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Abstract: The impact of various crop rotation systems on the potential for soil carbon sequestration
and stoichiometric characteristics is not yet fully understood, which poses challenges for effective
land management and utilization. This study selected three typical crop rotation methods in the
Longzhong Loess Plateau: maize-alfalfa rotation (MA), maize-sainfoin rotation (MS), and maize-wheat
rotation (MW). Soil physical and chemical indices were measured, and the soil carbon density and
soil stoichiometry were calculated and analyzed. The results show that the soil C/N of the surface
soils was low across the rotation methods, indicating a rapid rate of organic matter decomposition and
mineralization, which may hinder soil nutrient accumulation. The soil N/P was found to be lower
than the national average of 8.0, indicating that nitrogen is a limited nutrient in the soil under the three
crop rotation systems in this region. The soil total nitrogen content can be increased by rotation with
leguminous forage. Sainfoin rotation can enhance the soil total carbon and organic carbon content,
thereby improving the soil’s carbon sequestration potential. The research findings provide a theoretical
foundation for the selection of appropriate rotation methods and the maintenance of the stability of
agricultural ecosystems in semi-arid regions.
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1. Introduction

Soil represents one of the most diverse and intricate environments, fulfilling a crucial
function in the cycling of substances and the flow of energy within terrestrial ecosystems [1].
The global soil carbon reservoir within a soil depth of 100 cm is 2-3 times as large as the
terrestrial vegetation carbon pool and over twice the size of the global atmospheric carbon
pool [2]. The soil organic carbon density of the 0-60 cm soil layer accounts for over
80% of that of the 100 cm soil layer [3]. As the soil depth increases, the organic carbon
density gradually stabilizes at 80-100 cm [4]. Meanwhile, in agricultural production, the
0-50 cm soil layer is the main soil layer that is affected by tillage activities [5]. Soil carbon,
nitrogen, and phosphorus content and their stoichiometric characteristics are important
indicators reflecting the soil quality and nutrient supply capacity [6]. Soil C/N, C/P, and
N/P reflect the mineralization ability and organic matter decomposition rate of the soil, as
well as the limiting characteristics of carbon, nitrogen, and phosphorus, respectively [7].
In recent years, different scholars have conducted extensive research on soil ecological
stoichiometry. For example, Zhang, et al. [8] through Spearman correlation analysis, found
that the amounts of N and P had an influence on the elemental ecological cycle within
the experimental area. When the phosphorus content increased, it was not conducive to
the accumulation of organic matter [8]. Thus, the ecological chemical cycle of elements
in farmland soil was regulated by N and P. Artificial forests have significantly better soil
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C regulation ability than grasslands because carbon sequestration in plantation forests
is enhanced by means of increasing carbon input (new vegetation) and reducing carbon
loss (decomposition and erosion) [9]. Different land use patterns have an impact on the
stoichiometric traits of soil C, N, and P [10]. The study of soil carbon, nitrogen, and
phosphorus content and their stoichiometric characteristics in the 0-50 cm soil layer can
clarify the characteristics of soil nutrient changes, reveal nutrient balance mechanisms, and
facilitate the scientific management and rational utilization of land resources.

Rain-fed farming in the Loess Plateau and its adjacent regions in northern China makes
up more than 70% of the entire arable land [11], making it an important grain-producing
region with a significant role in grain production [12]. However, increasing temperatures
have exacerbated drought stress in the dryland ecosystems [13], and irrational farming
practices have exacerbated soil nutrient loss [14], which seriously threaten food security
in the Loess Plateau. Enhancing carbon sinks is beneficial not only for the amelioration of
soil quality but also for the abatement of atmospheric carbon pollution [15]. In this context,
the issue of soil carbon sequestration under different cultivation methods has gradually
become a research hotspot. Different land-use patterns are capable of altering the structure
of plant communities, influencing the decomposition of litters, resulting in variations in
the soil organic carbon and total carbon, and further leading to changes in the soil carbon
pool [16]. However, unreasonable farming methods can excessively consume soil moisture,
which is not conducive to plant growth and reduces carbon accumulation [17]. Therefore,
precisely evaluating the distribution traits of the soil carbon pool under small-scale tillage
approaches and expounding the influence of diverse tillage methods on the soil carbon
pool hold substantial significance for the sustainable progress of soil ecosystems.

