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Paddy-upland rotation improves 
soil quality by reshaping soil 
nematode and microbial 
communities
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Paddy–upland rotation systems are widely adopted to mitigate soil degradation 
in rice-based agroecosystems; however, their impacts on soil biota remain 
insufficiently understood. This study investigated the impacts of paddy continuous 
cropping (PA), upland continuous cropping (UP), and rice–loofah paddy–upland 
rotation (RO) on soil nematodes and microbial communities in southeastern 
China. Soil samples were collected prior to harvest at the end of the rice season 
and were analyzed for physicochemical properties, nematode communities via 
morphological identification, and microbial communities through high-throughput 
sequencing. The results showed that the RO system significantly increased soil pH, 
total phosphorus, available potassium, and available phosphorus, while reducing 
the abundance of the plant-parasitic nematode Hirschmanniella compared to 
the PA system. The total nematode abundance was highest in the UP system, 
where bacterivores predominated; the RO system was characterized by a higher 
proportion of algivores associated with flooded conditions, whereas the PA system 
was dominated by herbivores. The RO and PA system also improved nematode 
food web stability under flooded conditions, as indicated by higher maturity and 
structure indices relative to the UP system. Although microbial diversity did not 
differ significantly between systems, the community composition and predicted 
functional groups varied considerably. The relative abundance of Gemmatimonadota 
was significantly reduced in the PA system, while the abundance of Nitrospirota, 
Myxococcota, and Entorrhizomycota increased. Functional prediction revealed 
system-specific enrichment of bacterial metabolic groups associated with nitrogen 
cycling, carbon turnover, and redox-sensitive energy metabolism. Integration 
of soil physicochemical and biological indicators into a Soil Quality Index (SQI) 
ranked RO highest, underscoring its capacity to enhance soil ecological function 
and sustainability in rice-based systems.
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1 Introduction

Rice is among the most important cereal crops and serves as the 
primary food source for over half of the global population. However, 
the continuous cropping of rice causes soil degradation and yield 
decline (Ren et al., 2020). Paddy–upland rotation is a farming system 
in which rice and upland crops are alternately planted in the same field 
over successive growing seasons. It is particularly common in South 
and East Asian countries such as Bangladesh, China, India, Nepal, and 
Pakistan (Zhou et al., 2014). This system is believed to improve soil 
quality, reduce methane emissions, enhance nitrogen availability, 
mitigate soil-borne pathogen pressures, and increase crop yields (Yin 
et  al., 2025; Zhang D. et  al., 2025). Paddy–upland rotation is 
characterized by seasonal water management and frequent alterations 
in wet and dry conditions, resulting in unique physicochemical 
properties and biological characteristics of the soil, which differ from 
those in dryland fields or continuous paddy fields (Zhou et al., 2014). 
Though paddy–upland rotation soils have been extensively studied in 
terms of soil nutrient cycling, organic carbon transformation, and soil 
fertility, research on soil biota in such systems remains limited.

Soil nematodes and microorganisms are ubiquitous in soils, 
constituting the essential components of terrestrial ecosystems 
(Bahram et al., 2018; van den Hoogen et al., 2019). They are frequently 
used as sensitive bioindicators in agroecosystems to assess soil quality 
and evaluate the impacts of various agricultural practices and 
fertilization regimes in soil environments (Bending et al., 2004; Martin 
and Sprunger, 2022; Wilhelm et  al., 2023). Nematodes exhibit 
considerable taxonomic and functional diversity and are typically 
classified into trophic groups such as herbivores, bacterivores, 
fungivores, omnivores, and predators, each contributing to different 
aspects of soil ecological function (Yeates et al., 1993; Zhang et al., 
2024). By decomposing organic matter and mineralizing nutrients, 
nematodes significantly contribute to nutrient cycling, energy flow, 
and ecosystem stability (van den Hoogen et al., 2019). In agricultural 
systems, plant-parasitic nematodes are major pathogenic organisms 
that pose a significant threat to plant health and productivity (Phani 
et al., 2021). Meanwhile, soil microorganisms influence crop growth 
by enhancing nitrogen fixation, promoting phosphate solubilization, 
facilitating mycorrhizal symbiosis, and inducing plant defense 
responses (Berg, 2009; Blundell et al., 2020; Timofeeva et al., 2023). 
Recent studies have also highlighted the critical role of soil 
microorganisms in regulating plant–nematode interactions (Zhang 
H. et al., 2025). However, soil microbial communities may also harbor 
plant pathogens or harmful rhizosphere microorganisms that can lead 
to disease outbreaks and yield losses (Mendes et al., 2013). Therefore, 
maintaining diverse and functionally beneficial nematode and 
microbial communities is essential for preserving soil health and 
ensuring sustainable agricultural productivity.

Soil quality is defined as the “the capacity of a soil to function 
within ecosystem and land-use boundaries to sustain biological 
productivity, maintain environmental quality, and promote plant and 
animal health” (Doran and Parkin, 1994). The soil quality index (SQI) 
integrates soil physicochemical and biological properties into a 
composite metric, providing a more comprehensive assessment than 
individual soil parameters and reducing interpretive ambiguity 
(Marion et al., 2022). Key soil properties—such as moisture, nutrient 
content, and pH—are known to strongly influence nematode and 
microbial diversity worldwide (Bahram et al., 2018; van den Hoogen 

et al., 2019). In paddy–upland rotations, alternating water regimes and 
changes in redox conditions can restructure soil food webs (Fang 
et al., 2024). Studies have shown that fluctuations between flooded and 
non-flooded states can suppress crop pests and pathogens (Ebihara 
et al., 2010). Differences in soil structure, nutrient availability, and 
management practices—including fertilization, pesticide application, 
and tillage—further shape soil biota (John et al., 2021; Matute and 
Anders, 2012; Zhang et  al., 2023). Seasonal crop rotation also 
influences soil nematodes and microbial communities by modifying 
root exudates, plant residue inputs, and symbiotic interactions (Flower 
et  al., 2019). Given these interacting drivers, a comprehensive 
assessment that integrates soil physicochemical and biological 
properties—and explicitly examines their interrelationships—is 
essential for evaluating the effects of paddy–upland rotation on soil 
quality and for elucidating the underlying mechanisms.

