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Abstract

Soil properties that influence the capacity for infiltration and moisture retention are important determinants of rangeland
productivity. Monitoring effects of grazing on dynamic soil properties can assist managers with stocking rate decisions,
particularly if monitoring takes into account environmental variability associated with inherent soil morphological properties.
On a Pacific Northwest Bunchgrass Prairie in northeast Oregon, we applied three cattle stocking rates (0.52, 1.04, and 1.56
animal unit months � ha�1) and an ungrazed control in a randomized complete block design for two 42-d grazing seasons and
measured the change in four dynamic soil properties: soil penetration resistance, soil aggregate stability, bare ground, and
herbaceous litter cover. To address apparent environmental heterogeneity within experimental units, we also utilized a
categorical soil factor (termed Edaphic Habitat Types or EHT), determined by characterizing soil depth, texture, and rock
fragment content at sample sites. Stocking rate did not affect extent of bare ground or soil aggregate stability. Stocking rate had
a significant effect on penetration resistance, which was greatest at the high stocking rate (1.6 J � cm�16 0.1 SE) and lowest in
the control (1.1 J � cm�16 0.1 SE). For litter cover, the effects of stocking rate and EHT interacted. In two rocky EHTs, litter
cover was highest in the controls (60%6 6 SE; 50%6 3 SE) and ranged from 27%6 3 SE to 33%6 6 SE in the stocking rate
treatments. Measures of penetration resistance, aggregate stability, and bare ground were different across EHTs regardless of
stocking rate, but did not interact with stocking rate. Our study demonstrates that response of dynamic soil properties to
stocking rates should be considered as a useful and accessible approach for monitoring effects of livestock management
decisions on rangeland conditions.
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INTRODUCTION

Stocking rate is one of the primary management decisions made

by livestock managers for controlling the extent and quality of

environmental disturbance incurred by grazing (e.g., Holechek
et al. 1995; Walker 1995; Dunn et al. 2010). In an era of

management focused increasingly on sustainability, an appro-
priate stocking rate is theoretically a function of carrying

capacity. Since true carrying capacity is challenging to
determine, observable surrogates, such as vegetation and soil

condition, are invoked to assess trends in rangeland condition
(Breckenridge 1994; National Research Council 1994; Pyke

and Herrick 2003; Mitchell 2010; Sheley et al. 2011). Soils
have been ubiquitously recognized as a critical resource for

sustaining productivity and for providing indications of

broader ecosystem function and resilience (Smith et al. 1995;

Herrick 2000; Pyke et al. 2002), particularly in water-limited

environments where soils and soil surface conditions largely

determine water infiltration and moisture retention. Soil

morphologic properties influence erosion resistance and capac-

ity for water infiltration and retention; these inherent properties

cannot be changed by management. However, dynamic soil

properties, such as compaction, aggregate stability, soil organic

matter content, soil surface cover, and soil water content, can

change over short periods of time and are affected by grazing

management (Greenwood and McKenzie 2001; Teague et al.

2011; Weber and Gokhale 2011; Zhao et al. 2011). In applied

grazing research, assessing dynamic soil properties related to

erosion potential and capacity to capture and retain water

offers an alternative to direct measurements of soil water

content, infiltration, runoff, or erosion. This approach provides

an opportunity for studying dynamic soil properties where it

would otherwise not be feasible and allows for larger sample

sizes across broader spatial extents.

