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Abstract: 12 

Background: Soil biological processes are fundamental to nutrient cycling and fertility 13 

maintenance in agricultural ecosystems. However, how long-term crop rotation configurations 14 

influence these processes through changes in soil organic matter (SOM) and nutrient availability 15 

remains inadequately understood. Here, we used an eight-year field experiment in the Huang–16 

Huai–Hai Plain of China to compare seven winter wheat–rapeseed rotation configurations under a 17 

constant summer peanut system. We measured soil pH, SOM, total nitrogen (TN), total 18 

phosphorus (TP), total potassium (TK), alkali-hydrolyzable nitrogen (AN), available phosphorus 19 

(AP), and available potassium (AK) in 2024. An integrated fertility index (IFI) was derived using 20 

principal component analysis. Treatment differentiation and associated pathways were evaluated 21 

using redundancy analysis, segmented regression, and piecewise structural equation modeling. 22 

Results: Our results showed that long-term rotation configuration influenced SOM and available 23 

nutrient pools more strongly than total nutrient stocks. SOM ranged from 10.79 g kg⁻¹ in DRRW 24 

to 12.45 g kg⁻¹ in EW3R, whereas AK ranged from 145.57 to 178.33 mg kg⁻¹ and showed much 25 
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stronger treatment differentiation than TK. The IFI ranking identified EW3R as the highest-26 

performing rotation system, whereas GRL ranked lowest. Redundancy analysis revealed that AK 27 

was the principal variable separating rotation systems, accounting for 96.46% of the explained 28 

variation along RDA1, while AN contributed most strongly to RDA2. Segmented regression 29 

suggested apparent non-linear patterns in the relationships of AP and AK to SOM, with 30 

breakpoints at 11.32 and 12.58 g kg⁻¹, respectively, although these breakpoints were not 31 

statistically significant in Davies tests. Piecewise SEM supported a SOM–AK–AP covariation 32 

pathway, together with positive direct effects of SOM, AN, AK, and AP on IFI. 33 

Conclusions: These findings indicate that long-term rotation effects in this alkaline fluvo-aquic 34 

soil are likely mediated through SOM-associated changes in potassium and phosphorus 35 

availability—changes that likely reflect shifts in soil microbial habitat quality, substrate 36 

availability, and potentially microbially mediated nutrient transformation processes. The wheat-37 

dominant EW3R configuration provided the most favorable balance between SOM accumulation 38 

and nutrient availability, highlighting the importance of rotation sequence design for sustaining 39 

soil biological functions and fertility in intensive agricultural systems. 40 

Keywords: Crop rotation; Soil organic matter; Nutrient availability; Soil biological functions; 41 

Breakpoint response 42 

1.Introduction 43 

Sustaining soil biological functions and fertility is a central challenge in intensive agricultural 44 

systems worldwide. In regions where high cropping intensity relies on the long-term maintenance 45 

of soil quality and nutrient supply, the risk of nutrient imbalance, declining resource-use efficiency, 46 

and progressive soil degradation has increased substantially [1-4]. Among the major nutrient 47 

constraints in alkaline and calcareous soils, phosphorus (P) fixation and potassium (K) limitation 48 

are especially important. Phosphorus readily precipitates with Ca2+ and accumulates in poorly 49 

soluble forms, whereas K, despite often being present in considerable total reserves, may become 50 

adsorbed on exchange sites or fixed within clay interlayers, resulting in limited short-term 51 

availability to crops[5,6]. These constraints are intrinsically linked to soil biological processes, as 52 

microbial communities play critical roles in the mobilization, transformation, and cycling of both P 53 

and K through mechanisms such as organic acid production, enzyme secretion, and mineral 54 

weathering[7,8]. 55 
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Crop rotation is widely regarded as an effective strategy for improving soil quality, stabilizing 56 

productivity, and enhancing agroecosystem resilience[9-12]. However, rotation effects are not 57 

determined by crop diversity alone; they also depend on the specific sequence configuration through 58 

which crops differ in residue inputs, nutrient demand, rooting traits, and rhizosphere processes over 59 

time[13].A growing body of evidence shows that long-term crop diversification can enhance 60 

multiple soil functions, including organic matter accumulation, nutrient cycling, aggregate 61 

formation, and the stability of agricultural production[14-17] Nevertheless, the benefits of 62 

diversification are often context-dependent rather than uniformly positive. The identity and relative 63 

frequency of component crops may strongly influence whether a given rotation improves nutrient 64 

retention or accelerates nutrient depletion. In cereal-based systems, the introduction of oilseed and 65 

legume crops can alter residue chemistry, biological interactions, and nutrient turnover in ways that 66 

are not fully captured by simple comparisons between monoculture and rotation[18-20]. As a result, 67 

functionally balanced rotation design may be more important than diversity alone when the 68 

objective is to sustain long-term soil fertility. 69 

In the Huang-Huai-Hai Plain, a major grain-producing region of China, winter wheat is the 70 

dominant food crop, whereas rapeseed has attracted increasing interest because of its economic 71 

value and its potential role in system improvement through rotation[21,22]. Compared with 72 

continuous cereal systems, rapeseed is characterized by relatively high nutrient demand, particularly 73 

for potassium, and frequent inclusion of rapeseed in intensive systems may increase the risk of 74 

nutrient withdrawal if replenishment and retention are not well synchronized [23,24] This concern 75 

is particularly relevant in alkaline fluvo-aquic soils, where phosphorus availability is often 76 

constrained by precipitation and sorption processes, and where changes in available potassium can 77 

be much more pronounced than changes in total potassium stocks[24,25]. Despite the agronomic 78 

and ecological relevance of this issue, the long-term effects of different winter wheat–rapeseed 79 

sequence configurations on soil fertility and nutrient availability remain insufficiently resolved. 80 

