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Abstract

Understanding how land management influences soil carbon (C) and nitrogen (N) dy-
namics is critical for improving ecosystem resilience and carbon sequestration potential
in semiarid rangelands. This study used classical field- and laboratory-based methods to
assess soil organic carbon (SOC), organic matter (OM), and N content at 13 sites across four
ecological provinces in eastern Oregon, USA. Treated sites—where traditional rangeland
restoration and management practices had been applied to them (i.e., juniper removal,
sagebrush removal, post-fire grass seeding, and land conversion to pasture)—were paired
with adjacent untreated control sites. Soil samples were collected at two depths, 0 to 10 cm
and 15 to 25 cm and analyzed for C, N, OM, bulk density (BD), soil volumetric water
content (SVWC), porosity, and texture. Soil C and N stocks were calculated on an area basis
(t ha−1), and statistical analyses were conducted using one-way ANOVA and correlation
tests. Treated sites generally exhibited higher soil C, N, and OM content compared to
untreated sites, particularly in the upper 10 cm of soil. Data obtained from the two soil
depths (0 to 10 cm and 15 to 25 cm) were averaged and assumed to represent the top
30 cm of the soil profile, corresponding to the effective rooting zone at each field. The site
where sagebrush removal was followed by grass seeding exhibited the highest soil C and
N stocks (115.8 t C ha−1 and 9.2 t N ha−1, respectively). This site also had the highest OM
content (9.53%), which was observed in the topsoil layer (0 to 10 cm) across all sites and
depths. Strong positive correlations between C and N were detected across all sites (mean
r = 0.92), while negative correlations were observed between soil C and bulk density at
several locations. Results suggest that vegetation management practices such as woody
plant removal and grass establishment can enhance soil C storage and nutrient retention
in semiarid rangeland ecosystems. These findings provide baseline data to inform land
management strategies aimed at improving soil health and carbon sequestration potential
in the Pacific Northwest region in the USA.
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1. Introduction
Rangelands encompass 40% to 50% of Earth’s ice-free terrestrial surface and represent a

significant land-use category, covering vast areas worldwide [1,2]. These diverse landscapes
range from coastal prairies to arid high-desert regions and are distinguished by their unique
climatic conditions, varied vegetation types, and tailored land management practices [3].
Due to their global distribution and potential for high carbon (C) sequestration rates,
properly managed rangeland ecosystems can serve as an important C sink [4,5]. Rangelands
currently store between 10% and 30% of terrestrial C [6,7], with a substantial portion
as SOC [8,9].

Rangelands tend to be nitrogen (N)- limited [10], which can affect C sequestration
by constraining plant growth (aboveground and belowground) and reducing conversion
to soil organic matter (OM) [9,11]. While biomass from standing vegetation in rangeland
ecosystems can store significant amounts of C [12–14] and N [15], these aboveground
pools are considered unstable and often transient due to their susceptibility to rapid loss
from environmental stressors such as drought and wildfires [16,17]. Conversely, soils in
rangeland ecosystems can serve as more stable, long-term reservoirs of C and N, with
higher sequestration potentials than their aboveground counterparts [18–20]. As global
interest in climate mitigation intensifies, understanding the role of rangeland soils in
long-term carbon storage becomes increasingly vital.

Soil C and N content, particularly C:N ratios, are important indicators of soil health,
as they influence microbial activity, OM decomposition, and nutrient availability [21,22].
Rangeland soils typically have a C:N ratio between 10:1 and 12:1 [23], agricultural soils tend
to be lower, around 8:1 to 10:1 [24], while forest soils, especially those with high litterfall,
can exceed 20:1 due to slower decomposition rates and higher lignin content [25]. Similarly,
soil C and N content vary across the soil profile [26,27]. Characterizing soil C and N stocks
within the top 0.30 m is important because this depth represents the effective root zone
for most rangeland vegetation and is where most microbial activity and nutrient cycling
occur [28,29]. It is also the minimum depth specified by the Intergovernmental Panel on
Climate Change for measuring soil C stocks [30].

Several factors, including climate, vegetation cover, soil properties, and manage-
ment practices, influence the capacity of rangeland soils to sequester carbon [31–33]. The
compounding effect of these factors is variable. For example, woody plant invasion in
grasslands and shrublands may lead to either a reduction [34,35], an increase [26,36], or no
change [14,15] in soil C and N content. This depends on vegetation species composition and
the level of encroachment [37,38]. Some studies have shown that management practices,
such as reseeding, can increase soil C and N content by adding root biomass [5,39,40].
Despite some progress in documenting correlations between land use and the carbon cycle,
there remains a need for more information on the effects of land management practices on
rangeland soil C and N content [31].

