aster ericoides. ANPP and ANPP-N
were correlated with rainfall, but not with grazing intensity. Heavy grazing led to declines
in standing dead biomass, litter, peak root biomass and biomass-N, root N concentrations,
and in situ net soil N mineralization. There was an increase in root decomposition and N
loss with grazing. From this study, we reached the following conclusions about the northern
mixed-grass prairie: (1) climatic variations, in particular droughts, control major trends in
plant species composition and production, with grazing playing a secondary role; (2) heavy
grazing leads to declines in standing dead biomass and biomass-N, litter biomass and
biomass-N, peak root biomass and biomass-N, and in situ net soil N mineralization, which
may have a significant long-term impact on range condition; and (3) grazing pressures that
lead to a removal of 50% of ANPP, however, seem to be sustainable and compatible with
the maintenance of range condition.

Key words: climatic variation; grazing pressure; litter and root decomposition; net primary pro-
duction; net soil N mineralization; nitrogen loss; North Dakota; northern mixed-grass prairie; soil C
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INTRODUCTION

Recently, there has been a substantial debate about
whether or not herbivory can increase net primary pro-
duction (NPP), and if so, under what ecological con-
ditions or level of ecological organization NPP may
increase (Brown and Allen 1989, McNaughton 1993,
Painter and Belsky 1993). The grazing optimization
hypothesis (McNaughton 1979, 1983, 1993) states that
NPP should be maximized at some moderate level of
grazing, through plant compensatory growth mecha-
nisms. Painter and Belsky (1993), however, have
strongly disputed this argument, stating that available
evidence indicates that whole-plant overcompensation
or NPP optimization rarely occurs, and if it does, has
little applied significance. They further argue that the
concept has been adopted by some land managers (Sa-
vory 1988) to justify the overstocking of rangelands in

Manuscript received 10 October 1996; revised 22 Septem-
ber 1997; accepted 25 September 1997.

western North America. Dyer et al. (1993) have pointed
out, however, that the extensive literature in range sci-
ence, ecology, and agronomy argues strongly against
their conclusions. From both empirical (Williamson et
al. 1989, Turner et al. 1993) and modeling data (Hol-
land et al. 1992), Dyer et al. (1993) postulate that her-
bivory often induces biphasic growth and development
in plants, and that, collectively, these responses trans-
late into a system-level optimization curve, wherein
plant community NPP is maximized at a low level of
herbivory and is severely reduced at high levels.

In addition to its effects on NPP, grazing intensity
can have a significant impact in two other areas of
interest to range management: nutrient cycling and
plant species composition. McNaughton et al. (1988)
and Seagle et al. (1992) showed that removal of grazing
in the Serengeti grasslands leads to an increase in the
N immobilized in litter and standing dead biomass, and
a reduction in soil microbial turnover rates and net soil
N mineralization. Holland and Detling (1990) and Hol-
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land et al. (1992) studied the links between the phys-
iological response of plants to grazing and N cycling.
They found that, on average, NPP and net soil N min-
eralization peak at low-to-moderate grazing levels, but
that total soil C and N decline with grazing, because
of decreases in C and N returns to the soil and increases
in litter turnover rates. Plants from areas with a history
of heavy grazing, however, have higher aboveground
NPP (ANPP) and N (ANPP-N) than the same species
from infrequently grazed areas (Jaramillo and Detling
1988, Polley and Detling 1988).

Although there is an extensive literature on grazing
effects on plant species composition (Lauenroth et al.
1994, Biondini and Manske 1996), recent studies by
Wedin and Tilman (1990, 1993) have also shown links
between species composition and N cycling. Wedin
(1994) proposed that feedback between the processes
controlling species composition (grazing, fire, com-
petition for soil N, etc.) and N cycling should create
alternative stable states for the vegetation–soil system,
given the same initial abiotic conditions.

Scientific debates regarding the role of grazing on
NPP, N cycling, and species composition are not simply
an academic exercise, but have significant implications
for the management of large tracts of Great Plains and
western rangelands in the United States (for a review,
see Levin 1993, Vavra et al. 1994). The practical ques-
tions, from a range management perspective, are: (1)
what is the maximum stocking rate that can result in
the maintenance of plant production, forage quality,
and species composition? and (2) what are the conse-
quences of sustained heavy grazing for soil organic
matter and N cycling? These are key questions for
range managers, because stocking rate (in conjunction
with grazing systems) traditionally has been one of the
tools used to optimize economic returns from livestock
operations.