Soil organic matter (SOM) is a key regulator of these processes because it influences nutrient 81 

retention, cation exchange, aggregation, microbial habitat, and the transformation and accessibility 82 

of nutrient pools[26-29]. Crucially, SOM serves as the primary energy and carbon source for soil 83 

microorganisms, and its quantity and quality directly shape microbial community composition, 84 
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activity, and metabolic functions[27,29].In alkaline and calcareous soils, SOM may also contribute 85 

to phosphorus mobilization by affecting microsite chemistry, biological activity, and competition 86 

for sorption sites—processes that are largely mediated by microbial production of organic acids and 87 

phosphatases[7,25,30]. At the same time, increasing evidence indicates that available potassium is 88 

linked not only to mineral reserves, but also to soil carbon status, biological mediation, and nutrient-89 

use efficiency—with soil microorganisms playing key roles in K mobilization through mineral 90 

weathering and organic matter decomposition[8,24,31,32]. These observations suggest that long-91 

term rotation effects may emerge through coordinated regulation among SOM, K availability, and 92 

P availability—processes that are fundamentally mediated by soil biological communities and their 93 

biochemical activities. 94 

In this study, we used an eight-year field experiment in a fluvo-aquic soil, in which summer peanut 95 

remained constant while winter crop sequences differed in the relative proportion of wheat and 96 

rapeseed. We analyzed eight soil properties measured in 2024 using principal component analysis, 97 

redundancy analysis, segmented regression, and piecewise structural equation modeling. The 98 

objectives were to: (1) evaluate how different winter wheat–rapeseed rotation configurations 99 

affected soil chemical properties and integrated soil fertility; (2) identify the dominant soil variables 100 

responsible for multivariate differentiation among rotation systems; (3) determine whether SOM 101 

was associated with apparent breakpoint-dependent responses of available K and P and thereby 102 

contributed to long-term variation in soil fertility; and (4) discuss the implications of these findings 103 

for understanding the biological and biochemical processes—particularly microbially mediated 104 

nutrient transformations—that underpin sustainable soil fertility management. 105 

2. Materials and methods 106 

2.1. Experimental site 107 

The field experiment was established in October 2016 at the Modern Agricultural Research and 108 

Development Base, Yuanyang County, Xinxiang City, Henan Province, China (34°56′ N, 113°52′ E), 109 

in the central Huang-Huai-Hai Plain. This region is a major agricultural production zone characterized 110 

by a warm-temperate continental monsoon climate, with distinct seasons, abundant solar radiation, and 111 

precipitation concentrated mainly in summer. 112 

During the experimental period, the mean annual air temperature was 14.5 °C, the mean annual ground 113 
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temperature was 17.0 °C, the average annual precipitation was 651.1 mm, the mean relative humidity 114 

was 66%, and the annual sunshine duration was 2324 h. The annual accumulated temperature was 5300 °115 

C, mean annual solar radiation was 113.34 kcal cm-2, and the frost-free period was 214 days. These 116 

climatic conditions are suitable for intensive multiple-cropping systems. 117 

The soil is a fluvo-aquic soil derived from Yellow River alluvium and classified as a Typic Haplustalf 118 

according to USDA Soil Taxonomy. Before the experiment was initiated, composite soil samples were 119 

collected from the 0–20 cm layer across the experimental area to determine baseline properties. Initial 120 

values were as follows: pH, 7.87; SOM, 10.83 g kg-1; TN, 0.68 g kg-1; TP, 0.65 g kg-1; TK, 18.98 g kg-1; 121 

AP, 28.87 mg kg-1; AK, 189.67 mg kg-1; and AN, 52 mg kg-1. The soil texture was sandy loam, comprising 122 

62.3% sand, 24.1% silt, and 13.6% clay. 123 

2.2. Experimental Design and Crop Management 124 

To isolate the effects of winter crop sequence configuration, summer peanut (Arachis hypogaea L.) was 125 

kept constant across all treatments, whereas the winter crop sequence varied in the relative proportion of 126 

winter wheat (Triticum aestivum L.) and rapeseed (Brassica napus L.). This design reduced variation 127 

associated with summer cropping and allowed the cumulative effects of winter sequence configuration 128 

on soil properties to be evaluated more clearly. 129 

Seven treatments were established (Table 1; Fig. 1): AWL, continuous winter wheat; BWR, wheat → 130 

rapeseed; CWWR, wheat → wheat → rapeseed; DRRW, rapeseed → rapeseed → wheat; EW3R, 131 

wheat → wheat → wheat → rapeseed; FR3W, rapeseed → rapeseed → rapeseed → wheat; and 132 

GRL, continuous winter rapeseed. These treatments represent a gradient from wheat-dominant to 133 

rapeseed-dominant winter cropping. The crop cultivars used were ‘Zhengmai 113’ for wheat (bred by the 134 

Wheat Research Institute, Henan Academy of Agricultural Sciences, Zhengzhou, China), ‘Shuangyou 135 

195’ for rapeseed (bred by the Institute of Cash Crops, Henan Academy of Agricultural Sciences, 136 

Zhengzhou, China), and ‘Yuhua 23’ for peanut (bred by the Institute of Cash Crops, Henan Academy of 137 

Agricultural Sciences, Zhengzhou, China). 138 

The experiment followed a randomized complete block design with three replicates. Each plot measured 139 

5 m × 6 m (30 m²), and plots were separated by 1 m-wide buffer zones. Field management was 140 

standardized across treatments. Wheat was sown in mid-October and harvested in early June at a seeding 141 

rate of 225 kg ha-1. Rapeseed was sown in late September and harvested in late May at a seeding rate of 142 
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6 kg ha-1. Peanut was sown in mid-June after the harvest of the winter crops and harvested in late 143 

September at a seeding rate of 240 kg ha-1. Fertilization, irrigation, weed control, and pest and disease 144 

management followed local high-yield recommendations and were applied uniformly across all 145 

treatments. Irrigation was applied three times during the winter crop season and twice during the peanut 146 

season by border irrigation. After harvest, crop residues were returned to the soil. 147 

Table 1 Experimental Design of Winter Wheat-Rapeseed + Summer Peanut Rotation Systems 148 

Treatmen
t Code 

Abbreviatio
n 

Rotation 
Cycle 

Winter Cropping Rotation Sequence 
(W=Wheat, R=Rapeseed) 

Summer 
Croppin
g 

Wheat 
Proportio
n in 
Winter 
Cropping 

A AWL 
Continuou
s 

Wheat (continuous) 
Peanut 
(fixed) 

100% 

B BWR 2 years Wheat→Rapeseed 
Peanut 
(fixed) 

50.0% 
 

C CWWR 3 years Wheat→Wheat→Rapeseed 
Peanut 
(fixed) 

