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Abstract

Grazing management effects on soil property dynamics are poorly understood. A study was conducted to assess effects of
grazing management and season on soil property dynamics and greenhouse gas flux within semiarid rangeland. Grazing
management treatments evaluated in the study included two permanent pastures differing in stocking rate (moderately and
heavily grazed pastures) and a fertilized, heavily grazed crested wheatgrass (Agropyron desertorum [Fisch. ex. Link] Schult.)
pasture near Mandan, North Dakota. Over a period of 3 yr, soil properties were measured in the spring, summer, and fall at 0–5
cm and 5–10 cm. Concurrent to soil-based measurements, fluxes of carbon dioxide, methane, and nitrous oxide were measured
on 1-wk to 2-wk intervals and related to soil properties via stepwise regression. High stocking rate and fertilizer nitrogen (N)
application within the crested wheatgrass pasture contributed to increased soil bulk density and extractable N, and decreased
soil pH and microbial biomass compared to permanent pastures. Soil nitrate nitrogen tended to be greatest at peak aboveground
biomass, whereas soil ammonium nitrogen was greatest in early spring. Drought conditions during the third year of the study
contributed to nearly two-fold increases in extractable N under the crested wheatgrass pasture and the heavily grazed
permanent pasture, but not the moderately grazed permanent pasture. Stepwise regression found select soil properties to be
modestly related to soil–atmosphere greenhouse gas fluxes, with model r2 ranging from 0.09 to 0.76. Electrical conductivity was
included most frequently in stepwise regressions and, accordingly, may serve as a useful screening indicator for greenhouse gas
‘‘hot spots’’ in grazing land.
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INTRODUCTION

Rangeland soils perform critical functions affecting both forage
production and environmental regulation (Follett and Reed
2010; Teague et al. 2011). Rangeland soils are also looked

upon to serve as a foundation for ecosystem resilience under
increasingly dynamic weather and market conditions (Westoby
et al. 1989; Dougill et al. 1998). Accordingly, strategic-minded
land managers recognize the importance of soil as a corner-
stone of sustained profitability and long-term ecosystem health
(Darnhofer et al. 2010), and thereby value information related

to its management under changing circumstances.

Limited plant and litter cover over the soil coupled with
highly sensitive plant communities make near-surface soil
conditions in semiarid rangelands particularly susceptible to
change. Management-related influences often serve to exacer-
bate soil property dynamics in semiarid rangelands (Steffens et

al. 2008), with concomitant effects on critical ecosystem

services (Daly et al. 1997). Grazing, the predominant use of
semiarid rangelands, can variably impact soil properties
depending on the frequency, intensity, and duration of livestock
influence. Long-term overgrazing has been shown to deterio-
rate soil physical and chemical properties in semiarid range-
lands, contributing to decreased water retention, increased
erosion, and enhanced soil nutrient depletion (Chen et al. 2011;
Teague et al. 2011). Conversely, good grazing management
practices in semiarid rangelands can create soil conditions with
improved nutrient cycling and hydrological attributes (Thurow
1991; Banerjee et al. 2000; Ingram et al. 2008).

Understanding of grazing management impacts on soil
properties can be captured through single ‘‘snapshot’’ evalua-
tions, assuming treatment features have had adequate time to
influence soil condition. Conclusions from such evaluations,
however, must be tempered by the inherent limitation of single
point-in-time measurements, which—depending on the soil
property—may not adequately characterize treatment effects
over a growing season or between years, where weather-
induced influences on soil condition can be significant (Chen et
al. 2001; Whalen et al. 2003). Studies evaluating management
influences on soil properties within growing seasons and across
consecutive years in semiarid rangelands are needed to provide
insight into ecosystem resilience, particularly if the study period
encompasses extreme weather conditions.

Given this context, we sought to evaluate near-surface soil
property dynamics in three long-term grazing management
systems in central North Dakota. Evaluations were conducted
three times during the growing season over three consecutive
years. To leverage information emanating from the concurrent
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assessment of soil–atmosphere greenhouse gas fluxes for the
same treatments (Liebig et al. 2010a, 2013), potential
associations between soil properties and carbon dioxide
(CO2), methane (CH4), and nitrous oxide (N2O) fluxes were
investigated. We hypothesized 1) intra- and interannual
variation in soil properties would increase with nitrogen (N)
application and/or increasing stocking rate, and 2) soil–
atmosphere greenhouse gas fluxes would be most frequently
associated with plant-available soil N.