In the context of global climate change, the climate adaptability of crops has been
changed by global warming, and at the same time, the increase in extreme climate has
seriously reduced crop yields, resulting in losses in agricultural planting [18]. Especially in
semi-arid areas, owing to water shortage and the impact of climate warming, the growth
of beneficial soil microorganisms and animals has been damaged by soil drying, reducing
the sequestration of organic carbon and affecting soil health [19]. Lacking the guidance of
professional knowledge, farmers often continuously plant the same crop. Years of planting
the same crop aggravates the loss of soil nutrients in arid areas, causing an imbalance in
the dryland agricultural ecosystem and exacerbating the agricultural impacts of climate
change [20]. The utilization of nutrients can be balanced by crop rotation, and the excessive
consumption of certain nutrients by a single crop can be avoided. The physical properties
of the soil can also be changed, and the deterioration of the soil structure caused by a single
crop can be prevented. Therefore, crop rotation is an effective strategy for combating soil
degradation, improving soil fertility, and increasing crop yield [21]. Maize (Zea mays L.) is
widely planted in the Loess Plateau region with high adaptability, easy management, and
high yield, making it a good choice for crop rotation systems [22]. Leguminous plants form
nitrogen-fixing relationships with soil bacteria and are considered more suitable for crop
rotation with other crops [23]. Alfalfa (Medicago sativa L.) and sainfoin (Onobrychis viciifolia
Scop) are widely used as feed varieties in mid- to low-altitude and semi-arid areas due to
their advantages of nitrogen fixation, high yield, rich protein content, and tolerance to a
certain degree of drought. In-depth research has been conducted on maize-alfalfa rotation
systems, showing results such as increased soil particulate organic nitrogen and microbial
nitrogen [24], improved crop water use efficiency and productivity [25,26], and improved
soil quality [22]. Nevertheless, at present, the research on the effects of maize, alfalfa, and
sainfoin rotation on soil properties and soil carbon density is insufficient, which restricts
the scientific selection of cultivated crops and farming methods in arid areas against the
background of global climate change. Therefore, researching the impacts of maize rotation
with different leguminous forages on the soil carbon density and soil properties in the
Longzhong Loess Plateau is of great guiding significance for the selection of agricultural
planting systems, sustainable agricultural development, and active responses of agriculture
to global climate change in this area.
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This study investigated three typical crop rotation systems in the Longzhong Loess
Plateau: maize—-alfalfa rotation (MA), maize—sainfoin rotation (MS), and maize-wheat
rotation (MW). The analysis focused on differences in the soil physicochemical properties,
soil carbon density, and stoichiometric characteristics across the three rotation systems. The
findings provide a theoretical foundation for selecting appropriate crop rotation strategies
and promoting the sustainable development of soil ecosystems in the Longzhong Loess
Plateau.

2. Materials and Methods
2.1. Research Area

The study area (Figure 1) is located in Wenfeng Town of Longxi County in Gansu
Province, China (104°40'05”-104°40'30" E, 35°3'10"-35°3'20" N, altitude: 2180 m a.s.1.) [1].
The region exhibits a mean annual temperature of 6-7 °C and a mean annual precipitation
of 450 mm (Table 1) [1]. Rainfall is the only water source for plant growth, where the soil is
classified as secondary loess soils, according to Xie et al. [27]; the soil pH value is 8.50 [28].

SCOPE G000E 000 SO°UOE 90°00'E 100°00°E 110°00°E 120°00°F 130°00°E  140°00E  150°00"F 100°00°
! ! !

A

05°00°F. 0
! 1 !

o
v ™ oh: 5149
1 o 1050 2100 = _ e 0 245 490

s Km — Km
S Low: 75

T T T T T T T T T
000 000 100°00°E 1000 12000°E 130:00°E 10500 10°00°E 115°00°E

ss Plateau
Elevatilon /1 m

Figure 1. The study region and spatial distribution of Longzhong Loess Plateau.

Table 1. The average temperature and precipitation in the research area in 2024.