66.7% 
 

D DRRW 3 years Rapeseed→Rapeseed→Wheat Peanut 
(fixed) 

33.3% 
 

E EW3R 4 years Wheat→Wheat→Wheat→Rapeseed 
Peanut 
(fixed) 

75.0% 
 

F FR3W 4 years 
Rapeseed→Rapeseed→Rapeseed→Whea
t 

Peanut 
(fixed) 

25.0% 
 

G GRL 
Continuou
s 

Rapeseed (continuous) 
Peanut 
(fixed) 

0% 

Note: 1. Peanut was grown as the fixed summer crop in all treatments; only the winter wheat-rapeseed rotation configuration differed among 149 

treatments 150 

2. Wheat proportion in winter cropping was calculated as: (Years of wheat planting in rotation cycle / Total years of rotation cycle) × 100%. 151 

For continuous cropping treatments, it was calculated as (Years of wheat/rapeseed planting / Total observation period) × 100%. 152 

 153 

 154 

Figure 1. Spatiotemporal design of the crop rotation experiment. (A) Layout of the experimental plots (A-G), with green and 155 

brown areas representing winter wheat and winter rapeseed, respectively. (B) Temporal sequence of crop assignments from 2017 156 

to 2024. Wheat ear and rapeseed flower icons denote wheat and rapeseed, respectively. Systems: A, AWL; B, BWR; C, CWWR; 157 

D, DRRW; E, EW3R; F, FR3W; and G, GRL. 158 

2.3. Soil sampling and determination 159 

Soil samples were collected annually in late September after peanut harvest and before sowing of the 160 

winter crops. The present study focuses on the cumulative end-point response observed in 2024 after 161 

eight years of rotation management. In each plot, five soil cores (3.5 cm in diameter) were collected from 162 

the 0–20 cm layer and combined into one composite sample. Samples were air-dried, cleaned of visible 163 

residues and stones, gently ground, and passed through a 2-mm sieve before analysis. 164 

Soil pH was measured in a 1:5 (w/v) soil: water suspension as described by McLean[33].SOM was 165 
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determined by a standard potassium dichromate digest method. AN was measured using the alkali-166 

solution-diffusion method,AP in soil was determined by extracting samples with 0.5 mol L−1 NaHCO3 167 

and determining P colorimetrically using molybdate, AK was extracted with ammonium acetate, and then 168 

determined by a flame photometry, TN was determined using the semi-micro Kjeldahl method,TP was 169 

determined by HClO4–H2SO4 digestion followed by the molybdenum-antimony anti colorimetric method, 170 

TK was determined using NaOH fusion followed by flame photometry[34]. 171 

2.4. Statistical analysis 172 

Differences among treatments in individual soil properties were evaluated using one-way analysis of 173 

variance (ANOVA), followed by Tukey’s honestly significant difference (HSD) test at P < 0.05. Pearson 174 

correlation analysis was used to examine pairwise relationships among soil variables. 175 

To obtain a synthetic measure of integrated fertility performance, an integrated fertility index (IFI) was 176 

constructed from principal component analysis (PCA) based on the eight soil properties measured in 177 

2024, following previous studies[35-37]. PCA was performed on plot-level observations across all 178 

treatments after standardization of all variables. Principal components with eigenvalues > 1 were retained. 179 

The IFI was calculated as: 180 

IFI=∑ ωmFm
k
m=1      （1） 181 

ωm= Pm∑ Fm
k
m=1

         (2) 182 

where ωₘ is the eigenvalue of the m-th principal component, and Fₘ is the factor score of each 183 

treatment on that component, Pm is the variance contribution of the m-th principal 184 

component.Treatment-level IFI values were then summarized to compare relative integrated fertility 185 

performance. 186 

Redundancy analysis (RDA)[38] was used to assess multivariate differentiation in the soil property 187 

matrix among rotation treatments and to identify the variables most strongly associated with 188 

treatment separation. Segmented linear regression was applied to test for breakpoint relationships 189 

between SOM and the available nutrient pools AP and AK using plot-level observations. 190 

Breakpoints were estimated from the fitted models, and the performance of segmented and simple 191 

linear models was compared using Akaike’s information criterion (AIC). 192 

Piecewise structural equation modeling (SEM) [39-41] was used to assess direct and indirect 193 

relationships among rotation treatments, soil variables, and IFI. The analysis was based on plot-194 
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level observations from 2024, with cropping systems represented by dummy variables. The initial 195 

model was specified according to a priori ecological relationships and simplified by removing non-196 

significant paths (α = 0.05) through backward elimination. Model fit was evaluated using Fisher’s 197 

C statistic, with P > 0.05 indicating acceptable fit. Standardized path coefficients were used for 198 

interpretation. All analyses were performed in R version 4.2.2 using the packages ggplot2, vegan, 199 

segmented, and piecewiseSEM. 200 

All statistical analyses were conducted in R version 4.2.2. The following packages were used: ggplot2 201 

for visualization, vegan for RDA analysis[42], segmented for Piecewise linear regression[43,44], 202 

piecewiseSEM for structural equation modeling. 203 

3. Results 204 

3.1. Effects of long-term rotation configuration on soil properties and integrated fertility  205 

After eight years of management, soil chemical properties differed among the winter wheat–206 

rapeseed rotation systems (Table 2; Fig. 2). Relative to the 2016 baseline, all treatments showed 207 

higher pH, TN, and TP in 2024, although the magnitude of increase differed among systems. Soil 208 

pH increased from 7.87 to 8.21–8.30, TN from 0.68 to 0.72–0.77 g kg-1, and TP from 0.65 to 0.75–209 

0.80 g kg-1. By contrast, TK varied only slightly among treatments, ranging from 17.59 to 18.92 g 210 

kg-1. 211 

Table 2 Soil chemical properties (0-20 cm) under different cropping systems in 2024 and at the baseline in 2016 212 

Treatment pH 
SOM 

(g kg⁻¹) 
TN 

(g kg⁻¹) 
TP 

 (g kg⁻¹) 
TK 

(g kg⁻¹) 
AN 

(mg kg⁻¹) 
AP 

(mg kg⁻¹) 
AK 

(mg kg⁻¹) 

Baseline 7.87±0.20c 10.83±0.67b 0.68±0.05b 0.65±0.03b 18.98±0.90a 52.00±7.00b 28.87±3.88a 189.67±10.00a 