In addition to classical field- and laboratory-based methods for measuring soil C,
OM, and N, recent advances have incorporated remote sensing, digital soil mapping,
and machine learning techniques to improve large-scale soil C assessment [41–43]. These
approaches, including spectral analysis and AI-based models, show strong potential for
predicting SOC across landscapes [44]. However, the reliability of these models depends
on high-quality, representative ground-based measurements for calibration and validation.
Therefore, robust baseline soil datasets remain essential for supporting model development,
reducing uncertainty, and improving predictions of soil C and OM dynamics across different
land management practices.

Understanding the relationships between soil physical properties and C and N stocks,
as influenced by land-improvement practices, is essential for developing sustainable land
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management strategies that preserve rangeland integrity, maintain soil health, support bio-
diversity, and promote site productivity and ecosystem resilience. This research examined
the variability in soil C and N content across rangelands in central and eastern Oregon,
where different land management practices have been implemented. The study objectives
were to: (1) compare SOC and N concentrations, along with other parameters of interest
(i.e., C:N ratio, OM content, bulk density (BD), soil volumetric water content (SVWC),
porosity (PS), and soil texture), and (2) examine SOC and N content at two depths, 0 to
10 cm and 15 to 25 cm, in the effective rooting zone (top 30 cm of soil profile) in rangeland
areas where different land management practices (i.e., juniper removal, sagebrush removal,
land conversion to pasture, post-fire grass seeding) have occurred versus control sites.

2. Materials and Methods
2.1. Study Sites

This study was conducted at thirteen field sites spanning four ecological provinces
in central and eastern Oregon, USA (Figure 1). The sites were selected based on the
distribution of rangelands across the state and ongoing collaborations that facilitated access
for data collection. The field sites were named according to their locations within Oregon’s
ecological provinces, as defined by Anderson et al. [45]. They include two sites in the
John Day (JD) province, two in the Columbia Basin (CB), three in the Snake River (SR),
and six in the Klamath (KB) ecological province. Typical of much of Oregon and many
parts of the Pacific Northwest Region in the USA, soils at the study sites are primarily
derived from basaltic and tuffaceous parent materials and are classified within the World
Reference Base (WRB) system as Cambisols, Regosols, and Andosols, with additional
Luvisol-like soils occurring in more developed forested areas, based on regional soil survey
information and site characteristics [46]. The land cover in these four provinces is typical of
high desert drylands in eastern Oregon, comprising grasslands, sagebrush steppe, juniper
woodlands, and mixed-conifer forests. Land cover at the individual study sites ranged
from grassland (various grass species) to sagebrush (Artemisia tridentata) steppe to conifer-
dominated landscapes (including Pinus ponderosa and Juniperus occidentalis). Land use at
all but the two sites in the CB ecological province was spring- or fall-season cattle grazing
at light-to-moderate stocking rates. The two sites in CB were a sagebrush conservation
area, adjacent to a former sagebrush steppe area converted to dryland farming, where a
winter annual grass, triticale—a hybrid of wheat (Triticum aestivum) and rye (Secale cereale)
is grown for livestock feed. Mean annual precipitation from onsite (JD sites, 322 mm) or
nearby weather stations was 272 mm for the KB sites [47], 316 mm for the CB sites [48],
257 mm for SR1 [49], and 287 mm for SR2 [50]. Mean elevation in meters above mean sea
level (mASL) for the various study sites was 366 mASL for the CB site, 1038 mASL for
SR1, 1480 mASL for JD, 1673 mASL for SR2, and a range of elevation values from 1600 to
1835 mASL for the KB sites.

The field sites were paired into treated (T) and untreated fields (U). Treated sites
included those fields where land management practices typical for rangeland ecosystems
in the region, including sagebrush removal, western juniper removal, post-wildfire grass
seeding, or conversion to cropland, had occurred. All treated fields were paired with
adjacent untreated fields, which served as comparative control sites, except for one field
(SR1_T, juniper removed) that lacked a control site. The study areas ranged from 2 to
14 ha across most sites, except at the JD location, where the untreated site was 96 ha, and
the treated site was 116 ha. For most sites, a grass-mix seeding application followed the
disturbance, whether due to wildfire or sagebrush removal, to improve site productivity
and overall ecological health. No seeding but rather natural regeneration of shrubs and
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grasses (various spp.) occurred at two sites (JD_T and SR1_T) where dense stands of
western juniper had been removed (Table 1).

Figure 1. Map of the state of Oregon showing the gradient of yearly precipitation and the study
site locations with their corresponding ecological province, i.e., Columbia Basin (CB), John Day (JD),
Snake River (SR), and Klamath (KB). Figure modified from [51].

Table 1. Field sites in each ecological province, showing dominant vegetation cover, treatment, area
of each field, and number (n) of soil samples collected at each site.