Although stocking rate is a key issue in range man-
agement, specific recommendations for many range-
lands, particularly northern Great Plains grasslands, are
still unavailable (Holechek et al. 1989). One of the
main obstacles is the lack of a substantial body of con-
trolled grazing experiments in which sustained, long-
term overgrazing has been part of the experimental
design equation (for a review of grazing experiments
and stocking rates, see Biondini and Manske 1996).
Such experiments are scarce because overgrazing gen-
erates low profits and, thus, is not regularly chosen as
a treatment in trials designed to optimize mass gains
per animal or per unit area (Milchunas and Lauenroth
1993).

This study was designed to evaluate the ecosystem-
level impacts of no grazing vs. sustained moderate and
heavy grazing in terms of: (1) plant species basal cover,
density, and composition; (2) ANPP, ANPP-N, below-
ground NPP (BNPP), and BNPP-N; (3) litter and root
decomposition and N loss; and (4) soil C, total soil N,
and net soil N mineralization.

MATERIALS AND METHODS

Study site

The study was conducted at the Central Grasslands
Research Center (CGRC) near the eastern edge of the
Missouri Coteau, 14 km northwest of Streeter, North
Dakota, United States. The study site is typical of
rangelands in the Missouri Coteau, which consist of a
mosaic of soil types and range sites. Silty range sites
(well-drained soils that are moderately fine in texture)
dominate the study site. The common soil taxonomic
unit of the silty range sites is the Williams Series (fine-
loamy, mixed Typic Argiboroll; USDA Soil Conser-
vation Service 1984).

The site has a continental climate, with warm sum-
mers and very cold winters. The January mean tem-
perature is 2138C and the frost penetration range is
1.4–2 m. Summer temperatures are highest in July, with
a mean of 218C, and the mean freeze-free period is
;132 d. The mean annual precipitation for the study
area is 446 mm, 70% of which is received in the grow-
ing season (May through September). An ombrother-
mograph (Fig. 1; Emberger et al. 1962) shows that,
with 215 mm, 1988 was the third driest year on record,
whereas 1993, with 689 mm, belonged to the upper 5%
quantile.

The dominant species in the site are Poa pratensis
L., Agropyron smithii Rydb., Stipa viridula Trin., Carex
heliophila Mack., and Carex obtusata Lilj. About 10–
37% of the total cover consists of forbs and shrubs,
including Aster ericoides L., Artemisia ludoviciana
Nutt., and Achillea millefolium L. Nomenclature fol-
lows that of the Great Plains Flora Association (1986).

Experimental design

The experiment was started in 1988 in a section of
land that had not been subjected to livestock grazing
since 1979. The experiment was organized as a com-
pletely randomized design with three treatments: un-
grazed control, moderate grazing, and heavy grazing.
Each treatment was replicated three times for a total
of nine pastures of 13.2 ha each. Grazing intensity in
this study was defined as the amount of aboveground
standing biomass left at the end of the growing season.
The moderate and heavy grazing treatments were
grazed 86–181 d (starting at mid-May), with the goal
of leaving 158 g/m2 and 32 g/m2, respectively, of
aboveground standing biomass at the end of each grow-
ing season. These values represent 50% and 10%, re-
spectively, of the long-term average aboveground peak
biomass of comparable ungrazed range sites within the
CGRC. The moderate grazing treatment represents the
traditional grazing guideline for proper use (Holechek
et al. 1989). The average values actually achieved dur-
ing the eight years of the experiment were 164 6 31
g/m2 (mean 6 1 SE) in the moderate grazing treatment
and 39 6 22 g/m2 in the heavy grazing treatment.
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FIG. 1. Ombrothermograph for the study site from 1988 to 1995, plus the 35-yr average.

Plant basal cover, density, and species composition

A standard 10-point frame was used to measure grass
basal cover. Frames were read at 50 sampling points
located within a permanent transect (500 points per
pasture). All transects were sampled in 1988, 1990,
1992, and 1993 at peak biomass. Grass species com-
position was expressed as relative plant basal cover.
Forb density was estimated every year (except 1989)
at peak biomass by using 50 25 3 25 cm permanent
quadrats per pasture, randomly located along a transect.
All forbs rooted within the quadrat were counted and
forb species composition was expressed as relative den-
sity.