Two commonly measured near-surface soil characteristics

that influence erosion resistance and infiltration capacity are

soil resistance to penetration and soil aggregate stability

(Herrick et al. 2002; Herrick et al. 2005). Soil compaction,
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which is inferred from penetration resistance, is a direct effect
of livestock trampling that causes soil bulk density to increase
(Warren et al. 1986; Dormaar and Willms 1998; Daniel et al.
2002) and porosity to decrease (Greenwood et al. 1997; Pietola
et al. 2005). These changes in soil physical structure can
decrease water infiltration (Gifford and Hawkins 1978;
Thurow et al. 1988; Pietola et al. 2005) and inhibit plant root
growth (Chen and Weil 2010). Use of the dynamic cone
penetrometer to evaluate compaction is relatively new in
grazing research, but researchers have demonstrated that
penetration resistance is inversely related to infiltration and
positively related with runoff and sediment yield (Teague et al.
2008, 2011). Soil aggregate stability should not be utilized as a
sole predictor of field-scale runoff or erosion, but the degree of
soil aggregation affects several soil processes, including the
contributions of various organic matter constituents (Jastrow et
al. 1998), maintenance of pore space and infiltration capacity
(Wischmeier and Mannering 1969; Blackburn and Pierson
1994), and activity of soil organisms (Wander et al. 1994).
Evaluations of soil erosion models for semi-arid lands have
found that the soil erodibility factor is strongly correlated with
aggregate stability and permeability (Vaezi and Sadeghi 2011).
Barthès and Roose (2002) confirmed the strong negative
association between aggregate stability and soil loss and runoff
at field scales ranging from m2 to ha on a variety of soil types,
and recommended the use of aggregate stability as a valid
indicator for soil conditions related to runoff and erosion.

Soil surface characteristics, including extent of bare ground
and litter cover, can also be used to infer potential for runoff
and erosion (Herrick et al. 2002, 2005). The relative extent of
bare ground and herbaceous litter cover is known to vary with
grazing intensity (Naeth et al. 1991; Northup et al. 2005;
Fernandez et al. 2008) and is indicative of the landscape’s
susceptibility to runoff and erosion. Litter layer in grasslands is
a primary factor influencing amount of rainfall that infiltrates
the soil, subsequent runoff, and the degree to which moisture is
evaporated or retained (Tomanek 1969; Thurow et al. 1986;
Naeth and Chanasyk 1995; Chartier et al. 2011). Litter cover
on the soil surface also provides a physical barrier to raindrop
impact and thus limits the potential for erosion from particle
detachment. Litter cover has been shown to significantly reduce
soil loss (Benkobi et al. 1993) and runoff (Boeken and
Orenstein 2001; Hart and Frasier 2003; Smets et al. 2008).
Several other studies emphasizing the importance of vegetation
patterns and their contributions to bare ground and litter cover
as they affect runoff and erosion on rangelands are reviewed in
Blackburn and Pierson (1994) and Ludwig et al. (2005).

Conclusions about grazing effects on dynamic soil properties
are confounded by the heterogeneity of soil morphological
properties, particularly in investigations conducted at spatial
scales appropriate to livestock management (Stohlgren et al.
1999). Although this kind of variability is often difficult to deal
with in experimental settings, it can provide the basis for a
classification of spatial environmental variability. Incorporating
spatial environmental variability into the design and analysis of
ecological experiments can help refine interpretations about
ecological processes (Dutilleul 1993; Herrick and Whitford
1995). Researchers working at landscape scales frequently use
existing soil map units and their associated ecological site
descriptions as a basis for stratifying sampling and data

analysis (e.g., Miller 2008). However, soil maps in rangelands
were created for purposes of management across large areas,
and may not provide information at a scale useful for research
applications, especially where soil heterogeneity is high at fine
spatial scales. In such circumstances, researchers can develop a
more customized means of obtaining soil morphological data
that enables the incorporation of soil heterogeneity into
sampling designs or statistical models.

In a grazing experiment on a temperate, semi-arid bunch-
grass prairie, we measured the effects of cattle stocking rates on
penetration resistance, soil aggregate stability, bare ground, and
litter cover. We used a study-specific classification of sampling
sites based on soil morphologic properties to evaluate the
influence of inherent soil properties as a factor that is both
separate from and interacts with effects of stocking rates on
dynamic soil conditions. Our objectives were to 1) evaluate
short-term sensitivity of dynamic soil properties to limited-
duration grazing across a variety of stocking rates and 2)
determine the degree to which inherent soil morphologic
properties influence soil response to grazing. We predicted that
higher grazing intensities would increase bare ground and
penetration resistance and decrease litter cover and aggregate
stability. We also predicted the response of dynamic soil
properties would vary significantly with inherent soil morpho-
logical properties.

