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Abstract

Insufficient information is available regarding how land management categories influence
soil properties in the Hetao Plain (HPYR) and the floodplain of the Yellow River (FPYR),
two major agricultural regions of the Yellow River Basin located in arid to semi-arid and
warm-temperate monsoon climatic zones, respectively. This study aimed to elucidate the
chemical properties of cultivated land soils across the Yellow River agricultural zones.
Soil organic matter (SOM), total nitrogen (TN), pH, and selected physical properties were
quantified together with their associations with soil type, crop rotation, irrigation, and
tillage. Marked differences in chemical properties were observed between the two regions.
FPYR soils showed higher SOM and TN levels and lower pH than HPYR soils. The
coefficient of variation in SOM was substantially greater in the HPYR than that in the FPYR,
indicating stronger heterogeneity in the arid region. Semivariogram analysis revealed that
TN exhibited significant positive spatial autocorrelation (Moran’s I = 0.511, p < 0.05) in
the HPYR. Thus, soil properties in the Yellow River Basin reflect the combined influence
of regional environmental context and local management practices. This observational
study may inform region-specific management strategies that can improve soil quality and
nutrient balance.

Keywords: farmland management practices; soil organic matter; total nitrogen; pH; Hetao
Plain; floodplain of the Yellow River; spatial autocorrelation

1. Introduction
The Yellow River Basin encompasses 11.93 million ha of arable land and has histori-

cally served as a critical grain and energy production base; in 2022, this region contributed
35.3% of the total grain output of China [1]. Intensive irrigation and crop rotation boost
productivity but accelerate soil degradation within the Yellow River Basin, and recent
studies have documented soil organic matter (SOM) deficiency [2], nitrogen surplus [3],
and salinization [4] across the croplands in the basin. According to the 2024 China Statistical
Yearbook, a large proportion of the arable land in this region is devoted to cereal crops, exac-
erbating soil nutrient imbalances. Given the diverse soil issues faced by different sections of
the basin, more efficient agricultural management practices are urgently required. Address-
ing spatially heterogeneous challenges also requires an understanding of how management
practices mechanistically regulate SOM, total nitrogen (TN), and pH dynamics, which
are prerequisites for designing region-specific sustainable intensification strategies. Soil
chemical properties are crucial indicators of soil fertility. For instance, Hammad et al. [5]
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selected soil pH, TN, available phosphorus, and SOM for soil fertility mapping. Soil chem-
ical properties critically mediate agricultural–environmental interactions. For example,
almost 50% of applied nitrogen fertilizers are lost to the environment, thereby accelerating
eutrophication and atmospheric changes [6]. Furthermore, approximately 30% of global
greenhouse gas emissions originate from the agricultural sector [7]. Thus, enhancing soil
carbon sequestration through management practices offers dual mitigation by reducing
emissions and stabilizing fragile ecosystems. For instance, intact saline crusts resist wind
erosion up to Level 10 (wind speed ranging from 24.5 to 28.4 m/s on the Beaufort wind
scale), but their disruption allows dust storms under Level 3 winds (wind speed ranging
from 3.4 to 5.4 m/s) in northwest China [8], whereas SOM aggregation with minerals
strengthens wind erosion resistance [9]. High-SOM soils form stable aggregates [10], which
minimizes nutrient loss during extreme weather conditions. The limited arable land in
China precludes large-scale farming, necessitating precise management via soil chemistry
regulation. This is challenging given that the chemical properties of soils are influenced by
numerous factors. For example, irrigation-driven biomass increases soil organic carbon
(SOC) inputs [11], particularly in arid and semiarid regions where irrigation boosts SOC
by 12–18% compared to rain-fed systems [12]. In addition, water-saving irrigation further
optimizes nitrogen use [13]. Alavaisha et al. [14] found that the impacts of irrigation and
fertilization on SOM and TN, as well as their interactions, depended on crop type. Thus,
increasing crop diversity can improve soil nutrients and fertility [15], enhancing resilience
to climate change [16].

The Hetao Plain (HPYR) and the floodplain of the Yellow River (FPYR), two primary
agricultural regions in the middle–lower Yellow River Basin, exemplify contrasting agroe-
cological dynamics shaped by centuries of cultivation [17,18]. The HPYR is located in
an arid and semi-arid continental climate zone, experiencing scarce precipitation, intense
evaporation, and complex terrain with large undulations [19]; in contrast, the FPYR is
situated in a warm–temperate monsoon climate zone, with flat terrain and concurrent rain-
fall and heat [4]. These climatic, topographic, and hydrological differences drive distinct
chemical distribution characteristics and migration patterns between the two regions. In
the FPYR, abundant rainfall promotes surface chemical migration through runoff [20], with
arable layer replenishment relying on flood sediments and fertilizer inputs. However, flood
disturbances increase soil chemical variability, creating heterogeneous spatial patterns [21].
Li et al. [22] analyzed soil chemical properties under different land-use patterns (e.g., forest
land, orchards, and irrigated land) in the FPYR and found low baseline SOM content
(10–20 g/kg). The nutrient content was higher in lands with greater human input and more
advanced management systems. Furthermore, irrigation in the FPYR correlates with green-
house gas emissions and nutrient depletion [22]. Conversely, the HPYR has insufficient
rainfall and high evaporation, and its irrigation-dependent system (primarily via water
diversion from the Yellow River) induces vertical salt accumulation [23], with characteristic
“surface crusting” under dominant vertical hydrological cycling [24]. Nutrient losses here
predominantly stem from wind erosion and topsoil degradation [23]. Salinization in the
HPYR shows strong SOC linkages that are addressable through deep tillage [25,26]. Gao
et al. [3] also found that increased nitrogen application accelerated nitrogen loss in the
Yellow River Basin. Therefore, although floods provide sufficient water for crop growth,
these regions are severely affected by rainwater scouring; meanwhile, the HPYR faces the
contrasting challenge of salt accumulation under irrigation-dependent agriculture.

While total phosphorus remains unaffected by management practices across soil
depths [14], TN is highly sensitive to agricultural interventions [27–29]. SOM and TN
predominantly respond to land-use patterns and soil pH governs microbial communities
and nutrient availability [29], thereby regulating nutrient cycling and plant growth. These
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three indicators are especially sensitive to changes in management practices, and several
previous studies, such as Gao et al. [3] and Yu et al. [30], have focused on them. We thus
elected to observe the responses of SOM, TN, and pH to land management practices, and
believed that these three indicators can represent the variation in major chemical properties
across the main agricultural districts of the Yellow River Basin.

Soil chemical and physical properties are mainly determined by the history of soil
formation with respect to natural processes [31], and are also influenced by human activ-
ity, particularly in regions with developed agriculture [32,33]. While existing studies on
farmland management in the Yellow River Basin are extensive, they predominantly focus
on individual river sections and lack systematic cross-regional comparisons. We therefore
used systematic cross-regional comparisons to analyze how crop rotation, fertilization,
and irrigation practices influence key soil chemical properties (SOM, TN, and pH) in two
contrasting agricultural zones, the HPYR and FPYR. Although both regions represent
quintessential Yellow River agricultural systems, they exhibit fundamental disparities
in terms of climate, topography, soil, and hydrology. The objective of the study was to
quantify SOM, soil TN and pH of cultivated land soils and distinguish their differences
across the Yellow River agricultural zones. Agricultural management factors, such as crop
rotation, irrigation, and tillage, were used to interpret their variations among different
regions. Interviews and field studies were used to examine the land-use decisions among
farmers and land management practices. We hypothesized the following: (i) soil chemical
properties differ significantly between the HPYR and FPYR because of their contrasting
environmental conditions; (ii) differences in management strategies, such as crop rotation,
irrigation, and tillage, are associated with variations in SOM, TN, and pH; and (iii) soil
heterogeneity is greater in the more environmentally constrained HPYR than in the FPYR.