Above- and belowground NPP

Aboveground net primary production (ANPP) was
determined with sequential sampling conducted in
May, July, and October of each year. Ten 0.25-m2 quad-
rats per pasture were used at each sampling period: five
within portable wire cages that excluded grazing and
five outside the cages. Aboveground standing live and
dead biomass were clipped and separated into grasses,
forbs, and shrubs, and aboveground litter was collected.
Cages were moved to new randomly selected locations
in the pastures after each sampling period. All samples
were oven-dried at 608C for 12 h before weighing.
ANPP was calculated using the difference method (Re-
dente et al. 1989). The percentage of forage removed
in the growing season was determined with the cage
comparison method (Klingman et al. 1943). Total N
contents for the aboveground live biomass, standing
dead biomass, and litter were determined with the Kjel-
dahl digestion method (Nelson and Sommers 1980).

Belowground NPP was estimated in 1995 with the
use of 12.5 cm diameter soil cores. In May and October,
10 samples per pasture were taken, to a depth of 20
cm, and were processed using the method of Bartos
and Sims (1974). Root material was oven-dried for 12
h at 608C and was ashed for 8 h at 4808C (Goering and
Van Soest 1970). Root biomass was expressed on an
ash-free basis. BNPP was calculated using the differ-
ence method outlined by Shariff et al. (1994).

Litter decomposition, soil C, N, and N mineralization

All measurements of soil C and N cycling were con-
ducted in 1995–1996, 7 yr after treatment implemen-
tation. We selected this lag time to increase our ability
to detect potential changes in the less dynamic soil
components: soil C and total soil N. In situ litter and
root decomposition were evaluated using the litter bag
technique (Santos et al. 1984). Aboveground litter and
root samples (taken to a depth of 10 cm) were collected
within each pasture in mid-May, oven-dried for 12 h
at 608C, thoroughly mixed, and analyzed for N content
and ash. In early June, five litter and five root samples
per pasture (15 g each) were placed in the field using
10 3 10 cm 2-mm mesh polyethylene bags. The litter
bags were anchored to the soil surface with spikes at
all four corners, whereas the root bags were buried 10
cm below ground. An equivalent number of bags filled
with polyethylene foam (blanks) served as controls.
Blanks were used to estimate the amount of shoots or
roots that get into the bags during incubation. All
samples were retrieved a year later. After retrieval,
the samples were oven-dried for 12 h at 608C,
weighed, and analyzed for final total N and ash con-
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tent. Percentage of decomposition (mass loss) was cal-
culated as

Percentage decomposition

[OM S 2 (S 2 (C 2 C ))OM ]100p p r r p r
5

OM Sp p

where OMp is the ash-free organic matter fraction of
the original, placed samples, OMr is the ash-free frac-
tion of retrieved samples, Cp is the mass of blanks when
placed, Cr is the mass of blanks when retrieved, Sp is
the mass of the sample when placed, and Sr is the mass
of the sample when retrieved.

The percentage of N lost due to decomposition was
calculated as

Percentage N loss

[OM S N 2 (S 2 (C 2 C ))OM N ]100p p p r r p r r
5

(OM S N )p p p

where Np is the N fraction of the original samples, and
Nr is the N fraction of the retrieved samples.

Soil samples for total soil C and N were collected
using 30 5 cm diameter soil cores per replication, taken
to a depth of 10 cm. From each core, 50 g of soil were
air-dried, thoroughly mixed, and passed through a 2-
mm sieve before analysis. Total C was calculated using
a dry combustion method (Nelson and Sommers 1982),
whereas total soil N was calculated with a modified
Kjeldahl method (Bremer and Mulvaney 1982). Bulk
density was calculated as the ratio of oven-dried
(1058C) soil to combined core volume (Blake 1965).
Total soil C and N were expressed as kilograms per
square meter to a depth of 10 cm.

Net in situ soil N mineralization was determined us-
ing the buried polyethylene bag technique (Westerman
and Crothers 1980). Polyethylene is permeable to O2

and CO2, thus maintaining field aeration conditions, but
is impermeable to ammonium N (NH4-N), nitrate N
(NO3-N), and water. This may be a limitation of the
method: moisture conditions remain constant in the
bag, but they fluctuate in the soil, which may stimulate
microbial activity. However, van Schreven (1967)
found that, although wetting may result in a mineral-
ization pulse, followed by reduced mineralization, the
total amount of N mineralized after 1 mo of stable
moisture conditions is statistically similar to that ob-
tained under fluctuating moisture conditions. Soil N
sampling was conducted in June, July, and August of
1995. At the beginning of each month, 10 samples were
randomly taken from each pasture with a 5 cm diameter
soil core to a depth of 10 cm. The samples were thor-
oughly mixed and sieved through a 2-mm aluminum
screen to remove coarse fragments and roots. Five sam-
ples were placed in plastic bags, sealed, and immedi-
ately buried 5 cm below ground. The remaining ma-
terial was immediately cooled for initial NH4-N and
NO3-N determinations. Duplicate 5-g samples from