METHODS

Study Area and Experimental Design
Our study was part of a larger investigation of effects of
livestock grazing on multiple components of the terrestrial food
web. We conducted our study at the Zumwalt Prairie Preserve
(lat 458340N, long 1168580W)—a 13 300-ha property owned by
The Nature Conservancy in northeastern Oregon. The study
area encompassed 640 ha of high-elevation (1 360–1 500 m),
temperate, semi-arid, Pacific Northwest Bunchgrass Prairie (for
a detailed description of the study area, see Bartuszevige et al.
2012). Aboveground plant productivity, measured in 2006,
averaged 1 257 kg � ha�1 (Darambazar et al. 2007). Average
monthly air temperatures range from �38C in January to 178C
in July; average annual precipitation is 351 mm (7-yr averages,
The Nature Conservancy 2012). The study area received
moderate to high levels of cattle grazing for several decades
prior to the study and was rested completely from livestock
grazing for 2 yr before the beginning of our study in 2007. Soils
across the study area have formed in basalt bedrock, loess, and
colluvium; most soils are classified as Xerolls (Soil Survey Staff
2010). Microtopography and variable loess thickness have
profoundly influenced soil formation and morphology, result-
ing in intricate patterns of contrasting soils that support a
complex mosaic of plant assemblages.

The study was a randomized complete block design with one
factor (cattle grazing) at four treatment levels (stocking rates)
replicated four times (blocks), resulting in 16 experimental units
(paddocks; Fig. 1A). Each paddock was 640 m2 (40 ha) and
there were 36 sample sites within each paddock (144 per block;
Fig. 1B) arranged as a grid with 90 m between sites.
Measurements were taken at each sample site as described later
in this article (Fig. 1C). The four stocking rates were: control (no
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grazing by domestic livestock), low (0.52 animal unit month-

s � ha�1), medium (1.04 animal unit months � ha�1), and high

(1.56 animal unit months � ha�1). To implement grazing treat-

ments, 192 cow-calf pairs and 48 yearling heifers were randomly

assigned to experimental units. Cattle grazed for 42 consecutive

days from late May to early July in 2007 and 2008 and were

then removed from paddocks. The medium stocking rate was

chosen to simulate stocking rates used by area ranchers (40%

forage removal; T. DelCurto and J. Williams, unpublished

results) and adjusted downward and upward by 50% to achieve

low and high stocking rates. Utilization was estimated at every

sample site within a week of cattle removal. Observers visually

estimated utilization categorically at each site as 0%, 1–25%,

26–50%, 51–75%, or 76–100%. Prior to estimating, observers

were trained using simulated plots, from which observer-specific

regression equations were developed to correct bias. Utilization

estimates for the three stocking rates, averaged over the 2 yr of

the study were: low 20%6 1.1 standard error (SE); medium

32%6 1.4 SE; and high 46%61.5 SE (Wyffels 2009). Fencing

did not exclude other herbivores, such as wild ungulates, small

mammals, and herbivorous invertebrates; utilization estimated

in controls was 9.5%6 0.5 SE, presumably a consequence of

native herbivore grazing, primarily elk (Cervus elaphus; Wyffels

2009).

Although soil maps exist for the study area (Soil Survey Staff

2010), most of the map units are complexes, with significant

Figure 1. A, Layout of the study paddocks, illustrating the randomized complete block design with four stocking rates and four replicates. B, Layout of
sample sites within one block of the study paddocks, showing the Edaphic Habitat Type classification of each sample site along with soil map unit
polygons from the Soil Survey of the Wallowa County Area, Oregon (Soil Survey Staff 2010). C, Locations of sampling at a sample site. Stocking rates are
animal unit months � ha�1: Control (0), Low (0.52), Medium (1.04), and High (1.56). Sample sites were 90 m apart and each paddock was 40 ha.
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variation occurring within one map unit. Initial field investi-
gation of the soil map units determined that they would not be
sufficient for capturing the environmental variability within the
scale of the study paddocks (see Fig. 1B). Therefore, we devised
our own method for classifying the soil morphological
properties at each sample site. Our classification of soil
properties introduced a second factor in the study design,
which we called Edaphic Habitat Types (EHTs; described later
in this article). EHT categories were treated posthoc as a split-
plot within stocking rates, not paddocks because not all EHTs
were present in all paddocks. An example of spatial distribu-
tion of EHT classifications across one of the study blocks is
given in Figure 1B.