Year Month Average Temperature (°C)  Precipitation (mm)
1 -3.5 0.5
2 —-1.2 10.4
3 6.1 27.6
4 13 63.5
5 17.7 43.4

2024 6 20 242
7 21.8 52.9
8 22.6 69.2
9 18.5 434
10 10.6 34.9

2.2. Experimental Design

Three crop rotation systems were established in the experimental plots: maize (Zea
mays L.)-alfalfa (Medicago sativa L.) rotation (MA), maize (Zea mays L.)-sainfoin (Onobrychis
viciifolia Scop) rotation (MS), and maize (Zea mays L.)-wheat (Triticum aestivum L.) rotation
(MW). The utilization period of alfalfa grassland has been determined to be 5-6 years,
and that of sainfoin grassland is fixed at 4-5 years. Moreover, relatively high stability
and yield are exhibited by both sainfoin grassland and alfalfa grassland in the fourth
year [29]. Therefore, alfalfa and sainfoin grasslands with a 4-year rotation were selected as
the research objects. The rotation of maize with alfalfa (1 year of maize cultivation followed
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by 4 years of alfalfa growth) and the rotation of maize with sainfoin (1 year of maize
followed by 4 years of sainfoin) were the two main forage production regions overseen by
Yurun Agriculture and Animal Husbandry Co., Ltd. (Nanjing, China) in Longxi County.
For MA and MS, leguminous forage was planted with tillage after maize harvest and no
tillage was performed until new crops were planted. There was no irrigation throughout
the year for either MA or MS. The maize—wheat rotation field, which lacked irrigation
facilities, received nitrogen and phosphorus fertilizers in amounts determined by local
farmers based on their traditional planting practices.

Under each crop rotation system, three horizontal subplots (10 m x 10 m) were set up.
In March 2024, soil cores of the 0-10 cm, 10-20 cm, and 20-50 cm soil layers were respec-
tively collected by means of a soil auger with a diameter of 3.5 cm, and simultaneously, the
bulk density of each layer was gathered using a cutting ring. From each sub-sample plot,
samples were repeatedly collected five times by the soil auger, and the five collected soil
cores were blended into one soil sample. After the visible stones and roots were removed,
the samples were sieved through a 2 mm soil sieve. After natural air-drying, the physical
and chemical properties of the soil were analyzed.

2.3. Soil Sample Collection and Determination

The bulk density (BD) was determined using the cutting ring method [30]. The soil
organic carbon (SOC) was determined by external heating with potassium dichromate,
while the Kjeldahl method was used to measure the total nitrogen (TN) content. The soil
alkaline nitrogen (AN) was determined using NaOH alkaline hydrolysis combined with
the culture dish diffusion absorption method. The total phosphorus (TP) content was
quantified using the molybdenum antimony resistance colorimetric method [31], while the
available phosphorus (AP) content was measured by potassium permanganate oxidation
and glucose reduction. The total potassium (TK) was determined by the H,SO4 digestion
flame photometry method. The soil available potassium (AK) was extracted by NH;OAc
and determined by flame photometry [32]. The soil total carbon (TC) was determined by
the Multi N/C 2100S and HT 1300 total organic carbon analyzers, which are produced by
Analytik Jena AG (Konrad-Zuse-Strasse 1, 07745 Jena, Germany).

2.4. Calculation of Soil Carbon Density
The calculation formula for the soil bulk density is as follows [33]:

Soil bulk density (BD), g/ cm? = (W; — Wy) x (1 — W%)/V (1)

In the formula, BD represents the soil bulk density, Wy represents the ring cutter mass, Wy
represents the ring cutter and fresh soil weight, W% represents the soil moisture content,
and V represents the ring cutter volume of 100 cm?.

The soil total carbon density (STCD) and organic carbon density (SOCD) were calcu-
lated according to the following formulas [34]:

STCD; = BDi x STC; x h; x (1 — C;)/100, ()

SOCD; = BDi x SOC; x h; x (1 — C;)/100, )

where BD represents the soil bulk density (g:m~2), STC represents the soil total carbon
(g'kg™1), h and C represent the content of gravel larger than 2 mm (%) and soil thickness,
respectively (there was basically no gravel in the bulk density sample, so gravel was not
considered as a correction factor for estimating the soil total carbon density), SOC represents
the soil organic carbon (g-kg~!), and i represents the soil characteristic values in different
soil surface layers [35].
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2.5. Statistical Analysis

The data were collated using Microsoft Excel 2019. One-way analysis of variance
(ANOVA) followed by Duncan’s multiple range test was employed to assess significant
differences (p < 0.05) in the soil properties among the three crop rotation methods (SPSS
26.0, SPSS Inc., Chicago, IL, USA). The results of the measurements are expressed as the
means and standard errors. The soil carbon density, stoichiometric characteristics, and
correlation heatmap were plotted by Origin 2020.