In this study, we  investigated soil nematode and microbial 
communities under continuous paddy, continuous upland, and a 
locally practiced rice–loofah paddy–upland rotation system in 
southeastern China. Specifically, we  aimed to: (1) evaluate how 
paddy–upland rotation affects the composition of soil nematode and 
microbial communities; (2) assess soil quality under different cropping 
systems by integrating physicochemical and biological indicators into 
an SQI framework; and (3) explore the relationships among soil 
properties, nematode communities, and microbial communities. 
We hypothesized that (1) paddy–upland rotation would significantly 
alter the structure of soil nematode and microbial communities 
through changes in water regime and nutrient management; (2) 
paddy–upland rotation would improve overall soil quality by 
increasing biodiversity, enhancing fertilization inputs, and reducing 
herbivore and pathogen pressures; and (3) soil properties, particularly 
moisture and nutrient levels, would serve as key drivers shaping the 
diversity and composition of soil biotic communities.

2 Materials and methods

2.1 Study area and experimental design

The experiment was established at an experiment station for 
paddy–upland rotation (27°28′10″–27°28′26″N, 120°21′20″–
120°21′46″E) in Cangnan County, Zhejiang Province, China. This area 
has a subtropical marine monsoon climate, with an annual average 
temperature of 17.9°C and an annual average precipitation of 
1753.9 mm. The soil at the site is classified as an Anthrosol with a clay 
loam texture.

The field experiment began in 2015 and included three treatments: 
a paddy continuous cropping system (PA), a paddy–upland rotation 
cropping system (RO), and an upland continuous cropping system 
(UP). Each treatment was replicated three times, with each plot 
measuring 60 m × 60 m (3,600 m2). All crops were managed according 
to local agricultural practices as described below. In the PA system, 
rice was planted in early July and harvested between late October and 
November. Chemical fertilizers were applied at rates of 180 kg N ha−1, 
75 kg P₂O₅ ha−1, and 150 kg K₂O ha−1. The land remained fallow 
during the rest of the year. The RO system, promoted by local 
agricultural authorities to alleviate continuous cropping obstacles and 
enhance crop productivity, is widely practiced in both experimental 
and production fields across Cangnan County and surrounding areas. 
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In this system, loofahs (Luffa aegyptiaca Mill.) were cultivated in 
plastic greenhouses from November to mid-May of the following year. 
Basal fertilization consisted of 70 kg N ha−1, 120 kg P₂O₅ ha−1, and 
130 kg K₂O ha−1 in chemical fertilizers, along with 15,000 kg ha−1 of 
fully decomposed organic fertilizer. During fruit development, when 
the second batch of loofahs began to set, a high-potassium, 
low-nitrogen compound fertilizer was applied via drip irrigation at 
rates of 6 kg N ha−1, 4 kg P₂O₅ ha−1, and 23 kg K₂O ha−1. After the 
loofah harvest in June, the greenhouse film was removed. The rice was 
transplanted in July and harvested from late October to November. As 
soil fertility remained relatively high after loofah cultivation, no basal 
fertilizer was applied before rice planting. Instead, 75 kg ha−1 of urea 
was top-dressed 5–7 days after rice greening in order to promote 
tillering. In the UP system, loofahs were grown continuously in plastic 
greenhouses for two seasons per year. The fertilization regime followed 
that of the loofah stage in the RO system. Pest and disease control 
measures were implemented as needed to minimize yield loss.

Soil samples were collected prior to harvest at the end of the rice 
season in late October 2024. In each plot, ten soil cores (0–20 cm 
depth) were randomly taken approximately 20 cm from the crop root 
zone using a stainless steel auger (5 cm diameter) and composited into 
a homogeneous sample. Each soil sample was divided into three parts: 
one portion was stored at −80°C for microbial DNA sequencing, one 
was used for nematode extraction, and one was sent for soil 
physicochemical analysis.

2.2 Soil physicochemical analysis

The soil’s water content was determined by oven-drying the 
samples at 105°C for 48 h. Homogenized composite samples were 
air-dried, ground, and passed through a 0.15 mm sieve for further 
analysis. The soil’s pH was measured using a glass electrode in a 1:2.5 
(v:v) soil-to-water suspension. Soil organic matter (SOM) was 
determined using the dichromate oxidation method. Total nitrogen 
(TN) was determined using the Kjeldahl method, while available 
nitrogen (AN) was determined using the alkaline hydrolysis diffusion 
method. Total phosphorus (TP) and available phosphorus (AP) were 
measured using the molybdenum-antimony colorimetric method. 
Total potassium (TK) was extracted by fusion with sodium hydroxide, 
and available potassium (AK) was extracted using ammonium acetate, 
before being quantified using flame photometry.