2. Materials and Methods
2.1. Study Area

The Yellow River, which is 5464 km long, originates from the Bayan Har Mountains
on the Qinghai–Tibet Plateau; spans the eastern, central, and western regions; and serves
as an important ecological barrier for China. Figure 1 presents soil categories classified
according to the 1951 United States Department of Agriculture soil texture system, with
underlying spatial data sourced from the Harmonized World Soil Database (https://www.
fao.org/soils-portal; accessed on 16 March 2025) and soil Survey Geographic Data (https://
www.ncdc.ac.cn/portal/metadata/1fdf7dc7-7ecb-4e1f-a5df-30f7196756a8; accessed on 16
March 2025). The land-use data presented in Figure 2 was downloaded from GlobalLand30
(https://www.webmap.cn/commres.do?method=globeIndex; accessed on 18 March 2025),
with its classification scheme following the GB/T 21010-2017 [34] Chinese national standard
for current land-use status mapping. The dataset was stratified into the FPYR (Table S1)
and HPYR (Table S2) regions based on the geographic origin and soil type. Two main
agricultural areas along the Yellow River, the HPYR in the middle and upper reaches and
the FPYR in the lower reaches, were the focus of this study. The HPYR is in an arid and
semi-arid climate zone in the northwest inland region (Figure 2), with an average annual
temperature of 4.0–7.8 ◦C. Most areas are west of the 400 mm isohyet, with a dry and rainy
climate and an average annual precipitation of 130–215 mm. The annual precipitation is
extremely uneven across the year, with 70% concentrated in June–September [35]. The
FPYR, characterized by extensive plains (Figure 2), is located in a warm–temperate monsoon
climate regime with mean annual precipitation ranging from 580 to 815 mm, of which
approximately 58% typically occurs during the summer growing season [10]. The main
crops planted in the Yellow River Basin include wheat, corn, rice, soybeans, garlic, and
peanuts, with a cropping pattern mainly dominated by winter wheat–summer corn.
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Figure 1. Soil type map and distribution of sampling points in the Hetao Plain (HPYR) and the
floodplain of the Yellow River (FPYR).

 

Figure 2. Land use (A) and elevation maps (B) of the HPYR and FPYR.
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2.2. Interviews to Examine Farmer Crop Choice, Sampling Site Selection, and Soil Collection

Field investigations and questionnaire surveys (Table S3) were conducted to collect
data on agricultural management practices at selected sampling sites. The interviewees,
natives or residents (>10 years), had implemented land management practices suitable
for cultivation, with most of these measures having remained unchanged for five or ten
years. Overall, 86 sampling points were identified (HPYR (28) and FPYR (58)). They were
primarily characterized by 36 crop rotation systems under disk tillage or no tillage, with
two crop water source treatments. Except for several rainfed dryland sites located far
from water sources, all plots utilized broad irrigation. Except for a few non-cultivated
plots, all agricultural fields received either synthetic fertilizer or a combination of synthetic
fertilizer and manure. Fertilizer application was usually similar among surveyed croplands
according to the interviews, although exact formulations varied. The dominant regional
practice corresponded to approximately 90–140 kg N ha−1, 45–75 kg P2O5 ha−1, and
0–60 kg K2O ha−1 annually.

Despite these inputs, the nutrient use efficiency was considered relatively low. Fer-
tilizer was generally applied to the soil during plowing before autumn sowing, with
supplemental fertilization conducted around March. Traditional disk plots were tilled to
a depth of 0.10–0.15 m using a disc plow with V-blades to loosen the soil before sowing.
The predominant cropping system involved a spring–autumn rotation, featuring winter
wheat–corn and winter wheat–peanut cropping patterns.

This study was conducted as a comparative observational field survey across two agri-
cultural regions, the FPYR and HPYR. Soil samples were collected from farmer-managed
fields representing naturally occurring soil types and cropping systems. In accordance
with the experimental requirements, the selected cropping rotation systems and irrigation
methods had remained unchanged for at least 5 years. The bare land was perennially
abandoned land. Sampling locations were spatially separated and selected to minimize
overlaps in immediate management history and local soil disturbance. Each sampling
site represented an independent farmer-managed field or land unit. Additionally, each
sampling site was established in a representative agricultural plot with an area of at least
100 × 100 m and a slope of less than 2%. At each site, four subsamples were collected
following a W-shaped pattern from the topsoil layer and combined into one composite
sample, yielding over 10 kg of surface soil (0–5 cm depth) per plot.

The soil sampling in FPYR was conducted in the winter of 2022 and spring of 2023,
while that in HPYR was performed in the winter of 2023 and spring of 2024. The 0–5 cm
layer was selected because it represents the soil zone most immediately influenced by
land management and environmental disturbance processes, including fertilization, tillage,
evaporation-driven salt accumulation, and wind or water erosion [36–38]. In both the FPYR
and HPYR, these processes are concentrated near the soil surface and can induce relatively
rapid changes in SOM, TN, and pH [12,26]. Following soil sample collection, analyses were
conducted to determine soil SOM, TN, and pH. Soil types were classified according to the
WRB (World Reference Base for Soil Resources) standard.

2.3. Methods for Determining Soil Chemical Properties
2.3.1. SOM

Air-dried soil samples were gently crushed and passed through a 0.149 mm sieve prior
to analysis. Soil organic carbon (SOC) was determined using the potassium dichromate
oxidation method with external heating, following the procedure of Bao [39] (modified
Walkley–Black method). Briefly, 0.10–1.00 g of soil (accurately weighed to 0.0001 g, de-
pending on the expected carbon content) was placed in a hard-glass digestion tube. Then,
5 mL of 0.8000 mol L−1 K2Cr2O7 standard solution and 5 mL concentrated H2SO4 were
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added, mixed thoroughly, and fitted with a small reflux funnel. The tubes were heated
in an oil-bath digestion system at 170–180 ◦C for 5 min after boiling commenced. After
cooling, the digest was quantitatively transferred to a 250 mL conical flask and diluted
to approximately 60–70 mL with deionized water. Residual dichromate was titrated with
standardized 0.2 mol L−1 FeSO4 solution using a digital burette (Titrette®, BRAND GmbH
+ Co Kg, Wertheim, Germany). The endpoint was detected using 2-carboxydiphenylamine
or ferroin indicator.

Two to three reagent blanks containing SiO2 instead of soil were included in each di-
gestion batch, and the mean blank value was used for calculations. As this method oxidizes
approximately 90% of total organic carbon, the measured SOC values were corrected using
a factor of 1.1 [39]. Soil organic matter (SOM) was estimated as SOC × 1.724, where 1.724
is the conventional Van Bemmelen conversion factor [40]. All samples were analyzed in
duplicate, and analyses were repeated when the relative difference exceeded 5%.