3. Results
3.1. The Differences in Soil Characteristics Under Different Rotation Systems

As shown in Table 2, in the 0-10 cm soil layer, significant differences (p < 0.05) in the
BD and AN content were present among the MA, MS, and MW. The trends of the TC and
SOC contents were MS > MA > MW. However, no remarkable distinctions in the TN, TP,
TK, or AK were found among the three systems in this specific soil layer.

Table 2. Soil characteristics of different crop rotation methods (means + standard deviations).

Soil

Dot Treatment . BP TN TP TK AN AP AK TC SoC
(CEI) (g/cm®) (g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg) (g/kg) (g/kg)
MA 150+ 160+ 0504+ 336+ 2607+ 29+ 17642+ 2163+ 1223+

0.06 a 0.02a 0.09a 020a  084ab  046b 333a 059 b 0.66 b
NS 135+ 182+ 0624+ 297+ 2713+ 125+ 16646+ 2644+ 1475+

0-10 0.02b 020a 0.01a 0.19a 0.99 a 0.07 b 8.80a 059 a 0.70 a
MW 126+ 166+  0.60+ 334+ 2188+ 828+ 16985+ 1777+ 1111+

0.03b 0.10 a 0.11a 0.07 a 1.93b 0.76 a 579 a 0.49 ¢ 037b

MA 143+ 286+ 053+ 317+ 1655+ 114+ 12663+ 1950+ 805+

0.03 a 0.14 a 0.16 a 012a 1.29b 015b  12.03a  026b 1.08 b
NS 134+ 141+ 0444+ 304+ 2253+ 087+ 13323+ 2533+  12.67+

10-20 0.02b 0.05 ¢ 0.13 a 023 a 091 a 0.09 b 6.66 a 107 a 043 a
MW 147+ 200+ 0554+ 298+ 1691+ 364+ 13326+ 1613+  10.06+

0.02 a 032b 0.06 a 031a 126 b 0.94 a 6.66 a 048 ¢ 0.44b

MA 134+ 296+ 0454+ 331+ 555+ 067+ 11324+ 1792+ 571+

0.01b 0.13a 0.06 b 0.29a 0.65 ¢ 0.12b 335a 0.45b 1.03b

MS 127+ 109+ 0964+ 297+ 1603+ 092+ 12316+ 2357+ 729+

20-50 0.03 b 0.08b 0.19 a 031a 1.10a 0.07 b 6.66 a 149a 113 ab
MW 147+ 083+ 0234+ 304+ 1162+ 222+ 11659+ 1512+  9.09 +

0.02 a 0.11b 0.02 ¢ 029 a 1.66 b 0.05a 331a 030b 020 a

Note: The data are the average values of three repetitions. Distinct lowercase letters within a column signify
significant discrepancies in the identical soil layer based on the analysis using Duncan’s test (p < 0.05). MA,
maize-alfalfa rotation; MS, maize-sainfoin rotation; MW, maize-wheat rotation. BD, bulk density; SOC, soil
organic carbon; TN, total nitrogen; AN, soil alkaline nitrogen; TP, total phosphorus; AP, available phosphorus. TK,
total potassium; AK, soil available potassium; TC, soil total carbon.

In the 10-20 cm soil layer, the BD and TN in the MS system were significantly lower
than those in the MA and MW systems (p < 0.05). Like the 0-10 cm layer, the trends of the
AN and TC contents were MS > MA > MW. No significant differences were detected in the
TP, TK, and AK contents among the systems in this layer.