2.3 Soil nematode extraction and 
identification

Soil nematodes were extracted from 100 g of fresh soil using the 
Baermann funnel method for 48 h and subsequently fixed in 4% 
formaldehyde. Nematodes were counted, and their abundance was 
expressed as the number of individuals per 100 g of dry soil. From 
each sample, 100 individuals (when possible) were randomly selected 
and identified to the genus level using a light microscope (BX53, 
Olympus, Japan). Identified genera were assigned to trophic groups 
following Yeates et  al. (1993): bacterivores (Ba), fungivores (Fu), 
herbivores (He), and omnivores–predators (Op). In addition, 
we included a fifth category—“algivores” (Al)—to represent taxa that 
preferentially feed on algae and diatoms in flooded, algae-rich 

environments. This designation is not part of the classical trophic 
group framework but follows the ecological interpretation of Okada 
et al. (2011) for paddy soils. Specifically, Tobrilus and Rhabdolaimus 
were classified as algivores in this study; however, we acknowledge 
that these genera exhibit trophic plasticity and may also feed on 
bacteria or other resources under different environmental conditions 
(Nguyen et al., 2020; Liu et al., 2008). Nematodes were also allocated 
to five colonizer-persister (c-p) groups, ranging from colonizers with 
high fecundity and short generation times to persisters with long life 
cycles and higher sensitivity to disturbance (Bongers and 
Bongers, 1998).

Several ecological indices were calculated to evaluate the diversity 
and structure of nematode communities. These included richness 
(number of genus); Shannon diversity index (H′) = −∑ Pi (ln Pi), 
where Pi is the proportion of individuals in the ith taxon to the total 
number of nematodes; maturity index (MI) = ∑ vi fi, where vi is the 
c-p value of taxon i and fi is the frequency of that taxon in a sample 
(Bongers, 1990); enrichment index (EI) = 100 × (e / (e + b)) and 
structure index (SI) = 100 × (s / (b + s)), where e, b, s are the weighted 
proportions of the enriched component, basal component and 
structured component of the soil food web, respectively (Ferris 
et al., 2001).

2.4 Soil microbial DNA extraction and PCR 
amplification

Total genome DNA was extracted from 0.5 g of frozen soil using 
the TIANamp Soil DNA Kit (TianGen, China) according to the 
manufacturer’s instructions. The final DNA concentration and purity 
were evaluated on 1% agarose based on the absorbance ratios at 
260/280 nm using the NanoDrop 2000 UV VIS spectrophotometer 
(Thermo Scientific, USA).

The V3-V4 regions of 16SrRNA gene were amplified using 
universal primers 341F (5’-CCTAYGGGRBGCASCAG-3′) and 
806R (5′- GGACTACNNGGGTATCTAAT-3′) for bacteria and 
archaea. The ITS1 region of fungal rRNA was amplified using 
primers ITS-1F-F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and 
ITS1-1F-R (5’-GCTGCGTTCTTCATCGATGC-3′). A polymerase 
chain reaction (PCR) was carried out with 15 μL of Phusion® High-
Fidelity PCR Master Mix (New England Biolabs) that incorporated 
2 μM of forward and reverse primers, as well as about 10 ng 
template DNA. Thermal cycling consisted of initial denaturation at 
98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 
10 s, annealing at 50°C for 30 s, and elongation at 72°C for 30 s, 
before a final extension at 72°C for 5 min. PCR products were 
assessed using electrophoresis on 2% agarose gel. PCR products 
were mixed in equidensity ratios and the mixture of PCR products 
was purified using the Universal DNA Purification Kit 
(TianGen, China).

2.5 Soil microbial bioinformatics analysis

Sequencing libraries were generated using NEB Next® Ultra DNA 
Library Prep Kit (Illumina, USA) following the manufacturer’s 
recommendations; additionally, index codes were added. The library 
quality was assessed using Agilent 5,400 (Agilent Technologies Co 
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Ltd., USA). The library was sequenced on an Illumina platform and 
250 bp paired-end reads were generated.

Pair-end raw sequences were analyzed using the Quantitative 
Insights into Microbial Ecology (QIIME2) software. Demultiplexed 
sequences from each sample were quality filtered and trimmed, 
de-noised, and merged; then, the chimeric sequences were identified 
and removed using the DADA2 method in order to obtain the feature 
table of amplicon sequence variants (ASVs) (Callahan et al., 2016). 
Bacterial and fungal sequences were aligned against the SILVA 138.2 
and UNITE+INSD database, respectively, for taxonomic annotation. 
Feature-level diversity indices, such as richness (number of observed 
ASVs) and the Shannon diversity index, were calculated to estimate 
the microbial diversity within an individual sample. Functional 
predictions were performed in the FRPROTAX (version 1.2.6) for 
bacteria (Langille et  al., 2013). Soil fungal communities were 
functionally classified according to the FungalTraits database (Põlme 
et al., 2020).