AWL 8.21±0.10b 12.08±0.45a 0.76±0.02a 0.78±0.07a 18.37±0.79a 70.69±8.30a 30.83±8.47a 178.33±27.40ab 

BWR 8.26±0.01ab 11.98±0.18a 0.75±0.02ab 0.75±0.02a 17.87±0.69a 76.72±3.83a 27.35±2.35a 168.73±6.98ab 

CWWR 8.26±0.04ab 11.88±0.37a 0.77±0.06a 0.79±0.02a 18.48±0.05a 72.62±3.64a 28.12±1.51a 171.13±9.82ab 

DRRW 8.25±0.01ab 10.79±1.61a 0.76±0.04ab 0.80±0.02a 18.49±0.39a 76.48±3.99a 29.59±2.69a 145.57±16.10b 

EW3R 8.28±0.03ab 12.45±1.09a 0.76±0.05a 0.80±0.02a 18.82±0.76a 83.48±16.42a 29.64±5.46a 161.23±34.10ab 

FR3W 8.30±0.01a 11.89±0.39a 0.76±0.05ab 0.77±0.02a 18.92±1.73a 79.62±8.35a 30.67±4.72a 156.07±30.60ab 

GRL 8.28±0.04a 11.97±1.26a 0.72±0.07ab 0.78±0.03a 17.59±0.63a 70.21±5.92a 27.67±3.29a 156.57±21.10ab 

Note: Different lowercase letters within a column indicate significant differences among treatments at P < 0.05. 213 
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 214 

Figure 2. Soil chemical properties under different cropping systems in 2024. (A) pH, (B) soil organic matter (SOM), (C) total 215 

N (TN), (D) total P (TP), (E) total K (TK), (F) alkali-hydrolyzable N (AN), (G) available P (AP), and (H) available K (AK). 216 

Systems: baseline (2016), AWL, BWR, CWWR, DRRW, EW3R, FR3W, and GRL. Different lowercase letters indicate significant 217 

differences among treatments at P < 0.05. 218 

More pronounced treatment effects were observed for SOM and the available nutrient pools. SOM 219 

ranged from 10.79 g kg-1 in DRRW to 12.45 g kg-1 in EW3R. Compared with the baseline SOM 220 

value of 10.83 g kg-1, all systems except DRRW showed net SOM accumulation. AN increased from 221 

52.00 mg kg-1 at baseline to 70.21–83.48 mg kg-1 in 2024, with the highest value recorded in EW3R. 222 

AP showed relatively narrow variation among treatments, ranging from 27.35 to 30.83 mg kg-1. In 223 

contrast, AK showed much stronger differentiation, decreasing from the baseline level of 189.67 mg 224 

kg-1 to 145.57–178.33 mg kg-1 across treatments. The lowest AK value occurred in DRRW, whereas 225 

AWL maintained the highest AK level among the 2024 treatments. 226 

The IFI provided a synthetic comparison of integrated fertility performance among treatments 227 

(Table 3). IFI values ranged from −0.7593 in GRL to 0.9721 in EW3R. AWL also showed a 228 

relatively high IFI value (0.8881), whereas CWWR and FR3W showed intermediate values of 229 

0.3120 and 0.2757, respectively. BWR (−0.2610) and DRRW (−0.0928) ranked lower. Overall, the 230 

IFI ranking indicated that EW3R and AWL maintained more favorable integrated fertility 231 

performance than the other rotation configurations, whereas GRL showed the weakest overall 232 

condition. 233 

Table 3. Integrated Fertility Index (IFI) and rankings of cropping systems 234 

cropping 

patterns 

integrated fertility 

index 
Comprehensive ranking 

cropping 

patterns 

integrated fertility 

index 
Comprehensive ranking 

AWL 0.8881 2 EW3R 0.9721 1 
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BWR -0.2610 6 FR3W 0.2757 4 

CWWR 0.3120 3 GRL  -0.7593 7 

DRRW -0.0928 5 - - - 

Note: “–” indicates not applicable. 235 

3.2. Multivariate differentiation in soil properties among rotation systems 236 

Redundancy analysis (RDA) showed multivariate differentiation in soil properties among the seven 237 

winter rotation systems (Fig.3; Table 4; Supplementary Table S1). The constrained model explained 238 

23.40% of the total variance in soil physicochemical properties (constrained inertia = 132.9; total inertia 239 

= 568.0). The first two constrained axes accounted for 98.59% of the constrained variance, with RDA1 240 

and RDA2 explaining 84.79% and 13.80%, respectively. 241 

The variables contributing to these axes differed substantially. RDA1 was dominated by AK, which had 242 

a loading coefficient of −4.52 and accounted for 96.46% of the explained variation on this axis. AN 243 

made a much smaller contribution to RDA1 (loading = 0.85; contribution = 3.45%), whereas SOM, AP, 244 

TK, pH, TN, and TP contributed very little. In contrast, RDA2 was primarily associated with AN, which 245 

had a loading coefficient of 1.8081 and contributed 94.94% of the explained variation on this axis. AP, 246 

TK, and SOM contributed only 0.91%, 0.50%, and 0.25%, respectively. 247 

Treatment scores further illustrated the separation among systems. Along RDA1, DRRW had the highest 248 

positive score (3.66 ± 1.99), whereas AWL had the lowest score (−3.58 ± 3.21), indicating strong 249 

separation along the AK-related gradient. FR3W (1.54 ± 3.66) and GRL (1.05 ± 2.55) were also 250 

positioned on the positive side of RDA1, whereas BWR (−1.29 ± 0.86) and CWWR (−1.96 ± 1.23) 251 

were located on the negative side. EW3R occupied an intermediate position near the center of RDA1 252 

(0.59 ± 3.98). Along RDA2, EW3R had the highest positive score (4.02 ± 6.55), whereas GRL had 253 

the lowest (−3.57 ± 2.70), indicating stronger differentiation along the AN-associated axis. 254 

The ordination pattern showed that AK was the main variable driving horizontal separation among the 255 

long-term rotation systems, whereas AN accounted for most of the vertical differentiation. SOM and AP 256 

were oriented in the same general direction as AN on the positive side of RDA2, but their contributions 257 

were much smaller. Overall, the ordination pattern suggested that AK was the primary variable associated 258 

with separation among the long-term rotation systems along RDA1, whereas AN accounted for most of 259 

the differentiation along RDA2. 260 

Table 4. Loadings and contribution rates of the soil variables on the first two axes of the redundancy analysis 261 