Field Site Dominant
Vegetation Cover Treatment Area (ha) n

John Day Ecological Province

JD_T Sagebrush Juniper removal–natural regeneration
(2005) 116 45

JD_UT Juniper None 96 46
Columbia Basin Ecological Province

CB_T Triticale Dryland crop 14 26
CB_UT Sagebrush None 2 8

Snake River Ecological Province

SR1_T Shrub-grass Juniper removal–natural regeneration
(2022) 8 26

SR2_T Grassland Sagebrush removal & grass
seeding–broadcast (2019) 2 8

SR2_UT Sagebrush None 2 16
Klamath Ecological Province

KB1_T Shrub-grass Grass mix seeding–aerial (2021) 3 12
KB1_UT Shrub-grass None 3 11
KB2_T Ponderosa pine Grass mix seeding–aerial (2021) 3 12

KB2_UT Juniper None 3 12
KB3_T Shrub-grass Grass mix seeding–aerial (2021) 3 12

KB3_UT Shrub-grass None 3 11

2.2. Field Data Collection
2.2.1. Soil Physical Properties

A total of 245 soil samples were collected at depths of 0 to 10 cm and 15 to 25 cm
from all sites using a soil core sampler (50 mm × 100 mm) (Art’s Manufacturing & Supply,
Inc.; American Fall, ID, USA). Sample sizes varied by soil depth and vegetation cover.
The samples were sieved (2 mm mesh), oven-dried at 105 ◦C for 24 h, and analyzed to
determine bulk density (BD; g cm−3), soil volumetric water content (SVWC; cm3 cm−3),
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soil porosity (PS, %), and soil texture. BD was calculated as the ratio of the oven-dried
soil sample mass to the core volume. SVWC was calculated using the gravimetric water
content and BD. Soil porosity was determined using the formula:

%PS = 100 (1 − BD/PD) (1)

where PD = particle density of 2.65 g cm−3 [52]. Soil texture was determined using the
hydrometer method [53]. Soil samples were collected between fall 2023 and summer
2024. All samples for the KB sites were collected in May 2024. Samples for the JD sites
were collected in April and May 2024. Samples for the SR and CB sites were collected in
November 2023.

2.2.2. Soil Carbon, Nitrogen, and Organic Matter

Subsamples from each of the soil samples collected at all sites were sent to the Oregon
State University Soil Health Laboratory for analysis of soil C, N, and OM. Soil C and N
were determined using dry combustion (Thermolyne F-A1730, Thermo Fisher Scientific
Inc.; Waltham, MA, USA). The OM content was calculated as 2 times the SOC [54]. The
ratio of soil C and N (C:N) was determined for each location to characterize each site’s
potential for plant growth and microbial activity.

2.3. Data Analysis

Statistical analyses were conducted using a one-way analysis of variance (ANOVA) to
evaluate differences in soil C and N stocks among soil depths, management practices, and
vegetation cover. Although soil properties are influenced by multiple interacting factors,
one-way ANOVA was utilized to analyze each factor separately, isolating the single effect
of that specific variable, which was our objective. Prior to analysis, the data were checked
for normality and homogeneity of variance to confirm that the assumptions required for
parametric analysis were met. The analysis compared soil C and N stocks at the two
sampling depths (0 to 10 cm and 15 to 25 cm) and at their average, which was assumed
to represent the effective rooting zone of 0 to 30 cm at each site. Percent C and N content,
along with BD data, were used to calculate soil C and N stocks on a ton per hectare (t ha−1)
basis for each site. Additionally, comparisons were made across major land classifications
based on dominant vegetation covers, including juniper woodland, sagebrush steppe,
rangeland grass and shrub, and triticale. To evaluate overall treatment effects across sites,
independent-sample t-tests were also conducted to compare mean C and N stocks between
treated and untreated rangelands at each sampling depth.

The correlation between C and several variables of interest (i.e., %N, BD, and %Clay
content) was estimated using all data collected within the 0 to 30 cm profile for each
site, using Pearson or Spearman correlation coefficients, depending on whether the data
were uniformly distributed. This analysis focused on %C as the primary variable of
interest because it is central to evaluating rangeland C sequestration and enables targeted
interpretation of key soil controls. Additional pairwise relationships were not explored in
detail, as they were beyond the scope of this study. All statistical analyses were performed
using SigmaPlot (Version 15.0, Grafiti LLC; Palo Alto, CA, USA) with a significance level of
α = 0.05.

3. Results
3.1. Soil Properties

The results showed that soil C and N were generally higher at the treated sites than at
the untreated sites at both the 0 to 10 cm and 15 to 25 cm depths (Table 2). The exception
was the CB_T site, where soil C at 15 to 25 cm was higher at the untreated site (CB_UT).
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Overall, the CB_T and CB_UT sites exhibited the lowest C, N, and OM values among all the
evaluated sites. The mean values for soil C, N, C:N ratio, and OM at all sites were higher in
the treated sites at both the 0 to 10 cm and 15 to 25 cm depths. The mean value of soil C
(%) was 2.73% at the 0 to 10 cm depth and 1.7% at the 15 to 25 cm depth for treated sites.
For untreated sites, mean soil C was 1.7% for the 0 to 10 cm layer and 1.3% for the 15 to
25 cm layer.