2.6 Soil quality index analysis

The Soil Quality Index (SQI) based on soil properties, nematode 
and microbial communities was constructed using the minimum data 
set (MDS) to comprehensively assess soil quality. The calculation 
followed three main steps:

	 1	 Selection of soil indicators for the MDS. The total data set 
(TDS) included soil properties (pH, SOM, TN, TP, TK, AN, AP, 
AK), nematode community metrics (Shannon diversity index, 
EI, SI, MI, relative abundance of herbivores, and relative 
abundance of omnivores–predators), and microbial diversity 
(bacterial and fungal Shannon diversity indices). SOM, TN, TP, 
TK, AN, AP, and AK were selected to represent nutrient 
availability; Shannon diversity indices for nematodes, bacteria, 
and fungi were used to reflect the soil’s ability to support 
biodiversity; the relative abundance of herbivores was used to 
indicate herbivore pressure, whereas the prevalence of 
omnivores–predators was associated with herbivore regulation. 
Generally, nematode communities characterized by high MI 
and SI values and low EI values indicate nutrient-enriched 
environments with well-structured food webs, representing 
healthy soils (Zhang et al., 2022). Principal component analysis 
(PCA) was applied to the standardized TDS to reduce 
dimensionality and identify the most informative indicators. 
Principle components with eigenvalues > 1.0 and at least 
explained 5% of the total variance were selected. For each 
selected component, variables with factor loadings within 10% 
of the highest loading were considered candidate MDS 
indicators. If more than one indicator were chosen in one 
principle component, Pearson’s correlation analysis was 
performed to reduce the redundancy. If indicators were 
significantly correlated (r ≥ 0.5) in the principle component, 
indicator with the highest factor loadings was retained in 
the MDS.

	 2	 Scoring of selected indicators. Indicators in the MDS were 
transformed into unitless scores using min–max normalization 
(Qiao et  al., 2025; Wang et  al., 2024). Depending on their 
relationship with soil quality, the “more-is-better” function 

(Equation 1) was applied to pH, SOM, TN, TP, TK, AN, AP, 
AK, SI, MI, relative abundance of omnivores–predators, and 
the Shannon diversity indices of nematode, bacterial, and 
fungal communities. The “less-is-better” function (Equation 2) 
was applied to EI and the relative abundance of herbivores.

	
( ) −

=
−
max

max min
xf x

	
(1)

	
( ) −

=
−

max
max min

xf x
	

(2)

where f(x) is the scores of the indicator, Max and Min are the 
maximum and minimum measured values of the indicators.

	 3	 Integration of indicator scores. The weight of the indicator was 
determined by variance explained by each principle component 
divided by the sum of the variance explained by all retained 
components (eigenvalues > 1.0). The final SQI was calculated as:

	 =
= ×∑

1
SQI

n

i i
i

W S

where Wi is the weight of indicator i and Si is its score.

2.7 Statistical analysis

A One-way ANOVA was used to test the effect of the cropping 
system on soil physicochemical properties, nematode ecological 
indices, microbial diversity indices and SQI. Tukey’s HSD post hoc test 
was used to evaluate the significance of differences between cropping 
systems. Data were log-transformed or arcsine square root-
transformed (for proportional data) to improve normality and 
homogeneity when necessary. The nematode community composition 
was examined using principal coordinate analysis (PCoA) based on a 
Bray-Curtis distance matrix calculated from genus-level abundance 
data, while the bacterial and fungal communities were analyzed using 
the relative abundance at the ASV level. A permutational multivariate 
analysis of variance analysis (PERMANOVA) was conducted to 
quantitatively evaluate the effects of the cropping system on 
community composition. Linear discriminant analysis (LDA) was 
used to identify bacterial and fungal taxa that significantly differed 
between cropping systems (LDA > 3.5).

The partial least squares path model (PLS-PM) was built to 
examine the direct and indirect interactions among soil properties, 
nematodes communities, and bacterial and fungal communities. In 
the initial model, soil properties were represented by WC, pH, SOM, 
TN, TP, TK, AN, AP, and AK; nematode communities by the Shannon 
diversity index, EI, MI, SI, and PCoA 1; and bacterial and fungal 
communities by the Shannon diversity index and PCoA 1. Following 
model construction, variables with loadings < 0.7 were removed to 
improve model performance (Sanchez, 2013). Model quality was 
evaluated using the Goodness of Fit (GoF). All statistical analyses were 
performed using R 4.5.0.
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3 Results

3.1 Soil physicochemical properties

We detected significant differences in soil water content (WC), pH, 
total phosphorus (TP), total potassium (TK), available nitrogen (AN), 
available phosphorus (AP), and available potassium (AK) between the 
three cropping systems (Table 1). The WC was significantly higher in 
the paddy–upland rotation (RO; 49.77%) and paddy continuous (PA; 
48.77%) systems compared to the upland continuous system (UP; 
31.87%). Soil pH was also significantly higher in the RO (6.02) system 
than in the PA (5.41) and UP (5.47) systems. TP, AK, and AP were 
significantly lower in the PA system. In contrast, AN and TK were 
highest in the UP system, intermediate in the PA system, and lowest in 
the RO system. No significant differences were observed in soil organic 
matter (SOM) and total nitrogen (TN) between the three systems.

3.2 Soil nematode communities

A total of 26 nematode genera were identified in the studied area 
(Supplementary Table S1). Mesodorylaimus (33.21%), Tobrilus 

(30.64%), and Rhabdolaimus (23.68%) were the dominant nematode 
genus in the RO system, while Hirschmanniella (38.34%), 
Rhabdolaimus (11.53%), and Tobrilus (11.36%) predominated in the 
PA system. Moreover, the UP system was dominated by Acrobeloides 
(66.67%) and Panagrolaimus (11.00%) (Figure 1A). The PCoA plot 
and PERMANOVA revealed that the cropping system had a 
significant effect on the community composition of soil nematodes 
(Figure 2A; R2 = 0.724; p = 0.003). The trophic structure also varied 
between cropping systems, whereby algivores were dominant in the 
RO system (55.15%), herbivores were dominant in the PA system 
(41.88%), and bacterivores dominated the UP system (93.67%) 
(Figures  3F–H). The relative abundance of fungivores and 
omnivores–predators did not significantly differ among the three 
systems (Figures  3I,J). The total nematode abundance was 
significantly higher in the UP system, intermediate in the PA system, 
and lowest in the RO system (Figure 3A), while the Shannon diversity 
was higher in the PA system, intermediate in the RO system, and 
lowest in the UP system (Figure  3B). There were no significant 
differences in nematode richness between cropping systems 
(Supplementary Table S2). The MI, EI, and SI were all significantly 
affected by the type of cropping system, being significantly lower in 
the UP system (Figure 3C–E).