Soil physicochemical 

indicators 
RDA1 loading coefficient RDA2 loading coefficient 

Contribution rate to RDA1 

(%) 

Contribution rate to RDA2 

(%) 
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pH 0.01 0.0031 0.00 0.00 

SOM -0.12 0.0930 0.07 0.25 

TN 0.00 0.0031 0.00 0.00 

TP 0.00 -0.0000 0.00 0.00 

TK 0.03 0.1316 0.00 0.50 

AP 0.03 0.1773 0.00 0.91 

AK -4.52 0.3417 96.46 3.39 

AN 0.85 1.8081 3.45 94.94 

Note: SOM, soil organic matter; TN, total N; TP, total P; TK, total K; AP, available P; AK, available K; AN, alkali-hydrolyzable N. 262 

 263 

Figure 3. Redundancy analysis (RDA) of soil physicochemical properties under different cropping systems. Points 264 

represent individual soil samples, and black crosses indicate the centroids of the treatment groups. Red arrows denote soil 265 

variables, including pH, SOM, TN, TP, TK, AP, AK, and AN. Systems: AWL, BWR, CWWR, DRRW, EW3R, FR3W, and GRL. 266 

The overall RDA model explained 23.40% of the total variation in soil properties, and the first two constrained axes explained 267 

98.59% of the constrained variation, with RDA1 and RDA2 accounting for 84.79% and 13.80%, respectively. 268 

3.3. Apparent breakpoint responses of available P and K to SOM 269 

Segmented regression analysis was used to explore potential non-linear relationships between SOM and 270 

the available nutrient pools (Fig. 4). For AP, the model suggested an apparent breakpoint at SOM = 11.32 271 

g kg⁻¹ (95% CI: 10.85–11.79 g kg⁻¹). Below this point, SOM showed no clear relationship with AP (AP 272 

= 30.01 − 0.34 × SOM), whereas above it, the relationship appeared positive (AP = −9.01 + 3.18 × SOM). 273 

The segmented model had a substantially lower AIC than the linear model (60.66 vs. 120.01), suggesting 274 

a better fit to the data. However, the Davies test for a slope change was not significant (P = 0.89), which 275 

may reflect the limited statistical power associated with the small sample size (n = 21) and the uneven 276 

sample distribution across the breakpoint (n = 4 below, n = 17 above). 277 

For AK, the model suggested a breakpoint at SOM = 12.58 g kg⁻¹ (95% CI: 12.21–12.95 g kg⁻¹). Below 278 

this point, AK increased with SOM (AK = −65.65 + 19.39 × SOM), and above it, the slope appeared 279 

steeper (AK = −179.26 + 26.54 × SOM). The segmented model also had a lower AIC than the linear 280 
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model (122.27 vs. 181.22). However, the Davies test was not significant (P = 0.18), and the high-SOM 281 

segment contained only three samples (SOM = 12.58, 12.89, and 13.50 g kg⁻¹), further limiting the 282 

statistical power of this analysis. 283 

Taken together, these results suggest that the relationship between SOM and available nutrients may be 284 

non-linear, with the strength of the association potentially increasing at higher SOM levels. However, 285 

given the limited sample size and the non-significant Davies tests, these apparent breakpoints should be 286 

interpreted as exploratory indicators of potential non-linear patterns rather than as statistically confirmed 287 

thresholds. Across the 21 soil samples, SOM ranged from 9.02 to 13.50 g kg⁻¹, AP from 21.19 to 37.08 288 

mg kg⁻¹, and AK from 121.9 to 196.3 mg kg⁻¹. The EW3R treatment spanned the apparent breakpoint 289 

range for both relationships. These patterns warrant further investigation with larger sample sizes and 290 

direct measurements of microbial and biochemical processes. 291 

 292 

Figure 4. Segmented relationships of soil organic matter (SOM) with available P (AP) and available K (AK). (A) 293 

Relationship between SOM and AP, showing a breakpoint at 11.32 g kg⁻¹. (B) Relationship between SOM and AK, showing a 294 

breakpoint at 12.58 g kg⁻¹. Solid lines indicate the fitted segmented regressions, and shaded areas indicate 95% confidence 295 

intervals. 296 

3.4. Direct and indirect pathways linking rotation, soil properties, and integrated fertility 297 

The piecewise structural equation model (SEM) provided an adequate fit to the data (Fig. 5), with non-298 

significant goodness-of-fit statistics (χ2 = 12.705, P = 0.853; Fisher’s C = 19.962, P = 0.993). The 299 

model quantified the direct and indirect relationships among crop rotation systems, soil properties, and 300 

integrated fertility. 301 

Several significant direct relationships were identified in the SEM (Fig. 5A). SOM had a strong 302 

positive effect on AK (β = 0.755, P < 0.001), and AK had a strong positive effect on AP (β = 0.843, P < 303 

0.001). SOM, AK, AP, and AN all had significant positive direct effects on IFI, with standardized path 304 

coefficients of 0.268, 0.236, 0.338, and 0.183, respectively (all P < 0.001). In contrast, pH had a 305 

significant negative direct effect on IFI (β = -0.171, P < 0.001).The strong correlation between AK and 306 

AP in the SEM likely reflects their co-dependence on SOM and nutrient turnover processes rather than 307 
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a direct causal relationship between these two nutrients. 308 

Effect decomposition further clarified the relative importance of the main predictors (Fig. 5B). SOM 309 

had the largest total effect on IFI (βtotal = 0.755), and this effect was mainly indirect (βindirect = 0.487). 310 

AK had the second largest total effect (βtotal = 0.645), with both direct (βdirect = 0.236) and indirect 311 

(βindirect = 0.409) contributions. By contrast, the effects of AP and AN on IFI were mainly direct, with 312 

total effects of 0.338 and 0.183, respectively. 313 

The model also retained treatment-specific relationships with intermediate soil variables. DRRW was 314 

negatively associated with SOM (β = -0.461, P < 0.05), whereas EW3R was positively associated with 315 

AN (β = 0.518, P < 0.05). The model explained substantial proportions of the variance in AP, AK, and 316 