METHODS

Site and Treatment Description
The research site was located at the US Dept of Agriculture,
Agricultural Research Service Northern Great Plains Research
Laboratory near Mandan, North Dakota (lat 46846012 00N, long
100855 059 00W). The site is characterized by a semiarid,
continental climate, with long-term (90-yr) mean annual
precipitation and temperature of 410 mm and 48C, respectively.
The site is situated on a gently rolling landscape (0–3% slope).
The soil possesses a silty loess mantle overlying Wisconsin age
till, and is categorized as a blend of Temvik and Wilton silt
loams (Fine-silty, mixed, superactive, frigid Typic and Pachic
Haplustolls; USDA 2013). General soil characteristics in the
surface 30 cm include 280 g � kg�1 sand, 190 g � kg�1 clay, 27.3 g
carbon (C) � kg�1 soil organic C, and 18.0 cmol � kg�1cation
exchange capacity.

Treatments evaluated in the study included two permanent
vegetation pastures and one seeded forage pasture, each of
which belong to a network of long-term grazing studies
investigating grazing management effects on animal perfor-
mance and plant species composition and production (Reeves
et al. 2013). The permanent pastures included a moderately
grazed pasture (MGP) and heavily grazed pasture (HGP), both
established in 1916 on native rangeland and managed without
the application of tillage, fertilizer, herbicides, or fire (Frank et
al. 2006). Based on species composition measurements in 2004,
Kentucky bluegrass (Poa pratensis L.) was the dominant species
in MGP, comprising 64% of the relative species composition.
Other plant species in MGP included sedges (Carex filifolia
Nutt. and Carex heliophila Mack.), green needlegrass (Nassella
viridula [Trin.] Barkworth) and blue grama (Bouteloua gracilis
[H.B.K.] Lag. ex Griffiths), with lesser amounts of purple
threeawn (Aristida purpurea Nutt), needle-and-thread (Hes-
perostipa comata [Trin. & Rupr.] Barkworth), and western
wheatgrass (Pascopyrum smithii [Rybd] Löve). The HGP was
dominated by blue grama (40% of the species composition)
and Kentucky bluegrass (30% of the species composition)
while the remainder of the species were similar to MGP.

The seeded forage was a crested wheatgrass (Agropyron
desertorum [Fisch. ex. Link] Schult.) pasture (CWP), estab-
lished in 1932 by planting into previously tilled native range.
The predominant plant species in CWP was crested wheatgrass
(50%), with blue grama, sedges, and various cool-season native
grasses comprising the remainder of the species. Following
practices initiated in 1963 to increase forage production, CWP
was fertilized in the fall of each year with ammonium nitrate at
45 kg N � ha�1.

Yearling steers were used to graze all pastures from mid-May
to early October each year. Stocking rates for MGP and HGP
were 2.6 ha � steer�1 and 0.9 ha � steer�1 (0.39 animals � ha�1 and
1.1 animals � ha�1), respectively, while stocking rates within
CWP were 0.4 ha � steer�1 (2.3 animals � ha�1) in late spring/
early summer and 0.9 ha � steer�1 (1.2 animals � ha�1) for the
remainder of the grazing season. Only in instances of extreme
drought was grazing curtailed based on forage availability.

The MGP, HGP, and CWP occupied 15.4 ha, 2.8 ha, and 2.6
ha, respectively, and were situated within 1 km of each other.
None of the grazing treatments were replicated, which was
common for field experiments prior to the use of statistics
(Sarvis 1923).

Soil and Gas Sample Collection and Analyses
Soil bulk density, extractable nitrate nitrogen (NO3-N) and
ammonium nitrogen (NH4-N), electrical conductivity, soil pH,
and microbial biomass C were evaluated in the grazing
treatments in 2004, 2005, and 2006. Soil properties were
selected for analysis based on their expected contribution to
provide insight into changes in soil function, as well as
recommendations for required and optional analyses for
Agricultural Research Service GRACEnet projects (Liebig et
al. 2010b). Soil samples were collected three times per year
(mid-April, late July, early October) in four randomly selected
locations near the center of each treatment with a 3.5-cm (inner
diameter) step-down probe at depths of 0–5 cm and 5–10 cm.
At each location, eight soil cores were collected and composited
by depth. Immediately following collection, samples were dried
at 358C for 3–4 d and ground by hand to pass a 2.0-mm sieve.
Identifiable plant material (. 2.0 mm) was removed during
sieving. Soil NO3-N and NH4-N were estimated from 1 : 10
soil : potassium chloride (2 M) extracts using cadmium
reduction followed by a modified Griess–Ilosvay method and
indophenol blue reaction (Mulvaney 1996). Electrical conduc-
tivity and pH were estimated from a 1 : 1 soil : water mixture
(Watson and Brown 1998; Whitney 1998). Soil microbial
biomass C was estimated using the microwave irradiation
technique method, but only for the late July sampling (Islam
and Weil 1998). Due to the need for moist samples, an extra set
of six cores per location were collected as outlined above and
processed by sieving through a 2.0-mm sieve at field moisture
content. Fifty grams of soil was incubated 10 d at 55% water-
filled pore space in the presence of 10 mL of 2.0 M sodium
hydroxide. Carbon dioxide content was determined by single
end-point titration with 0.1 M hydrochloric acid (Paul et al.
1996), and the flush of CO2-C following irradiation was
calculated without subtraction of a 10-d control as suggested
by Franzluebbers et al. (1999). Gravimetric data were
converted to a volumetric basis for each sampling depth using
field-measured soil bulk density (Blake and Hartge 1986). All
data were expressed on an oven-dry basis.