TABLE 1  Soil physicochemical properties measured in October 2024 in different cropping systems.

Soil properties RO PA UP F P

WC (%) 49.77 ± 0.69 a 48.77 ± 1.29 a 31.87 ± 0.44 b 144.51 <0.001

pH 6.02 ± 0.19 a 5.41 ± 0.04 b 5.45 ± 0.12 b 6.866 0.028

SOM (g kg−1) 23.43 ± 1.28 26.87 ± 1.41 26.60 ± 1.29 2.072 0.207

TN (g kg−1) 1.37 ± 0.02 1.44 ± 0.01 1.60 ± 0.00 1.139 0.381

TP (g kg−1) 1.62 ± 0.12 a 0.86 ± 0.05 b 1.38 ± 0.10 a 16.801 0.003

TK (g kg−1) 25.30 ± 0.65 b 25.9 ± 0.62 ab 28.43 ± 0.79 a 5.798 0.039

AN (mg kg−1) 108.67 ± 8.74 b 125.00 ± 5.51 ab 162.00 ± 11.02 a 9.820 0.013

AP (mg kg−1) 268.70 ± 49.61 a 16.37 ± 3.15 b 254.47 ± 17.11 a 21.810 0.002

AK (mg kg−1) 209.00 ± 13.08 b 21.33 ± 0.67 c 481.00 ± 35.44 a 112.24 <0.001

Values are mean ± standard deviation (n = 3). The F- and p-values of one-way ANOVA are shown to the right of each row. Statistically significant F- and p-values are highlighted in bold 
(p < 0.05). Different letters indicate statistically significant differences between cropping systems according to Tukey’s HSD post hoc test. RO: paddy–upland rotation; PA: paddy continuous 
cropping; UP: upland continuous cropping; WC: soil water content; SOM: soil organic matter; TN: total nitrogen; TP: total phosphorus; TK: total potassium; AN: available nitrogen; AP: 
available phosphorus; AK: available potassium.

FIGURE 1

Relative abundance of soil nematode genus (A), bacterial phylum (B), and fungal phylum (C) in different cropping systems. RO: paddy–upland rotation; 
PA: paddy continuous cropping; UP: upland continuous cropping.
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3.3 Soil microbial communities

Overall, Proteobacteria (26.51–29.22%), Gemmatimonadota 
(6.46–20.61%), Acidobacteriota (14.44–19.86%), and Chloroflexota 
(12.69–18.30%) were identified as the dominant bacterial phyla in the 
studied area (Figure 1B). The relative abundance of Gemmatimonadota 
was significantly reduced in the PA system (4.59%) compared to the 
RO (20.61%) and UP systems (17.60%), while the abundance of 
Nitrospirota and Myxococcota were reported to increased. 
Bacteroidota was less abundant in the UP system (1.79%) than in the 
RO (3.98%) and PA systems (3.35%) (Figure  1B). For fungal 
communities, Ascomycota (58.21–70.87%) and Basidiomycota 
(20.68–24.62%) were identified as the dominant phyla (Figure 1C). 
The relative abundance of Entorrhizomycota was significantly higher 

in the PA system (4.17%) compared to the RO (0.00%) and UP 
systems (0.09%) (Figure 1C).

The PCoA plot and PERMANOVA revealed that the type of 
cropping system had a significant effect on the bacterial (R2 = 0.633; 
p = 0.003) and fungal (R2 = 0.535; p = 0.003) community composition 
at the ASV level (Figures  2B,C). The ASV richness and Shannon 
diversity of bacterial and fungal communities did not differ 
significantly between cropping systems.

The LEfSe analysis revealed significant changes in the bacterial and 
fungal communities at different taxonomic levels (Figure 4). Most taxa 
of bacteria were enriched in PA, including Bryobacterales 
(Bryobacteraceae, Palsa-187), Thermoanaerobaculales 
(Thermoanaerobaculaceae, RBG_13_68_16), UBA6911 (Gp18_AA60), 
UBA10030 (UBA6906, CAADGV01), Bacteroidota, RPRB01, 

FIGURE 2

Principal coordinate analysis (PCoA) of the soil nematode (A), bacterial (B), and fungal (C) communities in different cropping systems. RO: paddy–
upland rotation; PA: paddy continuous cropping; UP: upland continuous cropping.