AN, with R2 values of 0.65, 0.53, and 0.44, respectively. Taken together, the SEM was consistent with a 317 

SOM-associated pathway involving AK and AP that was linked to variation in integrated fertility 318 

among rotation configurations. 319 

 320 

Figure5.Piecewise structural equation model linking cropping systems, soil properties, and integrated soil fertility. (A) 321 

Structural equation model showing the direct relationships among cropping systems, soil variables, and the integrated fertility 322 

index (IFI). Numbers on arrows are standardized path coefficients. Red and blue arrows indicate positive and negative effects, 323 

respectively, and dashed arrows indicate non-significant paths. Numbers adjacent to endogenous variables indicate explained 324 

variance (R²). (B) Direct, indirect, and total standardized effects of the main soil variables on IFI. 325 

4. Discussion 326 

4.1.Long-term winter rotation affected active nutrient pools more strongly than total nutrient 327 

stocks 328 

The eight-year field experiment showed that winter crop sequence configuration influenced soil 329 

fertility in this alkaline fluvo-aquic soil, although the magnitude of response differed markedly 330 

among variables. Treatment differences were relatively small for pH, TN, TP, and TK, whereas 331 

larger differences occurred in SOM, AN, AP, and especially AK. This pattern suggests that long-332 

term rotation effects were expressed more strongly in active nutrient pools and nutrient availability 333 
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than in total nutrient stocks. This distinction is ecologically and agronomically important because 334 

soil biological functions and crop performance depend more directly on nutrient accessibility and 335 

turnover—processes that are largely mediated by soil microbial communities—than on total 336 

elemental reserves alone. 337 

This pattern is consistent with broader concepts of soil quality and fertility, which emphasize that 338 

agronomic performance emerges from interacting physical, chemical, and biological processes 339 

rather than from total nutrient contents alone[2,14]. In intensively managed cropland, long-term 340 

rotation effects may therefore be more detectable in variables associated with nutrient cycling and 341 

plant availability than in slowly changing total stocks. The limited variation in TK observed here, 342 

despite clear differences in AK, provides a clear example of this contrast and underscores the 343 

importance of understanding the biological processes—such as microbial mobilization of mineral-344 

bound K and organic matter decomposition—that govern the transformation between total and 345 

available nutrient pools.  346 

The integrated fertility index is consistent with this interpretation. Although IFI was used here as a 347 

synthetic indicator rather than a standalone endpoint, it helped identify the relative performance of 348 

the tested systems. EW3R had the highest IFI value, followed by AWL, whereas GRL had the lowest. 349 

Importantly, the superior performance of EW3R did not reflect the maximum value of every 350 

measured variable. Instead, it combined the highest SOM and AN with relatively favorable AK and 351 

AP, suggesting that balanced nutrient availability may have been more important than maximizing 352 

any single indicator. This interpretation agrees with previous studies showing that the benefits of 353 

long-term crop diversification often arise from coordinated improvements in soil and system 354 

performance rather than from uniformly larger values of individual properties[9,10,12,15]. 355 

At the same time, diversification alone did not guarantee better soil outcomes. The performance of 356 

the rotation systems depended strongly on how wheat and rapeseed were sequenced over time. 357 

EW3R, a wheat-dominant four-year sequence, produced the most favorable overall response, 358 

whereas DRRW showed lower SOM and the lowest AK. This pattern suggests that the long-term 359 

value of winter crop diversification in this system depended on maintaining a suitable balance 360 

among carbon inputs, nutrient demand, and nutrient retention—a balance that is fundamentally 361 

mediated by soil microbial communities and their biochemical activities. Because rapeseed 362 
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diversifies residue chemistry but also imposes high K demand, frequent rapeseed inclusion may 363 

intensify K withdrawal if not counterbalanced by sufficient carbon inputs and nutrient 364 

replenishment[23,24,32]. From a soil biological perspective, this highlights the importance of 365 

carbon input frequency and quality—which directly influence microbial biomass, activity, and 366 

community composition—as key determinants of soil fertility maintenance in intensive cropping 367 

systems. 368 

4.2. Available K was the primary axis of long-term treatment differentiation 369 

The RDA results suggested that the main multivariate difference among the rotation systems was 370 

associated with available K. AK accounted for 96.46% of the explained variation along RDA1, 371 

whereas AN contributed most strongly to RDA2. Among the measured variables, K availability 372 

therefore appeared to be the principal dimension along which the long-term winter rotation systems 373 

differed in this soil. 374 

This finding is particularly informative because total K varied only slightly among treatments, 375 

whereas AK showed strong differentiation. The contrast suggests that winter sequence configuration 376 

was more closely associated with the functional accessibility of soil K—a key aspect of soil 377 

biological functions and ecosystem functionality—than with total K reserves. In practical terms, TK 378 

was a relatively insensitive indicator of treatment differentiation in this experiment, whereas AK 379 

captured a more dynamic component of soil fertility that is shaped by biological processes such as 380 

microbial K mobilization from mineral structures and organic matter decomposition. Similar 381 

concerns have been raised more broadly, as K depletion and low nutrient-use efficiency are 382 

increasingly recognized as underappreciated constraints in intensive cropping systems, even where 383 

total soil K remains relatively high[24,31]. Our findings provide empirical field evidence supporting 384 

this concern in a major agricultural region of China. 385 

The ordination pattern also helps explain why the highest IFI value did not simply correspond to the 386 

highest AK value. AWL maintained relatively high AK and was strongly separated along the AK-387 

related axis, yet EW3R still ranked highest in the integrated evaluation. This indicates that AK was 388 

a dominant axis of differentiation, but not the sole determinant of overall fertility performance. Its 389 

importance depended on its interaction with SOM, AP, and AN, suggesting that K availability was 390 

an important but context-dependent variable within a broader soil nutrient network. 391 
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From a pedological and biological perspective, this pattern is plausible. In alkaline soils, the 392 

difference between total nutrient reserves and plant-accessible pools can be substantial, especially 393 

for nutrients whose short-term availability is shaped by exchange processes, residue return, and 394 

microbial mediation. Recent work has emphasized that K availability is strongly affected by 395 

interactions among carbon inputs, microbial mobilization, and soil structural conditions[8,29,32]. 396 