In the 20-50 cm soil layer, significant differences in the TP and AN were observed among
the MS, MA, and MW, with the trends of the TP and TC contents being MS > MA > MW,
while the trend of the SOC content was MW > MS > MA. Across all three soil layers, the
available phosphorus (AP) content in the MW was significantly higher than that in the MS
and MA (p < 0.05).
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3.2. The Impact of Different Crop Rotation Methods on the Soil Total Carbon (STCD) and Organic
Carbon Density (SOCD)

The calculated results of the STCD and SOCD are shown in Table 3. The STCD of the
MS soil was consistently higher than that of the MA and MW in all soil layers. As the depth
of the soil layer increased, the STCD of the MW became closer to the MA (Figure 2a). In the
0-10 cm soil layer, the SOCD of the MS was significantly higher than that of the MW soil
(p < 0.05), but with the increase in the soil depth, the SOCD of the MS and MA soil showed
a decreasing trend, while the SOCD of the MW soil gradually increased (Figure 2b).

Table 3. Soil total carbon density and organic carbon density of different crop rotation methods
(means =+ standard deviations).

Soil Depth (cm) Treatment ?D()::\:i(:;a}k(;zzg)l S(glegsﬁ;rzi(cgii;];?n
MA 325+022a 1.83 £0.10a
0-10 MS 3.57 £ 0.05a 1.99 £0.10a
MW 223 +0.05b 140 £0.01b
MA 2.79 £0.06 b 1.15+0.13b
10-20 MS 339+011a 1.70£0.04 a
MW 2.36 £0.08 ¢ 147 £0.04a
MA 720+ 0.17b 230+ 043Db
20-50 MS 898 +0.33a 277 £037b
MW 6.66 +0.21Db 4.00+£0.12a

Note: Different lowercase letters within a column indicate significant differences in the same soil layer as analyzed
by Duncan’s test (p < 0.05). MA, maize-alfalfa rotation; MS, maize-sainfoin rotation; MW, maize—wheat rotation.

(a) ) ms 22 Ma R Mw (b) [ Ms EZ Ma BN Mw
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1 L 4ot
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2 b 3
B 30
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5 T2s
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k] S20r
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,g b . gﬂ 15 F
= b 4 2
Z 5l = 10F
05
0 0.0
0-10 10-20 20-50
Soil depth/cm Soil depth/cm

Figure 2. Soil total carbon density (a) and organic carbon density (b) of different crop rotation
methods. Statistical test used; letters indicate significant differences in diversity (p < 0.05). MA,
maize-alfalfa rotation; MS, maize—sainfoin rotation; MW, maize—-wheat rotation.

3.3. The Differences in Soil Stoichiometric Characteristics Under Different Rotation Systems

Significant differences (p < 0.05) in the soil layer C/N among the different planting
types were found in the 0-10 cm and 20-50 cm soil layers. However, the magnitudes of the
differences varied. In the 0-10 cm soil layer, the order was MS > MA > MW, while in the
10-20 cm and 20-50 cm soil layers, it was MS > MW > MA (Figure 3a).

A significant difference (p < 0.05) was found in the C/P among the different planting
types in the 10-20 cm soil layer, but no significant differences in the C/P were observed
among the three different planting types in the 0-10 cm soil layer or in the 20-50 cm soil
layer between the MS and MA. As the soil layer deepened, a trend of first increasing and
then decreasing the C/P in the MS soil was exhibited (Figure 3b).
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Figure 3. Chemical stoichiometric characteristics of C, N, and P in different crop rotation methods.
Statistical test used; letters indicate significant differences in diversity (p < 0.05). (a) soil C/N; (b) soil
C/P; (c) soil N/P. MA, maize-alfalfa rotation; MS, maize-sainfoin rotation; MW, maize-wheat rotation.

At soil depths of 0-10 cm and 10-20 cm, no significant difference in the soil N/P was
noted among the three different planting types. At soil depths of 20-50 cm, the soil N/P
in the MA and MW was significantly higher than that in the MS (p < 0.05), presenting the
order of MA > MW > MS. However, among all soil layers, the highest soil N/P was in the
MA (Figure 3c).