Measurement protocols for assessment of CO2, CH4, and
N2O fluxes have been thoroughly described elsewhere (Liebig
et al. 2010b, 2013). Briefly, gas fluxes were measured in the
grazing treatments from 21 October 2003 to 24 October 2006
using static chamber methodology (Hutchinson and Mosier
1981). Gas samples were collected in each treatment from two-
part chambers consisting of six anchors with a plastic cap (19.6
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cm inner diameter; 10.0 cm height), vent tube, and sampling
port. Samples were collected with a 20-mL syringe at
installation (0 min), and at 15 min and 30 min after installation
at approximately 1 000 hours each sampling day. Following
collection, gas samples were injected into 12-mL evacuated
Exetainer glass vials sealed with butyl rubber septa (Labco
Limited, Buckinghamshire, United Kingdom) and analyzed for
CO2, CH4, and N2O concentrations using a Shimadzu GC-17A
gas chromatograph (Shimadzu Scientific Instruments, Kyoto,
Japan). Gas flux was calculated from the change in concentra-
tion in the chamber headspace over time (Hutchinson and
Mosier 1981). Gas flux measurements were made one to two
times per week when near-surface soil depths were unfrozen or
during midwinter thawing periods. Otherwise, gas fluxes were
measured every other week.

Precipitation was monitored daily at a North Dakota
Agricultural Weather Network (NDAWN) station within 1
km of the grazing treatments. Applicable data were download-
ed after each gas sampling event from the NDAWN website
(NDAWN 2014).

Data Analyses
Because of a lack of replication, anchors and sampling locations
served as pseudoreplicates in each treatment for gas flux and
soil properties measurements, respectively (Gomez and Gomez
1984). Accordingly, results from statistical analyses should be
interpreted with caution. Although this approach is not ideal, it
seems a reasonable compromise given the long-term value of
the grazing treatments. At the time of this study, the CWP and
permanent pastures were 71 yr old and 87 yr old, respectively,
making them rare among grazing studies in North America.

A mixed repeated measures model was used to analyze the
effects of grazing treatment, season, and year on soil properties
and gas flux (Littell et al. 1996). The analysis used a time series
covariance structure in the repeated measures model, where
correlations decline over time (Phillips et al. 2009). For
purposes of partitioning gas flux measurements by season, the
following dates were used: 1 March–31 May¼spring, 1 June–
31 August¼summer, 1 September–30 November¼fall, and 1
December–28/29 February¼winter. For soil properties, sam-
ples collected in mid-April, late July, early October corre-

sponded to spring, summer, and fall seasons, respectively.
Tested effects used a significance criterion of P� 0.05 to
discriminate between means. Stepwise regression was used to
evaluate the contribution of soil properties to CO2, CH4, and
N2O flux (SAS Institute 1990). Partial r2 values in each
regression were selected using a significance criterion of
P�0.1. Soil depths were analyzed separately in the repeated
measures model and stepwise regression. Where applicable,
associations between measured variables were identified using
Pearson correlation analysis.

RESULTS

Precipitation During Study
Precipitation received over the course of the study was below
normal, with 2 of 3 yr categorized as moderate to severe drought
for most of the growing season (National Drought Mitigation
Center 2014). Precipitation at the site was 132 mm in 2003–2004,
450 mm in 2004–2005, and 216 mm in 2005–2006 (beginning
and ending in mid-October each year; data not shown). Most
precipitation events (96%) were small (, 5 mm � event�1), and
snow was minimal, with continuous snow cover limited to
December 2003 to March 2004 (Liebig et al. 2010a).