Microorganisms contribute to K availability through multiple mechanisms, including the production 397 

of organic acids that weather K-bearing minerals, the release of K during organic matter 398 

decomposition, and the modification of soil physicochemical properties that affect K exchange[8, 399 

32]. Although K fractions and microbial traits were not directly measured here, the strong 400 

contribution of AK to treatment separation suggests that available K may serve as a sensitive 401 

indicator of how long-term rotation design is associated with soil fertility in fluvo-aquic soil. 402 

4.3. SOM was associated with apparent non-linear changes in AP and AK—exploratory 403 

evidence for potential biological thresholds 404 

The segmented regression results suggested that relationships between SOM and nutrient 405 

availability may be non-linear, with apparent breakpoints at 11.32 g kg⁻¹ for AP and 12.58 g kg⁻¹ for 406 

AK. It is important to note, however, that the Davies tests for slope changes were not statistically 407 

significant for either AP (P = 0.89) or AK (P = 0.18). This may be attributable to the limited sample 408 

size (n = 21) and the uneven distribution of samples across the breakpoints, which reduce the 409 

statistical power to detect significant slope changes. The AIC comparison, however, consistently 410 

favored the segmented models over the linear models, suggesting that the non-linear patterns may 411 

be biologically meaningful even if they do not reach conventional levels of statistical significance. 412 

Given these statistical limitations, the apparent breakpoints should be regarded as exploratory 413 

observations rather than confirmed thresholds. Nevertheless, the patterns are consistent with the 414 

broader expectation that SOM influences nutrient availability through multiple interacting 415 

mechanisms, and they generate testable hypotheses for future research. This interpretation is 416 

consistent with previous studies showing that SOM influences aggregation, pore characteristics, 417 

nutrient retention, and microbial habitat, all of which can affect the responsiveness of available 418 

nutrient pools[28,29]. The apparent breakpoints may represent SOM levels above which microbial 419 

communities become more active or shift in composition, but direct measurements of microbial 420 
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community composition and activity are needed to test this hypothesis. 421 

The lower apparent breakpoint for AP suggests that modest SOM accumulation may already favor 422 

P availability in alkaline soil, where P is often constrained by precipitation and sorption reactions. 423 

SOM may influence these processes through several pathways, including competition for sorption 424 

sites, modification of microsite chemical conditions, and stimulation of biological activity 425 

associated with P turnover—particularly through microbial production of phosphatases and organic 426 

acids that solubilize mineral-bound P[7,25,30]. Although P fractions and phosphatase-related 427 

processes were not directly measured in this study, the apparent non-linear pattern for AP is 428 

consistent with the interpretation that SOM accumulation above a certain level may have stimulated 429 

P-mobilizing activities. 430 

The higher apparent breakpoint for AK suggests that stronger SOM accumulation may be required 431 

before a clearer enhancement of K availability becomes evident. This may reflect the role of SOM 432 

in exchange buffering, structural stabilization, and biologically mediated nutrient release. 433 

Microorganisms contribute to K mobilization through the production of organic acids that weather 434 

K-bearing minerals (such as illite and feldspar), as well as through the release of K during the 435 

decomposition of organic residues[8,32]. However, given that the high-SOM segment for AK 436 

contained only three samples, the slope estimate for this segment should be interpreted with 437 

particular caution, and the apparent breakpoint for AK requires validation in future studies with 438 

larger sample sizes. 439 

The treatment distribution is consistent with this interpretation. EW3R occupied the upper end of 440 

the SOM range and spanned the apparent breakpoint region for both AP and AK, whereas DRRW 441 

remained closer to the lower end and showed the weakest AK status. One plausible explanation for 442 

the relatively favorable performance of EW3R is therefore that it was associated with soil conditions 443 

in a range where SOM-related effects on nutrient availability may become more apparent. However, 444 

we emphasize that these apparent breakpoints were identified within the specific SOM gradient of 445 

this experiment (9.02–13.50 g kg⁻¹), were not statistically significant in Davies tests, and should not 446 

be extrapolated as universal critical values for agricultural management without further validation 447 

across broader soil and climatic conditions. They nevertheless provide exploratory evidence for 448 

potential non-linear relationships between SOM and nutrient availability that merit further 449 
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investigation. 450 

4.4. A SOM-associated AK–AP covariation pattern may help explain long-term soil fertility 451 

responses 452 

The SEM offered an integrated statistical framework for interpreting the observed relationships by 453 

linking long-term rotation configuration, intermediate soil variables, and integrated fertility 454 

performance. The model supported a strong positive relationship from SOM to AK, and a strong 455 

association between AK and AP, together with positive direct effects of SOM, AK, AP, and AN on 456 

IFI. These results suggest that long-term rotation effects on soil fertility were associated with linked 457 

variation in SOM, K availability, and P availability, rather than with isolated changes in independent 458 

nutrient variables—a finding with implications for understanding the biological and biochemical 459 

processes that govern nutrient cycling in agricultural ecosystems. 460 

This pathway interpretation is consistent with the other analyses. The strong role of SOM agrees 461 

with the treatment-level patterns and with the breakpoint responses identified in the segmented 462 

regressions. The central position of AK is also consistent with the RDA, in which available K was 463 

the dominant axis separating the rotation systems. The SEM therefore serves as a statistical synthesis 464 

of the univariate, multivariate, and breakpoint-based evidence rather than as a standalone result. The 465 

convergence of these analyses lends support to the interpretation that SOM-associated changes in 466 

available K and P were an important feature of long-term nutrient differentiation in this experiment. 467 

The decomposition of effects further supports this view. SOM had the largest total effect on IFI, and 468 

much of this effect was indirect, whereas AK also contributed strongly through both direct and 469 

indirect pathways. This pattern suggests that SOM was an upstream variable, while AK served as 470 

an important intermediary linking SOM to broader fertility performance. Such an interpretation is 471 

consistent with growing recognition that K is not only a major nutrient, but also a variable closely 472 

linked to nutrient-use efficiency, physiological stability, and the functioning of crop–soil systems 473 

under intensive management[23,24,31]. 474 

From a soil biological standpoint, the strong associations among SOM, AK, and AP may reflect the 475 

integrated effects of microbial communities on organic matter decomposition, nutrient 476 

mineralization, and ion exchange processes—with SOM serving as the primary energy source for 477 

microbial activity, and microbial communities mediating the transformation of organic and mineral 478 
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nutrient pools into plant-available forms. 479 