Sampling Methods

Dynamic Soil Properties. Measurement locations were situated
in the same position at each sample site, and took place within
a 5-m radius circle centered on a permanent site marker (Fig.
1C). Because soil moisture affects the strength of bonding
between soil particles and can introduce error into measures of
compaction and stability, penetration resistance and soil
stability were measured during the period of seasonal drought
(approximately late July to early October). Soil moisture
measured during sampling periods was, 20% by weight to a
depth of 20 cm. Pretreatment data for penetration resistance
and soil stability were collected from July to October in 2006;
posttreatment data were collected in August 2008, shortly after
cattle were removed. Bare ground and herbaceous litter were
assessed between late May and early August when plant
canopies were fully developed; pretreatment data were
collected in 2006 and posttreatment data were collected in
2009; in both years no cattle were present.

Soil resistance to penetration was measured with a dynamic
cone penetrometer (Herrick and Jones 2002). The penetrom-
eter had a 2-kg weight that was released from a height of 60 cm
repeatedly until the instrument tip had penetrated a depth of 20
cm or was impeded by rock fragments. Sites at which
maximum depth in either of the two measurement years
was, 10 cm were omitted from analysis, as recommended by
Herrick (2005). Data are expressed in J � cm�1 averaged over
total depth penetrated.

Soil stability was measured in the field at two depths (0–3
mm and 3–6 mm) using a modified slake test (Herrick et al.
2001), which is a visual estimation of how readily a small soil
sample falls apart when submersed in water. The soil sample
was placed on a sieve with 1.5-mm openings and set into water
for 5 min followed by five gentle dipping cycles. Structural
response of samples was recorded on an interval scale of 1–6,
according to the following criteria: 1) 50% of structural
integrity lost within 5 s of immersion in water; 2) 50% of
structural integrity lost 5–30 s after immersion; 3) 50% of
structural integrity lost 30–300 s after immersion or, 10% of
soil remains on sieve after five dipping cycles; 4) 10–25% of
soil remains on sieve after five dipping cycles; 5) 25–75% of
soil remains on sieve after five dipping cycles; and 6) 75–100%
of soil remains on sieve after five dipping cycles. If rock
fragments were encountered at the sampling location, observers
searched for the nearest location (� 10 cm) where a rock-free
sample could be obtained. If a sample could still not be

obtained, these sample sites were recorded as rock and were not
included in data analysis. This occurred for, 2.5% of sample
sites.

Bare ground and herbaceous litter were estimated visually in
two 130.5 m quadrats at each sample site. Cover classes were
established according to the following percentage categories:
0%,, 1%, 1–,5%, 5–, 25%, 25–, 50%, 50–, 75%, 75–
, 95%, 95–, 99%, and 99–100%. Bare ground was defined
as any soil surface area where a drop of rain would contact the
soil unimpeded by plant canopy, litter cover, soil crusts, or rock
fragments (Herrick et al. 2005). Herbaceous litter was defined
as detached dead stems and leaves that are part of a layer that
comes in contact with the ground and does not include woody
material (Herrick et al. 2005). Cover class data were converted
to midpoints of each class and averaged for each sample site
prior to analysis.

Soil Characterization. At the onset of the study, soil
morphologic characteristics were observed at each sample site
by digging a small pit to a depth of ~25 cm or shallower if
bedrock was encountered. Soil depth was measured as the
maximum depth of the pit if , 25 cm or by using a steel rod
driven into the soil beyond the depth of the pit. If rocks were
encountered with the rod, multiple attempts were made until
the rod went into soil or encountered impervious rock
fragments. Soil depth was categorized as, 25 cm, 25–50 cm
or. 50 cm; texture was determined using the ‘‘texture by feel
method’’ (Schoeneberger et al. 2002). Rock fragment content
was assigned a category based on ocular estimation of rock
fragments visible in the exposed profile: ,15%, 15–30%,
or. 30%. Although field observations lack the precision and
accuracy of laboratory analysis, when performed consistently
by a single person trained in the techniques (as was the case in
our study), they provide adequate measures for comparative
categorization. Categorical field observations of soil depth,
texture, and percentage rock fragments were used to classify
each sample site as one of five EHTs: Moderately Deep Silty
(M/Silty); Shallow Silty (S/Silty); Shallow Rocky (S/Rocky);
Clay; and Very Shallow Rocky (VS/Rocky; Table 1).