2.3.2. TN

Total nitrogen (TN) was determined using the Kjeldahl digestion-distillation method
following Bao [39]. Air-dried soil samples were passed through a 0.25 mm sieve, and
approximately 1.000 g soil was weighed into digestion tubes. Samples were moistened with
0.5–1.0 mL deionized water, followed by the addition of 1.85 g catalyst mixture (K2SO4:
CuSO4 = 10:1, w/w) and 5 mL concentrated H2SO4. Digestion was performed using a block
digestion furnace until the solution became clear green, followed by continued heating
for 1 h to ensure complete conversion of organic nitrogen to ammonium. After cooling,
the digest was distilled and titrated using a semi-automatic or fully automatic Kjeldahl
analyzer (Hanon Instruments Co., Ltd., Jinan, China). Released NH3 was absorbed in
boric acid indicator solution and titrated with standardized 0.01 mol L−1 H2SO4 or HCl.
The results represent Kjeldahl nitrogen and therefore exclude nitrate-N and nitrite-N.
Reagent blanks were included with each batch. Duplicate analyses were conducted for
all samples, and repeat measurements were taken when analytical deviation exceeded
accepted tolerance limits.

2.3.3. Soil pH

Soil pH was determined in a 1:2.5 soil-to-water suspension (w/v). Ten grams of
air-dried soil were mixed with 25 mL deionized water, shaken mechanically for 30 min,
equilibrated for 30 min, and measured using a calibrated glass-electrode pH meter (PHS-
3C, Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China). Calibration was
performed using standard buffer solutions of pH 4.00, 7.00, and 9.18 before each batch
of samples.

2.4. Data Analysis

All data processing and statistical analyses were conducted using Excel 2019, Origin
2021, and SPSS Statistics 26.0 (IBM SPSS Inc., Chicago, IL, USA). As this study was based on
field observations rather than controlled experiments, all statistical analyses were intended
to compare groups and identify associations, rather than to infer direct causality. Prior
to inferential analyses, data distributions were examined using residual diagnostics and
normal probability plots, and homogeneity of variances was assessed using Levene’s
test. Analysis of variance (ANOVA) was applied to assess differences among groups. To
evaluate the effects of environmental and management factors, factorial ANOVA models
were constructed with SOM, TN, and pH as response variables and region (FPYR vs.
HPYR), irrigation (irrigated vs. rainfed), soil type, and crop rotation as fixed factors.
Interaction terms (e.g., region × irrigation) were included to test whether management
effects differed between regions. Due to unequal sample sizes among categorical groups,
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Type II ANOVA was applied when interaction effects were not significant, whereas Type
III ANOVA was used in models including interaction terms to obtain adjusted estimates
under unbalanced designs. When significant effects were detected (p < 0.05), post hoc
comparisons were conducted using Tukey’s honestly significant difference (HSD) test.
Pearson and Spearman correlation analyses were both performed to assess relationships
between SOM and TN. Pearson correlation was used to evaluate linear relationships,
whereas Spearman correlation was used to assess monotonic relationships and reduce
sensitivity to non-normality and outliers.

Principal component analysis (PCA) was conducted to explore multivariate patterns
among environmental factors, management categories, and soil chemical properties. Prior
to PCA, sampling adequacy was evaluated using the Kaiser–Meyer–Olkin (KMO) statistic
and Bartlett’s test of sphericity. Categories with very small sample sizes (n < 5) were
excluded to reduce instability in multivariate estimation. The PCA results were interpreted
as exploratory associations rather than causal mechanisms. The spatial variability of soil
chemical properties was visualized in ArcGIS Desktop 10.6.1 (Esri, Redlands, CA, USA)
using graduated symbol maps based on sampling point values. The coefficient of variation
(CV) was calculated for SOM, TN, and pH within each region to compare the relative
heterogeneity among sampling locations. Spatial dependence was further assessed using
semivariogram modeling. Global Moran’s I was used to test spatial autocorrelation.

As some sampling sites within the same region may share climatic and geomorphic
backgrounds, partial spatial non-independence cannot be fully excluded. Therefore, the
statistical inferences should be interpreted cautiously.

3. Results
Over 100 interviews were conducted to examine the land-use decisions of farmers,

particularly regarding their choice of cultivation crops. Finally, 86 sites and soil samples
characterized by 36 crop rotation systems under standardized management practices (disk
tillage and integrated fertilization) were analyzed to identify the effect of crop rotation on
soil chemical and physical properties. Industrial crops (e.g., corn and wheat) are mainly
grown in the FPYR (Table 1), while rotations of drought-resistant crops (e.g., sunflowers)
are mainly practiced in the HPYR (Table 2). The samples included two contrasting crop
water source treatments.

Table 1. SOM, TN, and pH of the six soil types in the FPYR.

Soil Types
(USDA)

Number
of Sites Soil Types (WRB) Crop Rotation SOM

(g kg−1)
TN

(g kg−1) pH

loamy sand

4 Calcaric Fluvisol winter wheat–garlic 24.25 a 0.98 a 7.76 a

1 Calcaric Fluvisol winter wheat–corn/winter
wheat–peanut 28.00 b 1.15 b 7.81 a

6 Calcaric Fluvisol winter wheat–corn 23.99 a 1.45 b 7.65 a
1 Calcaric Fluvisol Winter wheat–corn–peanut 26.64 a 1.04 a 7.84 a
1 Calcaric Fluvisol cyperue esculentus 22.58 a 0.58 a 8.48 b

1 Calcaric Fluvisol Winter Wheat
summer fallow 24.98 a 1.42 b 7.93 a

sandy loam
1 Calcic Gleysol bare soil 23.44 a 0.74 a 8.49 a
1 Calcaric Cambisol winter wheat–corn–peanut 26.69 b 1.35 b 7.38 a
1 Calcaric Fluvisol corn–bare soil 22.80 a 1.51 b 7.68 a
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Table 1. Cont.

Soil Types
(USDA)

Number
of Sites Soil Types (WRB) Crop Rotation SOM

(g kg−1)
TN

(g kg−1) pH

loam

1 Salic Fluvisol oilseed–peanut 26.92 a 0.54 a 8.38 b
1 Calcaric Fluvisol vegetable–sweet potato 27.21 a 0.95 a 8.04 a
4 Calcaric Fluvisol winter wheat–peanut 25.38 a 1.08 a 7.97 a
1 Eutric Fluvisol winter wheat–peanut 24.30 a 0.75 a 7.96 a
15 Calcaric Fluvisol winter wheat–corn 24.96 a 1.46 b 7.77 a
1 Gleyic Phaeozem winter wheat–corn 26.30 a 1.39 b 8.03 a
1 Salic Fluvisol winter wheat–corn 25.49 a 1.40 b 7.77 a
1 Calcaric Cambisol winter wheat–corn 26.55 a 1.37 b 7.82 a
1 Eutric Fluvisol winter wheat–corn 25.35 a 0.91 a 8.11 a
1 Calcic Gleysol winter wheat–corn 26.47 a 1.24 a 7.85 a
1 Calcaric Fluvisol winter wheat–vegetable–peanut 26.06 a 0.69 a 8.09 a
2 Calcaric Fluvisol winter wheat–corn–peanut 27.14 a 1.08 a 7.71 a
2 Calcaric Fluvisol winter wheat summer fallow 26.34 a 1.11 a 7.94 a
1 Eutric Fluvisol winter wheat summer fallow 27.41 a 1.20 a 7.72 a
1 Calcaric Fluvisol bare soil/fruit forest 26.28 a 0.93 a 8.39 b
1 Gleyic Solonetz pear forest 24.53 a 0.96 a 8.23 a

silt loam
1 Terric Anthrosol winter wheat–rice 24.02 a 1.87 a 7.60 a
1 Terric Anthrosol winter wheat–corn 26.02 a 0.94 b 7.88 a

clay loam 1 Eutric Vertisol winter wheat–corn 27.17 0.54 8.30

clay 2 Calcaric Fluvisol winter wheat–corn 23.36 a 1.36 a 7.96 a
1 Calcic Gleysol winter wheat–corn 27.36 b 0.77 b 8.31 a

Notes: When there are three or more groups of data under a certain soil type, one-way analysis of variance is
used to reveal statistically significant differences among the means; when there are only two groups, a t-test
is used. Means followed by same letter within a column for the same soil type (USDA) are not significantly
different at p = 0.05. Rows with n = 1 (clay loam) do not allow statistical comparison and therefore do not carry
significance letters.