each bag were extracted with 50 mL of 2 mol/L KCl,
and the extract was analyzed for NH4-N and NO3-N,
using Orion 95-12 ammonia electrodes and the Orion
700005 nitrate test kit (Munter 1990; Orion Research,
500 Cummings Center, Beverly, Massachusetts 01915
USA). Samples were retrieved after 30 d of incubation
and were analyzed for NH4-N and NO3-N. In situ net
soil N mineralization was estimated as the increase in
NH4-N plus NO3-N during incubation (final 2 initial).
Net soil N mineralization was reported as grams of
nitrogen per square meter to a depth of 10 cm.

Statistical analysis

The data on annual ANPP, ANPP-N, plant basal cov-
er, plant density, and species composition were ana-
lyzed within years using one-way ANOVA. Compar-
isons among years for the same variables were done
with the use of a repeated-observation ANOVA model
to incorporate the sequential sampling nature of the
experiments. The data for BNPP, BNPP-N, litter and
root decomposition, soil C, total soil N, and net soil N
mineralization were analyzed using one-way ANOVA.
Treatment effects were separated using pre-planned or-
thogonal comparison (Snedecor and Cochran 1967).
Results were considered significantly different when P
, 0.05. All data that involved percentages were trans-
formed before analysis with the use of an angular trans-
formation (Bonham 1989). Plant density and all other
data that involved counts were subjected to the square-
root transformation (Bonham 1989).

RESULTS

Species composition

There were no significant differences among grazing
treatments for both total absolute grass basal cover and
total forb density (Fig. 2). There was, however, a sig-
nificant year effect, but there were no year 3 treatment
interactions. Total absolute grass basal cover (GBC, as
percent cover) and total forb density (FD, as number
of plants per square meter) increased steadily with time
in all treatments (Fig. 2) and were significantly cor-
related with annual precipitation (PPT, in millimeters):
GBC 5 20.24 1 0.022PPT, r2 5 0.77, P 5 0.0001;
FD 5 269.5 1 0.65PPT, r2 5 0.51, P 5 0.0002.

Concurrently with the increase in total forb density,
there was also an increase in forb diversity, from an
average of 14 species in 1988 to 36 species in 1995;
again, no differences were attributed to grazing inten-
sity. A similar pattern was followed by the dominant
grasses and forbs. The absolute basal cover of Poa
pratensis, Bouteloua gracilis, and Carex sp. (Carex
eleocharis, C. filifolia, C. heliophila, and C. obtusata)
increased from an average of 1.3%, 0.8%, and 1.3%,
respectively, in 1988 to 6.8%, 0.9%, and 3.4%, re-
spectively, in 1993, with no differences due to grazing
intensity. The density of Aster ericoides, Achillea mil-
lefolium, Ambrosia psilostachya, and Artemisia ludov-
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FIG. 2. (A) Total absolute basal cover of grasses and (B)
forb density by treatment and year. Vertical lines represent 1
SE.

TABLE 1. Relative basal cover data (%) for the dominant grasses in a North Dakota mixed-grass prairie. Data are means
(with SE in parentheses). Carex spp. consist of the sum of Carex eleocharis, C. filifolia, C. heliophila, and C. obtusata;
Stipa spp. consist of the sum of Stipa comata, S. curtiseta, and S. viridula.

Species

Not grazed

1988 1990 1992 1993

Moderate grazing

1988 1990 1992 1993

Heavy grazing

1988 1990 1992 1993

Poa
pratensis

Agropyron
smithii

Bouteloua
gracilis

Carex spp.
Stipa spp.