Effects of Grazing Treatment
Grazing management significantly affected soil properties
evaluated in the study (Table 1). The CWP possessed greater
soil bulk density than MGP at 0–5 cm, whereas at 5–10 cm soil
bulk density was greater in CWP compared to both permanent
pastures. Soil pH fell within strongly acid to very strongly acid
categories for CWP (4.5 to 5.5), slightly acid category for MGP
(6.1 to 6.5), slightly acid to neutral categories for HGP (6.1 to
7.3; USDA 1993), and differed significantly between treatments
for both depths. Moreover, soil pH differences among treat-
ments were most pronounced at 0–5 cm, where pH in CWP was
1.34 and 1.76 units lower than in HGP and MGP, respectively.
Soil NO3-N and NH4-N was generally low across treatments
(, 11 kg N � ha�1 � depth�1), but ranged from 1.6 times to 4.2
times greater in CWP than permanent pastures. Microbial
biomass C at 0–5 cm was over three times greater in permanent

Table 1. Mean 6 SEM soil property values across years and seasons at 0–5 cm and 5–10 cm for grazing treatments evaluated in study. P values for
comparisons within an effect are provided below listed means.

Depth/treatment

Soil bulk density

(Mg �m�3)

Electrical conductivity

(dS �m�1)

Soil pH

(�log[Hþ])

Soil NO3-N

(kg N � ha�1)1

Soil NH4-N

(kg N � ha�1)

Microbial biomass C

(kg C � ha�1)

0–5 cm

Crested wheatgrass 0.82 6 0.01 SEM 0.26 6 0.02 SEM 4.83 6 0.03 SEM 10.1 6 1.1 SEM 9.2 6 0.5 SEM 169 6 20 SEM

Heavily grazed 0.76 6 0.01 SEM 0.29 6 0.01 SEM 6.59 6 0.02 SEM 2.6 6 0.5 SEM 2.6 6 0.2 SEM 640 6 58 SEM

Moderately grazed 0.72 6 0.01 SEM 0.28 6 0.01 SEM 6.17 6 0.02 SEM 2.6 6 0.4 SEM 3.2 6 0.5 SEM 534 6 42 SEM

P value , 0.0001 0.2638 , 0.0001 , 0.0001 , 0.0001 , 0.0001

5–10 cm

Crested wheatgrass 1.15 6 0.01 SEM 0.28 6 0.01 SEM 5.79 6 0.04 SEM 5.4 6 0.7 SEM 2.9 6 0.4 SEM 422 6 46 SEM

Heavily grazed 1.01 6 0.01 SEM 0.25 6 0.01 SEM 6.51 6 0.02 SEM 1.1 6 0.2 SEM 1.7 6 0.2 SEM 425 6 42 SEM

Moderately grazed 1.06 6 0.01 SEM 0.24 6 0.01 SEM 6.32 6 0.03 SEM 1.5 6 0.2 SEM 1.9 6 0.2 SEM 345 6 39 SEM

P value , 0.0001 0.0458 , 0.0001 , 0.0001 0.0082 0.2734
1NO3-N indicates nitrate nitrogen; NH4-N, ammonium nitrogen; and C, carbon.
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pastures (mean¼587 kg C � ha�1) than in CWP (169 kg C � ha�1),
but was not different among treatments at 5–10 cm.

Effects of Season and Year
Significant differences in soil properties across seasons were
largely limited to electrical conductivity and extractable N. Soil
bulk density did not differ across seasons at either depth, with
values fluctuating no more than 0.04 Mg �m�3 between seasons
(Table 2). Soil pH was nearly as nonresponsive to season, with
significant pH change only observed in MGP at 0–5 cm
(spring . summer; P¼0.0421). Changes in electrical conduc-
tivity across seasons were observed in five of six treat-
ment3depth combinations, with values generally lowest in
spring and 0.02 dS �m�1 to 0.14 dS �m�1 higher in summer.
Summer electrical conductivity values were generally main-
tained through fall, with the notable exception of CWP at 0–5
cm, in which electrical conductivity returned to its springtime
status. Both soil NO3-N and NH4-N were highly responsive to
season, though fluctuations in both forms of N differed
considerably by depth and treatment. Soil NO3-N was
generally greatest in summer and least in spring, with seasonal
fluctuations greater at 0–5 cm (3.7 kg N � ha�1 to 8.9 kg
N � ha�1) than at 5–10 cm (1.4 kg N � ha�1 to 1.7 kg N � ha�1).
Among grazing treatments, soil NO3-N at 0–5 cm varied most
across seasons in CWP (8.9 kg N � ha�1) compared to the
permanent pastures (mean¼3.8 kg kg N � ha�1), though
seasonal differences across treatments at 5–10 cm were not
nearly as pronounced (1.4 kg N � ha�1 to 1.7 kg N � ha�1). Soil
NH4-N was generally greatest in spring and decreased through
summer and fall. For both depths, seasonal fluctuations in soil
NH4-N was greatest in CWP (14.7 kg N � ha�1 and 2.1 kg
N � ha�1 for 0–5 cm and 5–10 cm, respectively) and lowest in
permanent pastures (1.4 kg N � ha�1 and 0.7 kg N � ha�1 to 0.8
kg N � ha�1 for 0–5 cm and 5–10 cm, respectively).