Table 2. SOM, TN, and pH of the six soil types in the HPYR.

Soil Types
(USDA)

Number
of Sites

Soil Types
(WRB) Crop Rotation SOM

(g kg−1)
TN

(g kg−1) pH

sand

1 Haplic Arenosol desert 0.67 a 0.05 a 8.81 a
1 Haplic Arenosol desert scrub 2.46 a 0.14 a 8.79 a
1 Haplic Arenosol corn–oilseed–fallow 17.50 b 1.18 b 7.97 b
1 Haplic Arenosol corn–fallow 4.70 a 0.32 a 9.21 a
1 Haplic Arenosol Potatoes–corn 19.52 b 1.18 b 8.54 a

sandy clay
loam 1 Cambic Arenosol corn–fallow 14.60 0.90 8.51

loam

1 Salic Fluvisol sugarbeet–sunflower 17.07 b 0.94 a 7.77 a
1 Haplic Kastanozem potato–fallow 14.70 b 1.13 8.36 b
1 Calcaric Cambisol potato–oilseed 13.59 b 0.88 a 8.15 b
1 Calcaric Cambisol corn–fallow 8.86 a 0.61 a 8.52 b
1 Calcaric Fluvisol corn–fallow 7.66 a 0.60 a 8.21 b
1 Gleyic Solonchak corn–fallow 16.65 b 1.05 b 8.17 b
1 Haplic Luvisol corn–fallow 12.14 b 0.79 a 8.48 b
1 Salic Fluvisol corn–fallow 12.64 b 1.03 b 8.30 b
1 Luvic Calcisol orchard (fruit, tomato) 9.92 a 0.65 a 8.94 c
1 Luvic Calcisol leeks, tomatoes, corn, sunflower 8.80 a 0.60 a 8.49 b
1 Haplic Kastanozem sunflower, oats, potatoes–wheat 21.92 c 1.54 c 8.56 b
1 Haplic Kastanozem potato–wheat 23.71 c 1.91 c 8.28 b
1 Salic Fluvisol sunflower–corn, 4.64 a 0.39 a 8.58 b
1 Haplic Kastanozem grassland 16.93 b 1.31 c 8.20 b

silt loam

1 Terric Anthrosol reclaimed land
(Sparse grassland) 5.06 a 0.41 a 8.96 a

1 Terric Anthrosol sunflower, muskmelon–fallow 11.33 b 0.82 b 8.36 a
1 Terric Anthrosol wheat–corn, tomatoes, chili 15.18 b 1.09 b 8.12 a
1 Terric Anthrosol sunflower, corn, tomato 12.94 b 1.11 b 8.60 b
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Table 2. Cont.

Soil Types
(USDA)

Number
of Sites

Soil Types
(WRB) Crop Rotation SOM

(g kg−1)
TN

(g kg−1) pH

clay loam
2 Mollic Solonchak sunflower–fallow 12.39 a 0.95 a 8.23 a
1 Mollic Solonchak corn, wheat, cabbage 24.96 b 1.87 b 7.73 a
1 Mollic Solonchak muskmelon, corn, sunflower 16.06 a 1.11 a 8.43 a

Notes: Means followed by same letter within a column for the same soil type (USDA) are not significantly different
at p = 0.05.

3.1. Variation in SOM

The SOM content across all sampling points ranged from 0.67 to 29.67 g/kg. According
to the nutrient grading standards of the second national soil census, 61 sites met Grade III
fertility (≥20 g kg−1 SOM), including all 58 FPYR sites (Tables 1 and 2).

Clear regional differences were observed between the HPYR and FPYR. Mean SOM
levels in the FPYR were consistently higher than those in the HPYR. The CV of SOM
was 52.23% in the HPYR, compared with only 7.93% in the FPYR. Among management
categories, significant differences in SOM were detected among some soil type × cropping-
system combinations (p < 0.05). In the loamy sandy soils of the FPYR, the winter wheat–
(corn/peanut) alternating rotation had the highest SOM content (28.0 g kg−1), significantly
higher than that of the winter wheat–corn–peanut three-crop rotation (26.6 g kg−1; equiv-
alent to 5.1%; p < 0.05). In sandy loam soils, SOM under the winter wheat–corn–peanut
system was 3.89 g kg−1 (17%) higher than that under the corn–fallow system. In loam soils,
the vegetable–sweet potato system showed the highest SOM among the nine cropping
categories, although the differences were not statistically significant. In the HPYR, SOM
values varied markedly according to irrigation and cropping system. Irrigated loam soils
under potato–winter wheat rotations contained 9.01–10.12 g kg−1 more SOM than adjacent
rainfed potato–fallow and potato–oilseed systems. In contrast, in sandy soils, rainfed corn–
oilseed fields showed higher SOM than irrigated corn–fallow fields. Regression analysis
between clay content and SOM showed a weak relationship (R2 = 0.018), indicating that
SOM variation could not be explained by clay content alone [2,11,38].

3.2. Variation in TN

TN concentrations across the sampling sites exhibited substantial variability (0.05–2.24 g/kg),
with 53 sites surpassing 1 g/kg and only 15 sites falling below the nitrogen deficiency
threshold (<0.75 g/kg) (Tables 1 and 2). The HPYR exhibited contrasting patterns, with
sandy rainfed desert systems showing critically low TN (0.05–0.14 g/kg), while rainfed
corn–oilseed fields contained 2.7-times more TN than irrigated corn–fallow fields. No-
tillage HPYR loam grasslands retained 1.31 g/kg TN, outperforming disk tillage systems
(0.39–1.13 g/kg). A clear regional disparity emerged as the FPYR soils demonstrated
systematically higher TN levels than their HPYR counterparts. Under these conditions,
large-scale irrigation increases the risk of eutrophication. Crop rotation impacts differed
markedly between regions and soil types; winter wheat–corn rotations in FPYR loamy sand
achieved peak TN values (1.45 ± 0.39 g/kg, mean ± SD), with maximum concentrations
(2.24 g/kg) recorded at Site 52 (Table S1). Similar superiority persisted in FPYR loam soils,
where winter wheat–corn systems maintained 1.40 ± 0.31 g/kg TN versus eight competing
rotations. A two-factor ANOVA revealed a significant effect of region (p < 0.001) and a
significant Region × Irrigation interaction (p = 0.035) on TN, whereas the main effect of
Irrigation alone was not significant (p > 0.05). This indicates that irrigation influences TN
differently in these two regions.