Table 2. Soil properties across study sites by soil depth. Soil properties include carbon (C), nitrogen
(N), and organic matter (OM) content, as well as the carbon and nitrogen ratio (C:N), bulk density
(BD), soil volumetric water content (SVWC), soil porosity (PS), and soil texture based on particle
size analysis.

Field Site Soil Depth C N C:N OM BD SVWC PS Soil Texture

(cm) (%) (%) Ratio (%) (g cm−3) (%) (%)

JD_T 0 to 10 2.61 0.19 13.54 5.22 1.33 22.33 52.10 Sandy Loam
JD_UT 0 to 10 1.90 0.15 12.47 3.81 1.17 22.77 57.68 Sandy Loam
JD_T 15 to 25 1.26 0.10 12.85 2.51 1.38 17.95 47.80 Sandy Loam

JD_UT 15 to 25 1.27 0.11 11.89 2.53 1.24 18.10 53.11 Sandy Clay Loam
CB_T 0 to 10 0.69 0.06 10.70 1.37 1.46 17.85 45.02 Silt Loam

CB_UT 0 to 10 0.59 0.05 11.73 1.17 1.45 9.16 45.19 Silt Loam
CB_T 15 to 25 0.39 0.04 10.54 0.78 1.43 5.60 45.96 Silt Loam

CB_UT 15 to 25 0.45 0.03 13.24 0.90 1.45 9.21 44.99 Silt Loam
SR1_T 0 to 10 3.22 0.27 12.07 6.44 1.36 18.02 48.82 Sandy Loam
SR1_T 15 to 25 2.13 0.19 11.32 4.26 1.41 13.50 46.89 Sandy Loam
SR2_T 0 to 10 4.76 0.38 12.53 9.53 1.06 31.38 59.82 Loam

SR2_UT 0 to 10 2.26 0.18 12.91 4.52 1.21 32.38 54.27 Sandy Loam
SR2_T 15 to 25 3.36 0.27 12.38 6.73 0.93 23.52 64.75 Loam

SR2_UT 15 to 25 1.44 0.11 13.12 2.89 1.37 30.04 48.44 Sandy Loam
KB1_T 0 to 10 2.21 0.18 12.05 4.42 1.13 13.05 57.27 Loam

KB1_UT 0 to 10 1.85 0.15 12.04 3.69 1.18 13.80 55.60 Loam
KB1_T 15 to 25 1.73 0.15 11.95 3.47 1.11 17.75 58.20 Loam

KB1_UT 15 to 25 1.75 0.15 11.68 3.50 1.02 15.72 61.64 Sandy Clay Loam
KB2_T 0 to 10 3.78 0.23 16.81 7.56 0.97 13.51 63.30 Loam

KB2_UT 0 to 10 2.16 0.15 14.53 4.31 1.20 7.17 54.74 Sandy Clay Loam
KB2_T 15 to 25 2.83 0.17 16.98 5.66 0.89 17.47 66.41 Sandy Clay Loam

KB2_UT 15 to 25 1.57 0.12 13.64 3.14 1.25 9.78 52.81 Sandy Clay Loam
KB3_T 0 to 10 1.82 0.13 14.14 3.63 1.19 9.24 55.05 Loam

KB3_UT 0 to 10 1.41 0.10 13.90 2.83 1.22 12.49 53.77 Clay Loam
KB3_T 15 to 25 1.49 0.11 13.55 2.98 1.18 14.94 55.48 Clay Loam

KB3_UT 15 to 25 1.31 0.11 11.92 2.62 1.02 20.29 61.48 Clay Loam

Mean SVWC values were higher at the treated sites at depths of 0 to 10 cm, but not
at 15 to 25 cm. The coarser soils were found at the JD location, whereas finer-textured
soils were located at the KB location (Table 2). Fine-textured soils, such as loam, clay
loam, and sandy clay loam, at sites SR2_T, KB2_T, and KB3_UT showed higher C and N
concentrations at both depths, especially in the 0 to 10 cm range. In contrast, intermediate
to fine-textured silt loam soils had the lowest C and N levels, as observed at CB_T and
CB_UT. Bulk density was generally lower in fine-textured soils, particularly loam and
sandy clay loam. The lowest BD values were seen at SR2_T (0.93 g cm−3 at 0 to 10 cm,
loam), KB2_T (0.97 g cm−3 at 0 to 10 cm, loam), and KB2_T (0.89 g cm−3 at 15 to 25 cm,
sandy clay loam). Conversely, coarser soils such as JD_T, CB_T, and CB_UT had higher
BD values at both depths, indicating less pore space. The PS values ranged from 44.99% to
66.41%, with higher porosity observed at finer-textured soils at deeper layers, including
SR2_T (loam), KB1_UT (sandy clay loam), KB2_T (sandy clay loam), and KB3_UT (clay
loam). In contrast, the lowest PS values were found in silt loam soils at CB_T and CB_UT
across both depths (Table 2).
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3.2. Soil Depth, Land Cover, and Management Effects on Soil Carbon and Nitrogen Stocks
3.2.1. Soil Depth Effect on C and N Stocks