Data Analysis
For all measurements, individual sample sites (576) were treated
as subsamples within each unique combination of block,
stocking rate, and EHT, for a total of 80 possible samples. To
ensure that EHT classification of each sample site was describing
a homogeneous condition across the 5-m radius sample site, we
omitted 47 sample sites a priori that had gross discrepancies
between the soil pit location and the other soil or vegetation
sampling locations. Omitting these subsamples reduced total
possible sample number to 75. Sample sizes for hypothesis
testing depended on the factor being tested. In testing for effects
of stocking rate on herbaceous litter, bare ground, and soil
stability, n¼4; for testing effects of EHT classes, n¼5. Soil
penetration resistance could not be measured adequately in soils
that were rocky (the S/Rocky and VS/Rocky EHTs); therefore,
statistical tests of EHT effects on penetration resistance were
performed using values from only three of the EHTs. All data
used in analyses met assumptions of normality and homogeneity
of variances, except for posttreatment subsurface soil stability,
which was slightly skewed. We used untransformed data because
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analysis of variance has been shown to be robust to departures
from normality (Glass et al. 1972).

Mixed effects models were used to evaluate fixed effects of
stocking rate, EHT, and stocking rate3EHT separately for
posttreatment and pretreatment data. Block and block3stock-
ing rate were random effects. The blocking factor was variation
in historical grazing management. Time was not included in the
statistical model; therefore, pretreatment results are presented
only for stocking rate effects for the purpose of assessing
pretreatment conditions across the study area. Data were
modeled using PROC MIXED in SAS System version 9.3.1
(SAS Institute Inc, 2002–2003). Significant differences between
stocking rates and EHT classes were assessed using pair-wise
comparisons of least squares means with a Tukey-Kramer
adjustment for multiple comparisons. In the case of a
significant interaction between the two main factors, effects
of stocking rate were evaluated separately for each EHT in a
posthoc analysis of variance. An alpha level of� 0.05 was
considered statistically significant.

RESULTS

Pretreatment data showed no significant differences between
stocking rates for herbaceous litter (F3,9¼0.41, P¼0.75), bare
ground (F3,9¼0.47, P¼0.71), or soil stability (surface:
F3,9¼0.74, P¼0.56; subsurface: F3,9¼0.1.27, P¼0.34; data
not shown). Pretreatment penetration resistance was different
between stocking rates (F3,9¼4.43, P¼0.04; Fig. 2); however,
the only difference was higher penetration resistance in the low
stocking rate paddocks than in the control paddocks.

The analysis of posttreatment data showed that stocking rate
had a significant effect on penetration resistance (F3,9¼10.77,
P, 0.01) where penetration resistance was highest with high
stocking rates and lowest with no grazing of domestic livestock
(Fig. 3A). There was no statistically significant effect of
stocking rate on bare ground (F3,9¼2.85, P¼0.10; Fig. 3B)
or soil stability at either depth (surface: F3,9¼2.12, P¼0.17;
subsurface: F3,9¼1.61, P¼0.25; Fig. 3C). The effect of stocking
rate on herbaceous litter depended on EHT (F12,43¼2.06,
P¼0.04), with significant effects of stocking rate expressed in
the M/Silty, S/Rocky, and VS/Rocky EHTs. In the M/Silty EHT,
litter cover was lower in the high stocking rate than in the
control or low stocking rate (F3,9¼4.37, P¼0.04; Fig. 4). In the
S/Rocky and VS/Rocky EHTs, the control generally had
significantly more litter than low, moderate, or high stocking
rates (F3,9¼5.53, P¼0.02; F3,6¼22.85 P, 0.01, respectively;
Fig. 4). There were no interactions between stocking rate and

EHT for penetration resistance (F6,23¼0.35, P¼0.91), bare

ground (F12,43¼1.14, P¼0.36), or soil stability (surface:

F12,43¼1.58, P¼0.13; subsurface: F12,43¼1.71, P¼0.10).