35 (2.2)

6 (2.9)

24 (6.6)
19 (7.0)
12 (2.7)

40 (5.8)

8 (4.7)

17 (5.5)
15 (5.4)
17 (3.1)

50 (11.4)

10 (4.3)

13 (9.8)
14 (3.2)
10 (1.9)

54 (7.4)

10 (3.4)

8 (7.0)
20 (4.9)
6 (1.9)

20 (2.5)

1 (1.0)

18 (5.0)
39 (4.1)
19 (2.3)

46 (4.6)

5 (3.5)

6 (4.5)
19 (2.0)
22 (2.9)

52 (8.2)

10 (2.2)

5 (1.9)
19 (7.3)
12 (1.7)

50 (2.5)

4 (1.0)

8 (3.9)
26 (8.0)
11 (3.2)

35 (7.4)

5 (0.2)

13 (8.9)
30 (6.3)
17 (3.9)

47 (0.8)

3 (1.7)

5 (3.6)
23 (4.9)
19 (3.4)

33 (8.4)

25 (6.7)

8 (3.2)
18 (4.2)
16 (5.5)

47 (2.3)

12 (4.6)

3 (2.4)
30 (3.9)

7 (0.8)

iciana increased from 28, 1, 0.7, and 6.2 plants/m2,
respectively, in 1988 to 69, 58, 14, and 40 plants/m2

in 1995. The only statistical difference among grazing
treatments was found for Ambrosia psilostachya, which
had almost disappeared from the heavy grazing treat-
ment. Different patterns, however, were observed in
species composition (relative cover or density). Both
Poa pratensis and Achillea millefolium increased their

relative composition through time (Tables 1–2), with
no statistical differences among grazing treatments.
Bouteloua gracilis and Aster ericoides, conversely, de-
clined significantly in their relative composition
through time (Tables 1–2), but again no differences
were attributed to grazing treatments. Moderate grazing
did increase the relative density of Artemisia ludovi-
ciana, but only in 1990 and 1991 (Table 2).

Above- and belowground NPP and NPP-N

Differences in ANPP among grazing treatments were
only observed in 1992 and 1994, but there were no
consistent patterns (Fig. 3). Aboveground NPP in all
grazing treatments increased after the drought, but
there were no significant year 3 treatment interactions.
The changes in ANPP (in grams per square meter)
through time were significantly correlated with annual
precipitation (PPT): ANPP 5 124.6 1 0.36PPT, r2 5
0.4, P 5 0.002.

Like ANPP, differences in ANPP-N among grazing
treatments were only found in 1992 and 1994, but again
with no consistent patterns (Fig. 3). There was a sig-
nificant year effect, but no year 3 treatment interac-
tions. ANPP-N (in grams of N per square meter) was
also correlated with annual precipitation: ANPP-N 5
0.67 1 0.0065PPT, r2 5 0.58, P 5 0.000062. Grazing
intensity had an effect on forage quality (percentage of
N in grasses and forbs) in only one out of seven years
(Fig. 4), with no year 3 treatment interactions.

There was a pronounced, significant effect of heavy
grazing on standing dead biomass, litter biomass, and
biomass-N. Standing dead biomass and biomass-N in
1995 averaged 200 g/m2 and 5 g N/m2, respectively, in
the ungrazed and moderate grazing treatments, but only
0.9 g/m2 and 0.01 g N/m2, respectively, in the heavy
grazing treatment. For litter, the values were 140 g/m2

and 2.2 g N/m2, respectively, for the ungrazed and mod-
erate grazing treatment, and 3.3 g/m2 and 0.12 g N/m2,
respectively, for the heavy grazing treatment.

The ungrazed treatment had a higher peak root bio-
mass, peak root biomass-N, and percentage of root N
than the grazed treatments (Figs. 5–6). Belowground
NPP and BNPP-N showed a similar trend, but the dif-
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TABLE 2. Relative density data (%) for the dominant forbs in study plots. Data are means (1 SE).

Species 1988 1990 1991 1992 1993 1994 1995

A) Not grazed
Aster ericoides
Achillea millefolium
Ambrosia psilostachya
Artemisia ludoviciana
Taraxacum officinale
Vicia americana
Grindelia squarrosa
Astragalus agrestis

50 (23.8)
0 (0.5)
4 (1.8)

10 (4.5)
0 (0.5)
0 (0.0)
2 (1.8)
2 (1.2)

13 (4.3)
1 (0.4)
1 (0.7)
5 (1.8)
3 (2.5)
3 (1.5)
0 (0.3)
2 (0.9)

32 (16.1)
2 (1.4)
2 (1.6)
7 (4.9)
1 (0.4)
9 (5.4)
2 (1.2)
2 (1.5)

20 (14.4)
2 (0.8)
2 (0.9)
4 (2.5)
2 (1.3)
6 (2.5)
1 (1.1)
1 (0.6)

23 (11.3)
3 (0.4)
2 (0.9)
5 (1.9)
5 (3.5)