With the exception of microbial biomass C, measured soil
properties were affected by year, particularly in the surface 0–5
cm depth (Table 3). Soil bulk density was significantly greater
in year 1 than years 2 and 3 in CWP and HGP at 0–5 cm.
Annual change in electrical conductivity was variable among
treatments at 0–5 cm, with greater electrical conductivity in
years 2 and 3 than year 1 in CWP, no significant year effect in
HGP, and greater electrical conductivity in year 2 than years 1
and 3 in MGP. At 5–10 cm, annual fluctuation in electrical
conductivity differed only in MGP (years 1 and 2 . year 3;
P¼0.0004). Soil pH at 0–5 cm decreased from year 1 to year 3
in CWP, whereas in permanent pastures soil pH was greater in
years 2 and 3 compared to year 1. At 5–10 cm, soil pH in MGP
followed the same significant trend observed at 0–5 cm.

Soil NO3-N and NH4-N followed similar patterns across
years at 0–5 cm, with values approximately two-fold greater in
year 3 compared to years 1 and 2 in CWP and HGP (Table 3).
Annual fluctuations in soil NO3-N (1.5 kg N � ha�1) and NH4-
N (1.4 kg N � ha�1) in MGP at 0–5 cm were not significantly
different. At 5–10 cm, soil NH4-N in CWP followed a similar
trend in the surface depth with approximately three-fold
greater values in year 3 than years 1 and 2. Though annual
fluctuations were small (1.1 kg N � ha�1 to 1.8 kg N � ha�1),
HGP possessed significantly lower soil NO3-N and NH4-N in
year 2 compared to years 1 and 3. Annual N dynamics in MGP
were only significantly different for soil NO3-N at 5–10 cm,
where the value in year 1 was greater than in year 2 (1.9 kg
N � ha�1 vs. 1.1 kg N � ha�1; P¼0.0251).

Associations Between Greenhouse Gas Flux and Soil
Properties
Thorough documentation of soil–atmosphere greenhouse gas
flux as affected by grazing management, year, and season has
been presented elsewhere (Liebig et al. 2010a, 2013; see

Table 3. Mean 6 SEM soil property values at 0–5 and 5–10 cm for each year partitioned by grazing treatment. P values for comparisons within a
treatment are provided below listed means.

Treatment/year

Soil bulk density

(Mg �m�3)

Electrical conductivity

(dS �m�1)

Soil pH

(�log[Hþ])

Soil NO3-N

(kg N � ha�1)1

Soil NH4-N

(kg N � ha�1)

Microbial biomass C

(kg C � ha�1)

------------------------------------------------------------------------------ 0–5 cm -----------------------------------------------------------------------------