3.4. Analysis of the Correlation Between Soil Physicochemical Properties and Stoichiometric
Characteristics Under Different Rotation Systems

As depicted in Figure 4a, within the 0-10 cm soil layer, a significant positive correlation
was found between the BD and C/P. A significant positive correlation was found for the
AN with the TC, and a significant negative correlation for the AN with the AP. A significant
negative correlation was shown for the AP with TC, SOC, and C/N. A significant negative
correlation with the AP (p < 0.05) and a significant positive correlation with the C/N
(p < 0.05) were found for the TC and SOC.

As illustrated in Figure 4b, in the 10-20 cm soil layer, significant negative correlations
are presented for the BD with the AN, TC, SOC, and C/N. A significant negative correlation
existed between the TN and SOC. Significant positive correlations (p < 0.05) were found
between the AN and the TC, SOC, C/N, and C/P.

As presented in Figure 4c, in the 20-50 cm soil layer, a significant positive correlation
is shown for the BD with the C/P, and a significant negative correlation is shown for the
TP with the TC. A significant negative correlation occurred between the TN and AN. A
significant positive correlation with the C/N and a significant negative correlation with the
N/P were found for the AN. A significant positive correlation with the TP and C/N and a
significant negative correlation with the C/P and N/P (p < 0.05) were found for the TC.
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Figure 4. Correlations between soil nutrients and their stoichiometric ratios under different soil
depths. (a—c) represent the 0-10 cm soil layer, 10-20 cm soil layer, and 20-50 cm soil layer respectively.
Red symbolizes a positive correlation, whereas blue stands for a negative one. Moreover, the darker
the color is, the stronger the correlation is. BD, bulk density; SOC, soil organic carbon; TN, total
nitrogen; AN, soil alkaline nitrogen; TP, total phosphorus; AP, available phosphorus. TK, total
potassium; AK, soil available potassium; TC, soil total carbon. * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion
4.1. The Impact of Different Crop Rotation Methods on Soil Characteristics

Different crop rotation methods alter the physical structure, hydrothermal condi-
tions, and nutrient levels of soil and affect the biochemical cycling processes of terrestrial
ecosystems [36]. This study found that in the 0-10 cm soil layer, the soil bulk density
(BD) in the maize-wheat (MW) system was lower than that in the maize-alfalfa (MA) and
maize-sainfoin (MS) systems, likely due to the disruption of the surface soil aggregate
structures by traditional agricultural practices [37]. However, as the soil depth increased,
the BD in the MW system rose, while the BD in the MA and MS systems decreased. This can
be attributed to the well-developed root systems of leguminous forages, which physically
impact the soil [38]. The BD in the MS system was lower than that in the MA, which may
have been due to the greater root distribution and higher proportion of sainfoin roots
compared to alfalfa in the 0-50 cm soil layer [39].

The available phosphorus (AP) content in the MW system decreased with increasing
soil depth, likely as a result of phosphorus accumulation at the surface due to fertilization.
Because grasses require large amounts of phosphorus for growth, a substantial portion of
AP migrates toward the root system, resulting in lower AP contents in leguminous grass
soils. The findings indicate that the total nitrogen (TN) content increased in the deeper
soil layers of the MA system, likely due to the nitrogen-fixing effect of alfalfa root nodules,
which enhances nitrogen levels in deeper soils [38]. Although both alfalfa and sainfoin
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are leguminous crops, the TN content in the deeper soil layers of the MA system was
significantly higher than in the MS, possibly because sainfoin has a lower nitrogen fixation
capacity and its condensed tannins inhibit soil nitrification [40,41].

This study also found that the soil organic carbon (SOC) content in the MA and MS
systems was relatively high in the 0-20 cm soil layer, with a noticeable surface enrichment.
This surface accumulation occurs because vegetation transports nutrients to the soil via
roots, and high surface coverage increases litter input into the soil, providing ample organic
matter to the upper soil layers [42]. Regardless of the crop rotation system, the occurrence
of agricultural activities, such as tillage, accelerates soil mineralization [43], resulting in a
decline in the total carbon (TC) and SOC content as the soil depth increases.

As depicted in Figure 4a, within the 0-10 cm soil stratum, a statistically significant positive
correlation was found between the BD and C/P. The AN exhibited a pronounced positive
correlation with the TC and a conspicuous negative correlation with the AP. The AP displayed a
substantial negative correlation with the TC, SOC, and C/N. The TC and SOC present a marked
negative correlation with the AP and a distinct positive correlation with the C/N.