FIGURE 3

The ecological indices (A–E) and relative abundance of each trophic group (F–J) in different cropping systems. F-values and the significance of the 
ANOVA are depicted as follows: ***: p < 0.001; **: p < 0.01; *: p < 0.05; ns: not significant. Different letters indicate statistically significant differences 
between cropping systems according to Tukey’s HSD post hoc test. RO: paddy–upland rotation; PA: paddy continuous cropping; UP: upland 
continuous cropping.
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FIGURE 4

LEfSe cladograms showing significantly enriched bacterial (A) and fungal (B) taxa between different cropping systems (LDA score >3.5). Colored dots 
indicate taxa with significantly different relative abundances. Concentric circles represent phylogenetic levels from the phylum to the genus. RO: 
paddy–upland rotation; PA: paddy continuous cropping; UP: upland continuous cropping.
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Haliangiales_463188 (Haliangiaceae_463188, Haliangium_463188), 
Thermodesulfovibrionia (Thermodesulfovibrionales, UBA6898, GW_
Nitrospira_1), VBDM01, and Sideroxydans. The relative abundance of 
Gemmatimonadaceae (SCN_70_22, AG11) and Thiobacillaceae 
(Thiobacillus) was significantly increased in the RO system. The relative 
abundance of Saccharimonadia (Saccharimonadales, UBA10212), 
Pseudolabrys_502538, and Trinickia_580244 was higher in the UP 
system. Meanwhile, for fungi, the RO system was enriched in 
Penicillium, Trichosphaeriales (Trichosphaeriaceae, Nigrospora), and 
Blastocladiomycota (Blastocladiomycetes, Blastocladiales, 
Physodermataceae, Paraphysoderma). Ascobolaceae (Ascobolus), 
Pezizomycetes (Pezizales), Glomerellaceae (Colletotrichum), Volutella, 
and Lophotrichus were more abundant in the UP system. Leotiomycetes 
(Thelebolales, Pseudeurotiaceae, Pseudeurotium), Stachybotryaceae 
(Stachybotrys), Ophiostomatales (Ophiostomataceae, Leptographium), 
Strophariaceae (Psilocybe), and Funneliformis were reported to 
be significantly increased in the PA system.

We used FAPROTAX to predict the ecological functions of 
bacteria (Figure  5 and Supplementary Table S3). The relative 
abundance of bacterial taxa that are associated with nitrogen fixation 
and predatory or exoparasitic lifestyles was significantly higher in the 
PA system, while those involved in cellulolysis and ureolysis were 
significantly lower. In the RO system, functional groups linked to 

dark oxidation, nitrate reduction, nitrate respiration, nitrogen 
respiration and photoautotrophy were more abundant. Functional 
groups related to aerobic ammonia oxidation and aerobic 
chemoheterotrophy were significantly more abundant in the UP 
system. For fungi, we used the FungalTraits database to classify taxa 
into 19 functional groups; however, no significant differences in any 
functional group were observed between the cropping systems 
(Supplementary Table S4).

3.4 Soil quality index

To comprehensively evaluate the effects of cropping systems on 
soil quality, we  integrated soil physicochemical properties with 
nematode and microbial community metrics. Principal component 
analysis (PCA) was applied to the total data set, and four principal 
components (PCs) with eigenvalues > 1.0 and explaining at least 5% 
of the total variance were retained. Together, these four PCs 
accounted for 91.0% of the total variance (Supplementary Table S5). 
For PC1, the factor loading matrix identified four variables—
structure index (SI), available potassium (AK), maturity index (MI), 
and available nitrogen (AN)—within 10% of the highest factor 
loading (SI = 0.806). Because these variables were highly correlated 

FIGURE 5

Effects of cropping system on the relative abundance of bacterial functional groups. Relative abundance values were standardized to improve 
visualization. RO: paddy–upland rotation; PA: paddy continuous cropping; UP: upland continuous cropping.
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with total nitrogen (TN) (r ≥ 0.5; Supplementary Table S6), SI was 
retained as the representative indicator for this component. Similarly, 
total phosphorus (TP) was retained for PC2, TN for PC3, and the 
Shannon diversity index of fungal communities (SF) for PC4. The 
Soil Quality Index (SQI) was calculated using the weighted sum of 
these four indicators: SQI = 0.453 × SI + 0.312 × TP + 0.159 × 
TN + 0.076 × SF. The SQI values ranked the cropping systems as 
RO > PA > UP, indicating that the paddy–upland rotation system 
supported the highest overall soil quality (Figure 6).

3.5 PLS-PM

The PLS-PM showed a good overall fit (GoF = 0.801) and 
effectively described the interaction pathways among soil 
properties, and bacterial, fungal, and nematode communities 
(Figure 7). Soil properties exerted a significant effect on nematode 
communities and a marginally significant effect on bacterial and 
fungal communities (p = 0.072). In addition, bacterial communities 
significantly influenced fungal communities. In contrast, nematode 
communities were not significantly affected by bacterial or 
fungal communities.

4 Discussion

In this study, we  evaluated the community structure and 
functional profiles of soil nematodes, bacteria, and fungi under three 
cropping systems: continuous paddy (PA), continuous upland (UP), 
and paddy–upland rotation (RO). Our findings reveal that although 
microbial diversity remained stable, significant shifts in nematode and 
microbial community composition and ecological function occurred, 

driven by water regime and nutrient redistribution. Integration of soil 
physicochemical and biological indicators into the Soil Quality Index 
(SQI) demonstrated that the RO system maintained the highest 
overall soil quality, highlighting its potential to enhance ecosystem 
functions and sustainability in this agroecosystem.