Crested wheatgrass

1 0.88 6 0.02 SEM 0.21 6 0.03 SEM 4.93 6 0.05 SEM 6.3 6 1.6 SEM 7.5 6 2.2 SEM 201 6 18 SEM

2 0.77 6 0.03 SEM 0.28 6 0.03 SEM 4.82 6 0.04 SEM 8.1 6 1.2 SEM 5.9 6 1.9 SEM 126 6 55 SEM

3 0.81 6 0.02 SEM 0.30 6 0.02 SEM 4.75 6 0.05 SEM 16.0 6 1.8 SEM 14.3 6 3.1 SEM 177 6 8 SEM

P value 0.0053 0.0005 0.0390 0.0008 0.0271 0.3194

Heavily grazed

1 0.79 6 0.01 SEM 0.29 6 0.02 SEM 6.50 6 0.01 SEM 2.5 6 0.6 SEM 2.0 6 0.2 SEM 514 6 94 SEM

2 0.74 6 0.01 SEM 0.30 6 0.01 SEM 6.67 6 0.03 SEM 0.9 6 0.2 SEM 1.7 6 0.2 SEM 672 6 124 SEM

3 0.75 6 0.01 SEM 0.27 6 0.02 SEM 6.60 6 0.04 SEM 4.3 6 1.2 SEM 4.1 6 0.3 SEM 733 6 65 SEM

P value 0.0152 0.1989 0.0063 , 0.0001 , 0.0001 0.3059

Moderately grazed

1 0.76 6 0.02 SEM 0.26 6 0.02 SEM 6.12 6 0.03 SEM 2.5 6 0.7 SEM 2.4 6 0.4 SEM 460 6 83 SEM

2 0.69 6 0.02 SEM 0.34 6 0.02 SEM 6.22 6 0.04 SEM 2.0 6 0.6 SEM 3.4 6 1.3 SEM 504 6 53 SEM

3 0.72 6 0.01 SEM 0.25 6 0.03 SEM 6.18 6 0.04 SEM 3.5 6 0.7 SEM 3.8 6 0.5 SEM 637 6 64 SEM

P value 0.0592 , 0.0001 0.0174 0.0600 0.6010 0.2098
1NO3-N indicates nitrate nitrogen; NH4-N, ammonium nitrogen; and C, carbon.
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supplemental information for synopsis, available online at

http://dx.doi.org/10.2111/REM-D-13-00145.s1). Moderate re-

lationships between soil–atmosphere gas flux and measured

soil properties were observed through stepwise regression

(Table 4). Across measured gases and soil depths, total model

r2 ranged from 0.09 (N2O flux, 0–5 cm) to 0.76 (CO2 efflux,

5–10 cm). Partial model r2—relating to a single gas flux/soil

property association—ranged from 0.03 (CO2 efflux and soil

bulk density, 5–10 cm) to 0.43 (N2O flux and electrical

conductivity, 5–10 cm). Out of a total of 36 potential gas flux/

soil property associations, 13 were significant. Six significant

associations were observed with CO2 efflux, four with N2O

flux, and three with CH4 flux. Across measured gases, electrical

conductivity was included most frequently in the model (four),

followed by soil bulk density (three), and soil pH, NO3-N, and

NH4-N (two each).

In addition to the stepwise analysis, notable relationships
between soil properties were observed during the study

(n¼216, data not shown). Electrical conductivity was posi-
tively correlated with soil NO3-N (r¼0.32, P�0.0001),
whereas soil pH was negatively correlated with both soil
NO3-N (r¼�0.69, P�0.0001) and soil NH4-N (r¼�0.50,

P�0.0001).

DISCUSSION

Treatment effects on soil properties suggested grazing manage-
ment indicative of CWP with supplemental N will result in
near-surface soil conditions that are more compact and acidic

than grazed permanent pastures without supplemental N.
Furthermore, management of CWP created a paradox of
nutrient availability and nutrient cycling capacity within the

Table 4. Partial r2 values from stepwise regression analysis based on model: soil–atmosphere greenhouse gas flux (CO2, CH4, or N2O)¼soil bulk density,
electrical conductivity, soil pH, soil NO3-N, soil NH4-N, microbial biomass C. Values in each regression were selected using a significance criterion of
P� 0.1.1

Variable/depth (cm) Soil bulk density Electrical conductivity Soil pH Soil NO3-N Soil NH4-N Microbial biomass C

CO2 efflux

0–5 0.23 0.07 0.16

5–10 0.03 0.36 0.37

CH4 flux

0–5 0.33 0.10

5–10 0.26

N2O flux

0–5 0.09

5–10 0.43 0.06 0.06
1CO2 indicates carbon dioxide; CH4, methane; N2O, nitrous oxide; NO3-N, nitrate nitrogen; NH4-N, ammonium nitrogen; and C, carbon.

Table 3. Extended.