4.2. The Impact of Different Crop Rotation Methods on Soil Carbon Density

Different crop rotation systems and soil depths lead to variations in the soil total
carbon density (STCD) and the soil organic carbon density (SOCD). These differences are
attributed to variations in plant carbon uptake, the depth of root systems, and the types of
litter and root exudates absorbed by the soil [44]. In this study, significant differences in the
STCD and SOCD were observed between the maize-alfalfa (MA) and maize—sainfoin (MS)
systems compared to the maize-wheat (MW) system in the 0-10 cm soil layer. This is likely
due to soil erosion caused by crop harvesting and tillage, which limits the return of plant
carbon to the soil, resulting in carbon loss from cultivated land [45]. At the same time, due
to the higher root density of leguminous plants compared to the MW, carbon in the soil is
accumulated through the input of litter and the turnover of roots [46].

As the soil layer deepened, the SOCD in the MW system became significantly higher
than that in the MA and MS, suggesting that traditional crop rotation systems have a more
pronounced impact on the surface SOCD in the Longzhong Loess Plateau. However, the
STCD in the MA and MS systems remained consistently higher than that in the MW, and
with increasing soil depth, both the STCD and SOCD in the MS system surpassed those
in the MA. This indicates that leguminous forage crop rotations in the Longzhong Loess
Plateau enhance the soil’s carbon sequestration potential, with sainfoin showing superior
carbon sequestration potential compared to alfalfa.

4.3. The Influence of Different Crop Rotation Methods on the Stoichiometric Characteristics of Soil
C,N,and P

The C/N of soil is associated with the mineralization rate of organic matter by mi-
croorganisms. Microorganisms mainly decompose organic matter through the secretion of
various extracellular enzymes. Under the condition of a C/N ratio of 25, microorganisms
are capable of reasonably allocating resources for the synthesis of enzymes with proper
types and quantities, thereby resulting in the optimal decomposition rate of organic matter
by soil microorganisms [47]. In this study, unlike the 20-50 cm soil layer of the MS, the
C/N ratio in each soil layer of the MA and MW was lower than 25, indicating that the de-
composition and mineralization rate of organic matter in the surface soil of the Longzhong
Loess Plateau is relatively fast, which is not conducive to the accumulation of soil nutrients.
The soil C/N in the 20-50 cm soil layer of the MW was significantly higher than that of the
MA, indicating that the carbon sequestration capacity of deep soil in the MW was greater
than that of the MA. This is consistent with the research results of Bai et al. [48], who found
that with increases in the soil depth, the soil C/N in the MA showed a decreasing trend,
which was due to the surface enrichment of nitrogen and phosphorus in the soil, while
phosphorus changed less with the soil layer. The MS soil C/N showed an increasing trend
with the depth of the soil layer. Secondary metabolites in sainfoin, such as tannins, can
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be combined with organic matter in the soil, and the release rate of soil organic carbon
can be reduced. Moreover, the metabolic processes of microorganisms can be inhibited,
causing the carbon-nitrogen cycle process to be slowed down. Since it becomes difficult
for energy to be obtained by decomposing organic matter, microorganisms will tend to
make more use of the carbon sources in the secondary metabolites to maintain their own
survival; thus, the carbon amount of the microorganisms themselves can be increased.
Meanwhile, the existence of secondary metabolites in sainfoin can induce microorganisms
to secrete more carbon-cycle-related enzymes [41]. The research results indicate that the
soil of the MS in this study area had a high carbon sequestration capacity. The soil C/P can
reflect the release of phosphorus by soil microorganisms and the potential for absorption
and transformation of phosphorus from the outside world [49]. When the C/P is below
200, the soil microbial carbon will briefly increase while the net mineralization of organic
phosphorus will occur [50]. The soil C/P values of the three different crop rotation methods
were all below 200, indicating that the net mineralization rate of the soil phosphorus in
the Longzhong Loess Plateau is relatively high. The balance of phosphorus in the soil can
be maintained and the fertility level of the soil can be improved with the help of a higher
net phosphorus mineralization rate. Plant growth can also benefit and the activities of soil
microorganisms can be promoted. The microbial decomposition of organic matter is less
limited by the available phosphorus, and the soil phosphorus showed high availability.
The soil C/P in the 0-20 cm soil layer of the MW was relatively low, while the soil C/P in
the 20-50 cm soil layer increased. This is due to years of fertilization reducing the available
phosphorus limitation of the surface soil. The soil N/P can reflect the properties of soil
nutrients and also indicate whether the soil is saturated with nitrogen [51]. The soil N/P
in this study area was lower than the national average of 8.0, and nitrogen was a limited
nutrient element for the soil in the three different crop rotation systems in the Longzhong
Loess Plateau. The N/P of the soil in each soil layer of the MA was higher than that of
the MS and MW, which was due to the biological nitrogen fixation effect of alfalfa, which
can increase the soil nitrogen content. However, the soil phosphorus content was similar
and evenly distributed [52], and the effect of fertilization on the TP content in the MW was
relatively small.