11 (3.9)
1 (0.7)
2 (1.2)

25 (13.2)
11 (3.7)

7 (1.3)
6 (3.5)
6 (4.8)
6 (1.4)
4 (3.7)
5 (3.5)

18 (9.3)
18 (3.8)
11 (3.7)

9 (3.9)
7 (4.7)
5 (1.2)
5 (3.6)
4 (1.6)

B) Moderate grazing
Aster ericoides
Achillea millefolium
Ambrosia psilostachya
Artemisia ludoviciana
Taraxacum officinale
Vicia americana
Grindelia squarrosa
Astragalus agrestis

62 (29.7)
3 (1.5)
2 (1.1)

14 (4.0)
0 (0.0)
1 (0.5)
0 (0.0)
0 (0.2)

41 (17.9)
1 (0.8)
2 (1.5)

25 (3.7)
0 (0.0)
9 (1.9)
0 (0.2)
1 (0.8)

26 (12.1)
0 (0.4)
2 (1.9)

27 (5.1)
0 (0.3)
8 (3.1)
0 (0.0)
2 (1.1)

13 (6.4)
2 (0.4)
0 (0.3)

17 (6.2)
0 (0.2)
5 (1.6)
2 (0.9)
1 (0.9)

7 (3.3)
1 (0.6)
0 (0.2)

10 (4.3)
0 (0.2)
8 (2.4)
2 (0.3)
2 (1.4)

21 (4.8)
6 (0.5)
1 (1.2)

18 (3.7)
1 (0.4)
6 (1.7)
3 (1.9)
5 (3.0)

11 (3.6)
12 (5.0)

2 (2.3)
18 (3.1)

2 (1.1)
5 (1.8)

10 (4.3)
6 (3.7)

C) Heavy grazing
Aster ericoides
Achillea millefolium
Ambrosia psilostachya
Artemisia ludoviciana
Taraxacum officinale
Vicia americana
Grindelia squarrosa
Astragalus agrestis

48 (23.7)
2 (1.4)
0 (0.0)

11 (4.7)
0 (0.0)
1 (0.4)
1 (0.8)
1 (0.4)

23 (10.0)
1 (0.7)
0 (0.1)

14 (5.5)
0 (0.1)
6 (0.2)
0 (0.2)
4 (0.5)

29 (7.4)
2 (1.0)
0 (0.4)

19 (10.3)
0 (0.0)
6 (2.8)
8 (7.0)
2 (1.6)

27 (11.5)
1 (1.1)
0 (0.0)

12 (7.7)
0 (0.2)
2 (0.5)
4 (2.1)
1 (0.7)

15 (7.5)
2 (0.7)
0 (0.0)
6 (3.6)
1 (0.9)
4 (1.2)
2 (0.1)
1 (0.5)

21 (9.1)
8 (3.7)
0 (0.0)
6 (2.6)
4 (2.6)
3 (1.0)
3 (0.5)
3 (1.0)

20 (6.3)
14 (6.2)

0 (0.0)
4 (2.4)
6 (2.9)
3 (0.7)
4 (1.5)
3 (1.0)

FIG. 4. Nitrogen content (%) for (A) grasses and (B)
forbs. Vertical lines represent 1 SE; treatments within a year
with different letters are statistically different at the P , 0.05
level.

FIG. 3. (A) Annual aboveground net primary production
(ANPP) and (B) ANPP-N by treatment and year. Vertical lines
represent 1 SE; treatments within a year with different letters
are statistically different at the P , 0.05 level.
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FIG. 5. (A) 1995 annual belowground net primary pro-
duction (BNPP), and BNPP-N, by treatment. (B) 1995 root
peak biomass and root peak biomass-N. Vertical lines rep-
resent 1 SE of the mean; treatments with different letters are
statistically different at the P , 0.05 level.

FIG. 6. Nitrogen content (%) of roots. Vertical lines rep-
resent 1 SE; treatments with different letters are statistically
different at the P , 0.05 level.

FIG. 7. (A) Total soil C (depth 10 cm) and total soil N
(depth 10 cm) in 1995. (B) Percent litter decomposition (AG-
DC), litter N loss (AG-N), root decomposition (BG-DC), and
root N loss (BG-N) from 1995 to 1996. Vertical lines rep-
resent 1 SE; treatments with different letters are statistically
different at the P , 0.05 level.

ferences were not statistically significant because of
the large standard error.