https://doi.org/10.3390/agriculture16131453

https://doi.org/10.3390/agriculture16131453


Agriculture 2026, 16, 1453 10 of 23

3.3. Variation in Soil pH

Soil pH ranged predominantly from 7.5 to 8.5, with 84% of all samples (n = 72)
classified as weakly alkaline. Strongly alkaline conditions (pH > 8.5) occurred exclusively
in the HPYR, accounting for 13% of all sites (n = 11). The mean soil pH in HPYR was
8.37 ± 0.43, which was substantially higher than the mean value of 7.82 ± 0.31 observed
in FPYR. The coefficient of variation was moderate, with CV values of 5.14% (HPYR) and
3.96% (FPYR). Within HPYR, the highest pH value (9.21) occurred in sandy soil under
corn–fallow conditions. Significant pH differences among management categories were
detected in some loam and sandy soils (p < 0.05). FPYR soils showed comparatively lower
pH value than that of HPYR. In sandy loam and loam soils, winter wheat–corn–peanut
rotations maintained pH values between 7.38 and 7.85, which were lower than those of
several alternative cropping systems.

3.4. Relationships Between SOM and TN

Correlation analyses revealed region-specific relationships between SOM and TN
(Figure 3). In FPYR, SOM and TN showed a moderate positive linear relationship (Pearson
r = 0.605, p < 0.05). However, the monotonic association was weaker (Spearman r = 0.36,
p < 0.05), indicating that the relationship was not strictly rank-consistent across all sites.
In contrast, no significant monotonic relationship between SOM and TN was detected in
the HPYR (Spearman r = 0.247, p = 0.204). Thus, the SOM–TN proportionality diverged
regionally, with a moderate linear correlation observed only in the FPYR. The SOM and
TN content under partial crop rotation systems in the HPYR and FPYR were shown in
Figure 4A,B.

 

Figure 3. SOM, TN, and pH of cropland soils at each sampling point.
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Figure 4. SOM and TN content under partial crop rotation systems in the HPYR (A) and FPYR (B).
Note: Error bars indicate the standard deviation of multiple samples.

3.5. Principal Component Analysis

PCA was conducted to explore the key drivers of differences in SOM, TN, and pH
(Table 3). Rare parameter categories (n < 5) were excluded to reduce noise interference. Prior
to analysis, data suitability was assessed using the Kaiser–Meyer–Olkin (KMO) measure
and Bartlett’s test of sphericity. The KMO value was 0.68, indicating mediocre to acceptable
sampling adequacy [41], and Bartlett’s test was significant (p < 0.001), confirming that the
correlation matrix was appropriate for PCA.

The first three principal components explained 70.8% of the cumulative variance, with
PC1 contributing 33.5%, PC2 accounting for 22.7%, and PC3 accounting for 14.6% (Figure 5).
The vector length quantifies the contribution of a variable to a principal component, where
longer vectors denote a stronger influence. Variables sharing positive correlations cluster
proximally in the directional orientation, while angular relationships between vectors
encode correlation polarity; acute angles (<90◦) indicate positive associations, obtuse angles
(>90◦) reflect negative correlations, and orthogonal vectors (90◦) demonstrate statistical
independence.
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Table 3. Input variables and loadings of PCA.

Input Variables
Loadings

PC1 PC2 PC3

Irrigated 1.42446 1.07933 –0.54868
Humid monsoon Climate 0.67506 2.60762 0.64785

Winter Wheat-corn 1.32939 2.05397 –1.77662
Winter Wheat-peanut 0.81742 0.10944 3.50709

Corn-fallow –0.78829 –1.48706 –1.15351
Sand (%) –3.89562 0.71584 0.03839
Silt (%) 3.57546 –0.49511 0.40282

Clay (%) 3.21237 –0.85019 –0.73489
Notes: The reported values are factor loadings.

 
Figure 5. Biplot of PC1, PC2, and PC3 for crop rotation system, climate, irrigation, and soil texture.

Multiple linear regression (Table 4) identified PC1 as the primary driver of SOM
(R2 = 0.73, p < 0.05), while the significant negative correlation between PC2 and pH
(R2 = 0.57, p < 0.05) reflected climatic dominance.

Table 4. Regression analysis of principal components and SOM, TN, and pH.

Dependent
Variable

Regression Equation
(Standardization Coefficient) R2 Primary Driving Factor

(p < 0.05)

SOM 0.73PC1 + 0.27PC2 + 0.15PC3 0.73 PC1(+)
TN 0.25PC1 + 0.39PC2 − 0.17PC3 0.57 PC2(+)
pH –0.15PC1 − 0.63PC2 − 0.02PC3 0.63 PC2(–)

3.6. Spatial Structural Variability Analysis Using the Semivariogram

Spatial distribution maps were produced in ArcGIS using graduated symbols based
on sampling point values (Figure 6), and the CV values ranged from 4.86% (pH) to 38.14%
(TN) across the Yellow River Basin, with 32.72% SOM variability.
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Figure 6. Spatial patterns of SOM (A), TN (B), and pH (C) at the selected sites.

Semivariogram analysis revealed contrasting spatial structures between the FPYR and
HPYR (Table 5). In FPYR, SOM exhibited the longest spatial range (78.41 km), suggesting
broad-scale continuity likely associated with depositional parent materials and regional
land-use history. In contrast, TN and pH had short ranges (3.62–6.11 km), indicating strong
local heterogeneity and management-induced variability. In HPYR, SOM, TN, and pH
displayed moderate to strong spatial continuity, with ranges of 32.16, 38.91, and 54.57 km,
respectively. TN exhibited significant positive spatial autocorrelation (Moran’s I = 0.511,
p < 0.05), indicating clustered nitrogen distribution across the plain. SOM also showed
moderate spatial aggregation (Moran’s I = 0.454), although the significance was marginal
(p = 0.063). Soil pH showed moderate spatial dependence (Nugget/Sill = 38.11%), reflecting
regional salinity gradients driven by irrigation processes.

Table 5. Results of semivariogram analysis.

Variable Model Range
(km) Sill Nugget/Sill

(%) Interpretation Moran’s I Moran’s
p

FPYR

SOM spherical 78.41 0.4142 >75 weak spatial
dependence — —

TN exponential 3.62 0 unstable strong local
heterogeneity — —

pH spherical 6.11 0 unstable local variation — —

HPYR
SOM gaussian 32.16 40.8309 0 strong dependence 0.454 0.063
TN gaussian 38.91 0.2089 0 strong dependence 0.511 0.046
pH spherical 54.57 0.0857 38.11 moderate dependence 0.223 0.217

3.7. Variation in Soil Physical Properties

Figure 7 illustrates differences in the spatial distributions of the geometric mean
diameter (GMD), dry aggregate stability (DAS%), and bulk density between the HPYR and
FPYR sampling sites. Detailed data are shown in Supplementary Table S4. The aggregate
GMD across all FPYR sites ranged from 0.456 to 102.40 mm, with the maximum value
observed at Site 5, characterized by a winter wheat–summer fallow rotation and loamy
sand. The upper sieve size was set at 5 mm. Any aggregates exceeding this threshold were
collected and manually measured to obtain their GMD. Analysis of the complete dataset
revealed a median value of 3.735 mm, and Site 5 was identified as an outlier. In contrast,
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the aggregate GMD for all HPYR sites ranged from 0.432 to 30.66 mm. The maximum value
in the HPYR, observed at Site 19 which has a loamy texture, was 2.34 times smaller than
the maximum GMD in the FPYR, although the aggregate average GMD values of the two
regions were similar (6.81 and 7.67 mm in the FPYR and HPYR, respectively). The DAS%
ranged from 0% to 98.84% in the FPYR and from 5.31% to 93.7% in the HPYR. Both the
average (59.35%) and maximum (93.70%) DAS% values in the HPYR were lower than those
in the FPYR (61.72% and 98.84%, respectively). Unlike DAS%, the bulk density in the HPYR
was generally higher than that in the FPYR. The average bulk density in the HPYR was
1.23 g cm−3, 25.5% higher than that in the FPYR. The smaller aggregate size and greater
DAS% indicate greater wind erosion potential in the HPYR than in the FPYR. For further
details regarding the soil physical properties of the HPYR and FPYR, see Pi et al. [10,42].