The M/Silty EHT was predominant across the study area

(36% of sites), followed by Clay (19%), S/Rocky (17%), VS/

Rocky (16%), and S/Silty (12%). Proportions of EHTs across

stocking rates were fairly even (Fig. 5). For posttreatment

measurements, penetration resistance was lower in the M/Silty

EHT than in the S/Silty or Clay EHTs (F4,23¼9.36, P, 0.01;

Fig. 6A). Bare ground was lowest in the M/Silty EHT and

highest in the Clay, S/Rocky, and VS/Rocky EHTs (F4,43¼8.1,

P,0.01; Fig. 6B). Surface soil stability was highest in the M/

Silty and S/Silty EHTs and lowest in the VS/Rocky EHT

(F4,43¼18.86, P, 0.01; Fig. 6C); subsurface soil stability was

lowest in the VS/Rocky EHT (F4,43¼10.59, P, 0.01; Fig. 6C).

DISCUSSION

As part of sustainable grazing management, monitoring effects

of grazing on dynamic soil properties can provide important

Table 1. Soil morphologic properties associated with Edaphic Habitat Type classification.

Edaphic Habitat Type Depth Texture Rock content

M/Silty1 � 50 cm Silt Loam or Silty Clay Loam , 15%2

Clay , 25 cm to� 50 cm Clay or Silty Clay throughout or abrupt Bt horizon (subsurface clay accumulation) , 15% to. 30%

S/Silty 25–49 cm Silt Loam or Silty Clay Loam , 15%

S/Rocky 25–49 cm Silt Loam, Silty Clay Loam, Clay Loam, Silty Clay, Loam, Sandy Loam . 15%

VS/Rocky , 25 cm Silt Loam, Silty Clay Loam, Clay Loam, Loam, Sandy Loam . 15%
1M indicates moderately deep; S, shallow; VS, very shallow.
2Approximately 5% of M/Silty sample sites had. 15% rock content, but these were included with the rest of the M/Silty samples because the sample size would have been too small to apply

statistical methods.

Figure 2. Least square means and differences between stocking rates for
pretreatment measures of penetration resistance. Stocking rates are animal
unit months � ha�1: Control (C; 0), Low (L; 0.52), Medium (M; 1.04), and
High (H; 1.56). All error bars are one standard error of the mean. Bars that
share a letter are not significantly different at a¼0.05 with the Tukey-
Kramer method for multiple pairwise comparisons.
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information for range managers and livestock producers. Our
evaluation of short-term responses of dynamic soil properties
showed that penetration resistance and herbaceous litter cover
were affected by cattle stocking rates. In our study, penetration
resistance increased with stocking rate, which has been
demonstrated in other studies. Chanasyk and Naeth (1995)
measured significantly higher penetration resistance in heavily
grazed treatments (even for short, 1-wk durations) in fescue
grasslands in Alberta. In semi-arid temperate grasslands in
Argentina, controls ungrazed for . 30 yr had significantly
lower penetration resistance than areas under moderate or
intense grazing (Villamil et al. 2001). Teague et al. (2011) also
found significantly lower penetration resistance in ungrazed
controls than under light and heavy continuous grazing
management but not under multipaddock rotational grazing
management in the tall grass prairie of Texas. Thus, our results
support previous findings and demonstrate penetration resis-
tance increases with stocking rates in Pacific Northwest
Bunchgrass Prairie ecosystems even in the short term and
warrants careful monitoring to guide management prescrip-
tions.

Herbaceous litter cover was affected by both stocking rate
and EHT. In two of the EHTs—S/Silty and Clay—litter cover
was similar across all levels of stocking rate; however, in the
other three EHTs, stocking rates generally decreased litter
cover. This complex relationship between EHT and stocking

rate suggests that the effects of stocking rate on litter increased
with rockiness and decreased with soil depth. In general, litter
amounts are determined by total aboveground biomass, and
aboveground biomass is strongly influenced by the soil’s
capacity to support vegetative growth. In our study area,
analysis of pretreatment data showed a strong relationship
between total aboveground biomass and EHT, with greatest
biomass in the M/Silty EHT and lowest biomass in the VS/
Rocky EHT (Schmalz 2011). Thus, it is not surprising that litter
cover in the controls alone appeared to increase with soil depth.
In addition, soil depth has been shown to interact with grazing
as a driver of changes in patterns of plant communities
(Fuhlendorf and Smeins 1998). Overall, our results suggest
that greater litter cover, which is associated with deeper, less
rocky soils, may buffer effects of low to moderate stocking
rates.