It is important to acknowledge that this study was based on routine soil chemical analyses and did 480 

not include direct measurements of microbial community composition, enzyme activities, or 481 

functional genes. The fitted SEM should therefore be interpreted as the most parsimonious 482 

framework supported by the measured field data rather than as direct proof of all underlying 483 

mechanisms. In particular, the strong statistical association between AK and AP in the SEM likely 484 

reflects their co-dependence on SOM and nutrient turnover processes, rather than a direct causal 485 

relationship whereby K availability directly controls P availability. Nevertheless, because the same 486 

general pattern was supported by treatment comparisons, RDA, segmented regression, and SEM, 487 

the inference of a SOM-associated AK–AP coupling pathway appears consistent with the available 488 

statistical evidence and points toward the need for future investigations of the biological and 489 

biochemical mechanisms involved—including measurements of microbial community composition, 490 

enzyme activities related to P and K cycling, and nutrient fractionation studies. 491 

4.5. Implications for sustaining soil biological functions and fertility through rotation design 492 

From a soil management and soil biology perspective, the present results suggest that long-term soil 493 

improvement in alkaline fluvo-aquic cropland may depend not only on maintaining total nutrient 494 

stocks, but also on sustaining the linkage between SOM accumulation and available nutrient pools—495 

a linkage that appears to be fundamentally mediated by soil biological processes and underpins soil 496 

ecosystem functionality and resilience. In this experiment, the wheat-dominant EW3R configuration 497 

provided the most favorable overall balance among SOM, AN, AK, and AP. This suggests that 498 

moderate rapeseed inclusion within a wheat-dominant winter sequence may be more effective for 499 

sustaining soil fertility and nutrient availability than more rapeseed-intensive configurations, likely 500 

because the higher frequency of wheat—with its greater biomass and carbon input—promotes SOM 501 

accumulation. This, in turn, provides a more favorable habitat and energy source for soil microbial 502 

communities, supporting more active nutrient cycling and transformation processes. 503 

This implication is relevant beyond the specific treatments tested here. The results are consistent 504 

with the broader idea that rotation design should be optimized not only for crop diversification, but 505 

also for how the chosen sequence influences nutrient accessibility, nutrient buffering, and the 506 

interaction between soil carbon status and available nutrients over time—interactions that are 507 
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critically dependent on soil microbial activity and biochemical processes. In particular, the 508 

sensitivity of AK to rotation configuration suggests that K management deserves more explicit 509 

attention in intensive cropping systems in which rapeseed is included regularly. Recent literature 510 

has highlighted the global importance of often overlooked K constraints and low nutrient-use 511 

efficiency in crop production [24,31], and the present results offer field-based evidence consistent 512 

with that concern. From a soil biology and fertility standpoint, our findings underscore the need to 513 

consider potassium availability as a key indicator—and potentially a target for management—when 514 

designing crop sequences for long-term soil health. 515 

Several limitations should also be acknowledged. First, the breakpoint values identified for AP and 516 

AK should be interpreted as empirical breakpoints within this particular soil–climate–management 517 

setting rather than as universal benchmarks. Second, the dataset was based mainly on standard 518 

chemical indicators and did not directly resolve the biological and biochemical processes underlying 519 

nutrient mobilization. Third, because our study focused on cumulative end-point responses after 520 

eight years, it does not describe interannual dynamics in soil fertility, which would be valuable for 521 

understanding the temporal trajectory of rotation effects and their impacts on soil biological 522 

communities. Fourth, the pH data should be interpreted with caution given the potential influence 523 

of irrigation water quality and evaporative concentration, as discussed in Section 4.1. It is important 524 

to acknowledge that this study was based on routine soil chemical analyses and did not include 525 

direct measurements of microbial community composition, enzyme activities, or functional genes. 526 

Nevertheless, the observed breakpoint responses and the SOM–AK–AP covariation pathway 527 

provide clear statistical evidence pointing toward underlying biologically mediated processes. 528 

Future work would benefit from combining long-term rotation experiments with direct 529 

measurements of microbial community composition and activity (e.g., via phospholipid fatty acid 530 

analysis, amplicon sequencing, or metagenomics), enzyme activities (particularly phosphatases and 531 

K-mobilizing enzymes), nutrient fractions, aggregate-associated carbon, and rhizosphere processes. 532 

Future studies combining long-term rotation experiments with metagenomic and 533 

metatranscriptomic approaches are needed to elucidate the specific microbial taxa and functional 534 

genes responsible for the thresholds identified here. Such data would help test and refine the SOM-535 

associated K–P coupling pattern identified here and elucidate the specific biological and 536 
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biochemical mechanisms involved—particularly the microbial taxa and functional genes 537 

responsible for P and K mobilization in response to different rotation regimes. 538 

5. Conclusions 539 

An eight-year field experiment on the Huang–Huai–Hai Plain showed that winter wheat–rapeseed 540 

sequence configuration influenced long-term soil fertility in alkaline fluvo-aquic soil. Treatment 541 

differences were expressed more clearly in SOM and available nutrient pools than in total nutrient stocks, 542 

suggesting that active nutrient status was more responsive to long-term rotation design than total nutrient 543 

reserves. 544 

Among the measured variables, available K was the primary axis differentiating the rotation systems, 545 

whereas SOM showed apparent non-linear relationships with both AP and AK, although these patterns 546 

should be regarded as exploratory given the limited sample size. The combined evidence from segmented 547 

regression and piecewise SEM suggests a SOM-associated covariation pattern linking available K and P 548 

to integrated fertility performance, with SOM serving as a primary driver of nutrient availability. Within 549 

the tested systems, the wheat-dominant EW3R configuration showed the most favorable balance between 550 

SOM accumulation and nutrient availability. 551 

Overall, the results suggest that functionally balanced winter rotation design—particularly sequences 552 

with higher wheat frequency and associated carbon inputs—may help improve long-term soil fertility by 553 

strengthening the linkage between SOM and available nutrient pools. These findings provide a useful 554 

basis for optimizing crop sequence design in the alkaline soils of the Huang–Huai–Hai Plain and offer 555 

insights relevant to sustainable soil fertility management in similar intensive cropping regions worldwide. 556 
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