Soil C and N dynamics

Eight years of grazing treatments did not have any
effect on total soil C and N (Fig. 7). A similar result
was found with litter decomposition and N loss (Fig.
7). There were no significant differences among the
treatments, but there was a trend for both grazed treat-
ments to have higher litter decomposition and N loss
(Fig. 7). There were, however, significant differences
in root decomposition and N loss, due to grazing (Fig.
7). The moderate grazing treatment had higher decom-
position and N loss than the ungrazed and heavily
grazed treatments (Fig. 7).

In situ net 30-d soil N mineralization was higher in
the ungrazed treatment than in the grazed treatments,
but only during July (Fig. 8). Growing season in situ
net soil N mineralization was 50% lower in the heavily
grazed treatment when compared to the ungrazed and
moderately grazed treatments (Fig. 8).

DISCUSSION

This study was started during the drought of 1988;
the results represent seven years of postdrought treat-
ment application. For the period in question, changes

in ANPP, species basal cover, density, composition, and
diversity were primarily correlated with the increase in
rainfall after the large-scale drought of 1988 (Fig. 1),
rather than with grazing (Figs. 2–3 and Tables 1–2).
These response patterns, therefore, suggest not only a
high degree of resistance in northern mixed-grass prai-
rie grasslands, but also that prolonged periods of over-
grazing, interspersed with large-scale drought events,
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FIG. 8. Monthly and growing season 1995 in situ net soil
N mineralization (depth 10 cm) by monthly summary (A) and
total for the growing season (B). Vertical lines represent 1
SE; treatments with different letters within a panel (within a
month in part A) are statistically different at the P , 0.05
level.

may be required before substantial changes in above-
ground production and/or species composition can be
observed.

Plant species composition

The lack of a substantial grazing impact on grass
basal cover and forb density (Fig. 2) is consistent with
results from Montana and North Dakota reported by
Vogel and Van Dyne (1966), Hofmann and Ries (1989),
and Biondini and Manske (1996), even though our ex-
periment included a sustained heavy grazing treatment,
whereas grazing pressure in the cited studies never sur-
passed 50% removal of ANPP. Our results also support
hypotheses and observations from other studies that
attempted to relate changes in the vegetation of the
northern mixed-grass prairie to rainfall and grazing in-
tensity. In 1943, Whitman et al. (1943) stated that
drought is the primary mechanism for significant veg-

etation changes in these grasslands. Subsequent studies
by Clark et al. (1943), Hurtt (1951), Reed and Peterson
(1961), Olson et al. (1985), and Hart et al. (1988) have
supported the hierarchical nature of the factors influ-
encing vegetation structure in northern mixed-grass
prairie grasslands: major trends in vegetation are driven
by climatic variations, droughts in particular, whereas
grazing intensity influences change only within the
context of climate conditions.

Our results differ, somewhat, from other grazing
studies in the region regarding relative species com-
position. In a review of the literature, Biondini and
Manske (1996) found that when grazing pressure is
,50% of ANPP, grazing frequency tends to have a
minimum impact on relative species composition. At
higher grazing intensity, however, results reported in
the literature show mixed responses. Smoliak et al.
(1972) found that, even after 41 years of grazing ex-
clusion, differences in species composition across
grazed treatments are minimal in dry and low-produc-
tion northern mixed-grass prairie sites. Others have
found significant changes in species composition due
to grazing intensity (Rauzi 1963, Pase and Thilenius
1968, Brand and Goetz 1986). In an analysis of world-
wide grasslands in general, and Great Plains grasslands
in particular, Milchunas and Lauenroth (1993) and
Lauenroth et al. (1994) concluded that changes in spe-
cies composition with grazing intensity are strongly
correlated with changes in ANPP. Our results do not
support this hypothesis, because grazing, including
heavy grazing, has not yet had a major impact on spe-
cies composition in our system, even though ANPP
during the study period changed by almost twofold
(Fig. 2, Tables 1–2). With variations in rainfall, species
cover and density did change across all treatments, sug-
gesting that recovery from drought may still be over-
riding potential grazing effects.