Soil C and N stocks (t ha−1) were higher at 0 to 10 cm than at 15 to 25 cm for all
sites, when compared by soil depth (Figures 2 and 3). However, only five sites showed
statistically significant differences (p ≤ 0.05) in mean C and N values between the 0 to 10 cm
and 15 to 25 cm depths. The highest C and N stocks for the 0 to 10 cm depth were obtained
at the SR2_T site (48.7 t C ha−1 and 3.9 t N ha−1), followed by the SR1_T (43.4 t C ha−1 and
3.6 t N ha−1), and the JD_T (29.3 t C ha−1 and 2.2 t N ha−1) sites.

Figure 2. Soil C stocks (t C ha−1) by depth (0 to 10 cm, 15 to 25 cm) at all sites. Data are presented
as means ± standard error. Different letters indicate statistically significant (p ≤ 0.05) differences in
mean values across sites.

3.2.2. Soil C and N Stocks in Treated vs. Untreated Sites

Overall, soil C stocks were higher in treated sites compared to their untreated coun-
terparts; however, statistically significant differences (p ≤ 0.05) were observed only at two
sites in the topsoil layer (0 to 10 cm) (Figure 4). Specifically, at this depth, treated sites
(JD_T, 29.3 t C ha−1, sagebrush-dominated with 19 years post-juniper removal, and SR2_T,
48.7 t C ha−1, grass-dominated with 5 years post-sagebrush removal) exhibited signifi-
cantly greater (p ≤ 0.05) soil C stocks compared to their respective untreated areas (JD_UT,
21.5 t C ha−1, juniper-dominated, and SR2_UT, 25.3 t C ha−1, sagebrush-dominated). The
remaining sites (CB and KB locations) showed no significant treatment effects (p > 0.05),
although some exhibited numerically higher values in treated areas at the same depth (0 to
10 cm) (e.g., KB2_T 36.6 t C ha−1 vs. 25.5 t C ha−1 in KB2_UT; KB1_T 24.3 vs. 20.5 t C ha−1;
KB3_T 21.5 vs. 17.2 t C ha−1).
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Figure 3. Soil N stocks (t N ha−1) by depth (0 to 10 cm, 15 to 25 cm) at all sites. Data are presented
as means ± standard error. Different letters indicate statistically significant (p ≤ 0.05) differences in
mean values across sites.

Figure 4. Soil C stocks (t C ha−1) by management practices (treated vs. untreated) at different soil
depths (0 to 10 cm, 15 to 25 cm) across sites. Data are presented as means ± standard error. Different
letters indicate statistically significant (p ≤ 0.05) differences in mean values across sites.

Soil N stocks followed a similar general pattern, with higher mean values in treated
sites at several locations (Figure 5). However, significant differences (p ≤ 0.05) were
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observed only at SR2 in the 0 to 10 cm depth, where SR2_T (3.9 t N ha−1) had greater N
stocks than SR2_UT (1.9 t N ha−1). All other treated-vs.-untreated comparisons showed
no significant differences (p > 0.05) at either depth, although treated sites were often
numerically higher at 0 to 10 cm soil depth (e.g., JD_T, 2.2 t N ha−1 vs. JD_UT, 1.7 t N ha−1;
KB2_T, 2.2 t N ha−1 vs. KB2_UT, 1.8 t N ha−1). At the deeper soil layer (15 to 25 cm), no
statistically significant differences in soil C and N stocks were detected between treated and
untreated sites across all locations, with values generally lower than surface soils (e.g., C
stocks ranging 5.6 to 28.9 t C ha−1 and N stocks 0.5 to 2.3 t N ha−1 across sites).

Figure 5. Soil N stocks (t N ha−1) by management practices (treated vs. untreated) at different soil
depths (0 to 10 cm, 15 to 25 cm) across sites. Data are presented as means ± standard error. Different
letters indicate statistically significant (p ≤ 0.05) differences in mean values across sites.