Soil bulk density

(Mg �m�3)

Electrical conductivity

(dS �m�1)

Soil pH

(�log[Hþ])

Soil NO3-N

(kg N � ha�1)

Soil NH4-N

(kg N � ha�1)

Microbial biomass C

(kg C � ha�1)

-------------------------------------------------------------------------------------------- 5–10 cm --------------------------------------------------------------------------------------------

1.15 6 0.01 SEM 0.28 6 0.02 SEM 5.76 6 0.06 SEM 5.2 6 1.2 SEM 2.0 6 0.2 SEM 322 6 52 SEM

1.17 6 0.01 SEM 0.29 6 0.02 SEM 5.87 6 0.09 SEM 3.3 6 0.7 SEM 1.2 6 0.2 SEM 553 6 81 SEM

1.14 6 0.01 SEM 0.25 6 0.02 SEM 5.74 6 0.05 SEM 7.6 6 1.3 SEM 5.6 6 0.9 SEM 391 6 70 SEM

0.3144 0.1825 0.3100 0.0540 , 0.0001 0.1029

1.02 6 0.01 SEM 0.25 6 0.01 SEM 6.44 6 0.02 SEM 1.6 6 0.3 SEM 1.7 6 0.1 SEM 422 6 50 SEM

1.00 6 0.02 SEM 0.27 6 0.02 SEM 6.57 6 0.03 SEM 0.5 6 0.1 SEM 0.9 6 0.1 SEM 524 6 27 SEM

1.00 6 0.01 SEM 0.23 6 0.02 SEM 6.52 6 0.04 SEM 1.2 6 0.4 SEM 2.7 6 0.2 SEM 329 6 97 SEM

0.7993 0.0686 0.0653 0.0049 , 0.0001 0.1615

1.05 6 0.01 SEM 0.25 6 0.01 SEM 6.23 6 0.03 SEM 1.9 6 0.4 SEM 2.1 6 0.3 SEM 267 6 53 SEM

1.04 6 0.02 SEM 0.27 6 0.01 SEM 6.40 6 0.07 SEM 1.1 6 0.2 SEM 1.2 6 0.2 SEM 367 6 88 SEM

1.07 6 0.02 SEM 0.21 6 0.02 SEM 6.32 6 0.03 SEM 1.4 6 0.2 SEM 2.5 6 0.3 SEM 402 6 51 SEM

0.5545 0.0004 0.0030 0.0251 0.0627 0.3684
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0–5 cm depth, with levels of available N highest and microbial
biomass C lowest in CWP among the three evaluated pastures.
Based on the amplitude and frequency of soil property
differences among seasons and years, our hypothesis of
increased variation with N application and/or increased
stocking rate (CWP�HGP . MGP) was not rejected.

Higher stocking rate, resulting in increased frequency of
cattle trampling, likely contributed to greater near-surface soil
bulk density in CWP compared to the permanent pastures,
which in addition to being grazed at a lower stocking rate, were
primarily composed of sod-forming grasses (Wienhold et al.
2001). Previous evaluations of ungrazed crested wheatgrass
and native vegetation found no difference in soil bulk density at
0–15 cm (Broersma et al. 2000), but greater soil penetration
resistance in the latter at 7.5-cm and 9-cm depths when grazed
(Krzic et al. 2000). Annual fall application of N fertilizer,
coupled with acid-forming N cycling processes, resulted in
greater extractable NO3-N and NH4-N and lower soil pH in
CWP compared to HGP and MGP at 0–10 cm (Berg 1986).
Between permanent pastures, soil pH in HGP was greater than
MGP at both depths, the result of which was likely caused by a
plant community–induced shift that contributed to higher
concentrations of basic cations (e.g., exchangeable Caþ2 and
Mgþ2) in the former (Liebig et al. 2006). Soil pH outcomes
contributed to lower microbial biomass C at 0–5 cm in CWP
compared to the permanent pastures; a finding consistent in
other ecosystems where soil acidification decreased microbial
biomass and narrowed the spectrum of adaptable microbial
species (Kowalenko et al. 1978; Aciego Pietri et al. 2008;
Rousk et al. 2010).

Temperature-dependent processes affecting nutrient miner-
alization and plant growth contributed to seasonal dynamics in
soil chemical properties. Nitrification over the growing season
likely led to a drawdown of soil NH4-N in the grazing
treatments with a corresponding peak in soil NO3-N during the
summer months. Increased soil NO3-N during summer is not
uncommon under grazing land, and may have been facilitated
by wet/dry cycles common April through June, which would
serve to increase mineralization and substrate availability
(Chen et al. 2001). Inconsistent trends between electrical
conductivity and soil NO3-N and NH4-N across seasons
suggest other ions in solution were responsible for seasonal
dynamics in electrical conductivity. Interestingly, the lowest
values of soil pH across seasons matched the highest values of
soil NO3-N in each grazing treatment, possibly reflecting
increased hydrogen ion generation from nitrified NH4-N (Berg
1986; Mapfumo et al. 2000).