A common denominator in most of the northern
mixed-grass prairie grazing studies has been a sub-
stantial increase in the relative cover of Bouteloua
gracilis and a decline in the relative cover of Agropyron
smithii as a result of grazing (Hart et al. 1993, Lauen-
roth et al. 1994, Biondini and Manske 1996). The rel-
ative cover of Bouteloua gracilis in our study was un-
affected by grazing, but it declined substantially with
the increase in precipitation following the drought of
1988 (Table 1). No significant changes, however, were
observed in the relative cover of Agropyron smithii as
a function of either precipitation or grazing. These dis-
parities may be partially explained by the fact that Poa
pratensis was the dominant species and, thus, may have
replaced Bouteloua gracilis as the leading grass indi-
cator. It is also important to notice that, although the
relative cover of Bouteloua gracilis did indeed decline
with the increase in rainfall, its absolute basal cover
actually increased.
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Net primary production

Our results did not follow predictions from the graz-
ing optimization hypothesis (McNaughton 1979, Geor-
giadis et al. 1989, Jefferies 1989, Maschinski and Whit-
man 1989, Williamson et al. 1989, Alward and Joern
1993), model results for the mixed-grass prairie (Hol-
land et al. 1992), or empirical results from the tallgrass
prairie (Turner et al. 1993). These studies predict and
document significant increases in ANPP with moderate
grazing. We did not, however, find any consistent ef-
fects of grazing on ANPP.

Although there were no consistent effects of grazing
on ANPP, the trend for BNPP suggested a decline with
heavy grazing, and peak root biomass was substantially
reduced by heavy grazing (Fig. 5). Results reported in
the literature regarding root biomass and BNPP as a
result of grazing are ambiguous. Milchunas and Lauen-
roth (1993), Turner et al. (1993), and Lauenroth et al.
(1994) found mostly no changes, or increases, of root
biomass as a function of grazing.

We acknowledge that a broader range of grazing in-
tensities than the one we implemented may be neces-
sary for detailed empirical testing of grazing effects on
NPP. The treatments we used, however, fall within the
range of critical grazing intensities where a maximum
response should be expected. Model results for two
different ecosystems, the Serengeti grasslands (Seagle
et al. 1992) and the mixed-grass prairie (Holland et al.
1992), predict that ANPP should be maximized at graz-
ing intensities of 40–50% and minimized under un-
grazed conditions or grazing intensities of .90%.

Plant nitrogen

We did not find a consistent effect of grazing on plant
percentage of N, ANPP-N, and BNPP-N. Milchunas et
al. (1995) reported a significant increase in plant per-
centage of N as a result of 50 years of moderate grazing.
We found a similar response in only one out of seven
years (Fig. 4).

Our results are also in conflict with data on NPP-N
from Coppock et al. (1983) and McNaughton et al.
(1988), and model results for the Serengeti grasslands
(Seagle et al. 1992) and the mixed-grass prairie (Hol-
land et al. 1992). These studies document significant
increases in NPP-N with moderate grazing. We did not,
however, find any consistent effects of grazing on
ANPP-N or BNPP-N.

Soil C and N dynamics

Decreases in soil N mineralization as a result of graz-
ing protection have been reported by Ruess (1984) and
Ruess and McNaughton (1987). Holland and Detling
(1990) reported that net soil N mineralization in prairie
dog towns was, on average, higher than in adjacent,
lightly grazed areas. Our results, however, show a
mixed picture. Heavy grazing reduced in situ net soil
N mineralization by 50%, but there were no differences

between the ungrazed and moderately grazed treat-
ments (Fig. 8). Grazing did, however, increase root
decomposition and root N losses (Fig. 7).

We did not find any relationship between grazing
and total soil C and N, consistent with results for the
northern mixed-grass prairie reported by Kieft (1994)
and Mathews et al. (1994), as well as a worldwide
comparison of grasslands by Milchunas and Lauenroth
(1993). Other studies conducted in the northern mixed-
grass prairie, however, have shown increases in soil C
and N as a result of grazing (Dormaar et al. 1990,
Dormaar and Willms 1990, Frank et al. 1995, Manley
et al. 1995).

CONCLUSIONS AND RECOMMENDATIONS

1) This study confirms previous observations that,
in the northern mixed-grass prairie, climatic variations,
particularly droughts, control major trends in plant spe-
cies composition and NPP, with grazing and grazing
systems playing a secondary role. Species composition
and NPP were highly correlated with rainfall, but were
unaffected by grazing intensity.

2) Seven years of heavy grazing (removal of 90% of
ANPP) did lead to declines in standing dead biomass
and biomass-N, litter biomass and biomass-N, peak
root biomass and biomass-N, and in situ net soil N
mineralization. Thus, sustained heavy grazing could
potentially have a significant long-term impact on
range condition.

3) Grazing pressures of 50% of ANPP, however, seem
to be sustainable and compatible with the maintenance
of range condition.
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