4.4. The Correlation Between Soil Characteristics and C, N, and P Stoichiometry Under Different
Crop Rotation Methods

The chemical stoichiometry of soil C, N, and P is influenced by multiple environmental
factors, and different crop rotation patterns affect the structure and function of terrestrial
ecosystems by altering land cover patterns, thereby affecting the soil nutrient contents. In
this study, the BD showed a significant positive correlation with the soil C/P in the 0-10 cm
and 20-50 cm soil layers, but a significant negative correlation with the TC, SOC, and soil
C/N in the 10-20 cm soil layer. This indicates that increasing the soil bulk density can
increase the availability of phosphorus in this soil layer, and a decrease in the soil bulk
density is beneficial for increasing the accumulation of the TC and SOC in this soil layer,
improving the soil C/N, and enhancing the soil carbon sequestration potential. Consistent
with the research results of Lu et al. [53], the potassium element had strong heterogeneity,
and the correlation analysis results show that the potassium element had no significant
effect on the soil C, N, or P contents or the ecological stoichiometry ratio of each soil layer.
The soil C/N was positively correlated with the TC, SOC, and AN contents and negatively
correlated with the TN content, indicating close coupling relationships among the C, N,
and P cycling in the study area. The soil C/P and N/P in the study area were significantly
correlated with the soil TP, TC, TN, and AN contents. The soil TN was negatively correlated
with the soil TC and SOC, while the soil AN was positively correlated with the soil TC
and SOC. This indicates that the distribution and utilization of nitrogen in the study area
soil were influenced by carbon accumulation and decomposition rates. This is because the
SOC, TC, and TN come from the same primitive organic matter and have similar retention
mechanisms in the soil [54].
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This study only examined the impacts of three rotation methods in one region on the
soil physiochemical properties, soil carbon density and stoichiometric characteristics of
the 0-50 cm soil layer, rather than investigating multiple regions in the Loess Plateau area
and deeper soil layers. Small-scale and single investigations may have some unexplained
variations. In order to better understand the influences of seasonal changes, external
practical management, and soil heterogeneity on soil properties, it is necessary to conduct
more in-depth research in similar fields so as to obtain more reliable conclusions that are
more in line with the context of climate change based on a larger sample size.

5. Conclusions

The N/P in the study area was lower than the national average of 8.0, indicating that
nitrogen was a limited nutrient in the soils under the three crop rotation systems in this
region. Crop rotation with leguminous forage can increase the soil total nitrogen (TN)
content. Compared to alfalfa rotation, the incorporation of sainfoin into the rotation system
can enhance the soil total carbon and organic carbon contents, thereby improving the soil’s
carbon sequestration potential. Therefore, incorporating sainfoin into the crop rotation
system, along with the reasonable application of exogenous nitrogen, can effectively prevent
nutrient loss in the Longzhong Loess Plateau. The research on the rotation of alfalfa and
sainfoin in the Loess Plateau region is enriched by this study. References for stabilizing
soil carbon pools, reducing the application amounts of nitrogen fertilizers and maintaining
the stability of semi-arid agricultural ecosystems in semi-arid areas are provided by the
research results. In the future, continuous in-depth research should be carried out based
on the existing studies. The research scope should be expanded, and the existing rotation
methods should be optimized so that better adaptation to climate change can be achieved.
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