Nitrogen inputs and stocking rate appeared to affect annual
variation in soil properties. Decreased soil bulk density between
years 1 and 2 in CWP and HGP did not correspond to increases
in root biomass, though aboveground biomass was on average
over two-fold greater across grazing treatments in year 1
compared to year 2 (Liebig et al. 2013). It is possible that
increased canopy cover from greater aboveground biomass in
year 2 contributed to lower near-surface soil bulk density in
grazing treatments subjected to higher stocking rates (Tate et al.
2004). Levels of N inputs among grazing treatments likely
affected soil pH trends over the 3-yr evaluation period, with
increased soil acidification prevalent in the surface depth of
CWP. The approximate 0.2 pH unit decrease in CWP over 3 yr

was slightly greater than pH rate declines observed in related N
fertilization studies under pasture (Smika et al. 1961; Owensby
et al. 1969), and may be a reflection of decreased buffer
capacity at lower pH (Liebig et al. 2006). Drought-induced
accumulation of soil NO3-N and NH4-N during year 3
occurred under CWP and HGP but not MGP. Lower stocking
rate, coupled with the absence of N fertilization, served to
buffer large fluctuations in available N in MGP under limited
precipitation. Such an attribute would be expected to limit N
loss to the environment under improved (i.e., nondrought)
conditions (Wedin 1999).

Stepwise regression served to identify the relative sensitivity
of CO2, CH4, and N2O fluxes to near-surface soil properties,
while concurrently highlighting the potential role of electrical
conductivity as a screening indicator for greenhouse gas ‘‘hot
spots’’ in grazing land (and not plant-available N, as
hypothesized). Among measured greenhouse gas fluxes, CO2

efflux—an integrative measure of plant and microbial respira-
tion—was most frequently associated with soil properties. In
contrast, significant associations between soil properties and
CH4 and N2O fluxes—processes mediated by highly specialized
microorganisms (Paul and Clark 1996)—were less common.
Although greenhouse gas fluxes are often related to soil
moisture and/or temperature dynamics, results from this study
were consistent with other investigations in which basic soil
physical and chemical properties provided insight on the role of
soil condition to affect soil–atmosphere gas fluxes (Allaire et al.
2012). Increased soil porosity has been associated with higher
CO2 efflux (de Figueiredo Brito et al. 2009), suggesting
improved gas flux transfer to the atmosphere with lower soil
bulk density. Among chemical properties, electrical conductiv-
ity has been negatively associated with CO2 efflux (Allaire et al.
2012), whereas soil pH and soil organic matter were found to
be primary factors for explaining variation in N2O flux for an
alluvial soil in northern Japan (Yanai et al. 2003). Though far
from a mechanistic understanding of soil–gas flux relationships,
these findings provide insight for efforts to use site-specific soil
management as a means to mitigate greenhouse gas fluxes from
agroecosystems.

The number and relative strength of associations between
electrical conductivity and greenhouse gas fluxes suggest the
former may serve as a useful screening property for identifying
areas in grazing land with elevated greenhouse gas flux. As a
relative measure of the total quantity of ions in soil solution,
electrical conductivity has been proposed as an integrative
assessment for monitoring coupling/decoupling of nutrient
cycles (Patriquin et al. 1993). Positive associations between
electrical conductivity and extractable N in nonsaline and
noncalcareous soils are well established (Smith and Doran
1996; Eigenberg et al. 2006), and highlight the potential role of
electrical conductivity as surrogate for available N, which, in
turn, affects key metabolic processes contributing to green-
house gas flux (Robertson and Vitousek 2009). Given the
relative ease of in-situ assessments of electrical conductivity
(Johnson et al. 2001; Arnold et al. 2005), extension of near-
surface electrical conductivity findings toward relative catego-
rizations of greenhouse gas ‘‘hot spots’’ (e.g., field areas
associated with former watering sites or bale grazing) may
serve to facilitate spatially strategic management practices
aimed at reducing N loss from grazing lands.
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IMPLICATIONS

Insight into the resilience of rangelands to buffer changes
induced by external stressors requires intra- and interannual
measurements of key ecosystem components, including soil.
Our data show near-surface soil properties exhibited strong
responses to not just grazing management, but also year and
season. Grazing management indicative of a CWP fertilized
annually with N resulted in near-surface soil conditions that
were more compact and acidic than grazed permanent pastures
without supplemental N. Such conditions under crested
wheatgrass contributed wide fluctuations in extractable N over
time (particularly during a drought year), as well as signif-
icantly lower microbial biomass. Results suggested the poten-
tial role of electrical conductivity to serve as a screening
indicator for greenhouse gas ‘‘hot spots’’ in grazing land.
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