 

Figure 7. Spatial patterns of aggregate GMD (A), DAS% (B), and bulk density (C) in the HPYR
and FPYR.

4. Discussion
4.1. Associations Between Soil Types, Management Practices, and SOM

As this was an observational study, soil type was used as a stratification variable rather
than an experimentally assigned treatment. Comparisons among management categories
were conducted within comparable soil types, where possible. Crop rotations and land
management strategies were significantly associated with differences in SOM content. In
the loamy sandy soils of the FPYR, the winter wheat–(corn/peanut) alternating rotation
had the highest SOM content (28.0 g kg−1), significantly higher than that of the winter
wheat–corn–peanut three-crop rotation (26.6 g kg−1; +5.1%, p < 0.05). This may be related to
both rotation management (two-crop vs. three-crop system) and the periodic incorporation
of peanut residue, which typically decomposes differently from corn residue [43]. However,
as residue chemical properties were not measured in this study, the underlying mechanisms
remain to be investigated. Conversely, we found that higher soil disturbance in winter
wheat–corn–peanut systems was associated with lower SOM levels through accelerated
decomposition rates, although both rotations exceeded the monoculture benchmarks. Fields
with more diverse crop rotations tended to exhibit higher SOM [44]. Specifically, the SOM
of winter wheat–corn–peanut systems in sandy loam surpassed that of corn–fallow systems,
although significant differences were not observed. This is attributable to gramineous root
biomass contributions [16] and legume residue inputs that elevate stable SOM fractions [45].
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Under similar soil texture and tillage conditions, Site 3 (bare soil for at least five
years) exhibited 0.64 g kg−1 (2.8%) more SOM than the corn–fallow systems. The lower
SOM observed in cultivated corn–fallow systems relative to the bare reference site may
reflect reduced SOM accumulation or gradual depletion under prolonged cultivation. This
finding aligns with observations by Schnitzer et al. [46] in Canadian farmland, where
loam soils under summer fallow exhibited increased SOM retention relative to continuous
cropping systems, primarily owing to reduced mineralization of native SOM. Flooding
may contribute to periodic nutrient replenishment through sediment deposition. In FPYR,
oilseed–peanut fields (which had experienced floods within the previous 5 years) exceeded
their 28 irrigated counterparts by 0.35–4.01 g kg−1 (1.3–17.5%, p > 0.05) (Table 1). Similar
to our observations, the Nile and Mississippi catchments demonstrated enhanced SOM
accumulation through fluvial sediment deposition [47]. SOM content was elevated in
the vegetable–sweet potato rotation system compared to the other eight rotation systems
in loamy soil. Enhanced SOM accumulation likely results from improved soil aggregate
stability, as indicated by greater GMD values [10]. These findings corroborate established re-
lationships between aggregate stability metrics and SOM content, where GMD consistently
demonstrates positive correlations with organic matter levels [48].

At the regional scale, SOM levels were generally higher and less variable in the
FPYR than in the HPYR. A two-factor ANOVA showed a significant regional effect on
SOM (p < 0.001), whereas neither Irrigation nor the Region × Irrigation interaction was
statistically significant (p > 0.05). This suggests that differences in SOM were primarily
associated with broader regional environmental conditions rather than irrigation status
alone. The relatively homogeneous alluvial landscape, finer parent materials, and humid
monsoon climate of the FPYR likely favor more stable SOM conditions, whereas the HPYR
is characterized by stronger climatic water limitation, heterogeneous terrain, and wind
erosion risk [38]. These contrasting environmental settings likely explain the much larger
coefficient of variation observed for SOM in the HPYR. Specifically, no comparable positive
irrigation effect was observed in FPYR, whereas irrigated soil in HPYR generally exhibited
higher SOM than rainfed soils. While irrigation may enhance biomass production and
residue return, thereby promoting SOM accumulation [49], the increased soil moisture
may also stimulate decomposition. Therefore, the net effect likely depends on soil texture,
climate, and management intensity [11,47,49]. Furthermore, limited precipitation fails to
maintain soil moisture at field capacity, thereby inhibiting microbial activity and subse-
quently reducing organic matter turnover [14] and nitrogen mineralization [50], which
collectively contribute to enhanced nutrient retention in the soil system. Systems with low
disturbance also tended to retain more SOM. Grassland or no-tillage sites in the HPYR
commonly showed higher SOM than conventionally tilled potato systems, consistent with
previous evidence that lower soil disturbance can reduce aggregate disruption and carbon
mineralization [14].

4.2. Associations with TN and Soil pH

TN exhibited strong regional and management-related differences. FPYR soils gener-
ally had higher TN than HPYR soils, suggesting a more favorable nitrogen status in the
floodplain region. In the FPYR cornfields, nitrogen accumulation was significantly higher
than that in fields with other crop types (Table 1). Further studies are needed to determine
whether this pattern is related to rhizospheric characteristics of maize, such as root archi-
tecture or diazotrophic microbial activity [51,52]. Unexpected flooding, a factor outside
the experimental design, can affect the chemical properties of farmland soil, accelerating
nitrogen loss. A site-specific pattern potentially related to previous flooding was observed
at Site 4, which experienced flooding in 2021. Its soil TN content was the lowest across
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all cropping systems in loam soil, with significant differences detected between this site
and some other sampling sites (Table 1). Previous studies have shown that prolonged
anoxia can enhance denitrification [53] and that flood scouring can remove water-soluble
nitrogen such as nitrate [54]. However, these processes were not directly measured in the
present study, and further research is needed to confirm the mechanisms underlying the
observed pattern. Hydrological management may play an important role; paddy–upland
rotations in the FPYR silt loam have been associated with lower nitrate leaching through
redox cycling [55], with 1.87 g/kg TN observed versus 0.94 g/kg in dry-farming systems.
Furthermore, in Plot 3 (the long-term bare-soil plot), the absence of vegetation limited
nitrogen uptake and biological fixation, while unimpeded erosion likely contributed to
lower TN levels [56].