Mean soil C stocks differed between management treatments at the 0 to 10 cm depth
(Figure 6). Treated rangelands had higher mean soil C stocks (25.94 t ha−1) than untreated
rangelands (21.2 t ha−1), and this difference was marginally significant (t = 1.97, df = 96,
p = 0.052). In contrast, no significant difference in soil C stocks was observed at the 15 to
25 cm depth, where treated and untreated sites averaged 15.9 and 15.2 t ha−1, respectively
(t = 0.44, df = 108, p = 0.664). Mean soil N stocks did not differ significantly between
treatments at either depth. At 0 to 10 cm, treated sites had slightly higher mean N stocks
(1.94 t ha−1) compared to untreated sites (1.65 t ha−1), but the difference was not significant
(t = 1.59, df = 94, p = 0.115). Similarly, at 15 to 25 cm, N stocks were nearly identical between
treated (1.22 t ha−1) and untreated (1.22 t ha−1) rangelands (t = −0.07, df = 108, p = 0.945).

3.2.3. Soil C and N Stocks Across Different Vegetation Covers

When looking at the aggregated results for the top 0 to 30 cm profile, the highest
values for soil C stocks were obtained in the treated sites, with the highest of 115.8 t C ha−1

for SR2_T (grass-dominated, 5-year post-sagebrush removal), followed by 107.0 t C ha−1

for SR1_T (2-year post-juniper removal), and 92.8 t C ha−1 for KB2_T (grass seeding 3-year
post-fire) (Figure 7). Similarly, the highest soil N stocks, 9.2 t N ha−1, were observed at
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both the SR1_T and SR2_T sites (Figure 8). In contrast, the lowest soil C and N stocks were
found at the CB_UT site, with 20.7 t C ha−1 and 1.6 t N ha−1, respectively.

Figure 6. Mean soil C and N stocks (t ha−1) for treated and untreated rangelands at two soil depths
(0 to 10 cm and 15 to 25 cm), averaged across all study sites. Values represent means ± standard error.
Different letters denote statistically significant differences (p ≤ 0.05) between management treatments
within each depth.

Figure 7. Soil C stocks (t C ha−1) by vegetation cover in treated vs. untreated sites at 0 to 30 cm soil
depth. Data are means ± standard error. Different letters indicate statistically significant (p ≤ 0.05)
differences in mean values across sites.
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Figure 8. Soil N stocks (t N ha−1) by vegetation cover in treated vs. untreated sites at 0 to 30 cm soil
depth. Data are means ± standard error. Different letters indicate statistically significant (p ≤ 0.05)
differences in mean values across sites.

Overall, the correlation analysis revealed a very strong correlation (r ≥ 0.70) for %C
versus %N for all treated and most untreated sites (Table 3). The exceptions were site
CB_UT, which showed no significant differences, and site KB3_UT, where a moderate
correlation (r = 0.67) was observed. Negative correlations were observed for %C versus BD
at one treated site (JD_T) and three untreated sites (JD_UT, SR2_UT, and KB1_UT), with
correlations ranging from low to moderate to strong. The correlation analysis for %C versus
SVWC yielded mixed results, with r-values indicating moderate to strong relationships;
however, some sites exhibited a positive trend, while others showed a negative one. A
correlation was observed between %C and %Clay content at two sites (CB_T and SR1_T)
(Table 3).

Table 3. Correlations (r) between soil percent carbon (C) and percent nitrogen (%N), bulk density
(BD), soil volumetric water content (SVWC), and percent clay (%Clay). The Spearman r test was used
for non-uniformly distributed data.

Site %N BD SVWC %Clay Test

JD_T 0.98 −0.72 0.50 ** Spearman
CB_T 0.90 ** 0.85 0.44 Spearman
SR1_T 0.99 ** 0.48 −0.46 Spearman
SR2_T 0.99 ** ** ** Spearman
KB1_T 0.96 ** −0.61 ** Spearman
KB2_T 0.96 ** −0.62 ** Pearson
KB3_T 0.75 ** ** ** Spearman
JD_UT 0.92 −0.31 0.06 ** Spearman
CB_UT ** ** ** ** Spearman
SR2_UT 1.00 −0.59 −0.69 ** Spearman
KB1_UT 0.99 −0.74 −0.70 ** Pearson
KB2_UT 0.97 ** −0.69 ** Spearman
KB3_UT 0.67 ** ** ** Spearman

** No significant difference (p > 0.05).
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4. Discussion
This study successfully employed standard field sampling techniques and laboratory

analyses to examine soil C, OM, and N content under various vegetation cover and man-
agement practices across several semiarid range-land ecosystems in eastern Oregon, in the
Pacific Northwest Region of the USA.

As in other studies [55–59], soil and vegetation conditions at the treated locations have
improved following restoration. The management practices implemented in this study
increased soil C and N content, particularly in the top 10 cm soil profile, as evidenced
at sites where vegetation treatments, such as juniper removal, sagebrush removal, and
perennial grass seeding, had been applied. The 5-year post-sagebrush-removal site with
grass seeding (SR2_T) had the highest soil C and N contents among all sites. Also, it had the
highest soil OM content, which is crucial for enhancing soil fertility [60,61]. Soil texture has
been cited as a major control of OM dynamics [62]. The SR2_T site had loam-textured soil
with low dry bulk density and high porosity, which have been associated with improved
root growth, water infiltration, and nutrient availability, all of which are beneficial for plant
growth [63–65]. This combination of favorable soil physical conditions suggests that soil
texture not only influences OM dynamics directly but also modulates the stabilization and
persistence of SOC, consistent with global evidence that fine-textured soils enhance SOC
protection through organo-mineral interactions and aggregate formation [66,67].