Soil aggregate stability and bare ground did not respond
significantly to short-term effects of cattle stocking rates.
Evidence from grazing studies on similar grasslands has shown
that bare ground increases with higher stocking rates (Naeth et
al. 1991; Hart and Frasier 2003; Teague et al. 2011) and that
aggregate stability decreases with higher stocking rates
(Greenwood and McKenzie 2001). The lack of significant
responses to stocking rates in our study may be due to the type
and condition of our bunchgrass prairie, as well as the short
duration of grazing (84 d total for the 2 yr). Our study site is a
moderately productive semi-arid grassland with generally high
aggregate stability and low proportions of bare ground despite
decades of grazing at moderate levels prior to the study period.
It is likely that ecological processes such as root growth and
decomposition, maintenance of soil organic matter and
microorganisms, and nutrient cycling are proceeding at rates
sufficient to maintain high aggregate stability and low
proportions of bare ground even with moderate levels of
livestock grazing. It may take a longer duration of more intense
grazing for these dynamic soil properties to respond signifi-
cantly, if at all. For comparison, grazing effects on soil

Figure 3. Least square means and differences between stocking rates for
posttreatment measures of A, penetration resistance; B, bare ground; and
C, soil stability. Stocking rates are animal unit months � ha�1: Control (C; 0),
Low (L; 0.52), Medium (M; 1.04), and High (H; 1.56). For soil stability, light
bars are surface (0–3 mm) and dark bars are subsurface (3–6 mm)
responses. All error bars are one standard error of the mean. Bars that
share a letter are not significantly different at a¼ 0.05 with the Tukey-
Kramer method for multiple pairwise comparisons.

Figure 4. Least square means and differences between stocking rates for
posttreatment herbaceous litter cover, by Edaphic Habitat Type. Abbrevi-
ations are: M¼Moderately Deep; S¼Shallow; and VS¼Very Shallow.
Stocking rates are animal unit months � ha�1: Control (0), Low (0.52),
Medium (1.04), and High (1.56). All error bars are one standard error of the
mean. Bars that share a letter are not significantly different at a¼0.05 with
the Tukey-Kramer method for multiple pairwise comparisons.
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aggregate stability in southern British Columbia were seen after
30 yr but not after 20 yr of moderate grazing (Evans et al.
2012).

The variability in soils across landscapes is a fundamental
consideration in sampling designs for research and monitoring.
The approach we used to account for soil differences using
EHTs allowed us to evaluate the influence of EHTs separately
from the influence of stocking rates. For herbaceous litter, this
approach made it possible to determine which EHTs were
affected by stocking rates and which were not. For penetration
resistance, aggregate stability, and bare ground, the differences
among EHTs alone demonstrated the variability that exists
within standard landscape classification approaches, such as
soil map units. While an intensive approach to categorizing soil
properties may be desirable for research purposes, it may not be
practical for general grazing monitoring. Nevertheless, it is
important for grazing managers and rangeland practitioners to
be aware of the variability contained within landscape
classification units; this variability can mask grazing effects.
Depending on the variable of interest and the type of landscape,
other means of stratification may be appropriate, such as
stratification of soil aggregate stability sampling by categories
of vegetation cover (Herrick et al. 2001; Bestelmeyer et al.
2006).