Alkaline conditions predominated across the study area, with 95.3% of sampling sites
showing pH > 7.5. This pattern was especially pronounced in the HPYR, where arid climate
conditions (130–215 mm annual rainfall), strong evaporation (>2000 mm yr−1), and shallow
groundwater tables (<5 m) favor upward salt transport and surface accumulation [4,38].
Beyond increasing soil pH, salinization can directly constrain soil fertility by reducing
nutrient solubility, suppressing microbial biomass and enzyme activity, and weakening
plant residue inputs through reduced crop productivity [37]. These processes may partly
explain the generally lower SOM and TN values observed in several HPYR sites. Salinity
stress can also impair aggregate stability through clay dispersion and reduced biological
binding agents, increasing vulnerability to wind erosion [57,58]. Therefore, management
strategies for the HPYR should integrate salinity mitigation (e.g., drainage improvement,
controlled irrigation, residue retention, and salt-tolerant rotations) with conventional
nutrient management. The significant Region × Irrigation interaction for TN suggests
that water management effects were context dependent. In the FPYR, irrigated soils
generally exhibited higher TN than rainfed soils, a pattern consistent with previous findings
that irrigation can enhance crop productivity and nitrogen retention in humid monsoon
regions [54,55]. In contrast, the weaker irrigation response in the HPYR may be related to
coarse soil texture, salinity, and limited organic inputs, as these factors have been shown
to constrain soil nitrogen accumulation in other arid/semi-arid regions [51]. However,
the specific mechanisms underlying this pattern in the HPYR were not directly tested in
this study.

4.3. Relationships Between SOM and TN

Contrasting results were observed for the TN and SOM contents in the loam and loamy
sandy soils in the FPYR (Figure 4B). Specifically, plots with high SOM content exhibited
low TN content. This may stem from nitrogen flux dynamics [59]. Soil nitrogen input
mainly relied on synthetic fertilizers (June–July applications) and, when followed by heavy
rainfall (approximately 70% of the annual rainfall falls in June–September), surface runoff
increased sharply. Soil nitrogen was primarily lost through leaching and migration in
the form of water-soluble nitrogen (NO3

−), which contrasts with the relative stability of
SOM through macromolecular association [54]. Although opposite SOM and TN contents
were observed in individual soil samples, our Pearson and Spearman correlation analyses
(Figure 3) revealed that SOM–TN proportionality diverged regionally, showing a moderate
linear correlation (Pearson r = 0.605, p < 0.05) in FPYR; however, the monotonic association
of the overall trend was weak. This is inextricably linked to climate. Deng et al. [60] found
that under drought conditions, the rates of organic matter decomposition and nitrogen
mineralization decrease synchronously. Additionally, the stability of soil C/N ratios in
arid regions is significantly higher than that in humid regions. In HPYR, no statistically
significant monotonic correlation was observed between SOM and TN, revealing that the
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overall synergy between carbon and nitrogen cycles in the HPYR was weak. For future
regional land management, it will be necessary to gradually enhance the coupling between
SOM and TN to improve the stability of soil fertility [61]. The FPYR exhibits distinct soil
characteristics compared to surrounding non-floodplain areas due to higher precipitation,
stronger leaching effects, and flooding. For instance, while both regions have loamy sandy
soils, the non-floodplain areas in Xuzhou, Jiangsu Province, show a significantly coarser
texture and higher SOM and TN contents than those of the floodplain soils [62]. This
indicates that, while flood sediments can provide nutrients, the intense scouring and
soaking caused by flooding can lead to the transportation and redistribution of various soil
components. Moreover, prolonged waterlogging creates an anaerobic environment that
affects soil pH [20].

4.4. Principal Component Analysis

Figure 5 shows a biplot that portrays the multidimensional PCA variables in a three-
dimensional space. The very small angle between the vector arrows for irrigation and
winter wheat–corn in Figure 5 indicates an extremely strong positive correlation between
this rotation system and irrigation. This correlation suggests an interplay between irri-
gation regimes and crop rotation systems that is closely linked to soil biogeochemical
properties [14]. Specifically, in the sandy soils of the HPYR, rainfed corn–oilseed rotations
showed unexpectedly higher SOM (17.5 vs. 4.7 g/kg) and TN (1.18 vs. 0.32 g/kg) com-
pared to irrigated corn–fallow systems. This finding is consistent with the hypothesis that
legume-mediated rhizosphere effects may, in some cases, play a more important role than
water availability, although direct measurements of rhizosphere processes are needed to
confirm this interpretation [12]. Soil texture is the most fundamental factor influencing soil
chemical properties, especially during dry summers when SOM mineralization is strongly
controlled by soil texture owing to water limitations. Silt and clay particles can delay SOM
mineralization by binding to SOM or forming microaggregates and micropores within
the soil [63]. Thus, different soil textures vary in their capacity for nutrient retention. For
example, Li et al. [64] revealed weak correlations between clay content and nutrient levels
in East Flanders, Belgium. In this study, as demonstrated in Figure 5, sand content exerted
strong negative loading on PC1 whereas silt and clay exerted positive loadings, thereby
capturing textural controls on SOM dynamics.

Multiple linear regression analysis (Table 4) identified PC1 as the primary correlate of
SOM (R2 = 0.73, p < 0.05), consistent with the finding that fine-textured soils enhance SOM
retention [38]. TN variability across samples predominantly associated with PC2, which
is defined by +0.65 loadings of warm–temperate monsoon climate and +0.51 loadings
of winter wheat–corn. In fact, the intensive wheat–corn rotations reliant on synthetic
fertilization elevated TN to a certain degree [58,59]. Concurrently, synthetic nitrogen inputs
reduced soil pH in the FPYR [13]. The significant negative correlation between PC2 and pH
(R2 = 0.63, p < 0.05) reflects climatic dominance, with arid–semiarid conditions in the HPYR
elevating pH via evaporative salt accumulation, contrasting with the moderate alkalinity in
the FPYR soils [19]. Finally, the winter wheat–peanut rotation is placed far from the origin
of PC3, indicating the importance of the third PC. Compared to traditional correlation
analyses, PCA intuitively shows which variables are related to each other and in which
direction. However, these results should be viewed as exploratory because PCA identifies
the covariance structure rather than causation, and the categorical management variables
were simplified for analysis.
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4.5. Soil Chemical Properties Spatial Differentiation

The spatial distribution of soil chemical properties across the Yellow River Basin is
shown in Figure 6; clear regional differences were observed. The FPYR generally showed
higher SOM and TN values and lower pH values than the HPYR, reflecting contrasting
environmental settings between the humid floodplain and the arid irrigated plain. The high
precipitation and periodic flooding in the FPYR likely enhance nutrient replenishment, the
downward leaching of soluble salts, and favorable organic matter accumulation, whereas
the strong evaporation and limited rainfall in the HPYR favor salt accumulation and nutri-
ent constraints. The CV indicated moderate-to-high heterogeneity for SOM (32.72%) and
TN (38.14%) across the entire dataset, whereas pH showed comparatively low variability
(4.86%). The low CV of pH suggests that alkaline conditions were widespread and rela-
tively consistent throughout both regions, while SOM and TN were more responsive to
local differences in soil texture, hydrology, and management history. Similar patterns have
been reported in agricultural landscapes where nutrient-related indicators commonly show
greater spatial variability than pH [58]. When the two regions were compared separately,
SOM variability was substantially greater in the HPYR than in the FPYR. This result is
consistent with the more heterogeneous environmental conditions of the HPYR, including
variable irrigation access, mixed soil textures, uneven management intensity, and exposure
to wind erosion. In contrast, the FPYR is a relatively uniform alluvial plain with finer
depositional materials and a flatter topography, conditions that may reduce between-site
variability in SOM [62]. In addition, due to the diverse cropping patterns and management
practices, such as flood irrigation in the HPYR, the CV of SOM usually exceeded 29% [62].