Conversely, the untreated site (CB_UT), dominated by sagebrush with poor understory
vegetation cover, exhibited low soil C and N concentrations, especially in the topsoil. This
site also had the lowest OM content at all depths. The lack of understory vegetation
likely contributed to the poor soil quality observed. Treated sites where woody vegetation
was removed, such as JD_T and SR2_T, displayed higher soil C stocks than untreated
counterparts, JD_UT and SR2_UT. This suggests that removing juniper and sagebrush
may increase soil C content by allowing other vegetation, such as grasses, to grow and
contribute additional OM inputs. However, not all studies report consistent increases in
SOC following woody plant removal. For example, a global meta-analysis reported highly
variable responses across ecosystems, with neutral or even reductions in C sequestration
and other soil-related ecosystem services depending on biome, encroachment stage, and
removal method [68]. These contrasting findings indicate that SOC response is highly
site-specific and strongly influenced by post-treatment vegetation recovery, soil properties,
and climatic conditions [69–71]. In the present study, the positive response is likely driven
by successful grass establishment and increased root biomass inputs. Although C content
was higher in sites where woody vegetation was removed, continued monitoring is needed
to determine the persistence of this C and the long-term effects of woody plant removal on
SOC stocks.

Previous studies report increased sagebrush presence after juniper cutting [15,72–74]
and increased grass abundance after sagebrush removal [75–77], resulting in greater soil
OM. It has been noted that woody vegetation invasion does not increase long-term soil
C pools in grasslands because of negative effects on site productivity [78]. All our study
sites have been dominated by woody vegetation—ponderosa pine, western juniper, or
sagebrush—either currently or in the past. We found that sites where woody vegetation
had been removed, whether by mechanical removal or natural wildfires, had higher overall
C stocks than their untreated counterparts due to greater grass abundance. Our findings
underscore the importance of targeted vegetation management strategies, such as the
removal of sagebrush and juniper, to enhance soil health and mitigate nutrient losses in
Oregon rangelands.

Results from this study showed a strong correlation between C and N (mean for all
sites, r = 0.92). This is in line with previous studies in arid sites following years of land
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management and plant succession [5,79]. This finding is also consistent with the results of
a meta-analysis conducted by Liu et al. [80], which revealed a strong correlation between C
and N levels in arid and semiarid ecosystems. The C:N ratio observed at all our treated
(13:1) and untreated (12.8:1) sites was higher than the typical range (10:1–12:1) reported for
rangeland soils by Waters et al. [23]. Overall, the highest C:N ratios were observed in the
higher-elevation rangeland sites with conifer and grass vegetation cover, while the lower
C:N ratios were obtained for the lower-elevation sites dominated by shallow soils and
sagebrush or dryland agriculture cover. The KB2_T site, located in a ponderosa pine forest
that was seeded with a perennial grass mix after a severe wildfire, exhibited the highest C:N
ratio (16.9:1) while the dryland cultivated field site with triticale (CB_T) showed the lowest
ratio (10.6:1), which nonetheless is close to the 10:1 ratio that indicates a condition of desired
equilibrium in agricultural soils, as discussed in USDA NRCS Soil Tech Note 23A [81].

As in other studies [82–85], we found a negative correlation between soil C content
and bulk density. A recent mixed-effects modeling of forest soil datasets from the Czech
Republic showed a significant inverse relationship between soil organic carbon and bulk
density [85]. Bulk density was also negatively correlated with soil C following afforestation
of temperate grasslands in Uruguay [86].

Study results showed variations in soil C and N content across different vegetation
cover within the 0 to 30 cm soil depth. The SR2_T site (grass, 5 years post-sagebrush
removal) had the highest soil C and N stocks, suggesting that grass-dominated systems
enhance soil OM and nutrient retention [87]. Grasslands tend to have higher belowground
OM inputs due to continuous vegetation cover and stable root systems [88], which are
more likely to be incorporated into SOC [35]. Conversely, the CB_UT site (untreated,
sagebrush-dominated) had the lowest C and N stocks.