Dynamic soil properties are often used as indicators of
ecosystem function and complex physical processes. While
measuring dynamic soil properties allows the assessment of
point-in-time or trend conditions, this method does not directly
measure processes, such as infiltration and runoff. One of the
challenges to interpreting indicators is that the causality
between indicators and physical processes are not always
well-developed (Herrick 2000). For example, soil penetration
resistance measured with the dynamic cone penetrometer is a
relatively new method, and the values obtained with a dynamic
penetrometer cannot be directly compared with those obtained
using a static penetrometer (Herrick and Jones 2002), for
which there are well-developed correlations with physical states
and biophysical processes. Associations between dynamic
penetrometer measurements and soil hydrologic processes have
recently been explored and showed that penetration resistance

was inversely related to infiltration and positively related to

runoff and sediment yield (Teague et al. 2008, 2011). Modeling

runoff and infiltration on rangelands is multivariate by nature

(Spaeth et al. 1996), with correlations between any single

indicator and a given physical process lacking continuity across

the diverse landscapes that constitute rangelands. For example,

in a comparison of 11 different range sites, five sites did not

show strong correlations between litter cover and infiltration

(Pierson et al. 2002). Continued research is needed across a

variety of landscapes to confidently infer ecosystem processes

or functions from indicators.

Methods for measuring dynamic soil properties are intended

for use at pasture or ranch scales and are accessible to anyone,

requiring minimal equipment and training. This is an advan-

tage for practitioners who do not have the time, equipment, or

need to embark on watershed-scale measurements of runoff

and infiltration. The limitations of inferring ecosystem function

from indicators must be acknowledged and interpretations

must be made relative to inherent potential of the landscape

and timing and duration of grazing. Interpretations are more

meaningful when thresholds for ecosystem function and

mechanisms of functional change (as suggested in Briske et

al. 2006) are established for an area. In our study area, this

information is not yet available. The fact that penetration

resistance and herbaceous litter cover were significantly

Figure 6. Least square means and differences between Edaphic Habitat
Types for posttreatment measurements of A, penetration resistance; B, bare
ground; and C, soil stability. Abbreviations are: M/S¼Moderately Deep
Silty; S/S¼Shallow Silty; C¼Clay; S/R¼Shallow Rocky; and VS/R¼Very
Shallow Rocky. For soil stability, light bars are surface (0–3 mm) and dark
bars are subsurface (3–6 mm) responses. All error bars are one standard
error of the mean. Bars that share a letter are not significantly different at
a¼0.05 with the Tukey-Kramer method for multiple pairwise comparisons.

Figure 5. Distribution of Edaphic Habitat Types across stocking rates.
Abbreviations are: M¼moderately deep (. 50 cm); S¼shallow (25–50
cm); and VS¼very shallow (, 25 cm). Rocky indicates. 15% rock
fragments (by surface area of exposed soil profile).
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affected by short-term cattle grazing suggests that continued
monitoring of these properties across different management
strategies could, over time, guide managers’ decisions about
grazing plans. Measures of aggregate stability and bare ground
should also be considered for long-term monitoring. Coupling
these measurements with observations of ecosystem processes
and functions in the future will aid efforts to model livestock
effects on ecosystem processes and to determine what amount
of change in dynamic soil properties leads to critical changes in
ecosystem function.

IMPLICATIONS

Sustainable management goals for managing domestic livestock
on uncultivated grasslands include maintaining vegetation
cover and minimizing soil disturbance. This ensures the
moisture retention and infiltration necessary for long-term
productivity and soil conservation. In a semi-arid, temperate
bunchgrass prairie, short-season stocking rates between 1.04
and 1.56 animal unit months � ha�1 resulted in lower amounts
of herbaceous litter cover in rocky soils and higher penetration
resistance in nonrocky soils. Long-term grazing at these rates
may result in conditions that compromise soil quality and plant
productivity. We also found that litter cover response to
stocking rate interacted with soil type. This suggests stratifica-
tion of sampling by soil types may increase the likelihood of
detecting effects of stocking rate treatments on litter cover.
Easily measured dynamic soil properties can be a valuable tool
for monitoring the response of grassland soils to various
livestock grazing strategies. Measuring a combination of
dynamic soil properties known to be associated with physical
processes such as infiltration or moisture retention does not
directly provide estimates of soil loss or runoff, but can provide
meaningful information about the effects of livestock manage-
ment relevant to such functions. The relevance of dynamic soil
properties may vary across different landscapes, soil types, or
vegetation patterns, and effective monitoring will depend on
careful selection of dynamic properties and sampling design.
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