Semivariogram analysis further clarified these regional contrasts by separating overall
variability from spatial structure. In the FPYR, SOM exhibited the longest spatial range
(78.41 km), indicating broad-scale spatial continuity. This suggests that SOM patterns in
the floodplain are influenced primarily by regional-scale controls such as parent material,
depositional history, and long-term land-use patterns rather than by short-distance local
effects. In contrast, TN and pH had much shorter ranges (3.62–6.11 km), implying that their
spatial variation was dominated by local-scale processes. Such short-distance heterogene-
ity is consistent with patchy fertilizer application, variable irrigation intensity, localized
flooding effects, and field-specific management histories [65].

In the HPYR, all three variables showed moderate-to-large spatial ranges (32.16–54.57 km),
suggesting stronger regional continuity than that shown by the FPYR TN and pH. This
pattern may reflect broad gradients in irrigation infrastructure, groundwater conditions,
salinity processes, and aeolian redistribution across the plain. Soil pH showed moderate
spatial dependence (Nugget/Sill = 38.11%), which is consistent with salinity gradients
generated by evaporation, capillary rise, and irrigation return flow. These processes often
operate over landscape scales rather than within individual fields. Spatial autocorrelation
statistics supported the semivariogram results. TN showed significant positive clustering
in the HPYR (Moran’s I = 0.511, p < 0.05), indicating that neighboring sites tended to have a
similar nitrogen status. This clustering may arise from shared irrigation sources, common
fertilization practices, or similar cropping systems within local agricultural zones. SOM
also showed moderate positive autocorrelation (Moran’s I = 0.454), although statistical
significance was marginal. This suggests the partial spatial organization of SOM, but
also substantial unexplained local variability, likely linked to residue management, tillage
intensity, and erosion history. Given the moderate sample size (n = 28) in the HPYR, the
semivariogram fitting results may have inherent uncertainty, and further validation with
larger datasets is warranted.

Several limitations should be acknowledged. The sampling design was observational
rather than systematic grid-based monitoring, and some management categories had lim-

https://doi.org/10.3390/agriculture16131453

https://doi.org/10.3390/agriculture16131453


Agriculture 2026, 16, 1453 19 of 23

ited replication. Therefore, the estimated semivariogram parameters describe the spatial
structure of the sampled fields rather than the entire region with complete certainty. Nev-
ertheless, the consistent differences between the FPYR and HPYR indicate that spatial
statistical approaches provide valuable insight into how environmental background and
land management jointly shape soil fertility patterns.

4.6. Land Management Practices for Future Agroecosystems

The two study regions exhibited contrasting soil constraints, indicating that manage-
ment strategies should be region-specific rather than uniform across the Yellow River Basin.
The primary concerns in the HPYR are soil salinity and nutrient deficiencies inherently
tied to its arid and semi-arid continental climate. As evidenced by our field data, intense
evaporation drives widespread salinization of the soil surface layer. Furthermore, wind
erosion, which is prevalent in the HPYR, also impacts soil particles in the 0–5 cm soil
layer [10], preferentially removing fine particles and organic matter from exposed sur-
faces [66]. These regional conditions suggest that soil conservation practices should remain
a priority. Within the surveyed fields, cropping systems that included oilseed crops were
associated with comparatively higher SOM and TN than some simplified fallow-based
systems, particularly in sandy soils. Although these observational data do not demonstrate
causation, they suggest that greater crop cover, residue return, and diversified rotations
may help maintain soil fertility under water-limited conditions. Accordingly, management
strategies such as residue retention, reduced bare fallow periods, shelterbelt protection,
and efficient irrigation scheduling may be beneficial for sustaining productivity in the
HPYR [12].

In the FPYR, a humid monsoon climate is the main environmental driver that shapes
both soil properties and nutrient dynamics (Table 3). The multivariate analyses indicated
that TN variability was associated with both regional environmental conditions and crop-
ping categories. Therefore, in the FPYR, management efforts may be more effective if
they focus on balanced fertilization, crop rotation planning, and the synchronization of
nitrogen inputs with crop demand, rather than increasing irrigation inputs alone. Extreme
weather events, such as strong winds and heavy rainfall, have increased in frequency and
magnitude. For example, extreme rainfall increased almost seven-fold per decade between
2000 and 2023 [67]. Such climate extremes, when combined with poor land management
practices (such as the bare-soil conditions represented by Plot 3), may exacerbate nutrient
depletion and reduce agroecosystem resilience to extreme weather events.

Overall, the contrasting patterns between the two regions indicate that land man-
agement should be adapted to local environmental constraints. In the HPYR, priorities
include salinity mitigation, erosion control, and SOM restoration, whereas in the FPYR,
nutrient management and the reduction in potential nitrogen losses may warrant greater
emphasis. Because these conclusions are based on field observations rather than controlled
experiments, they should be interpreted as practical inferences requiring further validation
through long-term experimental studies.

5. Conclusions
Through a systematic comparison of two sections of the Yellow River Basin, we eval-

uated how soil chemical properties (SOM, TN, and pH) were associated with differences
in cropping systems, land management categories, and environmental conditions across
two contrasting agricultural regions. Biennial peanut-integrated rotations were associated
with relatively high SOM levels and may represent favorable systems for carbon retention
because they appear to favor aggregate-associated organic carbon. The overall synergy
between the carbon and nitrogen cycles in the HPYR was weak, while SOM–TN relation-
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ships showed a moderate linear correlation. Regional differences in irrigation responses
indicate that water management exerts stronger control over TN than SOM, emphasiz-
ing the need for nutrient-specific management strategies across contrasting Yellow River
agroecosystems. In the HPYR, TN exhibited significant positive spatial autocorrelation
(Moran’s I = 0.511, p < 0.05), indicating a clustered nitrogen distribution across the plain.
SOM also showed moderate spatial aggregation (Moran’s I = 0.454), although its signif-
icance was marginal (p = 0.063). Soil pH displayed weaker and non-significant spatial
dependence. Semivariogram fitting for the FPYR was unstable, suggesting higher spatial
heterogeneity and more complex local variation patterns. As the study was observational,
these findings should be interpreted as associations, and future controlled experiments
are needed to isolate the independent effects of crop rotation, irrigation, and management
history. However, we acknowledge that deeper soil layers may exhibit different nutrient
and salinity dynamics; thus, the present study primarily reflects topsoil conditions rather
than whole-profile soil fertility status.

Climate, one of the five major soil-forming factors, can indirectly affect soil chemical
properties by influencing crops and soil moisture conditions. For example, high precipi-
tation often accelerates the leaching of nutrients from the soil, thereby reducing effective
nutrients, whereas high temperatures may increase microbial metabolic activity, promote
the decomposition of organic matter, and alter soil pH and other chemical characteristics.
Although the impacts of climatic factors were considered when analyzing the effects of
agricultural management practices on soil chemical properties, HPYR soils are chronically
affected by wind erosion, leading to severe land degradation. Therefore, to gain a deeper
understanding of changes in soil chemical properties, future research should systematically
analyze differences in meteorological factors such as rainfall, temperature, and wind speed
between the HPYR and FPYR. The interannual variations and long-term effects of these
meteorological factors on soil chemical properties also need to be considered.
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