Limitations of this study included differences in plot size and the number of soil
samples taken at some sites, which may not allow for a strong comparison of similar
dominant vegetation types, such as those found in sagebrush-dominated landscapes.
Beyond differences attributable to site selection and study design, we are confident that this
study’s findings provide important baseline data on soil OM, C, and N content in Oregon
rangelands. Although with limitations, this study has the strong advantage of including
control (untreated sites), which can be very difficult, especially in large-scale experiments
involving land management over time. The findings from this study can help inform
land management decisions, such as rehabilitating degraded landscapes through practices
like brush control and seeding. Similarly, the baseline data generated can inform policy
regarding the potential of rangeland ecosystems in Oregon to sequester carbon, accrue
nitrogen, and regulate nutrient cycling under different land management practices. Study
results are applicable to similar semiarid landscapes in the western USA and other regions
worldwide. Future research will investigate the inter-annual variability in soil C stocks
and assess differences in soil C and N levels between above- and belowground biomass in
treated and untreated sites, as affected by other management practices, such as prescribed
fire and grazing intensity and duration. The critical baseline information obtained from
this study can inform remote sensing- and machine learning-based techniques to improve
large-scale assessment of soil C, OM, and N dynamics in other similar dryland ecosystems.

5. Conclusions
This study provides baseline information on how vegetation type and management

practices influence SOC, OM, and soil N stocks in semiarid rangeland ecosystems of Oregon.
Across 13 sites, treated fields in which sagebrush or juniper were removed consistently
exhibited higher soil C, N, and OM than untreated control sites.
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Although site variability and sampling limitations constrain direct comparisons, the
findings demonstrate that targeted brush removal and seeding can enhance soil fertility,
nutrient retention, and resilience in rangeland systems. These results contribute valu-
able baseline data for land managers and policymakers seeking to rehabilitate degraded
landscapes and improve carbon sequestration potential in semiarid regions. Continued
monitoring will be essential to assess the persistence of these gains and the long-term
impacts of management practices on soil C and N stocks.
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85. Kučera, A.; Vavříček, D.; Drápela, K.; Zouhar, V.; Friedl, M.; Vranová, V. Defining the relationship between bulk density and
organic carbon content in forest soils using generalised linear mixed-effect models. Carbon Balance Manag. 2025, 20, 36. [CrossRef]
[PubMed]

86. Céspedes-Payret, C.; Bazzoni, B.; Gutiérrez, O.; Panario, D. Soil organic carbon vs. bulk density following temperate grassland
afforestation. Environ. Process. 2017, 4, 75–92. [CrossRef]

87. Nyameasem, J.K.; De Los Rios, J.; Kluß, C.; Reinsch, T.; Poyda, A.; Taube, F.; Loges, R. Incorporating leys in arable systems as a
mitigation strategy to reduce soil organic carbon losses during land-use change. Front. Environ. Sci. 2024, 12, 1399197. [CrossRef]

88. Li, D.; Niu, S.; Luo, Y. Global patterns of the dynamics of soil carbon and nitrogen stocks following afforestation: A meta-analysis.
New Phytol. 2012, 195, 172–181. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/app16094212

https://doi.org/10.1007/s42729-022-01099-x
https://doi.org/10.1016/j.soilbio.2026.110101
https://doi.org/10.1111/1365-2664.14551
https://doi.org/10.3390/f14061234
https://doi.org/10.1016/j.jenvman.2025.124581
https://doi.org/10.1016/j.agee.2025.110021
https://doi.org/10.1016/j.rama.2016.11.003
https://doi.org/10.1016/j.rama.2017.11.004
https://doi.org/10.3390/f10020151
https://doi.org/10.1016/j.rama.2016.04.006
https://doi.org/10.1016/j.ecolind.2017.12.033
https://doi.org/10.1016/j.rama.2020.12.008
https://doi.org/10.1016/j.catena.2025.109303
https://doi.org/10.1016/j.agee.2021.107828
https://doi.org/10.1016/j.scitotenv.2017.10.009
https://doi.org/10.1038/s41598-023-29289-2
https://www.ncbi.nlm.nih.gov/pubmed/36755054
https://doi.org/10.1186/s13717-023-00450-z
https://doi.org/10.1007/s11368-024-03829-3
https://doi.org/10.1186/s13021-025-00298-0
https://www.ncbi.nlm.nih.gov/pubmed/41026380
https://doi.org/10.1007/s40710-016-0197-4
https://doi.org/10.3389/fenvs.2024.1399197
https://doi.org/10.1111/j.1469-8137.2012.04150.x
https://doi.org/10.3390/app16094212

	Introduction 
	Materials and Methods 
	Study Sites 
	Field Data Collection 
	Soil Physical Properties 
	Soil Carbon, Nitrogen, and Organic Matter 

	Data Analysis 

	Results 
	Soil Properties 
	Soil Depth, Land Cover, and Management Effects on Soil Carbon and Nitrogen Stocks 
	Soil Depth Effect on C and N Stocks 
	Soil C and N Stocks in Treated vs. Untreated Sites 
	Soil C and N Stocks Across Different Vegetation Covers 


	Discussion 
	Conclusions 
	References