Previous studies have shown that rotating rice with upland crops 
improves the physical and chemical properties of paddy soil, oxidizes 
reductive substances produced during rice cultivation, neutralizes 
soil acidity, and enhances crop yield (Kögel-Knabner et al., 2010; 
Zhang D. et al., 2025). In our study, the elevated soil water content 
observed in the RO and PA systems was primarily attributed to 
flooded rice cultivation, which involved prolonged waterlogging and 
elevated groundwater levels. Anaerobic conditions in flooded soils 
can lead to phosphorus fixation in less-bioavailable forms, such as 
Fe–P or Al–P complexes, and promote potassium loss through 
leaching (Lee et al., 2004; Maranguit et al., 2017), and subsequently 
resulting in significantly lower levels of TP and AP in the RO system. 
Crop rotation has been reported to alter soil pH (Godsey et al., 2007). 
In our study, the RO system exhibited significantly higher pH values 
compared to the PA and UP systems, likely due to the alternating 
aerobic and anaerobic conditions that enhanced redox balance and 
limited the accumulation of acidic by-products (Pan et al., 2014; Yin 
et al., 2025). The UP system, characterized by two annual loofah 
cropping cycles, likely involved greater fertilizer inputs and more 
intensive management, contributing to the highest levels of AN and 
TK observed in this study. Paddy–upland rotation has been shown to 
improve nutrient use efficiency and reduce nutrient loss (Chen et al., 
2018). In our rotation system, rice can also be employed to make 
more efficient use of the residual soil nutrients resulting from the 
high fertilizer inputs applied during the loofah cultivation phase.

Water management, soil fertility and crop type are considered key 
factors in shaping soil nematode communities in paddy–upland 
systems (Li et al., 2024; Liu et al., 2008; Okada et al., 2011). In the RO 
and PA systems, the flooded conditions during the rice-growing stage 
promoted the proliferation of algae and diatoms, leading to the 
dominance of Mesodorylaimus, Tobrilus, and Rhabdolaimus, which 
are known to feed on these organisms (Okada et al., 2011). Notably, 
the plant-feeding nematode Hirschmanniella appears to 
be particularly well adapted to the anaerobic conditions of flooded 
soils and is commonly found parasitizing the roots of submerged 
crops such as rice and lotus (Beesa et al., 2021; Uematsu et al., 2020). 
In our study, the paddy–upland rotation effectively reduced the 
dominance of Hirschmanniella during the rice stage, possibly due to 
fluctuations between flooded and non-flooded conditions, as well as 
the absence of host plants during the upland phase, which may 
substantially suppress the population of this nematode. In the UP 
system, bacterial-feeding nematodes were overwhelmingly dominant. 
The aerobic soil conditions appear to be  more favorable for the 
growth and reproduction of Acrobeloides and Panagrolaimus in our 
study. These bacterial-feeding nematodes, which are characterized by 
low c-p values, are also capable of rapidly responding to fertilizer 
inputs, resulting in increased population densities (Bongers and 
Bongers, 1998). This may partly explain the higher nematode 
abundance observed in the UP system. The higher maturity (MI) and 
structure (SI) indices observed in the paddy fields of the RO and PA 
systems indicate a more structured and stable soil food web under 
flooded conditions (Bongers and Ferris, 1999; Okada et al., 2011). 

FIGURE 6

Soil quality index in different cropping systems. F-values and the 
significance of ANOVA are shown as follows: **: p < 0.01; *: p < 0.05. 
Different letters indicate statistically significant differences between 
cropping systems according to Tukey’s HSD post hoc test. RO: 
paddy–upland rotation; PA: paddy continuous cropping; UP: upland 
continuous cropping.
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However, given the generally lower total nematode abundance in 
paddy soils, these environments may be less suitable habitats than 
upland soils due to reduced oxygen availability. These findings are 
consistent with previous studies reporting greater MI and EI values 
in paddy fields compared to upland fields (Okada et al., 2011).

Numerous studies have shown that cropping systems are major 
drivers of microbial community structure; however, the effect of crop 
rotation on soil microbial diversity can be context-dependent (Liu 
et al., 2023; Venter et al., 2016). Although crop rotation can alter soil 
properties and nutrient availability, the high adaptability of 
microorganisms, combined with interspecific competition and food 
web interactions, may buffer short-term shifts in microbial diversity. 
For example, Wang et al. (2017) reported that crop rotation increased 
microbial biomass and activity but did not affect bacterial diversity. 
Similarly, our study did not observe significant differences in either 
bacterial or fungal diversity. However, more pronounced changes 
were found in microbial community composition, which can have 
important implications for crop productivity and soil functions 
including organic matter decomposition and nutrient cycling (Sun 
et  al., 2024; Wang et  al., 2017; Zuber et  al., 2018). Our findings 
revealed that the relative abundance of Gemmatimonadota was 
significantly reduced in the PA system, whereas Nitrospirota, 
Myxococcota, and Entorrhizomycota were more abundant. 
Gemmatimonadota are involved in nitrogen and phosphorus cycling 
and suggested to prefer aerobic, drier soil conditions (Mujakić et al., 
2022). The anaerobic environment created by the prolonged flooding 
in the PA system likely suppressed their activity, resulting in a 
reduced relative abundance. Nitrospirota are key nitrite-oxidizing 
bacteria involved in the nitrification process, converting nitrite to 
nitrate (Daims et al., 2015; Liu et al., 2022). Myxococcota are known 

for their predatory behavior, feeding on other bacteria and 
contributing to the regulation of microbial communities (Wang et al., 
2020). The anaerobic conditions in flooded paddy fields may favor 
the growth of Nitrospirota and Myxococcota species which are 
adapted to such environments, leading to their proliferation (Fang 
et al., 2024). Entorrhizomycota is a phylum of fungi that includes 
root-associated parasites forming galls on plant roots, particularly in 
the Cyperaceae and Juncaceae families (Bauer et al., 2015; Riess et al., 
2019). The flooded conditions in paddy fields may favor the 
proliferation of Entorrhizomycota, possibly due to the presence of 
suitable host plants and the anaerobic environment that supports 
their life cycle (Ellouze et al., 2014). In contrast, the absence of these 
conditions in upland and rotation systems may restrict their 
occurrence. LEfSe analysis revealed a greater number of bacterial taxa 
enriched in the PA system. This enrichment pattern suggests these 
bacteria are specifically adapted to, and functionally active within, the 
long-term anaerobic environment characteristic of flooded rice 
monoculture. Many of these enriched taxa are likely involved in 
complex redox reactions and nutrient cycling processes essential 
under oxygen-limited conditions, such as Sideroxydans (iron-
oxidizing bacteria) (Zhou et al., 2022), Thiobacillus (sulfur-oxidizing 
bacteria) (Sasaki et al., 1998), and Thermodesulfovibrionia (sulfate-
reducing bacteria) (Kushkevych et al., 2021).

Functional prediction based on FAPROTAX further revealed 
shifts in bacteria function groups, suggesting potential impacts on 
ecosystem services. The increased abundance of taxa involved in 
nitrogen fixation and predation in the PA system may be linked to the 
higher relative abundance of the phyla Nitrospirota and Myxococcota, 
as previously discussed. Fluctuations in redox potential due to paddy 
water management strongly influence microbial community structure 

FIGURE 7

Partial least squares path model (PLS-PM) describing the direct and indirect interactions among soil properties, nematode communities, and bacterial 
and fungal communities. Soil properties were represented by WC, TK, AN, and AK; bacterial communities by PCoA 1; fungal communities by PCoA 1; 
and nematode communities by PCoA 1, EI, SI, and MI. Numbers on arrows indicate standardized path coefficients, with arrow widths proportional to 
their magnitudes. R2 adjacent to the latent variables are the coefficients of determination. The GoF is the goodness of fit. Blue and red represent 
negative and positive correlations, respectively. **p < 0.01, *p < 0.05.
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and function, thereby affecting short-term biogeochemical processes 
such as decomposition and nutrient cycling (Kögel-Knabner et al., 
2010). Under flooded conditions, an anoxic environment typically 
slows decomposition rates (Kögel-Knabner et al., 2010; Zhou et al., 
2014). Cellulolytic bacteria play a key role in decomposing plant 
residues (Bautista-Cruz et al., 2024), while ureolytic bacteria convert 
urea into ammonia, making it available for plant uptake or 
transformation through the nitrogen cycle (Hasan, 2000). The 
reduced abundance of these functional groups in the PA system 
suggests the presence of alterations in carbon and nitrogen cycling 
under flooded conditions. In contrast, the well-aerated soils of the UP 
system provide favorable conditions for aerobic ammonia oxidation 
and aerobic chemoheterotrophy, enhancing nitrification and organic 
matter decomposition (Zhang et  al., 2018). Notably, in the RO 
system, bacterial functional groups linked to dark oxidation, nitrate 
reduction, nitrate respiration, nitrogen respiration, and 
photoautotrophy were more abundant. These functions are closely 
tied to energy metabolism and nitrogen cycling processes that are 
highly sensitive to oxygen availability (Pett-Ridge and Firestone, 
2005). The seasonal alternation between anaerobic and aerobic 
phases in the RO system generates fluctuating redox conditions, 
promoting a broader range of metabolic pathways than in either 
continuous paddy or continuous upland systems. Such functional 
versatility likely supports more efficient nitrogen turnover, sustained 
nutrient availability, and greater microbial adaptability to 
environmental fluctuations. It should be emphasized, however, that 
functional predictions based solely on taxonomic assignments cannot 
confirm ecosystem-level processes. Future work could validate these 
inferences by targeting key microbial groups through functional gene 
quantification and by measuring enzyme activities to establish direct 
links between microbial community composition, nutrient cycling, 
and plant health outcomes (Li et al., 2018).

Apart from the cropping system itself, differences in fertilization 
regimes and microclimatic conditions across treatments may have 
contributed to variation in soil nutrient availability and biological 
communities. In particular, the RO and UP systems involved the use 
of plastic greenhouses during the loofah-growing phase, which likely 
created distinct microclimatic environments (e.g., increased 
temperature and humidity) relative to the open-field paddy system 
(PA). These greenhouse conditions can accelerate organic matter 
decomposition, modify microbial activity, and affect nematode 
dynamics by altering soil temperature and moisture regimes 
(Bandopadhyay et al., 2018). Additionally, the RO and UP systems 
received higher fertilization inputs—particularly during loofah 
cultivation—which likely contributed to elevated nutrient levels and 
may have stimulated copiotrophic microbial taxa and bacterial-feeding 
nematodes (Ferris et al., 2001; Leff et al., 2015). Such differences in 
nutrient inputs and environmental conditions complicate direct 
attribution of biological responses solely to the cropping system itself.

5 Conclusion

This study demonstrates that paddy–upland rotation 
significantly reshapes soil nematode and microbial communities 
while achieving a higher Soil Quality Index (SQI) compared to 

continuous paddy or upland cropping systems. The rotation 
system influenced nematode trophic structure, reduced the 
abundance of plant-parasitic nematodes such as Hirschmanniella, 
and enhanced food web stability, as reflected by the higher 
maturity and structure indices. While the microbial diversity 
remained stable, the community composition and functional 
profiles were markedly altered. In microbial communities, the 
relative abundance of the functional groups involved in nitrogen 
cycling, carbon turnover, and redox-sensitive energy metabolism 
varied. These shifts reflect the profound influence of cropping 
systems on belowground biodiversity and ecosystem functioning. 
Our findings support the ecological benefits of paddy–upland 
rotation and provide valuable insights for improving soil health in 
rice-based agroecosystems.
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